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Quantum Gravity:
the problem



What we know about gravity and spacetime

. gravitational physics well described by General Relativity
. basis for our description of astrophysics and cosmology

. predicts amazing new phenomena (deflection of light, gravitational distortion of space and time
measurements, gravitational waves, black holes, expansion of universe, ....... )
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. what do we learn from GR?
. gravitational interaction described (macroscopically) by geometry of spacetime
. continuum, local picture of spacetime adequate

. dynamics and (local) interaction with matter described by Einstein’s equations: “matter tells
spacetime how to curve, spacetime tells matter how to move”

. spacetime itself is physical system
. there is no fixed background over which things happen, if not as approximation

. deeper understanding of gravity is deeper understanding of space and time



Space and Time in General Relativity

classical theory: (M, g) Sam(g)

1
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spacetime structures:
topological manifold
differentiable structure
(“time” foliation vector, ...)

continuum metric field o s

matter/gauge fields

GR key ingredients: only dynamical fields + diffeomorphism invariance

* no preferred time/space direction - infinity of equally valid local notions of time/space

 only dynamical and diffeo-invariant quantities are physical (correspond to predictions of theory)

- manifold points, paths on manifolds, values of fields at points or regions, are -not- physical per se

- they have to be made physical (given some operational meaning) by defining them via dynamical fields
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Why we need to go beyond GR and QFT

two incompatible conceptual (and mathematical) frameworks for space, time, geometry and matter

GR QFT

spacetime (geometry) is a dynamical entity itself spacetime is fixed background for fields’ dynamics

there are no preferred temporal (or spatial) directions i evolution is unitary (conserved probabilities) with
respect to a given (preferred) temporal direction
physical systems are local and locally interacting
I nothing can be perfectly localised
everything (incl. spacetime) evolves deterministically
f everything evolves probabilistically
all dynamical fields are continuous entities
| interaction and matter fields are made of “quanta”
every property of physical systems (incl. spacetime) and
of their interactions can be precisely determined, in
principle

| every property of physical systems and their
| interactions is intrinsically uncertain, in general

so, what are, really, space, time, geometry, and matter?



Why we need to go beyond GR and QFT

several open physical issues, at limits of GR and QFT or at interface (where both are expected to be relevant)

* breakdown of GR for strong gravitational fields/large energy densities

spacetime singularities - black holes, big bang - quantum effects expected to be important

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
7=\
Ly

e\ v
- o= e q,..ﬂ‘m‘.‘l = ',
¥ TAR e L N M W s =3 !‘ .

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

* divergences in QFT - what happens at high energies? how does spacetime react to such high energies?

« what happens to quantum fields close to big bang? what generates cosmological fluctuations, and how?
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

* divergences in QFT - what happens at high energies? how does spacetime react to such high energies?

« what happens to quantum fields close to big bang? what generates cosmological fluctuations, and how?

e no proper understanding of interaction of geometry with quantum matter, if gravity is not quantized
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Why we need to go beyond GR and QFT

hints of disappearance of spacetime itself, more radical departure from GR and QFT

. challenges to “localization” in semi-classical GR minimal length scenarios
. spacetime singularities in GR breakdown of continuum itself?
. black hole thermodynamics black holes satisfy thermodynamic relations

if spacetime itself has (Boltzmann) entropy, it has microstructure
if entropy is finite, this implies discreteness

. Einstein’s equations as equation of state (Jacobson et al)

GR dynamics is effective equation of state for any microscopic dofs
collectively described by a spacetime, a metric and some matter fields

fundamental discreteness of spacetime?
IS spacetime itself “emergent” from non-spatiotemporal, non-geometric,
guantum building blocks (“atoms of space”)?






Why we need to go beyond GR and QFT

if spacetime (with its continuum structures, metric, matter fields, topology) is emergent,

even large scale features of gravitational dynamics can (and maybe should) have their
origin in more fundamental (“atomic”) theory
cannot trust most notions on which effective quantum field theory is based (locality, separation of scales, etc)

e.g. : dark matter (galactic dynamics), dark energy (accelerated cosmological expansion) - either 95% of the
universe is not known, or we do not understand gravity at large scales

Time
(~15 ballion years)

Fa
Bv_

Expanding universe

e.g. cosmological constant as possible large scale manifestation of microscopic (quantum gravity) physics



What has to change (in going from GR to QG)

- quantum fluctuations (superpositions) of spacetime structures

geometry (areas, distances, volumes, curvature, etc)

causality (causal relations)

topology?

dimensionality?

+ breakdown of continuum description of spacetime?
 fundamental discreteness? of space only? of time as well?
- entirely new degrees of freedom - “atoms of space”? which ones?
* but then, how does usual spacetime “emerge”?

 new QG scale: Planck scale




What could be the relevant scale for QG effects?

based on current theories, i.e. GR and QFT: Planck scale

~ where both GR and QFT are relevant
1 metre

1 millimetre
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in principle, Quantum Gravity from cosmological scales to Planck scale
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www. phys. unsw. edu. av/einsteinlight

cautionary remark: this is on the basis of current physics, tested only up to very different scales
(compared to Planck scale) and based on concepts that may not be valid beyond such scales



What has to change (in going from GR to QG)

- quantum fluctuations (superpositions) of spacetime structures

geometry (areas, distances, volumes, curvature, etc)

causality (causal relations)

topology?

dimensionality?

