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Abstract: Building on the fact that quantum uncertainty is a dynamical degree of freedom in itself in quantum mechanics, | will start with the remark
that its evolution can provide a notion of intrinsic clock. To illustrate the non-triviality of this idea, we'll check the dynamics of the uncertainty if
gravitizing quantum mechanics into a non-linear Schrodinger equation, and will see that it (surprisingly?) follows the same tragjectories as planetary
orbits. A third thread will come from the black hole mini-superspace in general relativity. We will see that, assuming that the quantization preserves
al the symmetries of the theory, universal quantum gravity corrections can also be written as a non-linear Schrédinger equation, leading to a
non-trivial evolution of the "classicality” of black hole wave-packets along the radial coordinate.

Zoom link: https://pitp.zoom.us/j/95808416532?pwd=cHJnV X pzdDd3eX dFbUIMamFsMFV3UT09
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Three Short Stories

o My first is about the dynamics of quantum uncertainty
o My second is about gravitizing 1d quantum mechanics

o My third is about the quantization of the BH minisuperspace

Qt@hkwﬁ <> .Grravi.l:-jh- £, Livihe._ 4 P1 2023
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Three Short Stories

o My first is about the dynamics of quantum uncertainty
o My second is about gravitizing 1d quantum mechanics

o My third is about the quantization of the BH minisuperspace

the interface

C-) My whole is about ? _

Quanbtum Grawc’.&j

>

Qt@hkwﬁ <> Gravi.l:-j_.- E.-Li.vi_he._- P1 2023
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Interface Quantum <—> Gravity

Quankum Grawu:v

\_ More than just
Quantizing gravity

QG Question has grown beyond
the initial mission of taming
the quantum fluctuation of the
space-time geomelry

Qt@hhwﬁ <> Gravi.l:-j_.- = Li.vi.he. - P1 2023
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Interface Quantum <—> Gravity

Quanktum Grawii:v

Sroyi g -/ T \-— Quantizing graviby

the quah&um

Deeper insights into
fundamental structure
of physics
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Interface Quantum <—> Graviky

Quanktum Grawii:v

Grov e -/ T \-— Quantizing graviby

the quah&um

Deeper insights into
fundamental structure
of physics
Relativity of space-time,
gravity as emergent phenomenon,

thermodynamics of space-time,
holography and (uou—)tocaLi.Ej,

Qt;dhl:um <> Gravi.k-ju- E.-Livi.he._ 2 P1 2023
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Interface Quantum <—> Gravity

Quanktum Grawii:v

Grravitizing _/ T \__ Quanbsing S]T’Q.Vu:j

the quah&um

BUT Deeper insights into BUT
fundamental structure

Gravity is an emergent of Ph'_-jsu:s Quantizing is not a

dynamics of space-time fundamental process,

from more fundamental but procedure to quess

theory of geometry more fundamental
theories from effective
theories
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Interface Quantum <—> Gravity

Quanktum Grawii:v

Qt@hkwﬁ <> .Gravi.l:-j_.- E.-I..i.vi.he. - P1 2023
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Interface Quantum <—> Gravity

Quanktum Grawii:v

A deepening of BOTH concepts

1. Dynamics of quantum uncertainty
2. Gravitizing 1d quantum mechanics

3. Quantization of the BH minisuperspace

“Our love keeps getting stroager and stroager...
like & picce of old cheese.”

Qt;dhl:um <> Gravi.l:-j_.- E.-I..i.vi.he._ o P1 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Quonbtum Uhcer&ai.hbj

() \ ' LL :
A legitimate E:"I"“?~'*""""‘""’-"\E‘JL Y relevant

Squeezing modes, qu-rcl transition
d do 3, :
egres Cf I and wave-function collapse

Ar()?

Yes, things can
quantum-fluctuate
independently from
their (semi-)classical
evolution

Reflects the quantum
fluctuations

Qt;dhl:um <> .Grravi.l:-j_.- E.-Livi.he._ 2 P1 2023

Pirsa: 23100093

Page 11/45




Dynamics of Quantum Uncertainty

And so, the story begins ...

Quonbtum Uhcer&ai.hbj

() \ ' Ly :
A legitimate Expe.nme.utq A relevant

Squeezing modes, qu-rcl transition
d do 9 ;
egres Cf P and wave-function collapse

Ar()?

