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Abstract: The analogue gravity framework uses condensed matter systems to simulate phenomena characteristics of quantum field theory in curved
spacetimes (e.g. cosmological particle production or black hole evaporation). In this seminar, | will review the state of this field and explore its
extension towards the simulation of the emergent spacetime paradigm. In doing so | will discuss three |essons that we can draw from this framework
about long standing puzzles in black hole thermodynamics and cosmology.
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ANALOGUE GRAVITY AS A TOY MODEL OF
EMERGENT SPACETIME:
THREE SMALL LESSONS
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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 PROVED VERY HARD TO FULLY
MERGE WITH QM.

SINGULARITIES AND HORIZON THERMODYNAMICS

CRITICAL PHENOMENA IN GRAVITATIONAL COLLAPSE

THE “DARK INGREDIENTS’’ OF OUR UNIVERSE?

ADS/CFT DUALITY, HOLOGRAPHIC BEHAVIOUR

FASTER THAN LIGHT AND TIME TRAVEL SOLUTIONS

GRAVITY/FLUID DUALITY

THERMODYNAMIC INTERPRETATION OF EINSTEIN EQUATIONS

ENTROPIC FORCE INTERPRETATION OF GRAVITY

SPACETIME THERMODYNAMICS: EINSTEIN EQUATION AS AN EQUATION OF STATE
(IRREVERSIBLE TERMS)
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EMERGENT SPACETIMES?

EMERGENT GRAVITY IDEA: THE METRIC OR THE CONNECTIONS ARE NOT FUNDAMENTAL OBJECT
BUT COLLECTIVE VARIABLES OF MORE FUNDAMENTAL DISCRETE/QUANTUM STRUCTURES.
GRAVITONS WOULD BE MORE LIKE PHONONS THAN TRUE ELEMENTARY PARTICLES...

GR — HYDRODYNAMICS

METRIC AS A COLLECTIVE VARIABLE

ALL THE SUB-PLANCKIAN PHYSICS IS LOW ENERGY PHYSICS

SPACETIME AS A CONDENSATE OF SOME MORE FUNDAMENTAL OBJECTS
SPACETIME SYMMETRIES AS EMERGENT SYMMETRIES

SINGULARITIES AS PHASE TRANSITIONS (BIG BANG AS GEOMETROGENESIS)
COSMOLOGICAL CONSTANT AS DEVIATION FROM THE REAL GROUND STATE

@ MANY QG PROPOSALS ARE NOWADAYS RESORTING TO EMERGENT GRAVITY SCENARIOS. E.G.

CAUSAL SETS

QUANTUM GRAPHITY MODELS

GROUP FIELD THEORIES

ADS/CFT SCENARIOS WHERE THE CFT IS CONSIDERED PRIMARY

FOR ME: ANY QG APPROACH WHERE THE UNDERLYING QUANTUM/DISCRETE STRUCTURE IS NOT A MERE
REGULATOR AND GRAVITONS ARE COLLECTIVE EXCITATIONS OF THIS SUBSTRATUM.

6 THE EMERGENT SPACETIME PARADIGM IS NOT AN ALTERNATIVE TO TEH QUANTUM GRAVITY ONE, BUT
REFERS TO THE WAY CLASSICAL/CONTINUUUM SPACETIME IS RECOVERED IN A GIVEN QG MODEL.
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W.G. Unruh Phys Rev Lett 46 1351 (1981)
But see also White ‘73

WHAT IS ANALOGUE GRAVITY?

—

Continuity % e ﬁ ¢ ( pi/.) =0 Euler p% =p (v : V)i}" = _ﬁp = pﬁq) + }: viscosity

—+
ot

External Forces  f. =+1V°V +(§ +%n)‘3’(€’ - V)

p = pressure, N = dynamic viscosity, & = bulk viscosity,
® = potential of external driving force (gravity included)

IDEAL PERFECT
FLUID
Irrotational Flow
Barotropic
Viscosity free flow

p(t,x) = py(t,x) + p, (t,x)
p(f,x.) = pﬂ(tax) + gpl(t’x)
’p(t,x) = %(‘,x) + 3W1(f,x)

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

We get
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W.G. Unruh Phys Rev Lett 46 1351 (1981)
But see also White ‘73

WHAT IS ANALOGUE GRAVITY?