« breakdown of continuum description of spacetime?
 fundamental discreteness? of space only? of time as well?
- entirely new degrees of freedom - “atoms of space”? which ones?
* but then, how does usual spacetime “emerge”?

 new QG scale: Planck scale

no spacetime or geometry?

how can we even talk of “scales”?

total failure of effective field theory intuition?



Quantum Gravity and the nature of spacetime

Quantum Gravity is not about “quantizing GR”, but about understanding the “microstructure of spacetime”

guantum gravity = microscopic theory of pre-geometric quantum degrees of freedom
(“quantum (field) theory of atoms of space”)

the goals are:

- identify the fundamental (Qquantum) degrees of freedom of spacetime
— — the “atoms of space (or spacetime)” and their quantum dynamics

« show that an approximately continuum, classical spacetime emerges

+ show that GR is good effective description of emergent spacetime dynamic i

gravitational field result of collective dynamics

spacetime and geometry are emergent entities, obtained after
coarse graining of fundamental, non-spatiotemporal dofs

candidate “atoms of quantum space” — —-> how to recover continuum spacetime (and GR)?



Quantum Gravity:
variety of approaches



Quantum Gravity: contemporary approaches

[ Loop Quantum Gravity j ( Supergravity ]

4 )
\ \ String Theory /
- J\
[ Spin Foam models j

[ Non-commutative geometry j
\ Group Field Theory j/

S|mpI|C|aI Quantum Gravity j [ Causal Dynamical Triangulations j

( Causal Sets j [ Tensor Models ]‘\’[ Asymptotic Safety ]




String theory (and related)

(...... , a lot of people, ..... )

starting idea: quantum theory of strings, interacting and propagating on given spacetime background

. . . . . S — \,-/\.f\,_-— i ~ — :
string excitations: particles of any spin/mass; \}/ oS N o e X NN
. . _ . . . '/’T{{__? /’,\/.\J;.\:‘:\; — P____/_\ — ”M
incl. graviton = quantum of gravitational field £ \ —
L] L] L] ‘ﬁ 0
consistent (around flat space) and finite YY" + YWY Y'Y -
.

perturbation theory in 10d R N

background spacetime satisfies GR equations B e o o & G

many different (consistent) versions (different matter content, different
symmetries) - all require supersymmetry and spacetime dimension > 4

central result: spacetime as seen by strings, as opposed to point
particles/fields, has very different topology and geometry; e.g.
distances smaller than minimal string length cannot be probed

many non-perturbative aspects; extended (d>1) configurations
(branes) as fundamental as strings, and interacting with them
(Polchinski, ...., 1994 -)




String theory (and related)

(...... , a lot of people, .....)

11D supergravity

dualities between various string theories and supergravity: different
aspects of same underlying fundamental theory (M-theory)?

. —EsxEs heterotic
Type lIA-=_

M-theory
dualities show that spacetime topology and dimension
are themselves dynamical e B ==

— "= 50(32) heterotic

AdS/CFT correspondence: a (gauge) QFT with conformal invariance
on 4d flat space could fully encode the physics of a gravitational theory
in 5d (with AdS boundary); viceversa, semiclassical GR (with extra
conditions) could describe the physics of a peculiar many-body
guantum system in different dimension

is the world holographic? are gravity and gauge theories equivalent? el "~ conformal
. . l d
many results and new directions boundary

large number of mathematical results and
radical generalisation of quantum field theory




QG as (Effective) QFT - Asymptotic Safety Scenario

Quantum gravity ig pgrturbatively non—re.normaliz.able, as Guv = Muw 4+ h/w
a QFT for the metric field (e.g. around Minkowski space)

can still be used as effective field theory (incorporating quantum (loop) corrections) with fixed cutoff

2
Serav = /d4x\fg [A—I— ER+01R2—|—62RWR‘“’—I—...—I—Xmmer

J. Donoghue, C. Burgess, ...... and it is predictive (eg graviton scattering and corrections to Newtonian potential)
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J. Donoghue, C. Burgess, ...... and it is predictive (eg graviton scattering and corrections to Newtonian potential)

' - i 2 Asvm i f nari S. Weinberg, M. Reuter, C. Wetterich,
Can it make sense non-perturbatively symptotic safety scenario R Porcaa’D Bonadett A Eiohharn

Effective action (G g Z Z g! @( ) L) 8ssolution to non-perturbative RG
(~ covariant path integral) » equations (e.g. Wetterich egn)
52Fk
9Ty = ~STx RAB O, RP4 _ | | |
thk = 5 (5¢A5¢B k ) 229% look for non-Gaussian UV fixed points

necessarily studied in various truncations (+ matter fields etc)

eg Einstein-Hilbert truncation
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QG as canonical and/or covariant guantization of GR

Canonical quantization of GR:

3+1 splitting of manifold and fields; canonical phase space of 3-metric and extrinsic curvature

[}Azab(x),ﬁ“i(y)] = iﬁé(caég)5(aj, ) wavefunctions depend in 3-metric or extrinsic curvature

symmetries and dynamics fully encoded in diffeomorphism and Hamiltonian constraints

