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The universe as a quantum gravity condensate
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This is an introduction to the approach to the extraction of cosmological dynamics from full
quantum gravity based on group field theory condensates. We outline its general perspective,
which sees cosmology as the hydrodynamics of the fundamental quantum gravity degrees of
freedom, as well as its concrete implementation within the group field theory formalism. We
summarise recent work showing the emergence of a bouncing cosmological dynamics from
a fundamental group field theory model, and provide a brief but complete survey of other
results in the literature. Finally, we discuss open issues and directions for further research.

I. INTRODUCTION

We work on quantum gravity because we want to answer, among others, two fundamental questions:
what is the universe made of? what happens to it in extreme physical situations like the big bang,
where General Relativity breaks down?
The first has to do with the very definition of a theory of quantum gravity, the identification of the
candidate microscopic degrees of freedom of spacetime and geometry and matter (the ‘universe’,
after the relativistic revolution) and their fundamental dynamics. The second requires modelling
the large scale features of the same degrees of freedom from within the complete theory, under some
approximation, and showing that they reproduce observational aspects of the universe as described
by semi-classical relativistic cosmological models, while at the same time completing them with a
deeper understanding of the regimes beyond their range of applicability. In fact, this last issue is
also necessarily part of the first. Only after having a convincing story of how the usual description
of spacetime and geometry at large scales arises from the more fundamental quantum gravity one,
we can claim to have identified solid candidates for the microscopic building blocks of the universe.
This is “the problem of emergent spacetime in quantum gravity”[1].
This still the outstanding problem of most quantum gravity approaches, despite decades of successes
on various fronts. This is not to say, of course, that there has not been considerable progress also
in this respect. On the one hand, a number of simplified models have been developed, which, while
not yet derived from or embedded into a fundamental theory, are however directly inspired by it.
One example is loop quantum cosmology [2], which imports insights from loop quantum gravity
[3] into minisuperspace quantization of cosmological spacetimes, and, beside a large number of
interesting formal developments (including mechanisms for the replacement of the cosmological
singularity with a quantum bounce), even suggests phenomenologically testable effects [4].
On the other hand, fundamental quantum gravity formalisms have made their first moves towards
a derivation of cosmology from first principles, using a variety of strategies and with varying degree
of success. For examples of such attempts see [5–7].
In this contribution, we motivate and review one recent line of research which addresses this issue,
in the context of the group field theory formalism for quantum gravity [8], in turn strictly related
to loop quantum gravity, tensor models [9] and lattice quantum gravity [10]: group field theory
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condensate cosmology. Its promise lies in the results already obtained, of course, but even more in
the guiding ideas and in the potential for further developments, which we will try to elucidate.

II. THE GROUP FIELD THEORY FORMALISM

Group field theories (GFTs) [8] are quantum field theories on a group manifold, characterized by
a peculiar type of (combinatorially) non-local interactions.

The basic variable is a (complex) field ϕ : G×d → C, with G a Lie group and d an integer. The key
point is that the domain of the fields should not be interpreted as a spacetime manifold. Rather,
GFT models of quantum gravity should be understood as quantum field theories of spacetime,
and spacetime should emerge from them only in some regime. The classical phase space of each
‘quantum’of the GFT field, an ‘atom of space’, is then (T ∗G)d, while its corresponding Hilbert
space of states is H = L2

(
Gd
)
. The fields ϕ(gi) = ϕ(g1, ..., gd) and the quantum states can also

be written in terms of dual Lie algebra variables, (the ‘momenta’of the GFT quanta) via non-
commutative Fourier transform [11], or in terms of irreducible representations of G, which label a
complete basis of the Hilbert space. For 4d Lorentzian quantum gravity models, and in absence of
additional, matter-like degrees of freedom, the relevant group is usually the Lorentz group SO(3, 1)
(Spin(4) in the Riemannian case) or its rotation subgroup SU(2). Each GFT quantum can be
depicted as a topological three-dimensional polyhedron with d faces [12] (or as a vertex with d
outgoing links) labelled by the d arguments of the field. In fact, 3-simplices, i.e. tetrahedra, are
the most common choice, corresponding to d = 4. A guiding principle for model building is the
requirement that the same polyhedra are geometric ones (in the sense of piecewise-flat geometry),
at least in a classical limit. This translates in precise ‘geometricity’conditions on the fields and
their dynamics (the ‘simplicity’conditions used in spin foam models [17]). The group, Lie algebra or
representation variables labelling GFT states acquire then the interpretation as discrete connection
or metric variables, encoding the geometry of the associated polyhedral structures.

