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Abstract: Quantum gravity is about finding out what is the more fundamental nature of spacetime, as a physical system. Several approaches to
guantum gravity, suggest that the very description of spacetime as a continuum fails at shorter distances and higher energies, and should be replaced
by onein terms of discrete, pre-geometric degrees of freedom, possibly of combinatorial and algebraic nature.
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Plan

* intro: quantum gravity, atoms of space and geometrogenesis

¢ a bit of history, ingredients from and relation with other approaches

e matrix models

* tensor models

e group field theories - a simple model

* overview of some recent results
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QG, atoms of space and geometrogenesis

The general picture
macroscopic continuum spacetime (and geometry)
from
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s
The case for discreteness:
e role of Planck length (a fundamental cut-off? the breakdown scale of continuum?)
e results on black hole entropy (finiteness, proportionality to area, ...)
e infinities in QFT

® singularities in GR
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”

Continuum spacetime (and geometry) result from collective
behaviour of “atoms of quantum space”
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”

Continuum spacetime (and geometry) result from collective

behaviour of “atoms of quantum space” \

Phase Transition
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”

Continuum spacetime (and geometry) result from collective

behaviour of “atoms of quantum space” \

Phase Transition
The case for a phase transition:
phase transition and bound states are most generic
necessary if:

1) renormalizability still key notion for fundamental theory
2) one wants to explain non-renormalizability of effective GR
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”

Continuum spacetime (and geometry) result from collective

behaviour of “atoms of quantum space” \

Phase Transition

Geometrogenesis
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QG, atoms of space and geometrogenesis

The general picture

macroscopic continuum spacetime (and geometry)
made of
microscopic, discrete, quantum (“pre-geometric”) d.o.f.s

T~

“Atoms of (quantum) space”

Continuum spacetime (and geometry) result from collective

behaviour of “atoms of quantum space” \

Phase Transition

Geometrogenesis

from “non-geometric” or “pre-geometric” phase to a geometric phase

Page 11/101



QG, atoms of space and geometrogenesis

Geometrogenesis

cosmological interpretation:

Dark Energy
Accelerated Expansion
Afterglow Light \
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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QG, atoms of space and geometrogenesis

Geometrogenesis

cosmological interpretation:

Dark Energy
Accelerated Expansion
Afterglow Light N\
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Page 13/101



QG, atoms of space and geometrogenesis

Geometrogenesis

cosmological interpretation:

We (QG people) are those of the question mark....
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QG, atoms of space and geometrogenesis

key questions of Quantum Gravity (of any QG approach):
e what are the “atoms of space” ?

e how to describe their fundamental dynamics ?
(what is the correct, background independent formalism?)

e what is their fundamental dynamics (eqns, symmetries,..) ?
e how does a continuum spacetime emerge ?

e how to identify/extract effective continuum physics ?

first part: task is not to “quantize GR”, but much more than that

second part: typical problem (thus tools) of condensed matter physics:
“how do things organize”?
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these are all fundamental, difficult issues

... on which many clever people are working since decades:
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in solitary,
deep thinking
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in solitary,
deep thinking
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in solitary, Vs B _- or in large groups and
deep thinking animated discussions
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many failing to find jobs or
decent salaries

in solitary, " B j or in large groups and
deep thinking animated discussions
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these are all fundamental, difficult issues

... on which many clever people are working since decades:

always struggling between
mathematical abstraction and physical reality
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Group Field Theory and tensor models

recent general introductions and reviews
L. Freidel, arXiv: hep-th/0505016
D. Oriti, arXiv: gr-qc/0512103
D. Oriti, arXiv: gr-qc/0607032
D. Oriti, arXiv: 0912.2441 [hep-th]
V. Rivasseau, arXiv:1103.1900 [gr-qc]
R. Gurau, J. Ryan, arXiv: 1109.4812 [hep-th]
D. Oriti, arXiv: 1111.5606 [hep-th]
V. Rivasseau, arXiv:1112.5104 [hep-th]
A. Baratin, D. Oriti, to appear

work by:

Baratin, Ben Geloun, Bonzom, Boulatov, Carrozza, De Pietri, Fairbairn, Freidel, Girelli, Gurau, Livine, Louapre,

Krajewski, Krasnov, Magnen, Noui, Qoguri, Oriti, Perez, Raasakka, Reisenberger, Rivasseau, Rovelli, Ryan,
Sindoni, Smerlak, Tanasa, Vitale, .......
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Paths to Group Field Theory and Tensor Models