A 52 Vh S
U= —1 h2 abc — BR — 2\ V= o i
Tt ( R T T Towe L )> 0

. h oW
HNY = —2Dph,.— = 0. .
1 (Shbc no time/space dependence
M
Covariant (path integral) quantization of GR:
/ Dgluy 151gp () and transition amplitudes

Cn s
|

formidable mathematical (and conceptual) difficulties functional aspects

diffeomorphism symmetry



Lattice Quantum Gravity

Basic idea: covariant quantisation of
gravity as sum over “discrete geometries”

Continuum spacetime manifold replaced
by simplicial lattice; metric data encoded in
edge lengths

Gravitational action is discretised version
of Einstein-Hilbert action (Regge action)

Quantum Regge calculus

Path integral of discrete geometries:
fixed simplicial lattice, sum over edge length variables 77 _ limA—mo d,u({Le}) e SFA{({LG}>
continuum limit via lattice refinement

T. Regge, R. Williams, H. Hamber, B. Dittrich, B. Bahr, ....

(Causal) Dynamical Triangulations J. Ambjorn, J. Jurkiewicz, R. Loll, D. Benedetti, A. Goerlich, T. Budd, ...

A
Path integral of discrete geometries: Z = limg_o Z u(a, A)e™ Sr({Le=a})
sum over all possible (causal) simplicial lattices A

(fixed topology), fixed edge lengths

continuum limit via sum over finer and finer lattices



Loop Quantum Gravity (and spin foam models)

A. Ashtekar, C. Rovelli, L. Smolin, T. Thiemann, J. Lewandowski, J. Pullin, H. Sahlmann, B. Dittrich, ......
b 1 b
E} = —/ee€))

Canonical quantization of GR as gauge theory (connection variables): (Ai
8

a )

guantum states of “space” are graphs labeled by algebraic (group-theoretic) data: spin networks

H
kinematical Hilbert space of quantum states: 4 = lim U7 !

Y ~

~ 17 (4)

Hy =2 (GE/GY, dp =TI, dullr)  G=Ssu(2)

spin networks can be understood as (generalised)
piecewise-flat discrete geometries

underlying graphs are dual to (simplicial lattices)

Geometric observables correspond to operators; some of / \

them have discrete spectrum: discretization of quantum
geometry! (Rovelli, Smolin, Ashtekar, Lewandowski, 1995-1997)

An 10)= 8781 /i (G + 1DIO)




Loop Quantum Gravity (and spin foam models)

M. Reisenberger, C. Rovelli, J. Baez, J. Barrett, L. Crane, A. Perez, E. Livine, DO, S. Speziale, ......

evolution of spin networks involves “histories” (dynamical interaction processes) are also
changes in combinatorial structure purely algebraic and combinatorial: spin foams
and in algebraic labels

purely algebraic and combinatorial
“path integral for quantum gravity”
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spin networks/spin foams can be understood as

: _ ) _ _ Lots of results on quantum geometry and
(generalised) piecewise-flat discrete geometries

mathematics of quantum gravitational field;
inspiring models of quantum black holes

the underlying graphs and 2-complexes are dual and quantum cosmology

to (simplicial) lattices



New perspective: emergent spacetime and gravity

- failures of GR and QFT at high energies/small distances breakdown of continuum spacetime itself?
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T he? if spacetime itself has entropy, it has microstructure
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- failures of GR and QFT at high energies/small distances

New perspective: emergent spacetime and gravity

black hole thermodynamics

1 &
S=-—A
4 hG
hes
b= 8rkGM

Einstein’s equations as equation of state

0Q =TdS

breakdown of continuum spacetime itself?

J. Bekenstein, S. Hawking, ......

GR dynamics is effective equation of state for any microscopic dofs

solution of information loss paradox require non-locality?

if spacetime itself has entropy, it has microstructure
if entropy is finite, this implies discreteness

T. Jacobson, ....., T. Padmanabhan, ......

collectively described by a spacetime, a metric and some matter fields

/

IDEA

geometric entropy
functional

local matter-energy
perturbations

Einstein eq. as
equation of state

~

crucial: “holographic” behaviour

05 = adA
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effective curved metric and matter fields from non-geometric atomic theory
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ﬁ

Is gravity an emergent phenomenon?
Are spacetime and fields just collective emergent entities?

suggested also by modern QG approaches - new non-spatiotemporal dofs



Quantum Gravity:
(possible) phenomenology



QG phenomenology

- minimal length
- deformed uncertainty relations
[X,P] =ik (1 +71P°)

- violation/deformation of spacetime symmetries
(e.g. Lorentz symmetry)

G. Amelino-Camelia, '08
S. Hossenfelder, ’12

T. Jacobson, S. Liberati, D. Mattingly, ‘07

QG modification of effective field theory

- modified dispersion relations

E
m € - o () E

my,

- modified scattering thresholds

« non-local terms (violation of locality)

many (simplified) scenarios are already testable




QG effects in black hole physics SR RS ens

Ergosphere

- Hawking radiation and BH evaporation

« reviation from thermal radiation?

Gravitational
Quiet region: Spacetime
negligible Distortion

 end result: compact remnant? nothing? =

- black hole information paradox (is
unitarity violated? renounce locality?)

