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GR, A BEAUTIFUL BUT
WEIRD THEORY...

ALBEIT WE “USE” GR EVERYDAY (E.G. GPS) STILL IT HAS SOME
TANTALISING FEATURES AND IT HAS RESISTED SO FAR ANY ATTEMPT TO
BE QUANTISED...

@ SINGULARITIES

@ CRITICAL PHENOMENA IN GRAVITATIONAL COLLAPSE

26.8% Dark
Matter

@ HORIZON THERMODYNAMICS

68.3% Dark
Energy

@ THE ‘“DARK INGREDIENTS’” OF OUR UNIVERSE?

@ SPACETIME THERMODYNAMICS: EINSTEIN EQUATIONS AS EQUATIONS OF STATE.

@ THERMODYNAMICS INTERPRETATION OF EINSTEIN EQUATIONS

@ FASTER THAN LIGHT AND TIME TRAVEL SOLUTIONS ~

@ ADS/CFT DUALITY, HOLOGRAPHIC BEHAVIOUR

@ GRAVITY/FLUID DUALITY




GRAVITY AS AN EMERGENT PHENOMENON?

EMERGENT GRAVITY IDEA: QUANTIZING THE METRIC OR THE CONNECTIONS DOES
NOT HELP BECAUSE PERHAPS THESE ARE NOT FUNDAMENTAL OBJECTS BUT
COLLECTIVE VARIABLES OF MORE FUNDAMENTAL STRUCTURES.

GR = HYDRODYNAMICS & ‘
METRIC AS A COLLECTIVE VARIABLE 5':‘-5 ‘
ALL THE SUB-PLANCKIAN PHYSICS IS LOW ENERGY PHYSICS af _
SPACETIME AS A CONDENSATE OF SOME MORE FUNDAMENTAL OBJECTS s E
SPACETIME SYMMETRIES AS EMERGENT SYMMETRIES "
SINGULARITIES AS PHASE TRANSITIONS (BIG BANG AS GEOMETROGENESIS)
COSMOLOGICAL CONSTANT AS DEVIATION FROM THE REAL GROUND STATE

@ MANY MODELS ARE NOWADAYS RESORTING TO EMERGENT GRAVITY SCENARIOS

CAUSAL SETS

QUANTUM GRAPHITY MODELS

GROUP FIELD THEORIES CONDENSATES SCENARIOS

ADS/CFT SCENARIOS WHERE THE CFT IS CONSIDERED PRIMARY
GRAVITY AS AN ENTROPIC FORCE IDEAS

CONDENSED MATTER ANALOGUES OF GRAVITY
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ANALOGUE GRAVITY:
A TOY MODEL OF EMERGENT SPACETIMES



ANALOGUE MODELS OF GRAVITY

An analogue system of gravity is a generic dynamical system where the propagation of linearised
perturbations can be described via hyperbolic equations of motion on some curved spacetime
possibly characterized be one single metric element for all the perturbations.

ANALOGUE MODELS

Dielectric media
Acoustic in moving fluids
Gravity waves
High-refractive index dielectric fluids: “slow light”
Optic Fibers analogues
Quasi-particle excitations: fermionic or bosonic quasi-particles in He3
Non-linear electrodynamics
“Solid states black holes”
Perturbation in Bose-Einstein condensates

Graphene C.Barcelo, S.L and M.Visser,
“Analogue gravity”
Living Rev.Rel.8,12 (2005-2011).
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HYDRODYNAMICAL MODELS
THEOREM: LINEARISED PERTURBATIONS ON A INVISCID,
IRROTATIONAL FLUID WITH BAROTROPIC EOS
MOVE LIKE FIELDS ON A CURVED SPACETIME



Unruh 81,
Visser '98
But see also White ‘73

A PARADIGMATIC EXAMPLE: ACOUSTIC GRAVITY

Continuity - 0 Euler p@ =p N + (V ' V)V] =-Vp- lﬁq) + ]7 viscosity

dt ot

—

External Forces  f.. oy =+nV°V +(§ "%77)6(6 . g,)

p =pressure, = dynamic viscosity, ¢ = bulk viscosity,

® = potential of external driving force (gravity included)

IDEAL PERFECT
FLUID
Irrotational Flow
Barotropic
Viscosity free flow

Linearize the above Eq.s around some background

And combine then so to get a second order field equation

4 oy, oY,

ot ot ot

_(ngpo(_ + i;o ; Vl/jl)) =V (povqﬁ N ngpovo(_ + {;0 ; lel))

This looks messy but if we introduce the “acoustic metric”

We get
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External Forces  f.. oy =+nV°V +(§ "%77)6(6 . g,)

p =pressure, = dynamic viscosity, ¢ = bulk viscosity,

® = potential of external driving force (gravity included)

IDEAL PERFECT
FLUID
Irrotational Flow
Barotropic
Viscosity free flow

Linearize the above Eq.s around some background

And combine then so to get a second order field equation

4 oy, oY,

ot ot ot

_(ngpo(_ + i;o ; Vl/jl)) =V (povqﬁ N ngpovo(_ + Vo ; lel))

This looks messy but if we introduce the “acoustic metric”

We get

This is the same equation as for a scalar field moving in curved
spacetime, possibility to simulate FRW and Black Holes!
Analysis can be generalised to relativistic fluids=>Disformal geometries



A CONCRETE EXAMPLE: BEC ANALOGUE GRAVITY

‘,J“ (
v i

A BEC is quantum system of N interacting bosons in which most of them
lie in the same single-particle quantum state
(T<Tc~100 nK, Natoms~10°+105)

