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Plan

Motivations: gravity as an emergent phenomenon

Composite graviton on fixed non-dynamical spacetime

Background independent models: group field theories (a sketch)

The problem of the continuum semiclassical limit...

... and nonlocality



Gravity as an emergent phenomenon

Connections between general relativity and thermodynamics: black holes

Horizon thermodynamics (Padmanabhan)

Einstein equation as an equation of state (Jacobson)

Gravity as an entropic force (Verlinde)

Analogue models (Volovik, Unruh)

AdS/CFT, gravity/fluid, gravity/gauge correspondence



General idea

Idea: spacetime (manifold+geometry+fields...) might be an emergent 
phenomenon, collective/hydrodynamic description of microscopic degrees of 
freedom (think about a BEC, a fluid, the macroscopic description of a CM 
system).

Quantize GR as it is: might not be the best idea

Asymptotic safety: define the theory through a path integral, look for fixed 
points of the functional RG, and try to make sense of a QFT of the metric 
tensor.

Note: even if you attempt to be as conservative as possible (LQG), you will be 
forced to consider the semiclassical continuum limit from a condensed matter 
point of view (collective behavior of the micro d.o.f.)



Models with nondynamical background

Emergent from what? Graviton as a composite massless helicity 2 particle 

• Graviton as a Goldstone boson

• Analogy with BCS (Nambu-Jona Lasinio)

• Analogue models

Weinberg-Witten theorem: limits on massless particles

Common way around: Lorentz violation

Linear level: doable

eaµ ∼ �ψ̄γai∂νψ�



However...

• Problems of going beyond linear order (extra polarizations, need to recover 
something like the Einstein-Hilbert action, at low energy)

• Strong experimental/observational constraints on Lorentz violation (QG 
phenomenology)

• Conceptual point: spacetime geometry given twice as a nondynamical 
background structure 



What we are looking for

• Need a setting in which classical continuum spacetime with quantum matter 
fields arise in a special corner of the theory

• The theory we are looking for should be background independent, 
pregeometric (at some level)

• Presumably, the microscopic building blocks should be algebraic/
combinatorial in nature (no manifold structure, no derivatives,...)

• Might have direct geometrical interpretation or not, at the beginning

Alternative: Akama, 
Amati, Veneziano, 

Wetterich
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Classical EOM

• Hermitian NxN matrices

• Potential

• “Classical theory”: gauge field theory in zero dimensions.

Matrix Models



Z =
�

dM exp(−NV (M))

Di Francesco, Ginsparg, Zinn-Justin 
1993

N ∼ β =
1

kBT
N ∼ 1

�

Statistical mechanics

Feynman diagrams: perturbative expansion is linked to two dimensional compact 
surfaces (sum over all finite polygonulations)

Proposal: use it as the definition of the partition function for two dimensional 
quantum gravity

Matrix Models/2



Propagator

Cubic vertex

i h
j k

‘t Hooft 1974

Diagrammatics



Diagrammatics/2



A(Γ) = N2−2ha(g)

The graphs have a weight which depends on the Euler characteristic of the 
corresponding dual triangulation (topological expansion)

Large N limit: only planar surfaces are contributing! But for the continuum limit 
one has to go for the double scaling limit (sum over topologies)

Equations of motion: loop equations.

Virasoro algebra can be recovered.

Coupling to conformal matter.

Z ∼
�

Γ

A(Γ)

Matrix models/3



Oriti 0710.3276 

Group Field Theories: models (connected to spinfoams, (discrete) simplicial 
gravity models) designed to define a path integral formulation of quantum 
gravity.

Generalization of matrix models (2D QG) to higher dimensions.

Quantum/statistical field theories on group manifolds (SU(2) etc.): purely 
pregeometrical framework.

The partition function is defined by the specification of a certain action, such 
that the perturbative expansion gives as Feynman graphs simplicial complexes 
(with geometric data).

GFT: ideas



SGFT [φ] =
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Z(g) =

�
Dφ exp (−SGFT [φ])

W (g) = logZ(g)

The field for d-dimensional models

The action

The partition function for GFT

And the partition function for QG

φ : G×G · · · ×G� �� �
d

→ C

∼
�

Dgµν exp(−S[g])

GFT: basics
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In practice



�n� = 1

W

∂W

∂ log g
Feynman expansion: discrete geometries

The continuum limit: phase transitions as in 2D

Subtlety: the pure gravity models do possess only a large volume limit 
(discretization scale is purely combinatoric, no dimensions)

Matter is required: ratio between correlation length and combinatorial length 
goes to infinity 

Key issue: the relationship between the continuum and the semiclassical limit

The continuum limit



To do list

Lines of research: 

• How well posed are the models? Mathematical consistency of the GFT path 
integral

• What are the structures that we are summing over? What are the geometrical 
data that we are including?