« BH formation, horizon and singularity

- regular black hole-like objects in QG
(with “horizon”, but no singularity)

* Inner quantum region A. Ashtekar, M. Bojowald, ....

* black hole -> white hole transition
(radio bursts) H.Haggard, C. Rovelli, F. Vidotto, ...

* exotic compact objects

* horizonless - imperfect absorption
(mOdiﬁed GW Signal) V. Cardoso, P. Pani ....

« outer “membrane” - GW echo
J. Abedi, H. Dykaar, N. Afshordi, ‘16




QG in cosmological scenarios for the early universe

why a close to homogeneous and isotropic universe? A e

380,000 yrs.

why an approximately scale invariant power spectrum?

R. Brandenberger, 10, '11, 14

about 400 million yrs.

Big Bang Expansion
13.7 billion years

. g
Inflation — _ _
- density perturbations as vacuum v B |
qguantum fluctuations 3
é loi’l‘l
- period of accelerated expansion g
(driven by “inflaton” field?) Z
z Y~ Standard Theory
@
Bouncing  naturally scale invariant spectrum B g-20 | |
2 «+— Inflationary Theory
cosmology o
o 10740
2 )
e
[
= <« Inflationary Period
. . 10~5¢
- what produces inflation? s Pt
1074 107 1072 107'° 1 10
: . . . Time (seconds) Present
 physics of trans-Planckian modes (for long inflation)?
Emergent - inflation too close to Planck regime? s I(;flation ngeds.
- inflationary spacetime still contains singularity




QG in Cosmological scenarios for the early universe

Accelerated Expansion

Afterglow Light

why a close to homogeneous and isotropic universe? g e DarAges  Dovslopmentof
why an approximately scale invariant power spectrum?

R. Brandenberger, 10, '11, 14

e

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Inflation -

- classical contracting phase
“pbefore” the big bang, bouncing to
current expanding phase

Bouncing - various realizations (e.g. LQC)

cosmology <

 can produce scale invariant
spectrum

« trans-Planckian modes not needed

* new physics needed to describe/justify cosmological bounce

Emergent \
universe Bouncing cosmology

needs Quantum Gravity

. J




QG in cosmological scenarios for the early universe

why a close to homogeneous and isotropic universe? ey - P

380,000 yrs. Galaxies, Planets, etc.

why an approximately scale invariant power spectrum?

R. Brandenberger, ’10, 11, '14

Inflation

Bouncing
cosmology

Emergent
universe

Dark Energy
Accelerated Expansion

about 400 million yrs.

Big Bang Expansion
13.7 billion years

 phase transition between static and

* can give scale invariant power spectrum

expanding universe

various realizations (e.g. string gas
cosmology)

density perturbations as thermal
fluctuations

trans-Planckian modes not needed

172

p=0 R p=rho/3

static phase and phase transition require new physics

\ Emergent universe needs

Quantum Gravity




QG effects in emergent gravity scenarios

Verlinde’s emergent gravity E. Verlinde, 16, S. Hossenfelder, ‘17

gravity as egn of state modified gravity to

N # explain dark matter
(new acceleration

modified entropy formula (new volume- scale ~ MOND)

dependent term, akin to dark energy)

proposals for cosmological constant/dark energy

non-local gravity (continuum only approximate; also from other perspectives) ¢ wetterich, *97:...: M. Maggiore, ‘17

suggestions from analogue gravity models (e.g. cosmological constant from

. . . ) S. Finazzi, S. Liberati, L. Sindoni, ‘12
depletion factor if spacetime is Bose condensate)

vanishing vacuum energy from global equilibrium of spacetime fluid G. Volovik, '01, ’05, ‘11

new dissipative effects in dispersion relations S. Liberati, L. Maccione, ‘13

if spacetime is like fluid or superfluid medium, should expect dissipation

2 3
manifest in dispersion relations 2 ~ 212 |1 — Zéy_k 8 vk 4+ zé vk
3¢ 9\ c 27 \ c



QG effects (potentially) testable

despite suppression by Planck scale

Main theoretical problem:
most testable effects obtained within simplified models and phenomenological frameworks
very weak link with fundamental theory

no real control over approximations and assumptions

pressing issue:
connect simplified models with fundamental formalisms



Group field theory:

an example of fundamental quantum gravity formalism



1 )
Aﬂ atOm Of Space Barbieri ’97; Baez, Barrett, ’99; Rovelli, Speziale, ’06;

Bianchi, Dona, Speziale, '10; ......
Elementary building block of 3d space: single polyhedron - simplest example: a tetrahedron t N
Classical geometry in group-theoretic variables

4 vectors normal to triangles that close (lying in hypersurface with normal N)

[Ainf:bfeR?”l bi-N =0 > b =0 ]
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general: (T*G)Xd ~ (g % G)Xd




An “atom of space”

Bianchi, Dona, Speziale, '10; ......
Elementary building block of 3d space: single polyhedron - simplest example: a tetrahedron
Classical geometry in group-theoretic variables

4 vectors normal to triangles that close (lying in hypersurface with normal N)

[Ain{:b{EIR{?”l @-N:@ [Zbizg ]

A

phase space: + constraints

(T*SO(3,1))* ~ (s50(3,1) x SO(3,1))* > (s0(3) x SOB))* ~ (T*SO(3))*
general: (T*G)Xd ~ (g % G)Xd

Quantum geometry in group-theoretic variables

(" Hilbert space \ B — J' € 50(3,1) b — Ji € su(2)

.