It is described by a many-body Hamiltonian which in the limit of dilute condensates gives a non-linear

Schrodinger equation _
(a=s-wave scattering length)

0 - h*

h—U = — — V32U — U U2,
i Ot 2m ¥+ K[V

This is still a very complicate system, so let’s adopt a mean field approximation

Mean field approximation : lii(t,x) = l/}(l‘,X) + )A((t,x) where ‘w(r,x)‘z = nc(t,x) =N/V

Y(r,x) = <1i1(t,x)> = classical wave function of the BEC,  X(#,x) =excited atoms

Note that: \if|0> =) \ij|Q> # 0

atomic FOCk vacuum gI’OUIld state

The ground state is the vacuum for the collective excitations of the condensate (quasi-particles) but this an inequivalent
state w.r.t. the atomic vacuum. They are linked by Bogoliubov transformations.



BOSE-EINSTEIN CONDENSATE:
AN EXAMPLE OF ANALOGUE EMERGENT SPACETIME

By direct substitution of the mean field ansatz in the non-linear Schrédinger equation gives

a h2 .
1 Ew(tax) _ (_%vg —,LL-|—/<J‘¢‘2) ¢+2/{ (ﬁ¢+ﬁw*) 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

The equations are coupled via the so called anomalous mass m and density fi. Which we shall neglect for the moment...

LET’S CONSIDER QUANTUM PERTURBATIONS OVER THE —i0/h
BEC BACKGROUND AND ADOPT THE “QUANTUM ACOUSTIC X(t X) €
REPRESENTATION’' (BOGOLIUBOV TRANSFORMATION)

8tﬁ1 = —V- (ﬁl Vo + M Vé\l) — O,
FOR THE PERTURBATIONS ONE GETS THE m

2
SYSTEM OF EQUATIONS R 1 ~ h R
dt01 + —Ve- V91 + l{((l) ny — — D2n1 = ()
7] 771
WHERE D2 IS A REPRESENTS A SECOND-ORDER DIFFERENTIAL
OPERATOR: THE LINEARIZED QUANTUM POTENTIAL




ACOUSTIC METRIC AND
THE FATE OF LORENTZ INVARIANCE

For very long wavelengths the terms coming from the
linearized quantum potential D2 can be neglected.

The so obtained metric is again the acoustic metric

Cs = E47rpa,

1.

IF 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 QUASI-PARTICLES IS

This (Bogoliubov) dispersion relation (experimentally observed) actually interpolates between two
different regimes depending on the value of the fluctuations wavelength
A=27/ | k| with respect to
the “acoustic Planck wavelength”
AMc=h/(2m)=nE with £=healing length of BEC=1/(8nga)1/2

For A»Ac one gets the standard phonon dispersion relation w=c | k|

For A«\c one gets instead the dispersion relation for an individual gas particle w=(h2k2)/(2m)
(breakdown of the continuous medium approximation)



Spin-off, Quantum gravity phenomenology:
Planck scale Lorentz violation as a topic example

Suggestions for Lorentz violation searches came from several QG models and are tight to the presence of a

fundamental length scale _
String theory tensor VEVs (Kostelecky-Samuel 1989, ...)

Cosmological varying moduli (Damour-Polyakov 1994)

Spacetime foam scenarios (Ellis, Mavromatos, Nanopoulos 1992, Amelino-Camelia et al. 1997-1998)
Some semiclassical spin-network calculations in Loop QG (Gambini-Pullin 1999)
Einstein-Aether Gravity (Gasperini 1987, Jacobson-Mattingly 2000, ...)

Some non-commutative geometry calculations (Carroll et al. 2001)

Some brane-world backgrounds (Burgess et al. 2002)

Ghost condensate in EFT (Cheng, Luty, Mukohyama, Thaler 2006)

Horava-Lifshiftz Gravity (Horava 2009, ...)

® ®© © © © © © © O
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A common prediction of these models is that the Lorentz breaking in the UV
leads to a Planck suppressed modified dispersion relation.
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A common prediction of these models is that the Lorentz breaking in the UV
leads to a Planck suppressed modified dispersion relation.

n Perit for ve Perit for e- Perit for p*
But how can we test Planck scales? 2 Pl p=me=0.5 MeV  p~my=0.938 GeV

3 ~1 GeV ~10 TeV ~1 PeV

4 ~100 TeV ~100 PeV ~3 EeV
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A common prediction of these models is that the Lorentz breaking in the UV
leads to a Planck suppressed modified dispersion relation.

But how can we test Planck scales?

Phenomenology? One needs a dynamical framework =

Model via Effective Field Theory with Lorentz breaking
(Standard Model Extension to LIV operators, CPT even or Odd)

String theory tensor VEVs (Kostelecky-Samuel 1989, ...)
Cosmological varying moduli (Damour-Polyakov 1994)

Spacetime foam scenarios (Ellis, Mavromatos, Nanopoulos 1992, Amelino-Camelia et al. 1997-1998)
Some semiclassical spin-network calculations in Loop QG (Gambini-Pullin 1999)
Einstein-Aether Gravity (Gasperini 1987, Jacobson-Mattingly 2000, ...)