—*

- d dav
Continuit -(pv Euler p— = —
y (9t p dt p iscosity

E+(V'V)V’]=—§p—p§¢+ £

External Forces  f. o =+NV°V +(§ +%n)§’(€’ : \7)

p = pressure, = dynamic viscosity, & = bulk viscosity,
® = potential of external driving force (gravity included)

IDEAL PERFECT
FLUID
Irrotational Flow
Barotropic
Viscosity free flow

p(I,X) = po(t$x) + Sp](tax)
p(t,x.) — pﬂ(tsx) + gpl(t’x)
q’(tix) = %U’x) o 5"‘!’1(‘,35)

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
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ANALOGUE BLACK HOLES

A moving fluid will tip Y

the “sound cones” as it i

>
moves.
Supersonic flow will tip
the cone past the
vertical.

Hydrodynamics

Ergoregion

Any region of supersonic flow
Es: steady flow

g (fan)" (d/ar)" =
8o =<l -v]

Trapped Surface

Any closed two-surface where the fluid

velocity is everywhere inward-pointing

and the normal component of the fluid

velocity is always greater than the speed
of sound

Future Event
Horizon

Boundary of the region from which null
geodesics (phonons) cannot escape.

Surface Gravity

Subsonic Sonic Supersonic

A moving fluid can form
“trapped regions” when
supersonic flow will tip
the cone past the
vertical.

If the field propagating on these black holes can be
quantised we should expect analogue Hawking radiation
and its puzzles...
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ANALOGUE MODELS OF GRAVITY BEYOND
ACOUSTICS See e.g. C.Barcelo, S.L and M.Visser,

“Analogue gravity”
Living Rev.Rel.8,12 (2005-2011).

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

Gravity waves in shallow basins (Rousseaux, Unruh-Schutzhold, Weinfurtner...)
High-refractive index dielectric fluids: “slow light”

Optic Fibers analogues (Philbin, Faccio, Leonhardt...)
Quasi-particle excitations: fermionic or bosonic quasi-particles in He3 (Volovik)
Non-linear electrodynamics
“Solid states black holes”

Perturbation in Bose-Einstein condensates (Garay et al, Barcelo et al, Fischer et
al., Parentani et al, Carusotto et al., Steinhauer, etc...)

Graphene

@
®
(3}
©
©
(3)
(3)

THE USE OF ANALOGUE GRAVITY (AG) AS A MODEL OF CLASSICAL/QUANTUM FIELD
THEORY IN CURVED SPACETIMES HAS BEEN FUNDAMENTAL FOR UNDERSTANDING AND
REPRODUCING PHENOMENA OF FIELD THEORY ON CURVED SPACETIME.
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CLASSICAL ANALOGUES: E.G. 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

—(? — vl?) dt? — 2v], - dx dt + dx - dx| | where ¢ = \/gFs.

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

QUANTUM ANALOGUES: E.G 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:

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 £.

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.

Badulin (1983)
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MAKE YOUR OWN WHITE HOLE

Basic setup: A liquid is pumped through a nozzle and the fluid jet
impacts vertically onto a horizontal plate.

Reproducible at home in your kitchen sink!

where ¢ = \/ghp.

Measurements of the Mach angle 8, sin@=c/v, confirm the presence
of the supersonic region and white hole. A needle is placed inside

the flow at varying distances from the centre of the jump.
28 el y

o= (b)
. N
- Vs '.‘ d

- - -

(a)
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AT HOME!