HU = L2 (Gd;d,uHaar)

+ constraints on states

spin network vertex

J

Barbieri ’97; Baez, Barrett, ’99; Rovelli, Speziale, ’06;

N




Quantum space as a many-body system

DO, ‘13

Many-body Hilbert space for “quantum space”: Fock space

F(Hy) = Py—y sym { ( ?()1) ® 7-[1()2) Q- ® H’I(JV)) } Fock vacuum: “no-space” state |0 >



Quantum space as a many-body system

DO, ‘13

Many-body Hilbert space for “quantum space”: Fock space

F(Hy) = Py—y sym { ( ?()1) ® 7-[1()2) Q- ® Hqgv)) } Fock vacuum: “no-space” state |0 >

Second-quantised representation: ladder and geometric operators

@), ¢'@)] = 16(3.9) [0, o)) = |¢'@), ¢'(5)] =0

> O (#:01) = [ 1431105 71(50)--8" Go) O (G ims T 1 ) B(H)-5(70)



Quantum space as a many-body system

DO, ‘13

Many-body Hilbert space for “quantum space”: Fock space

F(Hy) = Py—y sym { ( M 7-[(2) - ® H(V)) } Fock vacuum: “no-space” state |0 >

Second-quantised representation: ladder and geometric operators

@), ¢'@)] = 16(3.9) [0, o)) = |¢'@), ¢'(5)] =0

— Oy, (gb g0T> /[dﬁi][dﬁlj] B1(G1)-- 8 (Gin)Onm (s s G Gs -r ) P(F1)--P(Fh)

e.g. total space volume (extensive quantity):

Viot = / [dgilldg12T(g:) V(gi, ) &(gf) = Y @'(J
Ji

‘S>
K.



Quantum space as a many-body system

DO, ‘13

Many-body Hilbert space for “quantum space”: Fock space

F(Hy) = Py—y sym { ( z()l) ® 7'[5)2) Q- ® H?(}V)) } Fock vacuum: “no-space” state |0 >

Second-quantised representation: ladder and geometric operators
29, ¢'(7)| = 1a(3.9) 25, ¢(3)] = |4, ¢'(7)] = 0
— On,m (957 @T) — /[dgz] [dgt/]] @T(gl)--aT(gm)On,m (gla ) gmag),la 79—:7,) @(ghfil)@(gt/n)

e.g. total space volume (extensive quantity):
Viot = [ dgldg})' (91 Vi 6)) 215) = 3 S VI $(T)
J;

Quantum space as an system of many quantum polyhedra/spin network vertices

generic states not very “spacey” at all - “connected” many-body states a little more “spacey”




Quantum space as a many-body system

DO, ‘13

Forming extended structures: gluing building blocks — —-> states on connected graphs/simplicial complexes

Hy CHy ety = ] / 0% Gy (... gia 0, . giu0®0, ) = By (gialgzs) D)
[(a),(5b)]




Quantum space as a many-body system

DO, ‘13

Forming extended structures: gluing building blocks — —-> states on connected graphs/simplicial complexes

Hy CHy o) = ] /d&ab (- Gia s g0y ) = By(gialgin) ™)
(ia)(7b)

Gluing = connectivity = entanglement between “atoms of space”

b 2541
C
U ) U 7.7 7b
/ 2]+ Z h/l]ac |’72]C>
4 —

maximally mixed state

Z le,) (e, Donnelly, ’12; Livine, Terno, '08;
o Chirco, Mele, DO, Vitale, ‘17

Z) = > i a) @14,b) @ |j )
{O’?bﬂc}




Dynamics of quantum space as a group field theory

DO, ’'09; DO, ‘14

Dynamics governs gluing processes and formation of extended discrete structures

Interactions processes correspond to (simplicial) complexes in one dimension higher
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DO, ’'09; DO, ‘14

Dynamics governs gluing processes and formation of extended discrete structures

Interactions processes correspond to (simplicial) complexes in one dimension higher

details depend on (class of) models

A

S(p,®) = %/[dgilw(gi)/C(gi)@(gi) + ﬁ/[dgm]@(gu)----s&(ﬁw)V(gm,§¢D) + cc

“combinatorial non-locality” /
in pairing of field arguments




Dynamics of quantum space as a group field theory

DO, ’09; DO, ‘14
Dynamics governs gluing processes and formation of extended discrete structures

Interactions processes correspond to (simplicial) complexes in one dimension higher

details depend on (class of) models

A

S(p,P) = %/[dgz‘]@(gi)lc(gi)%p(gi) + DI /[dgz'a]@(gz'l)----Sﬁ(gz‘D)V(gm,gq;D) + C.C.