Some non-commutative geometry calculations (Carroll et al. 2001)

Some brane-world backgrounds (Burgess et al. 2002)

Ghost condensate in EFT (Cheng, Luty, Mukohyama, Thaler 2006)

Horava-Lifshiftz Gravity (Horava 2009, ...)

n Perit for ve Perit for e- Perit for p*
2 p =~ my~1eV p~me=0.5 MeV p=mp=0.938 GeV
3 ~1 GeV ~10 TeV ~1 PeV
4 ~100 TeV ~100 PeV ~3 EeV
k’I’L

= k*+ ££_Ln) ——> photons

Mpl
M S leptons/had
= m°+p°+n) A2 eptons/hadrons ,

pl
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Phenomenology? One needs a dynamical framework = B2 = K+l )W photons
pl
Model via Effective Field Theory with Lorentz breaking . . 2 o D" leptons/hadrons
(Standard Model Extension to LIV operators, CPT even or Odd) M

where, in EFT, g(n) = _({_n) — (_)ng(_n) and n(n) = 775-”) — (_)n (n)

Astrophysical tests

Cosmological variation of couplings, CMB
Cumulative effects in astrophysics
Anomalous threshold reactions
Shift of standard thresholds reactions with new threshold

phenomenology
LV induced decays not characterised by a threshold
Reactions affected by “speeds limits”: synchrotron radiation
GW waves (but only low energy tests n=2)
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® Ghost condensate in EFT (Cheng, Luty, Mukohyama, Thaler 2006)

® Horava-Lifshiftz Gravity (Horava 2009, ...)

A common prediction of these models is that the Lorentz breaking in the UV
leads to a Planck suppressed modified dispersion relation.

n Perit for ve Perit for e- Perit for p+
But how can we test Planck scales? 2 2 Wi p=me=0.5 MeV  p~my=0.938 GeV
3 ~1 GeV ~10 TeV ~1 PeV
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Phenomenology? One needs a dynamical framework = B2 — k2 pel )W photons
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Model via Effective Field Theory with Lorentz breaking . . 2 o D" leptons/hadrons
(Standard Model Extension to LIV operators, CPT even or Odd) M

Where, in EFT, g(n) = _({_n) — (_)ng(_n) and n(n) = nf{-n) _ (_)n (n)

Astrophysical tests Constraints

Table 2 Summary of typical strengths of the available constrains on the SME at different orders.
Cosmological variation of couplings, CMB

Cumulative effects in astrophysics
Anomalous threshold reactions
Shift of standard thresholds reactions with new threshold

Order | photon | e Jet I Hadrons |Neutrino s?

n=2 NA. 0(10-13) 0(10-27) 0(10-%)
n=3 0(10-*) (GRB)  |0(10-16) (CR) 0(10~14) (CR) 0(30)

phenomenology n=4 0(107%) (CR) 0(1073) (CR) 0(107%) (CR) 0(10~%)* (CR)

LV induced decays not characterised by a threshold
Reactions affected by “speeds limits”: synchrotron radiation
GW waves (but only low energy tests n=2)

GRB=gamma rays burst, CR=cosmic rays

2 From neutrino oscillations we have constraints on the difference of LV coefficients of different
flavors up to 0(10~28) on dim 4, O(10~8) and expected up to O(10~*) on dim 5 (ICE3), expected
up to O(10*) on dim 6 op. * Expected constraint from future experiments.
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Astrophysical tests

Cosmological variation of couplings, CMB
Cumulative effects in astrophysics
Anomalous threshold reactions
Shift of standard thresholds reactions with new threshold

phenomenology
LV induced decays not characterised by a threshold
Reactions affected by “speeds limits”: synchrotron radiation
GW waves (but only low energy tests n=2)

Constraints

Table 2 Summary of typical strengths of the available constrains on the SME at different orders.

Order | photon | e Jet I Hadrons |Neutrino s?

n=2 NA. 0(10-13) 0(10-27) 0(10-%)
n=3 0(10-*) (GRB)  |0(10-16) (CR) 0(10~14) (CR) 0(30)

n=4 0(10%) (CR) 0(10%) (CR) 0(107%) (CR) 0(10~*)* (CR)

GRB=gamma rays burst, CR=cosmic rays

2 From neutrino oscillations we have constraints on the difference of LV coefficients of different
flavors up to 0(10~28) on dim 4, O(10~8) and expected up to O(10~*) on dim 5 (ICE3), expected
up to O(10*) on dim 6 op. * Expected constraint from future experiments.

Feedback on QG models



LESSON 1
ANALOGUE BLACK HOLES AND THE
ROBUSTNESS OF HAWKING RADIATION



ANALOGUE BLACK HOLES

A moving fluid will tip
the “sound cones” as
It moves.

Supersonic flow will
tip the cone past the
vertical.

Subsonic Supersonic

Hydrodynamics

Any region of supersonic flow
Es: steady flow

8. (9)0n) (9)an) =

g, =—[cl-v*]

Ergoregion

Any closed two-surface where the fluid
Trapped Surface velocity is everywhere inward-pointing
and the normal component of the fluid
velocity is always greater than the speed
of sound
Boundary of the region from which null

Future Event geodesics (phonons) cannot escape. A mOVing fluid can form
Horizon “trapped regions” when
supersonic flow will tip
the cone past the
vertical.

1{d /> o
Surface Gravity g8y = 5 a—(CS — VJ_)
n




CLASSICAL ANALOGUES: GRAVITY WAVES
Schutzhold, Unruh. Phys.Rev.D66:044019,2002.