A white hole is the time-reversal of a black hole.
Something in which nothing can enter and all has to exit

G. Jannes, R. Piquet, P. Maissa, C. Mathis, G. Rousseaux. Phys.Rev. E83 (2011) 056312
Hydraulic Jump experiment figures from G.Jannes, Germain Rousseaux: arXiv:1203.6505

-
fluid velocity

subsonic
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ANALOGUE GRAVITY
IN BOSE-EISTEIN CONDENSATES
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A CONCRETE EXAMPLE: BEC ANALOGUE GRAVITY

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~105+106)

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

Schrédinger equation
9 e (a=s-wave scattering length)

This is still a very complicate system, so let’s adopt a mean field approximation
Mean field approximation: W(#,x) =v(7,x)+ X(#,x) where fw(t,x)r =n,(t,x)=N/V

Y(t.x)= <‘i‘(t,x)> = classical wave function of the BEC,  X(#,x) =excited atoms

Note that: li’|0> — \if|Q> 7& 0

atomic Fock vacuum ground 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.
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BOSE-EINSTEIN CONDENSATE:
AN EXAMPLE OF ANALOGUE EMERGENT SPACETIME

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

h o ~ gk Back dd i
t’(l.](t, X) = (_%V2 —u + K ¢|2)‘¢ ) 2% (ndj —|-’m7,b ) ackground dynamics

h? ~ ~
—2—V2 -+ an:r) X + kmp X!

(neglecting depletion terms
the Gross-Pitaevski equation)

Excitations dynamics

These are the so called Bogoliubov-de Gennes equations
The first one encodes the BEC background dynamics including the back reaction of quantum excitations.
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
BEC BACKGROUND AND ADOPT THE “QUANTUM ACOUSTIC
REPRESENTATION’ (BOGOLIUBOY TRANSFORMATION)

&y + =V - (Ay VO +n, VB) =0,

FOR THE PERTURBATIONS ONE GETS THE 1 . /
SYSTEM OF EQUATIONS L~ 1 ~ -~ o ﬁ-z o I
0101 + —V0 -V, + k(a) ny — == Dyny = 0.
WHERE Dz IS A REPRESENTS A SECOND-ORDER DIFFERENTIAL

OPERATOR: THE LINEARIZED QUANTUM POTENTIAL

Pirsa: 22040106
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ACOUSTIC METRIC AND
THE FATE OF LORENTZ INVARIANCE

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

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 actually interpolates between two different regimes depending on
the value of the fluctuations wavelength
A=2n/ | k| with respect to the “acoustic Planck wavelength”

Ac=h/(2m¢)=n€ with Z=healing length of BEC=1/(87pa)1/2
For MAc one gets the standard phonon dispersion relation w=c | k|
For M\ one gets instead the dispersion relation for an individual gas particle w=(h2k?)/(2m)
(breakdown of the continuous medium approximation)
So there is a Lorentz invariance violation (LIV) in the UV

So AG SYSTEMS ARE ABLE TO SIMULATE CLASSICAL AND/OR QUANTUM FIELD THEORY OVER A CURVED SPACETIME
ALBEIT THE ANALOGUE METRIC FIELD EQUATIONS WILL NOT BE DESCRIBED BY THE EINSTEIN EQUATIONS
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The transplanckian problem

_ Event horizon

a Astrophysical black hole b Analogue black hole

Event horizon

F ARV et Hawking

> radiation

o

Particle
Warped space-time Supersonic region Subsonic region

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?