The GFT (kinematical) Hilbert space is a Fock space

F (H) =

∞⊕

N=0

sym
{
H(1) ⊗ · · · ⊗ H(N)

}
H = L2

(
G×d

)
,

where we have assumed bosonic statistics, and we use ladder field operators
ϕ̂(g1, g2, g3, g4), ϕ̂†(g1, g2, g3, g4) [13]. Generic states of this Fock space, build out of a
Fock vacuum which corresponds to a total absence of either topological or discrete geometric
structures, are arbitrary collections of tetrahedra, including those corresponding (via appropriate
restrictions) to connected simplicial complexes. Each combinatorial pattern corresponding to a
choice of connectivity among the quanta encodes a specific simplicial topology of space, and the
GFT formalism naturally allows for quantum superpositions of the same. Equivalently, GFT
states can be associated to (superpositions of) open spin network states, analogous to those of loop
quantum gravity [13]. Interesting operators, whose meaning is suggested by the simplicial geomet-
ric interpretation of the quantities associated to the GFT quanta, can be constructed in the same
2nd quantized language. In fact, one can construct, as GFT observables, all the 2nd quantized
counterparts of the kinematical operators of loop quantum gravity, including operators encoding
the quantum dynamics of the theory, like the Hamiltonian constraint, suitably re-expressed as
acting on the GFT Fock space of spin networks [13]. Simple one-body operators are of the
form Ô =

∫
dg̃idgi ϕ̂

†(g̃i)O(g̃i, gi) ϕ̂(gi) , where O(g̃i, gi) are the matrix elements, in the group
representation, of 1st quantized operators in the Hilbert space associated to individual tetrahedra
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(or spin network vertices). The simplest of such operators is of course the total number operator,
which simply counts the number of GFT quanta in a give state: N̂ =

∫
dg̃idgi ϕ̂

†(g̃i) ϕ̂(gi).

The dynamics of each GFT model is given in terms of an action, which will comprise a quadratic
(free) part and one or more higher order (interaction) parts. The peculiarity of GFTs with respect
to ordinary field theories is that the pairing of field arguments in the interactions is combinatorially
non-local in the sense that they are not simply identified to one another across the various fields
(so that interactions will take place at the same “point”on the group manifold), but only according
to specific patterns of identifications, whose combinatorics is part of the definition of the model.
For the most common models, based on simplicial interactions (associated to 4-simplices), the only
interaction terms are five-valent:

Sλ =

∫
dgv1dgv2ϕ̄(gv1)ϕ(gv2)K2 +

λ

5

∫ ( 5∏

a=1

dgvaϕ̄(gva)

)
V̄5 +

λ

5

∫ ( 5∏

a=1

dgvaϕ(gva)

)
V5, (1)

where the complex-valued functions K2 := K2(gv1 , gv2) and V5 := V5(gv1 , gv2 , gv3 , gv4 , gv5). Each
gva denotes 4 group elements g(va)i , and for simplicity of presentation we have included only two of
the possible terms (with the same coupling constant λ), one involving only the fields and one only
their complex conjugates. With this choice of combinatorics, the possible interaction processes in
the quantum theory, corresponding to GFT Feynman diagrams, are dual to 4d simplicial complexes
of arbitrary topology, sort of discretized spacetimes. These arise in the perturbative expansion of
the partition function (and the transition amplitudes) of the given GFT model:

Z =

∫
DϕDϕ̄ e−Sλ =

∑

Γ

λnΓ

s(Γ)
AΓ , (2)

each weighted by a corresponding Feynman amplitude AΓ, and a symmetry factor s(Γ) counting
the order of the automorphism group of the diagram Γ with nΓ interaction vertices. GFT Feynman
amplitudes can be written in several equivalent forms: a) as lattice gauge theories for gravity (when
written only in terms of group variables) [14]; b) as lattice gravity path integrals for 1st order (BF-
like) gravity actions (when written in terms of Lie algebra variables) [15]; c) as spin foam models,
i.e. sum over histories of spin network states (when written in terms of group representations) [16].