Let’s consider gravity waves on an inviscid, irrotational flow
of a barotropic fluid under the influence of gravity. The Bernoulli’s and continuity
equations imply that in the long wavelength limit (shallow basin) surface wave

propagate on an effective geometry

gk + %kfﬂ) tanh(kh)

oy
DAdU

For arbitrary wavelength the dispersion relation is non-relativistic and
goes from linear to “subluminal” to “superluminal”.

QUANTUM ANALOGUES: FIBER OPTICS ANALOGUES

+  Original idea: send non-dispersive pulses (solitons) through a optical fiber.
Each pulse modifies the optical properties of the fiber due to the Kerr effect:
4+ the effective refractive index of the fiber, no, gains an additional contribution
On that is proportional to the instantaneous pulse intensity I at position z and
time .
4+ launch a continuous wave of light, a probe, that follows the pulse with slightly
higher group velocity, attempting to overtake it

+  As the probe approaches the pulse it slows down so much so that for some
frequency it cannot “enter” the pulse. The rear front acts like a white horizon.

+ Similarly probe light insight the pulse cannot escape from it, so the front of the
pulse acts like a black horizon.



BHs in BEC

LAVAL NOZZLE

White hole horizon

Subsonic Supersonic

Black hole horizon
BLACK HOLE

"
N\ ¥

Qs O

Condensate cloud

L.J. Garay, J.R. Anglin, J.I. Cirac, P. Zoller.

Phys.Rev.Lett. 85 (2000) 4643-4647
PhyS.ReV. A63 (2001) 023611 CARLOS BARCELO, SL, MATT VISSER.

INT.J.MOD.PHYS. A18 (2003) 3735.

Use a sweeping one step potential to generate a BEC “waterfall”. Use a Feshbach resonance to control the scattering length and

ey hence the speed of sound. in order to create an analoaue

NATURETRHYESISREEIL IR Carusotto, Fagnocchi, Recati, Balbinot, Fabbri.

New J. Phys.10, 103001 (2008)
See also Macher, Parentani: arXiv:0905.3634
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The transplanckian problem

Hovrizon

Wavelength

Black

>
-
-
=
>
<
v

hole

a Astrophysical black hole b Analogue black hole

Event horizon
il Fluid
A s Hawking [
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' Collapsing ball

T Particle : T
Supersonic region Subsonic region

Warped sbace-time

HAWKING RADIATION IS BASED ON THE EXTRAPOLATION OF STANDARD QFT IN CS UP TO
TRANSPLANCKIAN FREQUENCIES.
IT SEEMS TO RELATE FAR UV PHYSICS TO IR AT INFINITY.
QUESTION: IS HR ROBUST AGAINST UV PHYSICS FEATURES?



Robustness of Hawking radiation in Black hole
s 212 kA analogues: Theory

W =C 5 e
i K?
It turned out that Hawking Radiation is robust against LIV (see e.g. HAWKING WAS RIGHT, BUT ...
Parentani et al. papers), however you also can get (controllable) The fluid analogies suggest how to fix Hawking’s analysis. In an idealized fluid, the
speed of sound is the same no matter the wavelength (so-called type | behavior).
instabilities SuCh as ”black hole laser effect" In areal fluid, the speed of sound either decreases (type Il) orincreases (type Ill)

. . . . . . asthewavelength approaches the distance between molecules.
(superlummal relation in compact supersonic region Or vice versa. see

e.g. Jacobson-Corley and Parentani-Finazzi.
See Jeff’s talk tomorrow for observational evidence)

Type lll behavior

Type | behavior

Wave velocity

Type Il behavior

Some facts:

Wavelength
In static spacetimes Hawking radiation robustness is generally

Hawking’s analysis is based on standard relativity theory, in which light travels at
aconstantspeed—type | behavior. If its speed varied with wavelength, as in the

assured lf there 15 a separatlon Of ScaleS: KBH<<A Where fluid analogues, the paths of the Hawking photons would change.

A=K*F(Vint—asym) fOI‘ Superlumlnal dlSp.l‘El. Fortype ll, the photons originate outside the horizon and fallinward. One
For subliminal | Vint-asym | <KBH/K- undergoes a shift of velocity, reverses course
and flies out.
Indeed in this cases kpu stays in this case constant for a wide range
of k in spite of the modified dispersion relation.

the quantity that really fixes the Hawking temperature is an average

Fortype lll, the photons originate inside the horizon. One accelerates past the

of the spatial derivative of the velocity profile on a region across the |EEERETEEIFIRITI
horizon whose size is related to the UV LIV scale: the horizon i f["
becomes thick B 5
Key point for HR is also vacuum condition at particle creation Q; o
region for freely falling observers (which are carrying with them the
preferred frame aSSOCiated to LIV) Because the photons do not originate exactly at the horizon, they do not become
LA LEN T @ 1 Td s N '8 T S VA ER GAVS BT 210 b1 (RN (B (S EV G RSO M o) ARl infinitely redshifted. This fix to Hawking’s analysis has aprice: relativity theory

must be modified. Contrary to Einstein’s assumptions, spacetime must act like
although at the price of new, slow, IR instabilities (undulation). a fluid consisting of some unknown kind of ‘molecules.”