(e.g. quantum Regge calculus)

[Simplicial gravity path integrals] [Matnx mOdeISJ

Tensor models
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Paths to Group Field Theory and Tensor Models

[ LQG J [SIITID"CIal gravity path mtegral] [Matnx mOdelsJ

(e.g. quantum Regge calculus)

Spin foam models
Tensor models

l

(causal) Dynamical
Triangulations
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Paths to Group Field Theory and Tensor Models

[ LQG J [Slmpllmalgrawty path mtegrals] [Matrix models}

(e.g. quantum Regge calculus)

[ pin foam models ] . }
Tensor models

l

(causal) Dynamical
Triangulations
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Paths to Group Field Theory and Tensor Models

(e.g. quantum Regge calculus)

N/

[ LQG J [Simplicial gravity path integrals] [Matrix mOdelsJ

pin foam models
/ Tensor models

l

( Non-commutative geometry ] (causal) Dynamical
Triangulations
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Paths to Group Field Theory and Tensor Models

[ LQG J [Simplicial gravity path integrals] [Matrix models}

(e.g. quantum Regge calculus)

N/

Spin foam models \
{ ] Tensorial Field Theories ]

" 1

( Non-commutative geometry ] { (causal) Dynamical ]

Triangulations
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Paths to Group Field Theory and Tensor Models

(e.g. quantum Regge calculus)

N/

[ LQG J [Simplicial gravity path integrals] [Matrix mOdelsJ

[ pin foam modeIsJ . [ }
/ Tensor models

( Non-commutative geometry ] (causal) Dynamical
Triangulations
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Paths to Group Field Theory and Tensor Models

“Spacetime as a superposition of [Matrix models}

cellular complexes....”

“.... generated by a field theory”

“Spacetime as a statistical system”
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Matﬂx mOde|S (Migdal, Kazakov, David, Ambjorn, Kawai, Di Francesco, Zuber, Brezin, Paris

Quantum 2d spacetime as (statistical) superposition of discrete surfaces

Fundamental building block of (quantum) space: (hermitian) matrix

Pirsa: 12010129 Page 31/101



Matﬂx mOde|S (Migdal, Kazakov, David, Ambjorn, Kawai, Di Francesco, Zuber, Brezin, Paris

Quantum 2d spacetime as (statistical) superposition of discrete surfaces

Fundamental building block of (quantum) space: (hermitian) matrix

Microscopic dynamics:

1,
S(M) = ~trM?
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Matﬂx mOde|S (Migdal, Kazakov, David, Ambjorn, Kawai, Di Francesco, Zuber, Brezin, Paris
Quantum 2d spacetime as (statistical) superposition of discrete surfaces

Fundamental building block of (quantum) space: (hermitian) matrix

Microscopic dynamics:

1 ‘
S(M) = ~trM*
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Matrix models

Quantum dynamics:

) Vi
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Matrix models

Quantum dynamics:

7 /'D.”,,t S(M.q) Z( .’i\.) Zr Z”h N X1
; V.

I I

Feynman diagram ' -

= 2d simplicial complex /\
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Matrix models

Quantum dynamics:

Z /-n\/”f S(M.g) Z(

l VN

/

/ — — Feynman diagram I’ =
= = 2d simplicial complex A\

A
/ \} : //
4

Relation to discrete gravity?
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Matrix models

Quantum dynamics:

Z /-m/,,, S(M.9)

y
/ O~ Feynman diagram [ =
/\\ 7 P = 2d simplicial complex /A

/
Relation to discrete gravity?

discretize 2d GR via 2d equilateral triangulation
Sar /J"r\ul R(g) + A) ITY 4+ AAg w— S\ (a,G,\)
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Matrix models

Quantum dynamics:

VA /'1)_‘/,‘,.' S(M,q) Z ( \

Feynman diagram [ -
= 2d simplicial complex /\

Relation to discrete gravity?

discretize 2d GR via 2d equilateral triangulation
Sar /J"r\ul R(g) + A) Ty + AAg e— S, (a,G,N\)

From matrix model: 7 — Z q\'u \

A .
q ( _\ [§ I
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Matrix models

Quantum dynamics:

VA /'}7_\/,‘,.' S(M.q) Z ( \

Feynman diagram [ -

= 2d simplicial complex /\

Relation to discrete gravity?
discretize 2d GR via 2d equilateral triangulation

.‘1‘(‘-” /lf-'r\q| le'r: - A) |~7\ - A Ac _) -HIA"'L(JI--\’

From matrix model;

A\

q ( N [

sum over geometries on each simplicial complex + sum over complexes of all topologies
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Matrix models

e control over sum over complexes/topologies?