• how can we implement gravitational dynamics, in Lorentzian signatures, with 
the appropriate constraints imposed?

• matter fields

• critical behavior

• everything else...

Gurau 2010,2011



W (g) = a(g − gc)
γ

Bonzom et al. 2011

Obviously the critical behavior has to be computed from the specification of 
the microscopic action (ongoing work)

Working hypothesis: there is a singular behavior of the partition function and it 
has a specific scaling form.

Key point: all the macroscopic coupling constants will be computable functions 
of the critical exponents (role of universality)

Scaling assumption

LS 2011
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Evaluation of transition amplitudes: specification of boundary states (necessary 
to extract the dynamics)

Correlation functions in GFT

Important point: Schwinger-Dyson equations (and Ward identities) will relate 
all the correlation functions among themselves, and will lead to the 
macroscopic equations (ideally Wheeler-DeWitt equation, etc.)

Boundary states and transition amplitudes
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Macroscopic boundary geometries are “superpositions” of different 
microscopic configurations

Design a boundary state (how? Coherent states?). Ambiguity of the effective 
dynamics (see BECs!) 

Idea: use auxiliary GFTs in one dimension less to generate a sum over all the 
possible random boundary geometries

More general: design boundary states that can be considered serious 
semiclassical states for geometry (point of contact with LQG)

Boundary states

Oriti, Pereira, LS 2011



logG(λ, g) ∼ a(λ− λ�
c)

δ(g − g�c)
γ

One can thus compute something like the Hartle-Hawking wavefunction

Goal: try to reconstruct the Wheeler-DeWitt equation

Idea/2: assume a double critical behavior (continuum limit in the boundary 
AND in the bulk)

Hartle-Hawking



ψ(n) ∼ nδ exp(−αn)

H(x, p) = Φ

�
p− bx

b−1 +
δ

x

�

large volume
only!

With this profile one can argue that the wavefunction has to have a behavior 
like

Go backwards: from the solution to the problem 

Approximate method: Hamilton-Jacobi reversed

Ambiguity: one free function

Towards effective hamiltonian



What you should bring home

• A lot of work to do, but area of intense activity

• Models in which you get continuum, semiclassical limit (ideally semiclassical 
gravity) with a phase transition

• Spacetime emerges as a classical trajectory emerges from quantum 
mechanics, or in a statistical sense, as fluid dynamics emerges from kinetic 
theory

• Macroscopic coupling constant are influenced by the critical behavior (ideas 
on the smallness of the cosmological constant going in this direction, see 
Volovik, Padmanabhan)

• New look at early universe: geometrogenesis (see also Brandenberger, 
Polyakov, Markopoulou, Contaldi, Magueijo, Smolin)

• Connections with other ideas: noncommutative QFTs, DSR Oriti 2011
Gurau, Ryan 2011

Baratin, Ben Geloun, Bonzom, Carrozza, De Pietri, 
Fairbairn, Freidel, Girelli, Gurau, Livine, Louapre, 
Krajewski, Krasnov, Magnen, Noui, Oriti, Perez, 
Raasakka, Reisenberger, Rivasseau, Rovelli, Ryan, 
LS, Smerlak, Tanasa, Vitale, .......

Finazzi, Liberati, LS 2011



Price

The problem is to explicitly recover semiclassical gravity and GR might be the 
last of our problems.

Local quantum field theory is the real test. Deviations will be expected.

Causal relations will become “fuzzy”, since spacetime acquires just a statistical 
meaning (but also matter d.o.f.).

Appearance of spacetime foam/defects effects on macroscopic distances?

Themes are more general than the special implementation of GFT.

Smolin 2012

�3gf , ψf , tf |3gi, ψi, ti� Open up transition amplitudes



Questions

• Phenomenology? What kind of phenomena should we look for?

• In general, how do we construct test theories (SM extension)?

• Early universe? (Geometrogenesis)



Thank you