From Jacobson-Parentani: Sci. Am. 2005




CLASSICAL ANALOGUES: GRAVITY WAVES

Analogue system used for detection of classical wave conversion analogue of Hawking effect
G. Rousseaux et al. 2008
S.Weinfurtner, E.W. Tedford, M. C. J. Penrice, W. G. Unruh, and G. A. Lawrence. Phys.Rev.Lett. 106 (2011) 021302
Application to detection of Analogue Superradiance
SISSA-Nottingham experiment: an analogue of superradiant scattering (Pl: S. Weinfurtner)
Mauricio Richartz, Angus Prain, SL, Silke Weinfurt

Class.Quant.Grav. 30 (2013) 085009 and arXiv:1411.1
Observation: Weinfurtner et al. Nature Phys. 13 (2(

VANCOUVER EXPERIMENT

SISSA-NOTTINGHAM EXPERIMENT

QUANTUM ANALOGUES: FIBER OPTICS
ANALOGUES

F. BELGIORNO ET AL, PHYS. REV. LETT. 105, 203901 (2010). REPORTED THE USE OF
ULTRASHORT LASER PULSE FILAMENTS TO CREATE A TRAVELING RIP IN A TRANSPARENT
DIELECTRIC MEDIUM (FUSED SILICA GLASS) THEY OBSERVED PHOTON EMISSION IN THE
EXPECTED ENERGY WINDOW. WHILE SURELY RELEVANT, THE INTERPRETATION OF THE RESULT
AS HAWKING RADIATION IS STILL SUBJECT OF DEBATE
(SEE E.G. SL, PRAIN, VISSER, PHYS.REV. D85 (2012) 084014 AND SCHUTZHOLD,
UNRUH, PHYS.REV.LETT. 107 (2011) 149401 - PHYS.REV. D86 (2012) 064006)
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More recently: Leonhardt and collaborators, claim first detection of first stimulated emission.

Observation of stimulated Hawking radiation in an optical analogue By Jonathan Drori, Yuval
Rosenberg, David Bermudez, Yaron Silberberg, Ulf Leonhardt. e 00 1000 1400
arXiv:1808.09244 [gr-gc]. I
Physical Review Letters 122, 1 (2019) 010404.




Hawking radiation in Black hole analogues:
Observation in BEC

Tentative detection via density-density correlations

o AR S

)

HAWKING RADIATION SIGNATURE IN
DENSITY-DENSITY CORRELATION.
BEC SIMULATION. CARUSOTTO ET AL.

Recent observation of a characteristic instability for compact ergo regions
J. Steinhauer. Nature Physics (2014).
Even more recently first claim of Hawking detection (J. Steinhauer. 2015) and
Nature 569# 7758 (2019) 688-691
See Jeff’s and Munoz De Novi Talks Tomorrow!

1000 2000 3000 4000 5000 6000 7000 8000
run #

SO DOEs BH THERMODYNAMICS SURVIVE
WITHOUT LORENTZ INVARIANCE?
THIS IS INTERESTING EVEN IF YOU DO NOT
BELIEVE LORENTZ INVARIANCE CAN BE
BROKEN IN THE UV.

WHERE THERMODYNAMICS COMES FROM IN
GRAVITATIONAL THEORIES?
INTERESTING STUFF FROM EINSTEIN-
AETHER, HORAVA BLACK HOLES...
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LESSON 3
INFORMATION LOSS IN ANALOGUE BLACK HOLES

THE INFORMATION LOSS PROBLEM:
AN ANALOGUE GRAVITY PERSPECTIVE
SL, G. TRICELLA, A. TROMBETTONI
ENTROPY 2019, 21, 940
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THE INFORMATION NON-LOSS IN BEC ISSUE

Analogue gravity in BEC introduces a classical background w
(the wave function of the condensate) and describe the
propagation of quantum fields (the quasi-particles) over it. .
In this sense it is the analogue of QFT in a curved spacetime.

However, nothing forbids in analogue gravity
to simulate singularities
(as a regions where the hydrodynamic approximation does not hold)
and even an evaporation process

But from the point of view of BEC the singularity is at most a region
where the hydrodynamical limit is not legitimate
(if one does not “kicks out atoms”).
Hence the evaporation process must be unitary preserving.

In this cases how the evolution is held unitary?
It seems that a necessary step is to be able to retain a quantum

description of the condensate atoms in order to not have an obvious
loss of information at the singularity...
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ATTEND G. TRICELLA’S TALK TOMORROW

BEYOND BOGOLIUBOV: |
NATURAL ORBITALS

The mean field (Bogoliubov) approximation normally used in BEC is not the only way to express the
condensation, i.e., the fact that a macroscopic number of particles occupies the same state.

Indeed, the condensation phenomenon can be also defined considering the properties of the 2-point correlation
functions: a method allowing to retain the information about the quantum nature of the atoms in the BEC.

The 2-point correlation function is the expectation value on the quantum state of an operator composed of the
creation of a particle in a position x after the destruction of a particle in a different position y, and of course it
can be diagonalised as the orthonormal functions f,, eigenfunctions of the 2-point correlation function, are

known as natural orbitals (Penrose-Osanger 1954).

[ axfi@) £ = oy

The eigenvalues (N|) are the occupation numbers of these wave functions. The sum of these eigenvalues gives

the total number of particles in the state.
The natural orbitals, f and define a complete basis for the 1-particle Hilbert space and can be used to define
destruction and creation operators.




BEYOND BOGOLIUBOV:
NUMBER PRESERVING FORMALISM

In the mean field approximation the field 6¢ describes the quantum fluctuations over the mean-field wave
function instead of atoms.

When considering states with fixed number of atoms, and therefore not coherent states, it is better to
consider different operators to study the fluctuations.
One can follow the intuition that the fluctuation represents a shift of a single atom from the condensate to
the excited fraction and vice versa.