The last fact makes clear how GFTs provide a complete definition of the covariant formulation of
the dynamics of loop gravity spin networks [17], via field theory methods, in addition to being a
2nd quantized reformulation of its canonical, operator-based formulation. In turn, the possibility
of writing down explicitly GFT amplitudes in terms of simplicial gravity path integrals, one for
each simplicial complex summed over in the perturbative GFT expansion, shows that the GFT
quantum dynamics combines the ideas of quantum Regge calculus and dynamical triangulations
[10]. To complete the picture of relations between GFT and other quantum gravity formalisms,
notice that stripping GFT models of their group-theoretic data (which can be done for instance
by reducing the domain G to a finite group or any finite index set) and retaining only their
combinatorial structures, one obtains a statistical theory of random tensors [9]. This is another
fertile area of recent developments, whose results have fed back on GFT allowing a lot of further
progress, especially in the context of GFT renormalization [18]. This is also one context in which
the advantages of the GFT formalism, with respect to the other ones it is related to, become
manifest: it allows to adapt and use standard QFT techniques and ideas to the solution of open
problems in quantum gravity, while remaining fully background independent.
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III. COSMOLOGY AS QUANTUM GRAVITY HYDRODYNAMICS

GFTs paint a picture of the microscopic quantum structure of space and spacetime which is discrete
and algebraic in nature. Any geometric interpretation applies only to a small set of quantum states
and histories and only in some approximation; and when it does, it anyway corresponds only to
piecewise-flat, not smooth geometries. Recovering the latter, with the usual notions of space and
time, is a key challenge. In this sense, the fundamental degrees of freedom of the theory can be said
to be non-spatiotemporal, and spacetime and geometry are emergent. So, in which regime of the
theory should we look for an effective description in terms of smooth spacetime and geometries?
Which class of quantum states and which regime of the dynamics reproduces General Relativity
and, in particular, its cosmological sector?

The basic intuition, as well as our experience with piece-wise flat geometries, and with the various
quantum gravity formalisms related to GFTs, suggest that this regime is one in which a large
number of the microscopic degrees of freedom is involved. For modelling specific physical situations,
one can in principle use simple approximations only involving a few GFT quanta or very simple
GFT interaction processes, but these simple approximations apply in very limited cases and, even
then, one should learn to control what happens when more degrees of freedom are included, to have
any trust in the drastically simplified truncation initially used. Therefore, we have to explore a new
direction, within the theory, that along which more and more degrees of freedom are taken into
account, moving from the regime in which only simple spin network graphs or simplicial complexes
are used. Notice that this is a distinct and possibly independent direction of approximation with
respect to the quantum-classical direction.

The natural tool to move along this direction and to explore the continuum phase diagram of GFT
(and spin foam) models is the renormalization group. The goal is to identify one (or more) contin-
uum phase where an effective description of the quantum dynamics in terms of smooth geometry
and fields is possible, and that is governed by some modified version of General Relativity. Indeed,
GFT renormalization has become a very active direction of research [18], offering a complementary
way to study the renormalization of spin foam models, which can also be tackled from a lattice
gauge theory perspective [19]. At the non-perturbative level, one interesting outcome are many
hints of a condensate phase, emerging in a wide range of GFT models, characterised by a non-zero
expectation value of the GFT field operator. This provides some support to the development of
GFT condensate cosmology.

Before we move to that subject, let us discuss the general problem of understanding cosmology
from within a full quantum gravity formalism, and the perspective we adopt.