THIS TRANSPLANCKIAN PROBLEM WAS INITIALLY THE MAIN MOTIVATION FOR THE ANALOGUE GRAVITY
PROGRAM: T. JACOBSON PHYS REV D44 (1991), W.G. UNRUH PHYS.REV.D 51 (1995)
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= BHs in BEC

Any region of supersonic flow
Es: steady flow

8 (/)" (8)0r) =

I i

White hole haorizon

Ll

Ergoregion

Any closed two-surface where the fluid
Trapped Surface | velocity is everywhere inward-pointing ' Subsanic octs Supersanic
and the normal component of the fluid SLACK HOLE
velocity is always greater than the speed Black hole horizon =

of sound

Boundary of the region from which null

Future Event geodesics (phonons) cannot escape. % o /

Horizon

Condensate cloud

1{ad 3 : .
Surface Gravity gu== —(L,j —Vl) L.J. Garay, J.R. Anglin, J.I. Cirac, P. Zoller. CARLOS BARCELO, SL, MATT VISSER.
2|on Phys.Rev.Lett. 85 (2000) 4643-4647 INT.J.MOD.PHYS. A18 (2003) 3735.
Phys.Rev. A63 (2001) 023611

Use a Feshbach resonance to control the scattering length and

Use a sweeping one step potential to generate a BEC “waterfall”. hence the speed of sound, in order to create an analogue

JEFF STEINHAUER
NATURE PHYS. 12 (2016) 959 Carusotto, Fagnocchi, Recati, Balbinot, Fabbri.
New J. Phys.l(}, 103001 (2008)

See also Macher, Parentani: arXiv:0905.3634

horizon

outside inside region

Sub-sonic Now >, ¥, 8 Super-sonic flow v e, V. g
40 >

- . -

v
0
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Hawking radiation in Black hole analogues:
Observation in BEC

Detection via density-density correlations

HAWKING RADIATION SIGNATURE IN
DENSITY-DENSITY CORRELATION.
BEC SIMULATION.
CARUSOTTO, FAGNOCCHI, RECATI, BALBINOT,
FABBRI.

G = '=Em$in/ Mot (n(%)6n(x)) : NEW J. PHYs.10, 103001 (2008)

f dx dxreikﬂzeikpﬂG.(zl (x,%")

First claim of Hawking detection (J. Steinhauer. 2015)
Nature 569, 7758 (2019) 688-691 and
Stronger evidence in Nature Phys. 17 (2021) 3, 362-367

Ramp up Spontanacus Multi-made Monochromatic
Hawking radiation

Inner
horizon
forms
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Robustness of Hawking radiation in Black hole

2 P

wr=c(k?+ —

S K2
It turned out that Hawking Radiation is robust against LIV (see e.g.
Parentani et al. papers), however you also can get (controllable)
instabilities such as “black hole laser effect” due to the modified
dispersion relation
(see e.g. Jacobson-Corley and Parentani-Finazzi. )

Some lessons:

In static spacetimes Hawking radiation robustness is generally
assured if there is a separation of scales: kgu<<A where A=K-F(Vasym)
for superluminal disp.rel. (For subliminal | vasym | <kn/K). Indeed
Tguis in this case constant for a wide range of wavenumbers k in
spite of the modified dispersion relation.

Key point for HR is also vacuum condition at particle creation region
for freely falling observers (which are carrying with them the
preferred frame associated to LIV)

the quantity that really fixes the Hawking temperature is an average
of the spatial derivative of the velocity profile on a region across the
horizon whose size is related to the UV LIV scale: the horizon
becomes thick

NOTE: WHAT MAKES THEORETICAL AND EXPERIMENTAL WORK ON
HAWKING RADIATION VALUABLE IN ANALOGUE GRAVITY IS NOT JUST THE
FINAL DETECTION, BUT THE UNDERSTANDING OF HOW AND IN WHICH
SENSE HR IS ROBUST AGAINST THE UV PHYSICS.

BUT CAN WE GO BEYOND THIS?

k4 analogues: Theory

HAWKING WAS RIGHT, BUT ...

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).
In a real fluid, the speed of sound either decreases [type Il) or increases [type Il
as the wavelength approachesthe distance between molecules.

Type llibehavior

Type Ibehavior

Wave velocity

Type ll behavior

Wavelength

Hawking's analysis is based on standard relativity theory, in which light travels at
aconstantspeed—type | behavior. Ifits speed varied with wavelength, as in the
fluid analogues, the paths of the Hawking photons would change.

