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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 re
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 uncertain
gravitizing quantum mechanics into a non-linear Schrodinger equation, and will see that it (surprisingly?) follows the same trajectories as plz
orbits. A third thread will come from the black hole mini-superspace in general relativity. We will see that, assuming that the quantization pre
all the symmetries of the theory, universal quantum gravity corrections can also be written as a non-linear Schrédinger equation, leadir
non-trivial evolution of the "classicality” of black hole wave-packets along the radial coordinate.

Zoom link: https://pitp.zoom.us/j/95808416532?pwd=cHJInVXpzdDd3eXdFbUIMamFsMFV3UT09
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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;dhl:um <=> Gravi.kﬁ.- E.“l-.i.vi.\r\e.--.- i 2023
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Three Short Stories

e 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

C» My whole is about

the interface

Quantum < Rravity

Qt;dhl:urﬁ <=> .Gravi.bjh- E..!-.E.vi.\r\e._-.- i 2023
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Interfoce Quantum <> Gravity

Quankum vai.kj

\' More than just
Quantizing gravity

. QG Question has grown beyond

W‘sﬁg\(&\ the initial mission of taming
the quantum fluctuation of the
space-time geomelry

Qt;dhl:um <=> Gravi.kﬁ.- E..I-.i.vi.\r\e._- i 2023
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Interfoce Quantum <> Gravity

Quanbtum Gro\vikv

Grravitizing “/ T \_ Quantizing ST’QVEE'_j

the quah&um

Deeper insights into
fundamental structure
of physics

Qt;dhl:um <=> Gravi.bjh- E..!-.i.vi.he._- i 2023 .
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Interfoce Quantum <> Gravity

Quanktum vai.&v

Gravitizing _/‘ I \_ Quantizing Srm’i‘&ﬁ

the quan&um

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

thermodynamics of space-time,
holography and (nou—)toca[i.l:j,

Qt@hl:um <=> .Gravi.kﬁ.- £. Livihe_- i 2023
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Interfoce Quantum <> Gravity

Quanktum Grawi&v

Grravitizing _// T \_ Quantizing ST’QVE&'_j

the quah!:um

BUT Deeper insights into BUT
fundamental structure

Gravity is an emergent 0{: Ph'jSLCS 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

Qt;dhhum <=> Gravi.kﬁ.- E.-Livihe._- P1 2023
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Interfoce Quantum <> Gravity

Quoantum vai.&v
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Interfoce Quantum <> Gravity

Quanbtum Grawi&v

A deepening of BOTH concepts

1. Dynamics of quantum uncertainty
2. Grravitizing 14 quah&um mechawnics

3. Quantization of the BH minisuperspace

“Our love keeps gelting stroager and stroager...
like & plece of old cheese.”

Qt;dhl:um <=> Gravi.bjh- EZ.-!-.Lvi_\r\e.-- i 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Quankum Uhcer&ai.nhj

4) \) ' LL ;
A legitimate Expenmenl:q Y relevant

Squeezing modes, qu-rcl transition
d of freedo i ' A
egres of fIEE and wave—function collapse

Ar()?

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

Reflects the quantum
fluctuations

Qt;dhl:um <=> Grdvi.kﬁ.- E.-l-_i.vi.\r\e._— i 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Quankum Uhcer&ai.hhj

‘) \* Experimentally relevant :

Squeezing modes, qu-rcl transition
and wave-function collapse

Ar()?

A legitimate
degree of freedom

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

W W

Skretched Quanbum uncerto.'r.n&j = Quankum Superposi&ion

Reflects the quantum
fluctuations

Qt;c-:nhl:um <=> Gravi.kﬁ.- E.-!-.i.vi.he._- i 2023

Pirsa: 23100093

Page 12/45




Dynamics of Quantum Uncertainty

And so, the story begins ...
Quantum Uhcerkai.nbj

z(t) versus U(x,t)

Classical Pawl:i.cl.e Quanbkum Pm’&i.cl.e

teld hamni
Mechawnics Mechanics as field Mechanics

Fourier modes U, (t)

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

Graussion uaawe—Fackebs

(@), B), (&), (B), (ap), - (&P 7).

0 £0 50 non-CGraussianities
Classical” d.ofs

Quanktum <-> Gravi.bj - £, Livine - PI1I 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...
Quantum Uhcer&o.i.nbj

(L] versus U(x,t)

Classical Pawl:i.cl.e Quanbkum Fm*&i.cl.e

teld hawni
Mechawnics Mechanics as field Mechanics

Fourier modes W, (¢)

Wave—-function carries Lo T
an infinity of dofs T Multipole moments (z%p°)

Graussian uaawe—Facke!:s
(), (o), (2*); ) lamhsilalip 2 -

i d B 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 interhal clock for (semi-classical) systems ?

If something evoi;_é:s,' "Then could it be appt:‘.ed

ik can be used as clock 4 to the pb of time in
= _ Quantum Gravity ?...

Qt@hhuﬂﬁ <> Grdvi.kﬁ.- E..l-.i.vi.\r\e._- 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 tnterhal clock for (semi-classical) systems ?