Yes! sum governed by topological parameters

Z =Y glanNxa Y gta N2 = NTN2-2h Z,(g) = N2 Zo(9) + Zi(g)
— — —

A A h

in large-N limit, planar diagrams dominate

e continuum limit (critical behaviour)?

e Feynman series can be re-summed in large-N limit

Z..I‘r;] . Z" : ( g
|

iy

e free energy and average number of simplices diverge
, ey \ J , |
(ta) (Vr) x — InZy(g) =~

/)

i g — g,
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Matrix models

e control over sum over complexes/topologies?

Yes! sum governed by topological parameters

7 \/“ “I"r A \\_\ \)ﬁ' ’Jrf \ ‘\-_' 2h \‘ A 2-2h Z.’;"f:
.- .-

L‘
A A h

_\I:X‘||ff| t X‘Iqr
in large-N limit, planar diagrams dominate
continuum limit (critical behaviour)?

e Feynman series can be re-summed in large-N limit

\

: — rrs (Y 2
Zy(g) = 2 | ( ) =vVox (9~ 9e)
oy

. !

e free energy and average number of simplices diverge

| 8.
(ta) = (Vr) & -InZy(g) =~
g

]

4= Y

phase transition (condensation) to theory of large continuum surfaces
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Matrix models

e which continuum theory does it correspond to?
2d quantum Liouville gravity (plus matter)
e SD equations on n-point functions ~ 2d WdW equations

. quantum symmetry algebra ~ Virasoro algebra
. critical exponents
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Matrix models

e which continuum theory does it correspond to?
2d quantum Liouville gravity (plus matter)
e SD equations on n-point functions ~ 2d WdW equations

. quantum symmetry algebra ~ Virasoro algebra
. critical exponents

many more results and applications: QCD and confinement, statistical mechanics
and condensed matter, RNA folding, ....
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Paths to Group Field Theory and Tensor Models

“Spacetime as a superposition of Matrix models
cellular complexes....”

“.... generated by a field theory”
“Spacetime as a statistical system”

a simple example of Geometrogenesis

Tensor models
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TenSOl' mOdels (Ambijorn, Jonsson, Durhuus, Sasakura, Gross, ... )

Quantum 3d spacetime as (statistical) superposition of discrete simplicial complexes

Fundamental building block of (quantum) space: 7ix N x N x N tensor

Pirsa: 12010129 Page 45/101



Pirsa: 12010129

TenSOl' mOde|S (Ambijorn, Jonsson, Durhuus, Sasakura, Gross, ... )

Quantum 3d spacetime as (statistical) superposition of discrete simplicial complexes

Fundamental building block of (quantum) space: T;x N x N x N tensor

Microscopic dynamics:

S(T) = strT? = AtrT* = =¥ TiTiji = A Y. TijeTmTmjnTnti

N ff;"”.lfi
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TenSOl' mOdels (Ambjorn, Jonsson, Durhuus, Sasakura, Gross, ... )

Quantum 3d spacetime as (statistical) superposition of discrete simplicial complexes

Fundamental building block of (quantum) space: 7ix N x N x N tensor

Microscopic dynamics:

- | Y - L=, .. — , . : '
S(T) = StrT™ ANrT? _’Z‘/,ﬂ./;‘,r A }4 Liik Tt ImjnIntd '

;_;_,f. r;lhurf

ra"‘;r‘r)‘..ﬁ'.' If\ l.‘,'f.af,-'f.' lJ'f.jf.'!‘.‘l.'J‘FI’HI.’M‘.‘.‘.’.'I [‘fi'f‘,‘Jlrsi.‘.II‘“"“"H\.’I.“‘HH

O -
1 n
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Tensor mOdels (Ambjorn, Jonsson, Durhuus, Sasakura, Gross, ... )

Quantum 3d spacetime as (statistical) superposition of discrete simplicial complexes

Fundamental building block of (quantum) space: 7ix N x N x N tensor

Microscopic dynamics:

- | 0 — L=, .. " o o , : '
S(T) = StrT™ ANrT? _’L/,J;./;_,r A L Li ik Tt ITmjnIntd '

N tiklmn
ra"‘j;‘r)‘..ﬁ'.' If\ la,-f.a',-'f\' lH'j;’f..‘l.'J'e"fll.'f"ss.l." I‘H'f\f;'r‘j.f.‘."1”"‘14uu."\n;r
| g I

| Gr——l |'
K ) !