Fortype I, the photons originate outside the horizon and fall inward. One
undergoes a shift of velocity, reverses course
and flies out.

Fortype lll, the photons originate inside the horizon. One accelerates past the
usual speed of light, allowing,
ittoescape.

Because the photens do not originate exactly at the horizon, they do not become
infinitely redshifted. This fix to Hawking's analysis has a price: relativity theory
must be modified. Contrary to Einstein's assumptions, spacetime must act like
afluid consisting of some unknown kind of “molecules.”

From Jacobson-Parentani: Sci. Am. 2005
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THE INFORMATION NON-LOSS IN BEC

Analogue gravity in BEC introduces a classical background
(the wave function of the condensate, the expectation value of
a quantum operator on a quasi-coherent state) 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
Hence the analogue evaporation process must be unitary preserving.
(if one does not “kicks out atoms”).

But then in this cases how the evolution is held unitary? _
It seems that a necessary step is to be able to retain a quantum V» -
description of the whole condensate (in a number conserving ansatz)

in order to not have an obvious loss of information at the analogue
singularity...

|.e. we need to go beyond the mean field approx (A LA
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SL, G. TRICELLA, A. TROMBETTONI

BEYOND BOGOLIUBOV: ENTROPY 2019, 21, 940;

NATURAL ORBITALS

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 being Hermitian can be diagonalised in a basis of orthonormal functions f;
which are known as natural orbitals (Penrose-Osanger 1954) .

(# @) =L@, [ axfi (x) £ () = ¢y
° For a time-dependent Hamiltonian the natural orbitals are also time-dependent

o The natural orbitals define a complete basis for the 1-particle Hilbert space and can be used to
define destruction and creation operators.

a;,a; =u,

a The eigenvalues (N)) are the occupation numbers

of these wave functions (whose sum = Niot). 1
s The state is called “condensate” when No>>N.. e f dy(e () (¢ ) =f@a+y fi(@)a
o For a perfect condensation (no depletion) ===> (Nrzo) =0. .

2) = (N2 (),
fol@) =(No)™ (9 () T de(s) Tak()

It is possible to show that neglecting the depletion the GP is recovered with <@> replaced by <Ng¢>1/2 fg(x) .
Hence, it can be shown that Analogue gravity continues to hold also in this formalism.
Taking into account the depletion terms also the BdG equation can be recovered (neglecting suppressed terms)

i0, (N2 Jo () = o (N0} Jo (@) + AN0Y¥2 T (2) fo (2) fo () epeion erms

Furthermore this is still true if one adopts a Number-conserving formalism involving modified ladder operators il No_mﬂgﬂz
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ANALOGUE COSMOLOGICAL PARTICLE CREATION

Hawking radiation is hard!
So let’'s consider Cosmological particle creation: much easier but still captures the basic physics.
We simulate that with a tunable interaction (change of the scattering length e.g. via Feshbach resonance)
but imposing the conservation of the total number of atoms (number conserving formalism)

J',\«"‘f,l‘-
). = cosh ©yci. + sinh Ope'¥* (_:T_ "

We take the initial state to be the quasi-particle vacuum
At late times the two point correlators of number-conserving operators describing atomic excitations
then become (quasi-particle ops and number conserving ops are related via a Bogoliubov transformation)

K / 3 :
B 1 Alpgsinh (2
(501 (£) 501 () = 27 P2 cosh (20) — 7 + POSTWCOS LR e e
k k

Even assuming that the backreaction of the quasi-particles on the condensate is negligible, the first term
above shows that the mechanism of extraction of atoms from the condensate fraction is effective and
increases the depletion.

This is a consequence of us imposing the conservation of the atom number.