Yes, things can
quantum-fluctuate
independently from
their (semi-)classical
evolution

W W

Skretched Quanktum uhcer&o.inf:j = Quoanktum Superposikiom

Reflects the quantum
fluctuations
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Dynamics of Quantum Uncertainty

And so, the story begins ...
Quantum Um:er&ai.hbj

z(t) versus U(z,t)

Classical Parf:i.cte Quanbum Pm’&i.ci.e

teld hawni
Mechawnics Mechanics as fl—e Mechawnics

Fourier modes U, (t)

Wave-function carries Lo R
an infinity of dofs T Multipole moments (z%pP)

Graussian uaawe-FqckeEs

<:C>5 <p>5 <$2>a <p2>a (CEP), oy <$npN—n>’ .

non-Graussianities
“Classical” d.ofs

Qt@hkwﬁ <=> .Gravi.l:-jh- E..Livi.he._ o P1 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...
Quantum Uhcer&ai.hbj

z(t) versus U(z,t)

Classical Parf:i.cte Quanbum Fm'&i.ci.e

teld hawni
Mechawnics Mechanics as field Mechanics

Fourier modes W, (1)

Wave-function carries N
an infinity of dofs T Multipole moments (z%pP)

Graussion mawe—FqckeEs

<:C): <p>5 (:B2>, <p2>a (CEP), "oy <$npN—n>’ .

non-Graussianities
“Classical” d.ofs
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

(_) e.g. as an internal clock for (semi-classical) systems ?

If something evé-i;)és,""'=-' f,-“"“"f'heh could it be appt:‘.ed

ik can be used as clock 4 to the pb of time in
P : Qu&hﬁ:um Grra\vi.l:-j F g

Qt;dhl:um <=> Gravi.l:-j_.- E.-I..i.vi.he._ o P1 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

(—) e.g. as an internal clock for (semi-classical) systems ?

If something evoLve.s, "Then could it be apptied

ik can be used as clock 4 to the pb of time in
i X Qu&hﬁ:um Grra\vi.l:-j F g

Gool: Define Relational Observables between a system’s main d.od.s
and iks quantum fluctuation ?

Lilke <g,uu (LL') 69&5 ($)>

Qt@hkwﬁ <=> Gravi.l:-j_.- = Li.vi.he. £ P1 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

(—) e.g. as ah internal clock for (semi-classical) systems ?

If something evoLves, "Then could it be apptied

ik can be used as clock 4 { to the pb of time in
e _ Qu&hﬁ:um Grra\vi.l:-j e

Gool: Define Relational Observables between a system’s main d.od.s
and iks quantum fluctuation ?

Lilke <g,u1/ (LL‘) 69&5 ($)>
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

(—) e.g. as an internal clock for (semi-classical) systems ?

If something evoLves, "Then could it be apptied

ik can be used as clock 4 to the pb of time in
i X Quahl:um Grra\vi.l:-j 2.,

Bubt here: Illuskrate the idea in a much Much MUCH simPi.er cownkext !

Solo adventures [2212.094-42, 2305,03%47, 2307.01061]

Back ko the si.mlai.esl: model i classical mechanics R%
easy/,

Qt@hhwﬁ <> Gravi.l:-j_.- = Li.vi.he. o P1 2023
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Once upon a time, before (or after) Qm

There was classical mechanics:

Consider a classical oscillator with a Eime—clepehclenk f-reqwahcv:

' 1 : 1 q. -
sult, q(E)] = / dt [2”)@2 — 21‘!‘)@(15)2(]2] — it wig=0

Explicit time dependence opens the door to
explore di{{erehk choices of clock
and investiqate role of time reparametrization

Qt;dhl:um <=3 Gravi.l:-j_.- E.-I..i.vi.he._- P1 2023

Pirsa: 23100093

Page 19/45




Once upon a time, before (or after) am

There was classical mechanics:

Consider a classical oscillator with a Eime—depehclehk f-requehcv:

; ] o 1 -' ’ ¢
sult,qlt)] = / dt [‘_) mg* — Q-J‘rzm(t)zq“)] S G w0

e

So lets play the time reparametrization game:

hecsill

Qt@hhwﬁ <=> Gravi.l:-j.- ES Li.vi.he._- P1 2023
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Once upon a time, before (or after) Qm

There was classical wmechawnics:

Consider a classical oscillator with a Eime—clepeuclen& f-reqwahcv:

]

’ ] s ] s ) 24 5
S t, qlE)] == / dt [9 mg® = 21‘:‘)@(1&)2(1“] —— {+w?g=0

So let’s play the time reparametrization game:

=116

= h(t)2q(t) el Schw[f] = dZlnkh — = (d;In h)?