Notice: no GR input,
pure 3d combinatorics
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Tensor models

Quantum dynamics: . \! \!
I I
z DT S(Tr.\) ’ 7 ‘ N Fy
/ ‘ ZI: sym(I') I ZI: sym(I’)

Feynman diagrams are stranded graphs dual to 3d simplicial complexes
(nodes dual to tetrahedra, lines dual to triangles, faces dual to edges, 3-cells dual to vertices)

All topological manifolds as well as pseudo-manifolds
included in perturbative sum
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Tensor models

Quantum dynamics: . \! \!
I I
Z DT e~ 5(TA) “ 8 : NFi
/ ‘ ZI: sym(I') [ ZI: sym(I’)

Feynman diagrams are stranded graphs dual to 3d simplicial complexes
(nodes dual to tetrahedra, lines dual to triangles, faces dual to edges, 3-cells dual to vertices)

All topological manifolds as well as pseudo-manifolds
included in perturbative sum

Construction can be straightforwardly generalized to arbitrary spacetime dimension
(d-tensors, d-complexes, ... )
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Tensor models

Key questions: o relation to discrete (classical and quantum) gravity?

e (quantum) simplicial geometry (and gravity) much richer in d>2
a need more structures/data in boundary states and amplitudes

control over perturbative sum (topological expansion)
» complexity of d-simplicial topology and combinatorics

e scaling of amplitudes and power counting - analogue of large-N limit
. tensor model/GFT renormalization
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Tensor models

Key questions: relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes

control over perturbative sum (topological expansion)
» complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
» tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
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Tensor models

Key questions: relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes

control over perturbative sum (topological expansion)
» complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
. tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
quantum dynamics and symmetries in continuum limit

effective continuum physics (new phenomenology?)
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Tensor models

Key questions: relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes

control over perturbative sum (topological expansion)
» complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
» tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
quantum dynamics and symmetries in continuum limit

effective continuum physics (new phenomenology?)

extract effective dynamics of geometry and matter
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Tensor models

Key questions: relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes

control over perturbative sum (topological expansion)
» complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
> tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
quantum dynamics and symmetries in continuum limit

effective continuum physics (new phenomenology?)

extract effective dynamics of geometry and matter
simplified models
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Tensor models

Key questions:

control over perturbative sum (topological expansion)
L complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
» tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
quantum dynamics and symmetries in continuum limit

difficult! (no real progress until recently)
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Tensor models

Key questions:

control over perturbative sum (topological expansion)

o complexity of d-simplicial topology and combinatorics
e scaling of amplitudes and power counting - analogue of large-N limit
» tensor model/GFT renormalization

continuum limit - phase transition of discrete system

summability and critical behaviour
quantum dynamics and symmetries in continuum limit

alternative: (causal)
dynamical triangulations
(Ambjorn, Loll, Jurkiewicz, ....)

<« (difficult! (no real progress until recently)
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Tensor models

Key questions:

relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes
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Tensor models

Key questions:

relation to discrete (classical and quantum) gravity?

(quantum) simplicial geometry (and gravity) much richer in d>2
need more structures/data in boundary states and amplitudes

B 3d: what is a quantum triangle (2-simplex)? how to make quantum triangles
“interact” to form a 3d simplicial complex?
n 4d: what is a quantum tetrahedron (3-simplex)? how to make quantum
tetrahedra “interact” to form a 4d simplicial complex?
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Paths to Group Field Theory and Tensor Models

(e.g. quantum Regge calculus)

LQG ] [Simplicial gravity path integrals] [Matrix mOdeBJ

Spin foam models \ < ,
{ . Tensor models J
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Paths to Group Field Theory and Tensor Models

Simplicial gravity path integrals | “here is GR if only a finite number
(e.g. quantum Regge calculus) of d.o.f.s is available”
(truncation of GR on a finite lattice)
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Paths to Group Field Theory and Tensor Models

LQG

Spin foam models | T —~—__ .

“quantum space is a superposition of Spin Networks
(a definition of quantum geometry)

“a history of a SpinNet is a Spin Foam”
(decorated complex)
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Paths to Group Field Theory and Tensor Models

LQG Simplicial gravity path integrals | “here is GR if only a finite number
(e.g. quantum Regge calculus) of d.o.f.s is available”
(truncation of GR on a finite lattice)

Spin foam models | T —~—__ .