If somebhing evouL-;?e:s,”"’ "Then could it be applied

itk con be used as clock 4 to the pb of time in
el , Quahi:um Grratvi.kj .

Goal: Define Relational Observables between a system’s main dod.s
and iks quantum fluctuation ?

Lilke <g,u,u (LL') 59&}3 ($)>

Quanktum <-> Gravi.bj - £, Livine - PI 2023
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Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

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

If something evoi.;és,”“‘” "Then could it be apptied

tk can be used as clock 4 to the pb of time in
_ Quantum Gravity ?...

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

Lilke <g,uu (LL') 69&}3 ($)>

Qt;dhl:un& <=> Gravi.kﬁ.- E..!-_i.vi.\r\e._- i 2023

Pirsa: 23100093

Page 17/45




Dynamics of Quantum Uncertainty

And so, the story begins ...

Use Quantum Uncertainty as physical observable ?

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

If something evo-l-.;és,”“‘” ¥ Then could it be appti.ecl

ik can be used as clock 4 to the pb of time in
vl : Quahl:um Grrawi.&j T

Bub here: Illusktrake bhe idea in a much Much MUCH simPLer cownkext !

Solo adventures [2212,094-42, 2305,03%47, 2307.01061]

Back to the simplest model i classical mechawnics R%
easy/,

Qt@h&wﬁ <=> Gravi.kﬁ.- E.-!-.i_vi.\r\e._- i 2023
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Once upon a time, before (or after) am

There was classical wmechanics:

Consider a classical oscillator with a Ei.me—clependeu& frequencv:

1 : 1 5 el B e SR |
st q(E)]e / dt [.-) mg> — j-in...;u(ﬁ._)zq‘] — -t wig =0

Expl.i.ci,!: time cl;{ev\dahce opens the door to

explore different choices of clock
and investigate role of time reparametrization

Qt;dhl:um <=> Gravi.kﬁ.- E..l-.i.vi_\r\e._- i 2023

Pirsa: 23100093

Page 19/45




Once upon a time, before (or after) QM

There was classical mechanics:

Consider a classical oscillator with a Eime—clependen& frequencv:

; : 1 S i PR > .
Sult, gy e /df‘ [;-m(j" - j-nz.-;;,f(_;f’:)‘)'q“}

B e
g+ wig=U

So let’s play the time reparametrization game:

f(t)

h=f

h(t)zq(t)

Qt;dhl:um <=> Gravi.kﬁ.- E.-I-..i.vi.\ae._- P1 2023
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Once upon a time, before (or after) am

There was classical wmechanics:

Consider a classical oscillator with a time—depeuden& frequehcv:

7 : T onD, R
St gl /df‘ [‘)-mg‘ = j-m;u(f;_)zg“ g+ wrg=0

et =i

So let’s play the time reparametrization game:

— ,'!"F’} : o " S 2 ' , = 2
h={f Schw(f] = dflnkh — =(d:n h)

f,a'\f_} ;l‘. (i['g‘ )

S5 \f f‘}{\!:'-_)] = gttty with ¢g=h"2Go f and W= fJ-')'(CL? o f)“ .

Virasore group action on

e svmmetrj . Sturm-Louiville opera&ors

2 e ~ (N2 ~ f :
[+a(t)4=0 <

Quanktum <-> Gravi.bj - £, Livine - P1I 2023
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Once upon a time, before (or after) am

There was classical wmechanics:

Consider a classical oscillator with a time—dependen& frequehcv:

b ' 15 e 9 2 s : A
Sult. qlE)] = / di [‘_)-m(j" = _);rf‘r.;u(!i._)")q“' e i g+ w‘zg =0

So let’s play the time reparametrization game:

o : 1 2
Schw[f] = dflnh — 5 (d¢In h)*
’t.‘.h.': 11’_ (I“r{kf:)l — H:‘h‘lf.« (f ( J!\)I .

“ = JEPY " ) ). s ) =
with ¢=h"2gof and w”=h%(wo f)* + ;Schw|f]

It is a >3 e'h“j ; Standard symmetry for
- N ND - 2 - ishin hwarzian:
125 1 S E d2% 1 Gl vahishing Sc
dzq T wie =1 Lg+w(t)e=0 SL(2,R) Mobius transf !

Qt;dhl:urﬁ <=> Grdvi.kﬁ.- E.-!-.i.vi.he._- i 2023
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Svnchrohtz.ihg cloclke

We can start with an arbitrary time-dependent frequency and map
it to a constant frequency :
. 0t 64 . n="h ; i 5 Amxiii&‘rfj NL
w” = h“0)* + ‘_—)-Sui‘}m-'[j | —> n+wn=— diff eqn
i #0 ,fn

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

Q@hhmﬁ <=> Gravi.kﬁ.- E..I-.i.vi.\r\e. - P1 2023
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Svnchrohi.z.ihg cloclke

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

l =3 ] )2 Auxiliary NL
2 22 iy \ P e L L
w® = h"Q" + >Schw|f] N+ wp="— Aiff ean
e s 'f'}'-"