]
2

1 . O s ) 1 4 2
with- ¢=h"2Gof and w =hHwof)> + -_25(‘11\?\?[:}‘]
Virasoro group action on
1 W n
Ths o Sjmmehrj ; Sturm-Louiville operators

Ei+a(E)?§=0 = dig+w(@eg—0

Qt;dhl:um <> Gravi.l:-j_.- E.-I..i.vi.he._- P1 2023
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Once upon a time, before (or after) Qm

There was classical mechanics:

Consider a classical oscillator with a Ei.me—clepehclenk f-reqwahcv:

{)

s

: : ] .- 1 G ‘
St qlEl] e / dt [ mg? = 21‘1'@(\1&)%2] — G Wi =0

So let’s play the time reparametrization game:

t = ot = f(t)

PORESF G ORL  Lt

1 2
. (d¢ln h)*

; - 1 ,
85 [t, G(1)] = Solta @), with g= R go f and: w =6 F)° + 5 Schw| f]

Ik is a ‘sjmmeh“j 2 Standard symmetry for

vahishing Schwarzian:

12~ 194 ol
(lfq +a(t)°g=0 = dig+e@agE=0 SL(2,R) Mobius kransf !

Qt@hkwﬁ <> .Grravi.l:-jh- E.-Li.vi.he. - P1 2023
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thckrohiaivxg cloclke

We can start with an arbitrary time-dependent frequency and mayp
it to a constant frequency :

5 S 1 e ; 02 Auxiliary NL
w? = h2Q° + : Schw| f] +wip=— diff eqn
2 7’

Then we have a standard harmonic oscillator, we can solve it !
Defines a « synchronizing clock »

for which the oscillator beaks
regularly

tn—>T:f():/th

Qt@hhwﬁ <> .Grravi.l:-jh- E..I..i.vi.he. - P1 2023
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Sjnckrohizihg cloclke

We can start with an arbitrary time-dependent frequency and mayp
it to a constant frequency :

2 9EL o 1 =0 2 # Auxiliary NL
wi =hi ' + ;Z—E)Ch‘NU} e T % sl ?'/:_ &L{'F egh

Then we have a standard harmonic oscillator, we can solve it !

Can be used to define the Ermakov-Lewis invariant :
02 q?
n2

21,[q) = (ng — )%+ delylg] = 0

]
looks Lilkke some (J k—) Looles weird
angular momentum ?¢

Qt@hkwﬁ <=> Gravi.l:-j_.- = Li.vi.he. o P1 2023
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thckrohiaihg cloclke

We can start with an arbitrary time-dependent frequency and mayp
it to a constant frequency :

5 ot 1 n= h 3 ; 522 AuKiLi&T:’ NL
w? = h?Q° + >Schw(f] SfE—=5  H+elgEy A eqn
7

Then we have a standard harmonic oscillator, we can solve it !

Can be used to define the Ermakov-Lewis invariant :
Ut

5 dff?? [Q] = B

: S

2I;[al'= (nd — ng) ek ;
looks Lilkke some (J k—) Loolkes weird
angular momentum ?7¢

/ Noether charges for sym wader

s Mdbius Eransformations of time

(conformal Eransformations)

Qt;dhl:um <> Gravi.l:-ju- £, Li.vi.he. = P1 2023
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Classical solution from Quantum mechanics

Move up to quanl-um mechawnics with Fo&ev\fziod.:
h? 1

. e | [aY / 1 2 : 2 f
ihOy) = — — 054 + =muw(t)*x %)
2m 2

Look at semi-classical regime: dynamics of Graussian wave-packet

Trp

GRS LS e : 1 : 2a3
Y(t,x)=29e Te e iz 9 M= s (' e )

&) =q, P =p, (&%) =0+, (TD)oym =@ B
Then effective eqn of motions for position and uncertainty:
o 2
P = =M q