“quantum space is a superposition of Spin Networks”
(a definition of quantum geometry)

“a history of a SpinNet is a Spin Foam”
(decorated complex)
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Paths to Group Field Theory and Tensor Models

LQG Simplicial gravity path integrals | “here is GR if only a finite number
(e.g. quantum Regge calculus) of d.o.f.s is available”

(truncation of GR on a finite lattice)

Spin foam models \ .

“quantum space is a superposition of Spin Networks”

(a definition of quantum geometry)

[ Non-commutative geometry J

“a history of a SpinNet is a Spin Foam”
(decorated complex)
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Interlude: non-commutative group Fourier transform

unitary map :

iz P,

plane waves

s0(3) »

(Freidel-Livine, Freidel-Majid, Joung-Mourad-Noui, Livine)

(', ('.‘:ll('_’l ~ |:"’.:iJ — ('(SU(2)) (here: SO(3) version)

/ f(g)e,(r) C.(s0(3))
JSO3

S0(3) — C P) =tr(|glo’) ( signl(trg)g (€, * €,

coordinates on group NC star product
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Interlude: non-commutative group Fourier transform

(Freidel-Livine, Freidel-Majid, Joung-Mourad-Noui, Livine)

unitary map : " ('.‘:ll{ 2) ~ |:"’.:i) — ('(SU(2)) (here: SO(3) version)

/ f(g)eq () € Cu(s0(3))
JSO(3

i}, tr(lgle") stgn(trg)g (€, * €,

plane waves coordinates on group NC star product

note: C.(R") is space of functions on [£7 with finite resolution, whose usual
Fourier transform has bounded momenta

one has delta functions: d(g) [ dxe,(x) oO.(Vv) e, 1(x)e.v)
important property: | dv (8, * &) (v) | dv (¢ * d,)(y) o(x)

(g ") — o(—x)

- recently used also to obtain a NC flux representation in LQG (Baratin-Dittrich-Oriti-Tambornino)
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Quantum 3d simplicial geometry (euclidean)

(Barbieri, Baez, Barrett, Freidel, Krasnov, Rovelli, Livine, Speziale, Baratin, Oriti, ...... )

classical triangle in [R 3

- 1
)

[ 3 edge vectors (or 3 normal vectors) that close b; € R 5.5,

N

unique intrinsic geometry (up to rotations)
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Quantum 3d simplicial geometry (euclidean)

(Barbieri, Baez, Barrett, Freidel, Krasnov, Rovelli, Livine, Speziale, Baratin, Oriti, ...... )

classical triangle in R

[ 3 edge vectors (or 3 normal vectors) that close b; € R° s.t. Z b, 0 ]

N

unique intrinsic geometry (up to rotations)

would like to see it as intrinsic geometry of ) (by.by. bs) partof classical
triangle in 2d slice in embedding 3d space Ly Y2473 phase space
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3d gravity in 1st order form - 3d BF theory

classical 3d action: S(e,w) = [ Tr(e A F(w))

connection ©  w € so0(3) curvature F(w)

can discretize on arbitrary 3d simplicial complex:

R ~ su(2) Pehiv = h € SO3)

Z trie, H.(h;)
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3d gravity in 1st order form - 3d BF theory

classical 3d action: S(e,w) = [ Tr(e A F(w))

connection :  w € s0(3) curvature F(w) = d w : triad ¢ € so(3)

can discretize on arbitrary 3d simplicial complex:

/f:' b, z. € R® ~ su(2) Peliw h; € SO(3)

S(x.. hy) Z tr(x. H.(h;) H, e SO(3)
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Quantum 3d simplicial geometry (euclidean)

classical triangle in R 3

3 edge vectors (or 3 normal vectors) that close € R® s.t. Z b, 0

N

unique intrinsic geometry (up to rotations)

would like to see it as intrinsic geometry of by bo 1 ;
. . iy . — . bo. by) partof classical
triangle in 2d slice in embedding 3d space (01,02, 03) phase space

Phase space for triangle in discrete 3d gravity:

. . T3 . . I
classical tetrahedron in IR 4 triangles glued (by identification of
edge vectors) across common edges
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Quantum 3d simplicial geometry (euclidean)

quantum triangle:

. non-commutative metric (edge vector) representation:

aSU(2)
fuf‘( iH. ) y Yy a0, as) * 0 () + 20 + 13)