Let’s take as reference state for the condensate a, it is a straightforward procedure to define the number-
conserving operators a,;, one for each excited wave function, according to the relations

_ a—1/2 1
ar = N, /aoal,

Now the excited part is not given by translation of the field,
but number conserving fluctuations + projection, while the condensate
one is proportional to fo

Crucial point: it is possible to show that within reasonable approximations the fluctuations equation
of motion have the same functional form of those in the usual mean field approximation.
Hence, it can be shown that Analogue gravity continues to hold also in this formalism.

SEE G. TRICELLA’S TALK TOMORROW FOR ALL THE DETAILS!
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ANALOGUE COSMOLOGICAL PARTICLE CREATION

Hawking radiation is harder to get
Cosmological particle creation (dynamical Casimir effect) is much easier but still captures the basic physics.
We simulate that with a tunable interaction (e.g. Feshbach resonance)

1/4 4
e = (805 Z
guvdatdx’ = —dtr? + azéz—jdxldxf > mA (t) C

- Ny e
SR

The initial state is the quasi-particle vacuum
which implies e.g. in terms of the two point correlators of number-conserving operators
(quasi-particle ops and number conserving ops are related via a Bogoliubov transformation)

(&2 T Rt L1 |_| L1
6(p 00, = azaoNo_lagak = akak —k@

<5¢—k5¢k’> & ocid <5¢L(5¢k/>

At late times the first one becomes

L) A’ 0o sinh (20y)
2w,

(89F (1) o (1)) = 2722 cosh (20) — 5

cos (2wt — @) .

The last term is oscillating symmetrically around 0 —meaning that the atoms will leave and rejoin the
condensate periodically in time—whereas the first two are stationary.
Even assuming that the backreaction of the quasi-particles on the condensate is negligible, the mechanism
of extraction of atoms from the condensate fraction is effective and increases the depletion (as also found in
the standard Bogoliubov approach).



ATTEND G. TRICELLA’S TALK TOMORROW
FOR ALL THE DETAILS!

MAIN RESULTS

The Out state and the IN state are related by a squeezing operator that acts on the whole Hilbert space
not just on the one of the quasi-particles
The scattering operator of the quasi-particle couples is particularly simple and takes the peculiar
expression that is required for producing squeezed states.

This is the general functional expression that is found in cosmological particle creation and in its analogue
gravity counterparts, whether they are realized in the usual Bogoliubov framework or in its number-
conserving reformulation.

The time-independent operators c,depend on the condensate operator a,and can be defined as
compositions of number-conserving atom operators 6¢, (f) and 6¢_t, (f)

The process of particle creation can be seen as an extraction of atoms from the condensate
This dynamics produces (at any time) non-zero (1/No supppressed) correlators between the
condensate atoms and the quasi-particles because the operators a,and a,t do not commute with the

creation of coupled quasi-particles c'.c'_,, which is described by the combination of the operators
00" D¢y, 5P'DP"  and dPOP-

)” No+1
5 No+1-—-2n

(5@rd9_1)" al = af (339 )" (




SL, G. TRICELLA, A. TROMBETTONI ATTEND G. TRICELLA’S TALK TOMORROW

ENTROPY 2019, 21, 940; DOI:10.3390/E21 100940 M FOR ALL THE DETAILS!
AIN LESSONS

As expected when describing the particle creation on the full Fock space (condensate+QP), there
isn’t any unitarity breaking, and the purity of the state is preserved.
The particle creation unavoidably creates entanglement of the quasi-particles with the atoms in the
condensate: even if the initial state factories the final one won't

—N/2

Z \/— |N ®> |<N>>mf & |@>quoq z

—N/2 [ 1 ol T
Z Zalr I +0 N7 [N—l—rl LB | LN LT @aﬁﬂ,r%og :
Ir

In cases such as the cosmologlcal particle creation, where the phenomenon happens on the whole
spacetime, N is the (large) number of atoms in the whole condensate, and thus the correlations between the
substratum and the quasi-particles are negligible.

In the black hole case, a finite region of spacetime is associated to the particle creation, thus N is not only
finite but decreases as a consequence of the evaporation making the correlators between geometry and
Hawking quanta more and more non-negligible at late stages of the BH evaporation.

The Bogoliubov limit corresponds to taking the quantum degrees of freedom of the geometry as classical.
This is not per se a unitarity violating operation, as it is equivalent to effectively recover the factorization of the
above mentioned state. Indeed, the squeezing operator so recovered is unitarity preserving.

However, the two descriptions are no longer practically equivalent when a region of quantum gravitational
evolution is somehow simulated.

This strongly suggests that the information loss can only be addressed in a full quantum gravity description
able to keep track of the correlations between quantum matter fields and geometrical quantum degrees of
freedom underlying spacetime in QG.