Quasiparticle creation removes atoms from the condensate No phase to the excitations N
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PARTICLE CREATION IN NUMBER CONSERVING FORMALISM

The Out state and the IN state are related by a Bogoliubov transformation that can be associated to a
squeezing operator that acts on the whole Hilbert space not just on the one of the quasi-particles

S¢S = ¢}, = cosh Ocy + sinh ©,e'%* cf_k

The scattering operator of the quasi-particle pairs is particularly simple and takes the peculiar expression
that is required for producing squeezed states.

% E (—e—f‘f’kckc_k —I—EE‘PkCzCik) ®k) !
kZ0

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

This dynamics produces (at any time) non-zero (1/No supppressed) correlators between the condensate
atoms and the quasi-particles

(crperNo) — (crperr) (No) = —Z ('_(:(.'.;_.(.';,._; 5(3535:3},_.‘,} —(cpcrr) {(5 1;-’.')2.5 (D,:!,")_) {(crepNY—(crcp)(IN)
q
This is because the operators a,and a,tdo not commute with the creation of pairs of quasi-particles c'.c'_,,
which is described by the combination of the operators d¢',5¢,, 5¢'.3¢"_, and 59,5¢_,

(60togx) ab = b (op}o0) .
(sotoats)" o = o (sotoots) (rotadys)

) L SNpEIER
(6up-1)" a5 = a8 (060" ([ arzr )
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MAIN 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

e—N/Z
L i@y~ (N))s @ @)y

e—N/2 y = ,
g W ;ﬂb, (1 + 0 (N )) lN = r,I,r)a a l{N»mf ® %“b |I;r)aBog :

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

In the GR black hole case, we expect a finite region of spacetime to be associated to the particle creation,
thus in the analogy No 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 back reaction shrinks the horizon and reproduces this behaviour also in some acoustic black holes
(SL, G. Tricella, A. Trombettoni. Appl.Sciences 10 (2020) 24, 8868 * e-Print: 2010.09966 [gr-qc])

The Bogoliubov approximation corresponds to taking the quantum degrees of freedom of the geometry as
classical. This is not per se a unitarity violating operation. Indeed, the operator so recovered is still a unitarity
preserving squeezing one: it is the usual squeezing operator relating In and Out vacua in QFT on CS.

However, the two descriptions are no longer practically equivalent when a region of quantum gravitational
evolution is somehow simulated (analogue singularity or end of evaporation of even regular BH).
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THE COSMOLOGICAL CONSTANT PROBLEM

APPROXIMATELY 68% OF THE COSMIC PIE IS MADE OF DARK ENERGY.
AN HOMOGENEOUSLY DISTRIBUTED COSMOLOGICAL FLUID WHICH
MAKES THE UNIVERSE EXPAND FASTER AND FASTER.

THE SIMPLEST EXPLANATION IS A COSMOLOGICAL CONSTANT INDUCED
BY THE VACUUM ENERGY ASSOCIATED TO QUANTUM FIELDS

o0

1 =Ny

H=hY w aLakJri Emc=(0|H|0)=h25=oo
k k

NATURAL TO CUT OFF AT THE PLANCK SCALE BUT THEN ONE GETS pVAc~CMFL)4
120 ORDERS OF MAGNITUDE LARGER THAN THE OBSERVED COSMOLOGICAL CONSTANT!

There is apparently a similar problem in Analogue gravity

- 1
Hphon = thk (aiaé == 5) A — <Q|th0n|ﬂ) Ground stake:
k

no Fkonons

Not knowing about the physics beyond the “healing scale” we would cut-off the system
at E&=healing length of BEC and hence get a huge cosmological constant=(1/§)4V
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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 BdG equation for the background: Phys.Rev.D78:084013,2008

2
ih%z/}(t, X= h—Vg + Veoxt (X) + &1, | ¥(2, X) -+ & (2000 E350 =S

- 2m |

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
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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

B hoo o< u(z)

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

v (AN (p+2N)
L grav (X) = 2\, U(X)
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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 B2 1 1
(Tvz —2(p+ )\)) u(x) = 2k (ﬁ(x) +- §ﬁ1(x)) + 2k (ﬁ.g + E:rﬁg)
m

where n(x) = n(x) — fig, m(x) = m(x) — mg
and 7 = <OWT(‘()3Z(\)|O>~ mo = (0]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.