Pirsa: 12010129 Page 72/101



GFT for 3d Riemannian gravity ouatov, '92)

colored version (Guray) : 4 fields e+ SO(3)°/S0O(3)

vh € SO(3), or(hg. hga. hgs) pe(g1.22.83)
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G’__r fOI’ Sd Rlemaﬂﬂlaﬂ grawty (Boulatov, '92)

colored version (Gurau) : 4 fields e+ SO(3)°/S0(3)

vh € SO(3). prlhgy. hga, hgs) pe(g1. 22, 83)

action: S(yr) Skinl@e)
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GFT for 3d Riemannian quantum gravity

Feynman perturbative expansion around trivial vacuum:

extract propagator and vertex function from action (need to
keep track of combinatorics of field arguments)

Feynman diagrams dual to 3d simplicial complexes of
arbitrary topology (including pseudomanifolds)

coloring: restrictions on gluing +
topological information

A
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GFT for 3d Riemannian quantum gravity

Feynman amplitudes can be computed in different representations (group, Lie algebra, spin)

Ar N /'1—‘[(]/!; H 0 (He(ly)) = /.HLUH H o (Hi N hj) N
| ; ’ ' { f
— {Zf:} H (!.4. 1—[ { ::]4 :i ;,1 } - / H[t”l;: H[d‘\ X, Y (‘ﬂ \: Irx.H,
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GFT for 3d Riemannian quantum gravity

Feynman amplitudes can be computed in different representations (group, Lie algebra, spin)

Ar = /-Hdh; Ha‘(u,m,n - /'Hdm H"(H, h,-)
* ! f ' ] f '

PR ER O O
T . J4 JS J6 . / .

PR spin foam model NC simplicial gravity path integral

exact duality: simplicial gravity path integral pin foam model (Baratin-Oriti)

can be generalized to higher dimensions (constrained BF models)
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GFT for 3d Riemannian quantum gravity

Feynman amplitudes can be computed in different representations (group, Lie algebra, spin)

Ar - /-H‘”” H S (He(hy)) = /.H(UM H ) (HJ o h,-) _
. / / ' { / |

S0 (PSRN R
T . J4 JS J6 . / p

PR spin foam model NC simplicial gravity path integral

exact duality: simplicial gravity path integral pin foam model (Baratin-Oriti)

can be generalized to higher dimensions (constrained BF models)

complements/adds to earlier result:

any spin foam model can be obtained as GFT Feynman amplitude (Reisenberger-Rovelli)
(importance of GFT for LQG via spin foam models)
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GFT for 3d Riemannian quantum gravity

because of structure and representations of GFT field,
boundary states are expressed as glued geometric simplices
or spin networks

the GFT model defines their transition amplitudes
these are expressed as sums over complexes, which

associated amplitude given by a simplicial gravity path integral
or a spin foam model (history of spin networks in LQG)
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Paths to Group Field Theory and Tensor Models

LQG Simplicial gravity path integrals | “here is GR if only a finite number
(e.g. quantum Regge calculus) of d.o.f.s is available”
(truncation of GR on a finite lattice)

Spin foam models | T —~—__ .

“quantum space is a superposition of Spin Networks”
(a definition of quantum geometry)

“a history of a SpinNet is a Spin Foam”
(decorated complex)
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Paths to Group Field Theory and Tensor Models

LQG Simplicial gravity path integrals | “here is GR if only a finite number
(e.g. quantum Regge calculus) of d.o.f.s is available”

(truncation of GR on a finite lattice)

Spin foam models | T —__ .

“quantum space is a superposition of Spin Networks”

(a definition of quantum geometry)

[ Non-commutative geometry J

“a history of a SpinNet is a Spin Foam”
(decorated complex)
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Group Field Theory - summary

GFTs = new class of (Tensorial) Field Theories, defined on groups or Lie algebras
GFTs = field theories of spin network vertices or quantum simplices
tentative definition of the microscopic structure and dynamics of quantum space
(both geometry and topology)
. d.o.f. of LQG and simplicial gravity into framework of matrix and tensor models
® new challenges for renormalization theory, applications to statistical mechanics (Bonzom)

interaction process (Feynman diagram): 2-complex ~ triangulation
Feynman amplitude: spin foam model ~ simplicial path integral
dynamics: GFT n-point functions, Ward identities, SD eqns, ....
microscopic dynamics from elementary simplicial geometry --> far from GR
framework for continuum limit and emergent continuum dynamics

tools from QFT: renormalization, mean field theory, symmetries, ...
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GFT - key questions

key questions of Quantum Gravity (of any QG approach):
e what are the “atoms of space” ?

e how to describe their fundamental dynamics ?
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GFT - key questions

key questions of Quantum Gravity (of any QG approach):
e what are the “atoms of space” ?

