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Quantum Gravity
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But what is the measure 72?7 On which underlying space-time 57 Should one
also sum over topologies? How to put sources for observables? How to connect
to our classical space-time and to general relativity?

Main mathematical difficulty: perturbative expansion of Agy around trivial flat
4-d space-time is not renormalizable.
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GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ..

Vincent Rivasseau

Pirsa: 13070065 Page 7/75



The Tensor Track

Some History

GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ...

DT: Ambjorn et al (1991) ... evolved into CDT: Ambjorn, Loll, Jurciewicz,
(2001-)...

Vincent Rivasseau

Pirsa: 13070065 Page 8/75



The Tensor Track

Some History

GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ..

DT: Ambjorn et al (1991) ... evolved into CDT: Ambjorn, Loll, Jurciewicz,

(2001-)...

NCQFT: Grosse-Wulkenhaar (2004), Disertori-Gurau-Magnen-Riv. (2006)...

Vincent Rivasseau

Pirsa: 13070065 Page 9/75



The Tensor Track

Some History

GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ...

DT: Ambjorn et al (1991) ... evolved into CDT: Ambjorn, Loll, Jurciewicz,

(2001-)...

NCQFT: Grosse-Wulkenhaar (2004), Disertori-Gurau-Magnen-Riv. (2006)...

LQG : SN = SF = GFT = TGFT

Vincent Rivasseau

Pirsa: 13070065 Page 10/75



The Tensor Track

Some History

GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ...

DT: Ambjorn et al (1991) ... evolved into CDT: Ambjorn, Loll, Jurciewicz,
(2001-)...

NCQFT: Grosse-Wulkenhaar (2004), Disertori-Gurau-Magnen-Riv. (2006)...

LQG : SN = SF = GFT = TGFT
String Theory <= RM ( ) = RT {

-

—

AN
- » “. X

e
ff\'n]]]!
Vincent Rivasseau g

Pirsa: 13070065 Page 11/75



The Tensor Track

Some History

GFT: Boulatov (1992), Reisenberg-Rovelli (2000-), Freidel, Krasnov, Oriti,
Livine - - - (2000-), Bonzom-Smerlak (2010-2011) ...

RM: Wigner (1955), Dyson (1962-), 'tHooft (1974), David and Kazakov
(1985) ...

DT: Ambjorn et al (1991) ... evolved into CDT: Ambjorn, Loll, Jurciewicz,
(2001-)...

NCQFT: Grosse-Wulkenhaar (2004), Disertori-Gurau-Magnen-Riv. (2006)...

LQG : SN = SF = GFT = TGFT
String Theory <= RM ( ) =>RT (
(C)DT = Colored DT = RT

NCQFT 4+ 3d and 4d Gravity = TFT
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Tensor Track (Nicknames: RT, TGFT, T-theory...)
2011
Canadian-French-German-Italian-Romanian-Senegalese
Tensor track leads you to tenure track!

Baratin, Benedetti, Ben Geloun, Bonzom, Carrozza, Dartois, Dine,
Gurau, Kaminski, Krajewski, Livine, Raasakka, Oriti, Riello, Riv., Ryan,
Schaeffer, Smerlak, Tanasa, Vignes-Tourneret...

about 80 and growing. For starters: Gurau, Ryan, arXiv:1109.4812,
Riv. arXiv:1112.5104, arXiv:1209.5284, Oriti, arXiv:1211.5714 ...
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Ben Geloun, Riv.: first renormalizable tensor field theories (2011)
Ben Geloun (+ Dine): asymptotic freedom (2012)

Carrozza, Oriti, Riv.: first renormalizable TGFTs (2012)

Gurau, Ryan: single scaling leads to branched polymers (2013)
Gurau: non perturbative analysis (2013)

Dartois, Gurau, Riv., Schaeffer: double scaling (2013)
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Lessons from 2D Quantum Gravity

The simplest of all random geometries is that of branched polymers, called
continuous random tree in mathematics (Aldous, 1990). It has Hausdorff
dimension 2, spectral dimension 4/3, and corresponds to resumming graphs
with a

2d random geometry can be understood either through the careful counting of
large 2d-triangulations (Feynman graphs of matrix theories) or through the

continuum Liouville theory on a Riemannian surface. Everything indicates that
the two pictures should be equivalent descriptions of pure 2d Quantum Gravity.

It can also be interpreted equivalently as trees or branched polymers equipped
with fluctuation fields, the Schaeffer labels. These fields generate space-time
shortcuts, which lead the Hausdorff dimension to jump from 2 to 4 and the
spectral dimension to jump from 4/3 to 2.