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

Can be used to define the Ermakov-Lewis nvariant :

it , : 02 q? i _
2L,[ql'= (ng — na)eet = d¢Iy[q] = 0

n2
looks Lilkke some (-J k~) Lookes weird

angular momentum ?¢

Quanktum <-> Gravi.bj - £, Livine - PI 2023

Pirsa: 23100093

Page 24/45




S'jht:hrohf.z.ihg clock

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

3 o 1" = i h 2 Qﬁ. Ammiii&rj NL
w* = h7§¥” + S5chw|f { +wip=s—+ diff eqn

2 n3

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

Can be used to define the Ermakov-Lewis nvariant :

__ hos VT S ) SR
2L [ql'= (nd — na)Set ——

(_‘11- fff L!’[’ == )

i
looks Lilkke some (-J k~) Loolkes weird
angular momentum ?7¢

/ Noether charges for sym under

MSbius Eransformations of time

{
\

(conformal Eransformations)

Qt;dhl:urﬁ <=> Gravi.kﬁ.- £, l-.i.vi.he.-- i 2023
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Classical solution from Quantum mechanics

Move up ko quanl:um mechawnics with Fo&ehﬁ:iai.:
B2 1 5 B8

1hou) = — ) + > muw (L) x )

2rmis 2

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

] 2 ,'2”’.57{

Y(t,x) = NeTet ne 4129 S, oty )

B o) Fany TR s T = FEEN . | Q
L) =4q, Pr=P5y T )=4g s AZP)sym = P4+ &p

Then effective eqn of motions for position and uncertainty:

D
I

Qtidhl:urﬁ <=> .Gravi.kﬁ.- £, !-.i_vi_he.-- i 2023
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Page 40 of 92

‘?roper Eime reparamekriz.a&om

Quantum mechanics Lift a veil on classical mechanism,

but also lessons for QG ?

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

o Use F:au.g,i,so&img quantum uncertainty (& higher moments) as clocke ?

Quanktum <-» .Gravi.bju- E.-!-..E.vi.he. - P1 2023
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Grravitizing wawe.-Packe.Es

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

Schrodinger 7 Tt ey
e Sly] = -[ dtdz [ihpdy) — — O, 9p0y1p)] non-relativistic
action 2m
field theory

Which interaction kerms would be coupled. bv Newkons constant & ?

CERCEE AN ~ssumve real Eranslation- [ PW]] — M2[2

thvariant polynomial
A PP e 3 (/ \, Only 2 possibilities :

term, with Linear coupling L. .
n & (first order) : VO or [Y

Qt;dhl:um <=> Gravi.kﬁ.- E.“!-_i.vi.\r\e.-- i 2023
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Grravitizing wave.-PackeEs

Once upon at the start of time, Gravity should offect the Quantum
To start with the beginning, lets go simple and Look ot 1d am
12 A 1rl-d

S[y] = / dtdz [ilpoy) — %@E&Ew} non-relativistic
field theory

Schrodinger
action

Which interacktion kerms would be coupled. bv Newkowns constant & ?

CERCEEEAN ~ssumve real Eramslakion- [P[?,b]] — M2[2

tnvariant polynomial
invariant polynomia e A Only 2 possibilities :

term, with Linear coupling

in G (first order) : Oy or [P

2
Sal] = / dtdz [v:mf»am ;ax&axw+éacm2(&awwwamwbcmgwﬂ

ot R

Drift kerm: x —=> x-vt Non-Linear Schrédinger

Qt;dhl:urﬁ <=> Gravtkﬁ.- E. Livihe. - P1 2023
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Grravitizing wave.-Packe.Es

NLSE as gravity-deformed 1d @M : what physics ?

conjugate

4 h - '
Scl¥] = / dtdz {ihwatw— %Mamwa?mzlwl"*] oy field

Y

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

R - 20,14
Hamiltonian H[y] = /da: [% 2P0 — bGm* || }

LaFLo.ci.nh leads / f

to diffusion of = Kinelic term
wavz—rackef:s Sel.f—i.hl:eracl:ioh

-
=

Localisation of wave-packet Scattering term
requires extra-force creates clustering
e.9. coming from potential well force when

Nov\—l.i.hem'ij:v allows b>0

for self-localisation

Qt;dhl:un& <=> Gravi.kﬁ.- E.Z..!-.i.vi.\r\e._-.- i 2023
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Grravitizing wave.—PackeEs

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

7o U :
?Lug ansatz ¢Gausséan(t, $) = Nevye?’?? e_A(-’ﬂ—Q)

2
in action SglY] = / dtdz lihtﬁ@tw — ;—m

O pOnh + meglwl‘*]

Grive effective action for “Gaussian Mini-superspace”

. . 2 h? bGm?
seff = /dt [pq+6a — Heslp, g, a,ﬁ]] with Hepp = ;; 5_ K ot 2/ &

Conformal potential /

coming from uncertainky

Like algular momenbtum
3 Quartic self-interaction

Grrcwi.lzj 5 of wave-function

e analogue model for Like gravitational
hown-Llinear QM potential

Quanktum <-> Gravi.bj - £, Livine - PI1I 2023
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