(However AG miss Diffeo invariance which is another important ingredient. See e.g. Jacobson-Nguyen 2019)
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LESSON 3
ANALOGUE MODELS OF EMERGENT GRAVITY AND
THE COSMOLOGICAL CONSTANT



THE COSMOLOGICAL CONSTANT PROBLEM IN ANALOGUE/EMERGENT GRAVITY

Let us consider the EFT associated to phonons in BEC

ot 1
In general thon . hzwk (a;iai + _> Eooe = <Q‘thon‘ﬂ>
k

2

( Grround skate: no Phovxov\s )

Not knowing about the physics beyond the “healing scale” we would cut-off the system at &=healing length of BEC and hence get a
huge cosmological constant=(1/§)4V

However, is this the relevant energy of the vacuum for an analogue gravity system?
We can basically apply an argument firstly proposed by G. Volovik...

thon — Ieffective  BUT Htot s Hatoms

Indeed for a many-body system like BEC the dynamics is generated by the grand-canonical Hamiltonian so it is its phononic vacuum
expectation value that should provide the correct vacuum energy density

Evac = (| [Hatoms — U NVatoms] |£2)/V 1 = chemical potential
USING THE GIBBS-DUHEM RELATION E . TS e //LN - _pV

ONE EASILY SEE THAT AT T=0 (NO PHONONS) gvac — —p

For a finite condensate p=0 and will in general depend on Volume/Surface terms of order of the energy required to pull
atoms out of the condensate ~p.
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Let us consider the EFT associated to phonons in BEC
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k
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For a finite condensate p=0 and will in general depend on Volume/Surface terms of order of the energy required to pull
atoms out of the condensate ~p.

BUT CAN WE SEE THIS AT WORK IN A CONCRETE MODEL? BACK TO BEC...



A TOY MODEL FOR EMERGENT GRAVITY: NON-RELATIVISTIC BEC

So let’s go back to the mean field approximation of BEC and focus F. Girelli, S.L.,L.Sindoni
on the BAG equation for the background: Phys.Rev.D78:084013,2008
0 h o _ _

1haw(t, X)= | — %V + Vot (X) + £ne | ¥(t, x)+ kK (2n)(t, X) + map(t, X))

Can this be encoding some form of gravitational dynamics?

If yes it must be some form of Newtonian gravity (non relativistic equation)

But, in order to have any chance to see this, we need to have some massive field


http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%2522Girelli,%2520Florian%2522
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%2522Liberati,%2520Stefano%2522
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%2522Sindoni,%2520Lorenzo%2522
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So let’s go back to the mean field approximation of BEC and focus F. Girelli, S.L.,L.Sindoni
on the BAG equation for the background: Phys.Rev.D78:084013,2008
., 0 A _ _

171%@&(15, X)= | — %V + Vot (X) + £ne | ¥(t, x)+ kK (2n)(t, X) + map(t, X))

Can this be encoding some form of gravitational dynamics?

If yes it must be some form of Newtonian gravity (non relativistic equation)

But, 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. from massless Goldstone bosons to massive pseudo-Goldstone bosons)

Note: this kind of symm breaking is actually experimentally realized in magnon (quantized spin wave)
BEC in 3He-B (see e.g. related work by G.Volovik)

4
E%(p) = i c2p® + M?c

5 Mt 2A

It can be checked that the extra term gives massive phonons . M2 — 4 Alp+ )
which at low momenta propagate on the standard acoustic geometry of | m (n+2))2
AR A < m if A<
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NON-RELATIVISTIC BEC GRAVITATIONAL POTENTIAL

So we would now like to cast the equation for the a stationary, homogeneous, condensate background in a Poisson-
like form with the quasi-particles moving accordingly to the analogue gravitational potential.

where L = range of the gravitational interaction, G, = analogue G Newton,

A = analogue cosmological constant

Results

1. Itis possible to show by looking at the Newtonian limit of the acoustic geometry
that the gravitational potential is encoded in density perturbations

Nuv + huua hOO X ’U,(.’L‘)

Y 1/2
2. By adopting the ansatz [ (T) (1 +u(x)

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
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where L = range of the gravitational interaction, G, = analogue G Newton,

A = analogue cosmological constant

Results

1. It is possible to show by looking at the Newtonian limit of the acoustic geometry
that the gravitational potential is encoded in density perturbations
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2. By adopting the ansatz [dis (%) (1 + u(x) M + P hoo o< u(x)

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

This is the form the gravitational potential affecting the quasi-particle motion for a slightly
inhomogeneous BEC.
We now want to see if it satisfies some modified Poisson eaquation...




NON-RELATIVISTIC BEC: EMERGENT NEWTONIAN GRAVITY

Let’s consider the equation for a static background with a source term.
The latter is given partly by a localized quasi-particle plus a vacuum contribution due to the unavoidable presence/backreaction of
excited atoms above the condensate

(%W —2(p+ A)) u(x) = 2k (ﬁ(x) + %m@)) + 2k (’ﬁo + %m@)

~

where n(x) = n(x) — no, m(x) = m(x) — mg

and 79 = (0]x"(x)X(x)[0), 7m0 = (0]x(x)x(x)|0)
are the quasi-particle vacuum backreaction terms

Now, knowing what is the analogue gravitational potential, this can be cast in the
form of a generalized Poisson equation with a (negative) cosmological constant.
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WEIGHTING LAMBDA...

Ac? c7 En A\ 82
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A 47TGN7 P hG2N7 gP X pod 900

The cosmological constant scale is suppressed by a small number
(the dilution factor ga3«1) w.r.t. the analogue/emergent Planck scale!

The (negative) cosmological constant is not the phonons ground state energy,
neither it is the atoms grand canonical energy density h, or energy density e=h+up
It is just related to the subdominat second order correction to these latter quantities due to quantum depletion
(the part related to the excitations) and its scale is the healing scale.
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CAN WE GO BEYOND NON-RELATIVIST GRAVITY?