There exists a double scaling limit (Brézin-Kazakov, Douglas-Schenker,
Gross-Migdal), which aims at resumming over all genera (topologies).
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The Tensor Track

Physical Consequences of 2d Quantum Gravity: the KPZ relations

Kazakov, Knizhnik, Polyakov, Zamolodchikov, David, Distler, Kawai,
Duplantier, Sheffield:

There exists a deep relationship between critical exponents x and /. of matter
on a fixed and on a geometry: quantum gravity changes the critical

behavior of matter.
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Physical Consequences of 2d Quantum Gravity: the KPZ relations

Kazakov, Knizhnik, Polyakov, Zamolodchikov, David, Distler, Kawai,
Duplantier, Sheffield:

There exists a deep relationship between critical exponents x and /. of matter
on a fixed and on a geometry: quantum gravity changes the critical
behavior of matter.

and x are scaling Euclidean dimensions or not to quantum gravity
plus matter with conformal central charge ¢ (for pure gravity ¢ = 0,y = /8/3;

for Ising, c =1/2,~v = \/5)
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The Tensor Track

Tensor Invariance

Tensor invariance simply generalizes to tensors of rank D > 3 the vector

invariance of vector models (D=1) and the matrix invariance of matrix models
(D=2).

The unique separable infinite dimensional Hilbert space, H. can be discretized
in many ways as limx—,oc Hk, where Hi has finite dimension k.
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The Tensor Track

Tensor Invariance

Tensor invariance simply generalizes to tensors of rank D > 3 the vector

invariance of vector models (D=1) and the matrix invariance of matrix models
(D=2),

The unique separable infinite dimensional Hilbert space, Hs can be discretized
in many ways as limx—, o Hk, where Hyi has finite dimension k.

The tensor track discretizes Ho as

M = lim HN1®"‘®HND

Ny ,---Np—+00

(hence k = N;.N, --- Np), and postulates that the interactions of the theory
are invariant under changes of orthonormal basis in each

Hny,- -+, Hnp. It is a kind of abstract " pregeometric” relativity principle:
interactions should not depend on the basis in which they are written.
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Tensor invariants and Edge-Colored Graphs

Tensor invariance leads to theories with D-edge-colored graphs as interactions
and as Feynman graphs.
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Tensor invariants and Edge-Colored Graphs

Tensor invariance leads to theories with D-edge-colored graphs as interactions
and as Feynman graphs.

Let 7 be a rank D complex tensor, n . Any
polynomial in the coefficients of T, T invariant under
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Tensor invariants and Edge-Colored Graphs

Tensor invariance leads to theories with D-edge-colored graphs as interactions
and as Feynman graphs.

Let T be a rank D complex tensor, 1 . Any
polynomial in the coefficients of 7, T invariant under
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Tensor Models/Tensor Field Theories

e Ordinary quantum field theories have local interactions but their propagator
involves a Laplace or Dirac operator which softly breaks locality.
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e We proposed that tensor invariance should replace ordinary locality in the
" pregeometric”’ quantum gravity world.

e Hence we propose that in , the tensorial invariance of
tensor models should be softly broken by the propagator.
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The Tensor Track

Tensor Models/Tensor Field Theories

e Ordinary quantum field theories have local interactions but their propagator
involves a Laplace or Dirac operator which softly breaks locality.

e We proposed that tensor invariance should replace ordinary locality in the
" pregeometric”’ quantum gravity world.

e Hence we propose that in , the tensorial invariance of
tensor models should be softly broken by the propagator.

e |t generalizes to higher dimensions the relationship between matrix models
and non-commutative field theories (Grosse-Wulkenhaar).

e Soft breaking of locality has a crucial consequence: it launches a
renormalization group flow.
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What is Renormalization?

Is it about pushing infinities under the rug?
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Kenneth Wilson (1936 - June 2013)

Basic message is that the laws of physics and the appearance (phases) of
matter change with the . This change can be understood
through the renormalization group.
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Renormalization

The Wilsonian message

Kenneth Wilson (1936 - June 2013)

Basic message is that the laws of physics and the appearance (phases) of
matter change with the . This change can be understood

through the renormalization group.

Just renormalizable interactions are the ones which survive long RG flows. No
wonder 2! standard model interactions are just renormalizable!
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Renormalization

The Tensorial Renormalization Group

Renormalization group requires an almost local action +
+ a power counting.

A single RG step integrates over the fluctuation (ultraviolet) fields at a given
scale, then computes the logarithm of the result, which gives the effective
action for the (infrared) background scales. This process is iterated many times.
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