K2

- 2
B =i=mwio ik 3
dmar

Qt@hhwﬁ <=> .Grravi.l:-jh- E..I..i.vi_he. - P1 2023
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Page 40 of 92

‘Frope.r Eime reparamekriaakéoh

Quantum mechanics Lift a veil on classical mechanism,

but also lessons for QG ?

o Quantum uncertainty has a non-trivial evolution
o Defines an interesting “internal” clock, for which potential becomes
time-independent

o Use Fu,l.saf:i.&«g qu&h&um umaar&&é’.m&j (% higher moments) as cloclke ?

Qt@hkwﬁ <=> .Grravi.l:-jh- £, Livihe._ = P1 2023
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Grravitizing wave.-packe&s

Once upon at the start of time, Gravity should offect the Quantum

To start with the beginning, let’s go simple and Look ak 1 am

Schrodin _ et ALl
el f dtdz (il — o B pOey] non-relativistic
i field theory

Which interocktion kerms would be coupted bj Newktow’s constant & ?

CERCEEEAN ~ssumve real Eranslakion- [ PW]] — M2[2
thvariant polynomial
tavari polynomi 2 e/ \, Only 2 Possi.bLLi.ELe.s :

term, with Linear coupling

in G (first order) : %09 or [¥|*

Qt;dhl:um <=> Gravi.l:-j.- E.-Li.vihe. 2 P1 2023
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Grravitizing wave-packets
Once upon at the start of time, Gravity should offect the Quantum

To start with the beginning, lets go simple and Look ak 1 am

S h "d.h i RQ i A 1“’1"“d
e f dtdz [ifp — o B POsy] hon-relativistic
o field theory

Which interaction kerms would be coupted bj Newkton’s constant & ?

[G] = M~ 1L3T 2 Assume real Eranslation- [ PW]] — MPE2
thvariank Llynomial
UV PO 2 (/ \, Only 2 possibilities :

term, with Linear coupling

in G (first order) : %09 or [¥*

2

Sc[v] = / dtdz {mqﬁaﬂp ;n

5x153m¢+iaGm2(155x¢wawif_i)erGmQWl‘L]

et ~

Drift kerm: x —> x-vk Non-Linear Schrodinger

Qt@hf;wﬁ <> Gravi.k-jh- E.-Li.vihe. = P1 2023
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Grravitizing wave-packe&s

NLSE as gravii:j-deformed 1d QM : what physics ?

a, 2 L i i E
Scly] = [ dts |0 ~ 5 0ui0s) + bGmlul| fne:: Pm;ﬁ?: e

Poisson braciet ib{p(x), ¥(y)} = 6(z —y)

g
Hamilkoniawn H[y] = fda: [% 2P0t — me2|¢|4}

Lapl.o.ci.nh leads / ‘/

to diffusion of = Kinetic term
wava—FackeEs Sel.f—i.hl:erad:ioh

-
p=

Localisation of wave-packet Scattering term
requires extra—force creates clustering
e.g. coming from potential well force when

Nou—-l.i.neari.l:v allows b>0

for self-localisation

Qt@hhwﬁ <> .Grravi.l:-jh- = Li.vihe._- P1 2023
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Grravitizing wave.-packe&s

To understand mechanism, can Look ot Approximation,
effective dynamics of Gaussian wave-packets  for small perturbations

sty s
?L“El ahsatz 'QbG'ausséan(t; 33) - Nevye?’ﬁpe_‘q(-f_ﬂ

2

in action Sglv] = / dtdz léh@/?é?tt/) - Qh—m

O PpOph + meQW]

Grive effective action for “Gaussian mihL-SuPersFace”

2 & 2
£ 3 @ R . bGm
S5 / dt pd + B& — Hepglp, g, 5]] with  Hepp = Sma2 2T a

Conformal potential / /

coming from uncertainky

Like algular momentum
R il Quartic self-interaction

Gravity as of wave-function

e analogue model for =] Like gravitational
non-Linear @M Fo&eh&iai.