RELATIVISTIC BEC AND EMERGENT LLlI

OF COURSE THE BEC MODEL IS NOT LORENTZ INVARIANT AT ALL SCALES AS IT IS FUNDAMENTALLY NON
RELATIVISTIC.
WHAT HAPPENS IF ONE CONSIDERS A BEC OF RELATIVISTIC ATOMS?

New J.Phys. 12 (2010) 095012
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where ¢ = - pU” (p,A), = relativistic chemical potential.

The gapless/massless mode is the interesting one as it admits an effective metric in the phononic

regime - - mccy
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. bt O . .
Bose-Einstein condensation, may [ = % dnde Vol -V — (

occur also for relativistic bosons. c* Ot Ot

' o A A o
So far only theoretical model. with U(d1d: ;) = ?2[32+ F;),pAgij where 5= did

The associated dispersion relation has a gapped and gapless mode
( )

2 2 2 2
2= v () e (M) <2(5)\ =+ (5) 1+ ()

\ /

hQ
where ¢ = - pU” (p,A), = relativistic chemical potential.

"~

The gapless/massless mode is the interesting one as it admits an effective metric in the phononic

regime
In the limit of very relativistic atoms = dress > 1
14

2mc c =2\ v,V
Long wavelengths limit &k < 0 ° = . Ak?  with g, = p— [mw + (1 . _s> p V]
C

h : Cs c?
LL|+Grqvify~

2 = c?*b/(1 +b)
AL 2mcy 2 27.2 :
SR < Short wavelengths limit & > ; —> wi =ck° with g, =1,
]€4
+Rai i i ? Intermediate w? = ¢? [k* +
No LLI+Raibow metric/Finsler <— , 1 ()2 (14 )2

LESSON FROM RBEC: ONE CAN HAVE IR AND UV RELATIVISTIC PHYSICS BUT NONETHELESS
LORENTZ VIOLATION AT INTERMEDIATE SCALES.
YOU HAVE TO UNDERSTAND THE CLASSICAL/CONTINUOUS LIMIT TO BE SURE ABOUT LlI.



EMERGENT GRAVITY IN RELATIVISTIC BEC Belenchia, SL, Mohd: arXiv:1407.7896

Phys.Rev. D90 (2014) 10, 104015

"0, 0, — m$" S — N¢"9)* + 1’ ¢" ¢ + ipu(¢" 0 — 06"

LET US AGAIN DECOMPOSE ¢ AS ¢ = ¢,(1 + ¥), WHERE &, IS THE CONDENSED PART OF THE FIELD
({®) = &,) AND ¥ IS THE FRACTIONAL FLUCTUATION WHICH CAN BE WRITTEN IN TERMS OF ITS REAL

AND IMAGINARY PARTS ¥ = ¥, + 1Y,

CRUCIAL POINT: IN SOME SUITABLE REGIME (NEUTRAL BACKGROUND FIELD, Cs=C) YOU CAN
COMPLETELY MASK THE LORENTZ BREAKING. IN THIS REGIME ONE FINDS

Excitations Eq Background Eq _ = —6D—f0

%0
(= —12A [ 3 [ 3+ Wiz

Ugthy — 4Apy = 0,

) For m->0 (BEC still allowed by non zero
Zuv =G oMy Hgypa = 0. chemical potential p)

EQUIVALENT TO EINSTEIN-FOKKER EQUATION
OF NORDSTROM GRAVITY!

| R+ A =24nGy T, |

NORDSTROM GRAVITY (1913) IS THE ONLY OTHER THEORY IN 3+1 DIMENSIONS WHICH SATISFIES THE STRONG
EQUIVALENCE PRINCIPLE.
HOWEVER, IT IS NOT TRULY BACKGROUND INDEPENDENT (FIXED MINKOWSKI CAUSAL STRUCTURE)

M22
A=1onds o Mee

eft _ 4:@4 2
ARSI GEf = G/4m = 2 ()

€A

SMALL

THE “BARE” A IS IN THIS CASE SMALL AND POSITIVE BUT IT WILL GENERICALLY RECEIVE A (NEGATIVE)
CORRECTION FROM THE FRACTION OF ATOMS IN THE NON-CONDENSATE PHASE, THE DEPLETION FACTOR.



http://arxiv.org/abs/arXiv:1407.7896

CLOSING




CLOSING

IN THIS BRIEF JOURNEY WE HAVE SEEN AS ANALOGUE MODELS OF GRAVITY CAN BE
USED TO GET UNEXPECTED INSIGHTS INTO LONG STANDING PROBLEMS OF THE
INTERFACE OF GRAVITY AND PARTICLE PHYSICS.

THIS SHOWS THEIR USEFULNESS BOTH TOWARDS CONCRETE EXPERIMENTAL
REALISATIONS OF QFT IN GENERAL SPACETIMES AS WELL AS TOWARDS A
THEORETICAL UNDERSTANDING.

MANY MORE ISSUES COULD BE ADDRESSED STILL: E.G. HOW AND WHERE THE
PARTICLE PRODUCTION HAPPENS AT THE ATOMIC LEVEL, WHAT IS THE
INTERPRETATION OF THE QUASI-PARTICLE ENTANGLEMENT AT THE MICROSCOPIC
SCALE? ETC...

HOWEVER, SO FAR THE BIG MISSING ACTOR IS DIFFEO INVARIANT. CAN WE IMPORT
THESE IDEAS INTO A DIFFEO INVARIANT UV COMPLETION OR CAN DIFFEO
INVARIANCE BE EMERGENT AS WELL?

ANALOGUE GRAVITY LESSONS SEEMS FAR FROM OVER...
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