If quantum gravity is to be understood, as in the GFT formalism, as a quantum theory of the
microscopic building blocks of spacetime, and the gravitational field, just as spacetime itself, are
the emergent result of their collective dynamics, cosmology is naturally understood as the result
of coarse graining the same microscopic degrees of freedom up to global observables only. In
other words, it is natural to look for General Relativistic dynamics within the hydrodynamics
approximation of the fundamental theory, and for cosmology (intended here are the simplest case
of spatially homogeneous continuum geometries) in the most coarse grained sector of the same
effective hydrodynamics. Another way to argue in the same direction is to re-examine the content
of the ‘Cosmological Principle’from a quantum gravity perspective, as a heuristic guide to the
identification of the cosmological sector of the theory (see also [20]). In usual spacetime language
(with manifolds, continuum fields, etc), the principle states that “every spatial point is physically
equivalent to any other”which translates into a condition of homogeneity of spatial geometries.
In practice, it means assuming that the universe is in a state such that inhomogeneities can be
neglected in comparison with the dynamics of the homogeneous modes, i.e. we can neglect degrees
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of freedom on length scales shorter than the global scale factor. This is indeed the same spirit of
an hydrodynamic approximation, based on neglecting the dynamics of the microscopic degrees of
freedom with respect to the global ones or, better, coarse graining them until they are collectively
captured by a single statistical distribution over the space of ‘single-particle’ data [22]. Cosmology
should then be the hydrodynamics of quantum gravity [58].

A rigorous coarse graining procedure in the full theory, leading to such effective hydrodynamics
description, is of course very difficult to define and control. However, we can already guess what the
result of any proper construction should be. One expects to obtain a description of the macroscopic
universe as a fluid, whose ‘atoms’are the GFT quanta, and whose main collective variable is a
sort of ‘density’ function, plus a ‘velocity’ function. The two variables could be combined in a
single complex scalar field. In line with the cosmological interpretation of this level of description,
these two collective variables should have a domain isomorphic to the minisuperspace of spatially
homogeneous geometries (or their conjugate space of spatially homogeneous extrinsic curvatures),
extended by appropriate matter degrees of freedom. Notice that, if the standard procedure leading
to the reduced 1-particle density from the coarse graining of generic many-particles states is to be
reproduced also in this quantum gravity/cosmology context, also the microscopic quanta of the full
theory should have an associated phase space matching the phase space of homogeneous geometries
(plus matter fields). We should also expect the above collective variables describing the fluid-
universe to be governed by non-linear dynamical equations. Observables encoding cosmological
quantities, which could in principle be computed from the microscopic quantum gravity theory,
should also have an effective expression of a statistical type, involving averages over minisuperspace
computed using the collective density function. These observables would also satisfy non-linear
dynamical equations. This general vision is indeed realised in GFT condensate cosmology.

Even if the the above description of the universe as a quantum gravity fluid is very general, it
may turn out to be realisable or appropriate only in one of the (possibly) many macroscopic
phases in which the same fundamental quantum gravity system may organize itself. If we assign
a physical significance to the non-spatiotemporal building blocks of the universe, as well as to all
their macroscopic phases, and it turns out that geometry and cosmology emerge only in one such
phase, then we can say that spacetime and the universe emerge in quantum gravity through a phase
transition from some non-geometric phase. This idea has been suggested in various contexts and
dubbed geometrogenesis [21]. Our GFT condensate cosmology is a tentative realization of it, also
in light of the mentioned results on GFT renormalization suggesting this type of phase transition.

The step from the microscopic quantum description to the effective cosmological one, involving
a coarse graining of an infinite dimensional set of quantum interacting degrees of freedom, which
are moreover non-spatiotemporal in nature and described in a background independent language,
should be expected to be highly non-trivial, if possible at all. The situation should be compared to
the analogous problem of extracting, directly from the quantum field theory describing the atoms
forming it, the effective hydrodynamic description in some phase of a condensed matter system
(without the crucial help of a detailed understanding of its symmetries and conservation laws).