Qt@hhwﬁ <> Gravi.l:-j_.- = Li.vi.he. 2 P1 2023
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Grravitizing wave-packe&s

Compare exact solitons and approx Gaussian wave-chket:

—iwt .+ Tp 7 = : 2

[ Een ) A oge Amfn o0V Afr—a)?
. 't . '!,".‘(J.’.‘, t) = Kee rplz—q) e A(z—q)

cosh~v(x — vt)

NI

Az =/ (z?) — (z)2 = = ——— - 2 bGm?
= \/(z2) — (z) Vi3 - Vi3 N bCnd

m =
~0.907
V12

Elliptic trajectory should approx exact pulsating solitons

{w:? Oscillating quahi:um uhcerl:aih&v,
Like beating heart of wave-pacicet,
al.o., internal clock

Qt;dhl:um <> Gravi.l:-j_.- = Li.vi.he. = P1 2023
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Grravitizing wave-packe&s

Moral of the story ?

Gra\vibj effecbs o @M

s

Self-interaction of wave-function

Nown-Linear Schrodinger

g

Approximated by gravity in field space ?!

Qt@hkwﬁ <=> Gravi.k-jh- E.-Li.vi_he. - P1 2023
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The BH MEM&-Supers pace

Let us loole ak sPhericaLLj—53mme&rLc static mebtrics in GR

C) Classical vocuum solution is Schwarzschild metric

C) Describes BH geometry with horizon

& Proof-of-concept configuration for GR

Qt@hhwﬁ <> .Gravi.l:-jh- E.-I..i.vi.he._ 2 P1 2023
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The RBH Mihi-Supars pace

Let us loolk ak SPhE‘I"iCC\LDj—SjMMQ&YiC skatic wmebrics in GR

C) Classical vacuum solution is Schwarzschild metric

C) Describes BH geomebry with horizon

& Proof-of-concept configuration for GR

Slg] = 52; fM d*z {7?, A zA]

ds® = € (—=N*(r)dr? + Ys(1r)dt?) + o0 (r)dQ?

e YV
e = 26(r)/a(r), wo:=Lo(r) c=0 =T
¢=— BH exterior ape UL

e =+ BH interi .
o £ ta Bof — 2068

Sl B = eclp] de e o=
- [, ] 6p/r[£§ £i+ 5

Evolution along r : dr = jN(T)dT

Qt@hhwﬁ <=> Gravi.l:-jh- E..Li.vi.he._- P1 2023
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The BH Mihi-SuFe.rs pace

This reduces GR to classical mechanics with finite nb of d.ofs :

Metric ea  Ba?— 2008
compoheh&s a , B8] = EC’EP 90 - £2 T Gageiad

Proper radial / \ \-) Kinetic term,

coordinate, 2d mechanics

with lapse hidden ?cff:ehl:ml,
given by

Energy off-sel, cosmological

fixed bj fiducial constant
length scale

Hamilkonian :

s
4

(8 ]

1 i
z [apap;s 4 26105} +

Qt@hhwﬁ <> .Grravi.l:-j_.-. = Livihe._ 2 P1 2023
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The BH MEV\L-Supers pace

Let us check the symmetries Le. constants of motion :

o Free theory: given by conformal Killing vectors of field space metric
o Check how non-vanishing potential affects those observables

Part of a larger programme of finding HIDDEN symmetries of GR

(é Hints that there are MORE svjmmel:ri,es thaw
gauge sym under spacetime diffeomorphism

2 [

Geroch group, Edge modes,

Janis=Newmamn B oundar-j Worlk U progress with Ben Achour
[1%06.09290, 1904.06149, 1909,133%0,

2001,11¥07, 20040541, 2110,01458,

2202,12¥2%, 2207,07312, 2302,0764-4 ]

algo, ... sym alg
Ladder sym

For QNMs and with Geiller [2010,07059,

R107.03%7% 220502615, 230%,09200]

Qt;dhl:um <> Gravi.l:-ju- E.-I..i.vi.he._- P1 2023
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The BH Mihi-Supe.rs pace

Let us check the symmetries Le. constants of motion :

o Free theory: given by conformal Killing vectors of field space metric
o Check how non-vanishing potential affects those observables

Find maximal symmetry algebra : f’ Translations

P _ o, + S Sy

Schrodinger alg  sh(2) = (sl(2,R) @ s0(1,1)) & (R? ®R?) p _ /avp
Grallilean Boosts
B(A) ey 20 \/_ h - TP(A)