e how to describe their fundamental dynamics ?
(what is the correct, background independent formalism?)

e what is their fundamental dynamics (eqns, symmetries,..) ?
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GFT - key questions

key questions of Quantum Gravity (of any QG approach):
e what are the “atoms of space” ?

e how to describe their fundamental dynamics ?
(what is the correct, background independent formalism?)

e what is their fundamental dynamics (eqns, symmetries,..) ?
e how does a continuum spacetime emerge ?

e how to identify/extract effective continuum physics ?
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Geometrogenesis (or the problem of the continuum)

a phase transition from a pre-geometric/discrete to
a geometric/continuous phase of quantum space

quantum Regge calculus and spin foams
(on given lattice)

(methods from lattice gauge theory)
Dittrich et al, '09,"10,"11
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Geometrogenesis (or the problem of the continuum)

a phase transition from a pre-geometric/discrete to
a geometric/continuous phase of quantum space

p
quantum Regge calculus and spin foams

(on given lattice)

(methods from lattice gauge theory)
Dittrich et al, '09,"10,"11

(causal) dynamical triangulations
Ambijorn, Loll, Jurkiewicz, Benedetti, ...
since mid-90s and going!

Quantum Graphity
Konopka, Markopoulou, Smolin, ‘07
Markopoulou et al, '08, '09, "10,'11
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Geometrogenesis (or the problem of the continuum)

a phase transition from a pre-geometric/discrete to
a geometric/continuous phase of quantum space

r
- ~ quantum Regge calculus and spin foams

matrix models (on given lattice)
) (methods from lattice gauge theory)
Dittrich et al, '09,"10,"11

~\

tensor models
\. J

(causal) dynamical triangulations
Ambijorn, Loll, Jurkiewicz, Benedetti, ...
since mid-90s and going!

Quantum Graphity
Konopka, Markopoulou, Smolin, ‘07
Markopoulou et al, '08, '09, "10,'11
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Emergence of continuum spacetime in GFT?

expectation: physics of continuum spacetime to emerge from non-perturbative GFT in
‘thermodynamic limit’ of large number of microscopic GFT ‘building blocks’ in one phase

important advantage: tools from statistical field theory and condensed matter physics
- calculational tools (e.g. RG), approximation methods (e.g. mean field approx.)

what is the physical interpretation? a condensate of GFT atoms?
quantum space as a condensed matter system? geometrogenesis is GFT condensation?
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An analogy: Bose Condensates

a Bose condensate below the critical temperature is a (super)fluid, described in
hydrodynamic approximation:

m hydrodynamic variables: density of fluid p(x). velocity of fluid v(x)

hp {H, ;J} V- (pv). hv {H, \'} (v -V)v T‘

dy
with energy density ¢(p).
m for vortex-free flows, derived from extended Lagrangian (with gradient terms):

Liyaro(p,0) = [d'x (3pv* + €(p) — pd0 + K(Vp)*) . v= V0.

What if we quantize this theory?

note: it is non-renormalizable (quadratic divergences, just like GR)

viv) — v(x), plx) — plx),

resulting quantum theory is, first of all, not so physically relevant (before
quantum fluctuations of p or v become relevant, whole hydrodynamic
approximation breaks down

second, classical limit of such quantum hvdrodynamic does not give back th
correct GP Lagrangian, i.e. one obtains different energy functional ' (p)
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An analogy: Bose Condensates

Here we know what the “fundamental” theory is (the theory of everything):
a (non-relativistic) renormalizable scalar quantum field theory with quartic interaction

Y
J‘l.h

,,Y‘J _ “) \l:(_\-)

anm / Hrl.\' ‘IJ ) (); \1’ ‘I"“J ‘IJ " 4 \I’ I {\) ( —

o

+—L /(mz‘.\- / dy U (x)U (y)U(x — y) W (y)¥(x),

to find the effective dynamics of the fluid from the microscopic theory, we need:

some approximation of microscopic theory
prove or argue for phase transition to condensed phase
identify new condensate vacuum
extract effective dynamics around it

...and all this is quite
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An analogy: Bose Condensates

start by approximating microscopic dynamics as:

' N h"T K N 1
H /‘I' i\l( 5 f j'l' t\)‘l’(\}) Wx)d x,
) 2m 2

move away from Fock vacuum W | £.5.) = 0 to a non-trivial vacuum state such

that W (x)|G.S.) =~ v (x)|G.5.)