“combinatorial non-locality” /
in pairing of field arguments

a
12 3 4

Example: simplicial interactions

L2 ¢V

12 3 4




Dynamics of quantum space as a group field theory

DO, ’'09; DO, ‘14
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details depend on (class of) models

A
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Dynamics of quantum space as a group field theory

DO, ’09; DO, ‘14

Dynamics governs gluing processes and formation of extended discrete structures

Interactions processes correspond to (simplicial) complexes in one dimension higher

details depend on (class of) models

A

S(0.9) = 5 [ lgelaK(000(9) + 1 [dgialolgn)-s@p)Vigiassin) + e

“combinatorial non-locality”
in pairing of field arguments

ANT

/ EF: sym(L')

Feynman diagrams = stranded diagrams dual
to cellular complexes of arbitrary topology

amplitude for each j

sum over triangulations/complexes) : .
triangulation/complex




Dynamics of quantum space as a group field theory

Multiple relations with other QG formalisms

Loop Quantum
Gravity

GFT and Loop Quantum Gravity Quant_um qlofs_are same as.in_LQG gspin networks),
organised in different (but similar) Hilbert space

DO, "13; DO, ‘14 2nd quantized reformulation of states and dynamics

ny C Hy \Iyy(G%b) = H /Gdoz%b Oy (..., Gia oz%b, L ,gjboz%b, ) = Wy (gialgin) ™)

On,m — <>Z177>Zm|0n,m|>2/1779251> :O’n,m ()Zh'“))?’fn?)z/l?“'a)z;z) —

—_—

— Opm (9:907) = / dgi)[dg;] & (61)-- 8" (Gm)Onm (G > Gms G-+ G) P(G1)-B(T)



Dynamics of quantum space as a group field theory

Multiple relations with other QG formalisms
Loop Quantum
Gravity
A
\/
Spin foam

GFT and spin foam models Spin foam model = quantum amplitude for spin network evolution

A,()) z0) = Y 1[40 41 ] A0(J, 1)
Z(T) < ¢ Ac(J, 1) {JY{1}4,5"3,4" f e v
Ay (J, )

Any spin foam amplitude is the Feynman amplitude of a GFT model

Reisenberger, Rovelli, ‘00

S(p,p) = %/[dgi]sﬁ(gi)lc(gi)w(gz‘) + %/[dgia]sf?(gz'l)----90(§7;D)V(gm,§7;D) + c.c

V(J. 1) ~V(g) Zz /D DG et () —
Y EF: sym(I)

Ar Z(F) = Ar



Dynamics of quantum space as a group field theory

Multiple relations with other QG formalisms [

Simplicial gravity
path integrals [*----4 Dynamical
Triangulations

GFT and simplicial gravity path integrals GFT Feynman amplitudes (model-dependent).
lattice gravity path integrals

(with group+Lie algebra variables)
on the lattice defined by the Feynman diagram
>\NI‘ Baratin, DO, 11

/ DeDp e 207 = Z sym(T") Ar

—Zw AA—ZUJ /DgA i9a(9a) = [ Dg 509)
L @ynammal trlangulatmuantum Regge calculu)

Loop Quantum
Grawty

Spln foam
models




Dynamics of quantum space as a group field theory

Ben Geloun, Benedetti, Bonzom, Carrozza,

Application of QFT tools to QG problems: GFT renormalization Dittrich, DO, Einchhorn, Gurau, Koslowski,
Krajewski, Lahoche, Ousmane Samary, Riello,
g . )\N r Rivasseau, Tanasa, Toriumi, Vitale, ...
Z= [ DgDpe' PP = N Ar
sym(l')
I'
Issue 1: (construction and quantisation ambiguities in definition of GFT models )
Issue 2: (continuum limit: controlling quantum dynamics of many interacting QG dofs)

0-2 T T T T T

« GFT perturbative renormalization

—-> renormalizability of GFT model 0ol

« GFT non-perturbative renormalization ,
-0.2

— —> RG flow ~ full GFT partition function & continuum phases

general strategy: g o4
treat GFTs as ordinary QFTs defined on Lie group manifold

-0.6

« Divergences in simplicial models
« Renormalizability of TGFT models (d>2, non-abelian,
W gauge invariance, ....)

« Generic asymptotic freedom/safety, hints of ,
condensed phase, WF fixed point -1oL

L I I I I | I I I I | I I I | | | | | | [
0.00 0.01 0.02 0.03 0.04

-0.8




Goal: extract continuum geometric (gravitational) physics
(dynamics) from QG (GFT) models




Building up continuum space and geometry

Goal: extract continuum geometric (gravitational) physics
(dynamics) from QG (GFT) models

This means:

control QG states encoding large numbers of microscopic QG dofs

identify those with (approximate) continuum geometric interpretation

characterise their (geometric) properties in terms of observables

extract their effective dynamics and recast it in GR+QFT form

T e et

iye
""\-‘9-« " -‘

A '\ e "ot S et
SNy




Goal: extract continuum geometric (gravitational) physics
(dynamics) from QG (GFT) models

This means:

control QG states encoding large numbers of microscopic QG dofs

identify those with (approximate) continuum geometric interpretation

characterise their (geometric) properties in terms of observables

extract their effective dynamics and recast it in GR+QFT form

This requires:

« controlling large graphs/complexes superpositions
 coarse graining of description

- approximations of both states, observables and dynamics

Here: take advantage of QF Tformalism/methods
(universe as a quantum many-body system -
cosmology as QG hydrodynamics)




GFT condensate cosmolo o DS P o e
gy

Wilson-Ewing, ...

Simple GFT condensates as homogeneous continuum geometries (not encoding any topological information)
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Wilson-Ewing, ...