There is however one case in which this step is rather straightforward, while remaining non-trivial.
This is the very rich case of quantum condensates or superfluids [22]. Here, the effective hydrody-
namic equations of the condensate can be derived even analytically from the quantum dynamics
of the atomic theory, at least in the simplest approximation schemes. Looking at the effective
hydrodynamics of GFT condensate states, and checking its possible cosmological interpretation,
is therefore both a very interesting and a rather convenient strategy, to test the general picture
outlined above, and to try to extract physical consequences from such quantum gravity formalism.
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IV. GFT CONDENSATE COSMOLOGY

Let us now describe the recent work on GFT condensate cosmology, a concrete realization of the
perspective just outlined. We first present the general scheme and results that are to a large extent
model-independent. Then, we discuss in more detail one specific implementation, which shows its
main ideas at work and its promise. We also survey briefly the many other results obtained in this
research programme. Finally, we offer some answers to a number of frequently asked questions,
and put our framework in relation with similar lines of research in related formalisms.

A. The general scheme

The general scheme of GFT condensate cosmology was proposed in [23]. It tackles two issues:
1) the identification of quantum states in the full theory with a consistent interpretation as

continuum cosmological spaces;
2) the extraction, from the fundamental quantum dynamics, of an effective dynamics for this

restricted class of states, which can be understood as cosmological evolution.

The quantum states we look for should have the following features:
a) they are formed by an infinite (or at least very large) number of GFT quanta, i.e. spin

network-type degrees of freedom;
b) they encode the information corresponding to the phase space of homogeneous geometries in

terms of a suitable probability distribution.
The first requirement follows from the desire to have approximately continuum spaces, thus

involving a large number of the degrees of freedom that GFTs associate to finite graphs or simplicial
complexes. The second restricts the search to cosmological data only, which is of course a very
small set of observables, and the underlying quantum nature of the formalism requires that they
are encoded in a probabilistic manner only. The combination of the two requirement implies that
the same quantum states should involve some implicit or explicit coarse graining.

The condensate hypothesis suggests to look for states with a special form: they should endow
each fundamental 3-simplex or spin network vertex with the same information, at least in first
approximation. If the atoms of space were described by a local QFT, this would basically fix
uniquely the form of the states. In GFT, we have the possibility of associating different combi-
natorial patterns to states consisting of several GFT quanta, even when they are individually in
the same configuration, corresponding to the different ways in which we can glue tetrahedra (spin
network vertices) along boundary faces (outgoing links). We can also form superpositions of the
same combinatorial patterns. The condensate requirement can thus be realised in many ways.

The simplest realization of the above criteria is given by the state that, while associating the
same wave function to each GFT quantum, neglects all the connectivity information. It corresponds
to an infinite superposition of states describing disconnected tetrahedra (or open spin network
vertices). This is a coherent state of the GFT field operator:

|σ〉 = e−‖σ‖2/2 e
∫
dgi σ(gi) ϕ̂

†(gi)|0〉 ϕ̂(gi)|σ〉 = σ(gi)|σ〉 (3)

where ‖σ‖2 =
∫
dgvdφ |σ(gv , φ)|

2 = 〈σ|N̂ |σ〉. This state corresponds to an infinite superposition
of infinitely many spin network degrees of freedom (as it becomes transparent by expanding the
exponential operator), but they are captured by a single collective function σ, the condensate
wave function, which is also the expectation value of the GFT field operator in the same state.
For GFT models of 4d quantum gravity, in which appropriate group-theoretic data are used and
suitable constraints ensure the geometricity of the tetrahedra, the domain of the condensate wave
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function σ is isomorphic to the space of continuum spatial geometries (or extrinsic curvatures) at
a point, that is in turn isomorphic to the minisuperspace of homogeneous (anisotropic) geometries
(or corresponding homogeneous extrinsic curvatures) [23, 24]. Intuitively, this isomorphism can
be understood as follows: one can think of embedding the tetrahedra corresponding to each term
in the above superposition into some topological 3-manifold, and try to reconstruct a 3-geometry
(and conjugate variables) from the data provided by the same state; the fact that all tetrahedra are
governed by the same wavefunction implies that the quantum geometric data associated to each
point in space will necessarily be the same; this is the intuitive notion of a quantum homogeneous
geometry. This simple class of product states corresponds to a Gross-Pitaevskii approximation of
any more general condensate state [22], in which entanglement and correlations between the atoms
of the condensate are neglected. Indeed, the connectivity information can be understood precisely
in terms of entanglement between GFT quanta [13, 25]. More general condensate states capturing
topological information in an explicit manner, involving large superpositions of connected graphs,
and suitable to go beyond the homogeneous approximation as well, have been constructed in [26],
and used to model spherical horizons in [27].