one assumes that the system is in a macroscopic configuration close to | .S.):
Wix) =~ ()l + v(x).

with ¢'(x) the condensate wavefunction, and y deviations from the mean field .

the microscopic equations for W give then the effective equations for the order

parameter v, which are the GP hydrodynamic equations W — — 10
V= /pe

s

collective variables
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An analogy: Bose Condensates

maybe:
quantum space is like a quantum fluid (condensate)
(some) GFT is like the microscopic field theory for its atoms
e the continuum (hydrodynamic) approximation is appropriate only after a phase transition
. GR is like the effective hydrodynamics of the fluid

to go from one to the other we should use ideas and methods from statistical field
theory and condensed matter theory
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GFT - overview of recent results (last 5 years)

encoding of quantum geometry in GFT - construction of models for 4d quantum gravity

issue: can we construct models that encode correctly simplicial geometry on each complex
(GFT Feynman diagram)?

status:
can build on results in LQG and spin foams (Rovelli, Engle, Pereira, Speziale, Livine, Freidel, ....)

e non-commutative geometry tools allow better encoding/understanding of geometry
(Freidel, Livine, Majid, Noui, Baratin, Oriti, ...)

have several interesting candidate models in 4d, both riemannian and lorentzian
(Engle-Pereira-Rovelli-Livine, Freidel-Krasnov, Baratin-Oriti)
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GFT - overview of recent results (last 5 years)

symmetries - diffeomorphisms?

issues: what are the symmetries of your GFT/tensor model? where are the diffeomorphisms?

status:
the field theory formalism allows to define and study GFT symmetries

e in 3d model, we know the GFT field symmetry corresponding to simplicial diffeos

(vertex translations) in the simplicial path integral (GFT Feynman amplitude)
(Baratin-Girelli-Oriti)
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GFT - overview of recent results (last 5 years)

control over perturbative expansion - scaling and divergences, sum over topologies

issues: can control sum over complexes? do manifolds dominate over singular
configurations? which manifold topologies dominate the sum? if the Feynman
amplitudes are divergent, how do they diverge?

status:
many results obtained for “colored models” (Gurau)

good control over combinatorial/topological properties of diagrams

(Gurau, Ben Geloun-Krajewski-Magnen-Rivasseau, Tanasa, Ryan, Caravelli, Bonzom-Smerlak)

several power counting theorems (for topological models)

(Freidel-Gurau-Qriti, Ben Geloun-Magnen-Rivasseau, Bonzom-Smerlak, Gurau-Rivasseau,...)

pseudo-manifolds are generically suppressed
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GFT - overview of recent results (last 5 years)

e perturbative GFT renormalization

issue: can GFT models be renormalized as standard QFTs?
is your GFT model renormalizable?

status:

e standard and rigorous QFT renormalization techniques can be adapted and applied to GFTs
(and tensor models)

some calculations of basic divergences and counterterms have been performed for
topological models

(Ben Geloun-Bonzom)

some simplified models have been proven to be renormalizable at all orders

(Ben Geloun-Rivasseau, Ben Geloun-Samary)
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GFT - overview of recent results (last 5 years)

e summability and critical behaviour - continuum limit

issues: is the perturbative series (Borel) summable?
is there a phase transition to a continuum space?

status:

some models have been shown to be Borel summable

(Freidel-Louapre, Magnen-Noui-Rivasseau-Smerilak)

e the critical behaviour of some simple tensor models has been studied (analytically)
and a phase transition identified, in the large cut-off limit; the nature of the transition
depends on the model

(Bonzom-Gurau-Riello-Rivasseau, Benedetti-Gurau)
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GFT - overview of recent results (last 5 years)

e effective (non-perturbative) continuum physics?
issues: what is the continuum theory? can extract interesting effective physics?
status:
limited understanding of continuum theory for simple tensor models
no exact results for more involved models

algebra of symmetries for the n-point functions (generalizing the Virasoro
algebra of matrix models) identified for simple tensor models

(Gurau, Caravelli-Carrozza-Oriti)

(limited results) mean field theory approximation resulting in: effective classical
equations for geometry, effective Hamiltonian constraint operator for spin

networks, effective non-commutative matter field theories
(Oriti-Sindoni, Livine-Oriti-Ryan, Livine-Fairbairn, Girelli-Livine-Oriti)

construction of simplified GFT-like models for (Qquantum) cosmology
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Conclusions

a bit early to draw conclusions....
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Conclusions

...In particular, we should be able to do both (platonic) beautiful mathematics
and (aristotelian) real physics!
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