Simple GFT condensates as homogeneous continuum geometries (not encoding any topological information)

o) :=exp (5)[0)

b / d'go(9)@'(91)  o(grk) = o(gr)

o (D) D ~ {geometries of tetrahedron} ~
described by single collective wave function

(depending on homogeneous anisotropic geometric data)

2

{continuum spatial geometries at a point} ~

a minisuperspace of homogeneous geometries
Gielen, ‘14
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o) :=exp () |0)
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o (D) D ~ {geometries of tetrahedron} ~
described by single collective wave function

(depending on homogeneous anisotropic geometric data)
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{continuum spatial geometries at a point} ~

~ minisuperspace of homogeneous geometries
Gielen, ‘14
Corresponding effective dynamics: GFT egns of motion
/[dg/] le(g g’)U(g/) B\ 2% | — 0 i.e. mean field (Gross-Pitaevskii) hydrodynamics
) 1y I ) 5 =0
p(gi)
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non-linear and non-local extension of quantum cosmology-like equation for “collective wave function”



GFT condensate cosmolo o DO B e e a2
gy

Wilson-Ewing, ...

Simple GFT condensates as homogeneous continuum geometries (not encoding any topological information)

o) :=exp () |0)

b / d'go(9)@'(91)  o(grk) = o(gr)

o (D) D ~ {geometries of tetrahedron} ~
described by single collective wave function

(depending on homogeneous anisotropic geometric data)

2

{continuum spatial geometries at a point} ~

~ minisuperspace of homogeneous geometries
Gielen, ‘14
Corresponding effective dynamics: GFT egns of motion
/[dg/] le(g g/)U(g/) B\ 2% | — 0 i.e. mean field (Gross-Pitaevskii) hydrodynamics
) 1y I ) 5 =0
p(gi)

non-linear and non-local extension of quantum cosmology-like equation for “collective wave function”

Cosmology as QG (condensate) hydrodynamics



GFT condensate cosmology

DO, Sindoni, Wilson-Ewing, ‘16

[- (generalised) EPRL model for 4d Lorentzian QG with SU(2) data, coupled to (discretised) (pre-)scalar field)
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DO, Sindoni, Wilson-Ewing, ‘16

[ (generalised) EPRL model for 4d Lorentzian QG with SU(2) data, coupled to (discretised) (pre-)scalar field)

4 N
- coupling of free massless scalar field

56) > 96 9) o) ~ e ( [ dgdo (s, o). ) ) 10

\ Wy,
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GFT condensate cosmology

DO, Sindoni, Wilson-Ewing, ‘16

[- (generalised) EPRL model for 4d Lorentzian QG with SU(2) data, coupled to (discretised) (pre-)scalar field]

4 N
- coupling of free massless scalar field

56) > 96 9) o) ~ e ( [ dgdo (s, o). ) ) 10

\ Wy,

- reduction to isotropic condensate configurations (depending on single variable j): g(gw ¢) N gj(¢)

- effective condensate hydrodynamics (non-linear quantum cosmology):

2 4
[Ajaqbaj (@) — Bjo, (@) + W;0 (¢)" = Oj functions A, B, w define the details of the EPRL model

GFT interaction terms sub-dominant




GFT condensate cosmology

DO, Sindoni, Wilson-Ewing, ‘16

[- (generalised) EPRL model for 4d Lorentzian QG with SU(2) data, coupled to (discretised) (pre-)scalar field]

4 N
- coupling of free massless scalar field

56) > 96 9) o) ~ e ( [ dgdo (s, o). ) ) 10

\ Wy,

- reduction to isotropic condensate configurations (depending on single variable j): (;(gw ¢) — Uj(¢)

- effective condensate hydrodynamics (non-linear quantum cosmology):

2 4
[Aj3¢aj (@) — Bjo, (@) + W50 4 (¢)" = Oj functions A, B, w define the details of the EPRL model

GFT interaction terms sub-dominant

- key relational observables (expectation values in condensate state) with scalar field as clock:

~
funiverse volume (at fixed “time”) V(p) = Z Vigi(p)o;(o) = Z Vipi(9)° Vi ~ 3320,
; .

J
A () = p. 10;(¢)
momentum of scalar field (at fixed “time”) 7Ty = <0|7T¢(gb)\a> = h E; Qj 0j(¢) = pi(@)e

2 2 2 Q = constant of motion
T h 0.
energy density of scalar field (at fixed “time”) p = ¢ _ (zy Qj)

. RN




—mergent bouncing cosmology from full QG

DO, Sindoni, Wilson-Ewing, ‘16

effective dynamics for volume - generalised Friedmann equations: (GFT interaction terms sub-dominant)
~ 5 2 ) éa )
) O Vipin | Ei — %+ m2p2 oS v B 1 9m22
< V! > i ViPj I iPj |74 Zj i | Bt AP
3V ) 3>, Vip? Vo > Vip;
L y \_ J

E = constant of motion




—mergent bouncing cosmology from full QG

DO, Sindoni, Wilson-Ewing, ‘16

effective dynamics for volume - generalised Friedmann equations: (GFT interaction terms sub-dominant)

~ 5 2 ) éa )
7\ 2 ZZjvjpj\/Ej — % —|—m?p? V" QZjV}[EJ —|—2m?p?]