SR ) 3TH

B(A) = EQf—l— —TP

Qt;dhl:um <> Gravi.l:-j_.- E.-I..i.vi.he._ = P1 2023
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The BH Miht-Supe.rs pace

Let us check the symmetries Le. constants of motion :

o Free theory: given by conformal Killing vectors of field space metric
o Check how non-vanishing potential affects those observables

Find maximal symmetry algebra : /‘* Translations

P = fap, + £ - Ecﬁgp 3

Schrodinger alg  sh(2) = (sI(2,R) ®s0(1,1)) @s (R? @ R?*) pW) = o

Conformal kransf <——-"’/ Y

OW) — cgpHM) so(1,1) boosts

—_ P ] 2 p2 (A) . 6 ZC EP (A)
Qa) D(A) ‘TH(A) J(A) & 2ap04 i €4§€§P§ B 6 Eﬁ 5 %. \/_ + cEP TP
o 3 4 A P8

BY —ava+ L 2
clpQ™ = _2ectpBP) — 27 DM 4 72F(A) 2y/a+ Lt

Grallilean RBoosks

4202 o
. Ayt /i
with DW) = (opo + Bpg) — € 3 p_ls
{P,1P+}=0._, {B,,BJF}:G,
{B+,P+} =0, {B+, P} =¢/

{QUJQ:}=iQ:{: ) {Q#‘Q*}:_?‘QO {JsBﬂ:} =+By, {Jspi}zipi:

Qt;dhl:um <> Gravi.l:-j_.- = Li.vi.he. = P1 2023
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The BH MEM&-Supers pace

BH Mass is a constant of motion : fun = —c55

But not a Casimir of Schrodinger alg, since BH mini-superspace describe
phase space for all spherically-sym metlrics with arbi.&raurj wma.ss

Now we quav\kiz.e. the model :

é, Quantize: wave-function of the metric components

o R
(’) Free Quantum Mechanics : EEINES fd'r l@ﬁ-@’f)f‘l’-# d,—Paf‘Ilar‘I’]

Qt@hhwﬁ <> .Grravi.l:-jh- E.Li.vi.he._ z P1 2023
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Universal Q& Corrections

Bub, is @& meant to be a mere quantization of GR ...

. or a deformed gquantization of GR ?

ALl approaches always have (at least) another ingredient !

e.q. Area gap, string tension, 1/N corrections, sprinkling density, ... i

Always about
some discreteness ... !

Qt@hhuﬁn <> Gravi.l:-jh- E..I..i.vi.he. it P1 2023
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The BH MEM&-Supers pace

BH Mass is a constant of motion : fum = —c55

But ot a Casimir of Schrodinger alg, since BH mini-superspace describe
phase space for all spherically-sym metlrics with arbi&rar'j ma.ss

Now we quav\kiz.e. the model :

C, Quantize: wave-function of the metric components

- R
(? Free Quantum Mechanics : ST :fd'r [’f‘-ﬁ-‘I’@T‘I’-F d,—Paf‘Ilar‘I’]

Universal Q@G correction Pre_se.rvf.hg

Ve er [P 21314
Schrodinger symmetry = / 87 lmwf‘p N JP(‘L\I}&\D g ]
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The BH MEML-Supers pace

2
S[¥] = f ar [mafw 0. T0, + R
ctp

Universal Q& correction Preservi.hg
Schrodinger svmmekry

What kind of phenomenology ?

Self-interaction of BH wave-function

New parameter controls attraction/repulsion of
probability peals !

Modulates “evolution” of metric superpositions along
radial direction

ExPLores qu > cl Ebransition in @G

Ben Achour, L, Oriti, [2302.07644 ]
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At the interfoce Quantum <> Gravity

What’s next ? More worlke !

The Quanbtum

of

G—mvi.l:-j ¢

LQG spin oil
lo reduce
tnformation
vi.scosil:j

Holographic
dissolvant of
spacetime bulle

BH-WH Nown-lihear corner

oscillation Wducer of soft
accelerant 9graviton EPR fmi.rs

Qt;dhl:um <> Gravi.l:ﬁ.- E.-Li.vihe. = P1 2023

Pirsa: 23100093 Page 44/45




At the interfoce Quantum <> Gravity

What’s nexk ? Queskions !
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