K(p 4+ 4N) (1 + 2))°
Amh2mA3/2(p 4 \)1/2
52
dm(p + N)

_ T ;
matter(XJ = (‘?_I(X) + 5??1(}()) GN =

_ 26(p+4X)(n+2)0)

. 1 N ’
R2\ (fo + 5M0) #F=

The cosmological constant scale is suppressed by a small number (the dilution factor pa3«1) w.r.t. the analogue/emergent Planck scale!

The (negative) cosmological constant is not the cut-offed phonons vacuum 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.
There could be no a priori reason why the cosmological constant should be computed as the zero-point energy of the
system: its computation must inevitably pass through the derivation of Einstein equations emerging from the underlying

microscopic system. S. Finazzi, S. Liberati and L. Sindoni,
Phys. Rev. Lett. 108, 071101 (2012)
THE ENERGY SCALE OF A CAN BE SEVERAL ORDERS OF MAGNITUDE SMALLER THAN ALL THE OTHER ENERGY SCALES FOR
THE PRESENCE OF A VERY SMALL NUMBER, NONPERTURBATIVE IN ORIGIN, WHICH CANNOT BE COMPUTED WITHIN THE
FRAMEWORK OF AN EFT DEALING ONLY WITH THE EMERGENT DEGREES OF FREEDOM (l.E., SEMICLASSICAL GRAVITY).
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EMERGENT GRAVITY IN RELATIVISTIC BEC Belenchia, SL, Mohd: arXiv:1407.7896

Phys.Rev. D90 (2014) 10, 104015

Leg = 0" 8,0" 0,0 — m*¢"d — A(¢*9)* + p*¢*¢ + ip(¢" 0 — ¢D,9") o 1— &\ W
Buw = |+ 3 |

&

IN THIS CASE THERE IS A MASSLESS MODE WITH ACOUSTIC LORENTZ INVARIANCE PROPAGATING ON A DISFORMAL GEOMETRY
AT LONG WAVELENGTHS. AT SHORT WAVELENGTH THIS BECAME SA RELATIVISTIC ATOM IN MINKOWSKI (LLI WITH C). AT
INTERMEDIATE WAVELENGTHS THERE IS A RAINBOW SPACETIME.

LET US AGAIN DECOMPOSE ® AS & = ¢0(1 + ¥), WHERE ¢, IS THE CONDENSED PART OF THE FIELD (<¢> = d’o) AND ¥ IS THE
FRACTIONAL FLUCTUATION WHICH CAN BE WRITTEN IN TERMS OF ITS REAL AND IMAGINARY PARTS ¥ = ¥, + 1¥,

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. m
@
(Top) = —12X[3 (¥7) + (¥3) ],

Background Eq. R,=—6

= (qu>’
Dg"//’l — 4A?/}1 — 0,

5 For m->0 (BEC still allowed by non zero
ey =0 oMy Ugtps = 0. chemical potential )
EQUIVALENT TO EINSTEIN-FOKKER EQUATION
OF NORDSTROM GRAVITY!

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)

il Get = G/Am = hed ) (4mp?)

Mh2c?

A 2 2 2 2 — 75
(T) = % [3(wf) + (3)] = —2X [3(¥]) + (¥3)] = 6(T5y). = 12)‘% = 12X Anh

Mp) = pvar/c? =~ — 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.
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What next?

THIS IS ALL INTERESTING BUT IS CLEARLY OPEN TO SEVERAL CRITICISMS:

1% IN THE NON-RELATIVISTIC BEC YOU GET ONLY NEWTONIAN
GRAVITY+LORENTZ BREAKING
2. IN THE RELATIVISTIC CASE, FINE TUNING OF THE SYSTEM GIVES YOU
NORDSTROM GRAVITY WHICH IS REMARKABLE BUT IT IS STILL “JUST” SCALAR
GRAVITYHIT IS NOT REALLY BACKGROUND INDEPENDENT

HOwW CAN WE GO BEYOND?
WE CAN BRING FORWARD TO HINTS...