<W> - 3>, Ve v D Vip;

L y \_ J

E = constant of motion

classical approx. p; > |E;|/mj and pj > QF/m]
r N

N
T (_V’ )2 2325 Vim; py : Vo4 j ij? ,0? approx. classical Friedmann
- — eqns if 2 ~
3V 32j‘/j0? V Z]VJP? j ans it 3G N

\ .




effective dynamics for volume - generalised Friedmann equations:

—mergent bouncing cosmology from full QG

DO, Sindoni, Wilson-Ewing, ‘16

-

\_

(

V/

3V

)2:

02
QZjVjﬂj\/Ej - p_§+m?p?

32;‘ VJPJQ

(GFT interaction terms sub-dominant)

~

y,

classical approx. p; > |E;|/mj and pj > QF/m]

—

w17 [ p;(¢) 7 0V i

4 , 9
<1> ~ <2Zjvjmjp§>
kSV 32j\/jp? )

~

E = constant of motion

approx. classical Friedmann

2 ) (
v 2 Zj Vi [Ej + Zm?p?]
v Z]V]p?
y -
~ )
V_”_4Zj‘/jm?,0? eqns if m?2 ~ 3@
kV ZJVJP? y ) m; & G

4 ‘ A
_ 2
V= Zj vjpj
remains positive at all times
_ (with single turning point) )

generic quantum bounce (solving classical singularity)!

M. De Cesare, M. Sakellariadou, ‘16



Accelerated phase after bounce: QG intlation”

M. De Cesare, M. Sakellariadou, ‘16

for: V — 3 we have:
— a -- 2 2 2

a 1 (ﬂ.‘ﬁ) [6¢V 5 (6¢V) ] M. De Cesare, A. Pithis, M. Sakellariadou, ‘16

a

3\V |4 3\ V
existence of accelerated expansion translates in relational time as: Vv 5 /V/ 2
— > — —
&~ X
2E 20
4m® + = > —4*
I
near the bounce » positive Zero
4 )
detailed study of behaviour of solutions after bounce
confirm a distinct accelerated phase
N — 2 1 Pend
issue is: number of e-folds - § 0g can we get at least N ~ 607?
Pbounce

does the acceleration last long enough (to solve cosmological problems)?




Accelerated phase after bounce: QG intlation”?

M. De Cesare, A. Pithis, M. Sakellariadou, ‘16

- in effective cosmological dynamics 0119 < N < 0.186
neglecting GFT interactions: e had
acceleration is too short-lived to be physically useful

- including effects of GFT interactions (in phenomenological way):

2 2 -
S = /dcb (A |0g0|* + V(o)) V(o) = Blo(¢)|* + ;'w|0| + ?w'|0| ‘
6 2 2 Q2 n—1 i
o=pe Opp —m’p——g + A" +pp" T =0
one finds: o

bounce

- accelerated expansion following bounce q cyclic universe ts0p

 decelerated phase and recollapse

moreover: ﬁ
‘ p _
« N at least ~ 60 s Demel o = B (0 > o) ol

* no intermediate deceleration
between beginning and end QG-inflation from GFT condensates | |

of accelerated phase ‘ ‘ T
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S0, what happens to the cosmological singularity?

Big Bounce? DO, L. Sindoni, E. Wilson-Ewing, ‘16 M. De Cesare, A. Pithis, M. Sakellariadou, 16

(as in LQC, but from the full QG theory!)

.... provided the GFT hydrodynamics approximation (and other assumptions) does not break down in that regime

scenario of Big Bang as cosmological phase transition (geometrogenesis) suggests it should break down

geometrogenesis scenario similar to “emergent universe” scenario with degenerate scale factor before transition

if it does break, one has to go back to the full GFT theory, and improve the
construction (ansatz for vacuum, approximation of SD equations, ....)
and try again

novelty: it can be done! exactly as one would do in a BEC....



Cosmological perturbations from full QG

S. Gielen, DO, ‘17

GFT for 4d gravity coupled to 4 free massless scalar fields used as clock and rods

+ ©.@)
isotropic reduction of geometric sector o(gr,¢”?) = Z oi(¢7) DI (gr)
7=0
GFT hydrodynamics equation for D 02 , | (AT —
isotropic condensates (weak coupling) ( BJ + AJ 8¢0 + CJ A(bz) 93 (¢ ) =0

small perturbations around homogeneous condensate universes o (qb‘]) — U?((bo)(l + e (ij))

volume fluctuations and cosmological power spectrum

AV (o, ki; o, Ii) = (V(6°, ko) V (3%, Ky)) — (V(6°, ko)) (V(2°, K,)) B
=0(0" = @) > VP 1o (0")P[(2m)°6° (ki + K) + € (3 (8°, i+ ) + 105 (8, —hi — I5,)]

naturally approximate scale invariance small relative amplitude AV (¢g, ki; Do, K;)
domi - (V(¢0))
- dominant part (computed on exactly homogeneous « dominantterm ~1/N ~ 1/V
condensate) exactly scale invariant « perturbations further suppressed as universe expands
- scale invariance tied to translation invariance of condensate -« if accelerated phase, further suppression of deviations
- deviations suppressed as universe expands and when from scale invariance

inhomogeneities are negligible « QG inflation without inflation



Thank you for your attention!