MAROLF’S THEOREM (PHYS.REV.LETT. 114 (2015) N0.3, 031104): EMERGENCE OF GRAVITY A LA
ANALOGUE MODEL+ BACKGROUND INDEPENDENCE REQUIRES KINEMATICAL NON-LOCALITY
(DIFFERENT MICROCAUSALITY) TO START WITH...
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THIS IS ALL INTERESTING BUT IS CLEARLY OPEN TO SEVERAL CRITICISMS:

1. IN THE NON-RELATIVISTIC BEC YOU GET ONLY NEWTONIAN
GRAVITY+LORENTZ BREAKING
2. IN THE RELATIVISTIC CASE, FINE TUNING OF THE SYSTEM GIVES YOU
NORDSTROM GRAVITY WHICH IS REMARKABLE BUT IT IS STILL “JUST” SCALAR
GRAVITYHIT IS NOT REALLY BACKGROUND INDEPENDENT

HoOow CAN WE GO BEYOND?
WE CAN BRING FORWARD TO HINTS...

MAROLF’S THEOREM (PHYS.REV.LETT. 114 (2015) NO.3, 031104): EMERGENCE OF GRAVITY A LA
ANALOGUE MODEL+ BACKGROUND INDEPENDENCE REQUIRES KINEMATICAL NON-LOCALITY
(DIFFERENT MICROCAUSALITY) TO START WITH...

IS NON-LOCALITY A KEY INGREDIENT TO EMERGE SPACETIME AND DIFFEO INVARIANCE?
(SURELY IT SEEMS AN ALTERNATIVE TO LORENTZ BREAKING: SEE EG. CAUSET EXAMPLE)
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CLOSING

(HISTORIC) LESSON 1: HAWKING RADIATION IS UV ROBUST
LESSON 2: INFO LOSS PROBLEM IN BH CcOULD BE AN ARTEFACT OF NEGLECTING
GRAVITY HILBERT SPACE IN SEMICLASSICAL GRAVITY. IN EMERGENT GRAVITY
SCENARIOS MATTER AND GRAVITY MUST COME FROM THE SAME MICROSTRUCTURE.
LESSON 3: IN EMERGENT GRAVITY SCENARIOS A MUST BE DERIVED BY
GRAVITODYNAMICS EQUATIONS, NOT USING IR EFT.

MANY OTHER 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 (EPR) AT THE
MICROSCOPIC SCALE? ETC...
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LESSON 2: INFO LOSS PROBLEM IN BH CcOULD BE AN ARTEFACT OF NEGLECTING
GRAVITY HILBERT SPACE IN SEMICLASSICAL GRAVITY. IN EMERGENT GRAVITY
SCENARIOS MATTER AND GRAVITY MUST COME FROM THE SAME MICROSTRUCTURE.
LESSON 3: IN EMERGENT GRAVITY SCENARIOS A MUST BE DERIVED BY
GRAVITODYNAMICS EQUATIONS, NOT USING IR EFT.

MANY OTHER 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 (EPR) AT THE
MICROSCOPIC SCALE? ETC...

SO ANALOGUE GRAVITY CAN PROVIDE NOT ONLY THEORETICAL UNDERSTANDING AND
EXPERIMENTAL TESTS OF FIELD THEORY IN CURVED SPACETIME

IT CAN ALSO BE A TOY MODEL OF EMERGENT SPACETIME AND AN BE AN EFFECTIVE
TOOL TO REPHRASE/BETTER UNDERSTAND IN THIS FRAMEWORK LONGSTANDING
PROBLEMS.

ANALOGUE GRAVITY LESSONS SEEMS FAR FROM OVER...
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