This drastic approximation allows however to extract an effective dynamics of such states in a
rather straightforward manner, for any given GFT model defining the fundamental dynamics of
interest [23]. This can be done in several equivalent ways. One is to truncate the Schwinger-Dyson
equations of the given GFT model, as applied to the above condensate state, to the lowest order.
In practice this gives the expectation value, in the condensate state, of the operator counterpart
of the classical equations of motion of the same GFT model:

〈σ|
δS[ϕ̂, ϕ̂†]

δϕ̂†(gi)
|σ〉 = 0. (4)

The effective dynamics so obtained is given exactly by the classical GFT equations, with the
GFT field replaced by the collective condensate wavefunction σ. From the perspective of the GFT
path integral, it amounts to approximate the full quantum dynamics with the saddle point equation,
a mean field approximation. This is the GFT counterpart of the Gross-Pitaevskii hydrodynamics
of a Bose condensate derived from the microscopic atomic field theory [22]: a non-linear equation
for the condensate wavefunction, in turn encoding the density and velocity of the (super)fluid.

Notice that, just like the albeit simple states we have selected contain an infinite number of spin
network or simplicial degrees of freedom, this very simple truncation of the full quantum dynamics
is equivalent to the infinite resummation of the ‘tree-level’spin foam amplitudes or equivalently to
an infinite sum over their dual triangulations weighted by the simplicial path integral defined by
the GFT model. This highly non-trivial result is obtained by a straightforward application of 2nd
quantized QFT techniques, provided by the GFT formalism.

From the cosmological perspective, based on the continuum geometric interpretation of the
condensate wavefunction σ, as a complex function on minisuperspace, what we have obtained
is the following: the effective hydrodynamics of GFT condensates is a non-linear extension of a
quantum cosmology-like dynamics with the condensate wavefunction replacing the usual quantum
cosmology wavefunction; for generic anisotropic condensates, the non-linear term is also non-local
on the domain of the same wavefunction, i.e. on minisuperspace.

For more involved (and realistic) GFT condensate states, the effective hydrodynamics is of
course more difficult to derive, and less straightforwardly related to the microscopic GFT dynamics.
However, all the above general features remain true, as it is its interpretation, matching what we
had anticipated from general considerations.
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B. A concrete realization: bouncing cosmologies from the EPRL GFT model

We now detail the above scheme in one specific GFT model, and also recast the emergent dynamics
in a more physical language, i.e. in terms of cosmological observables. We follow [28].

The starting point is the GFT formulation of the EPRL spin foam model [17, 29] for Lorentzian 4d
gravity. Its key features are: the choice of simplicial combinatorics in the interactions (this can be
generalised [12]); the use of GFT fields over SU(2)4; the embedding of these data into covariant,
SL(2,C) ones, which is the main content of the ‘geometricity’constraints of the model, and that is
implemented in the dynamics, i.e. in the specific form of the kernels KEPRL

2 and VEPRL
5 .

The next step is to extend the set of degrees of freedom of the model by introducing the ones
describing a free, massless, minimally coupled real scalar field. The main motivation is to use
the same scalar field as a relational clock, an internal time variable with respect to which we
can parametrize the evolution of the universe, while maintaining a background independent and
diffeomorphism invariant language. This is a standard strategy in quantum gravity and quantum
cosmology [2, 30]. The guiding principle for the corresponding model building is the same as
for the pure gravity case: obtaining a GFT model whose Feynman amplitudes can be written as
simplicial gravity path integrals for gravity coupled to the scalar field [31], with the discrete scalar
field located on the vertices dual to the 4-simplices of the simplicial complex. This involves:

a) extending the domain of the GFT field to SU(2)4 × R: ϕ̂(gi) → ϕ̂(gi, φ), with the extra
variable φ representing the matter scalar field;

b) defining appropriate kinetic and interaction kernels, which, due to the discretization chosen
and the characterizing symmetries of this type of matter, are generically of the form:

K2(g, g̃;φ, φ̃) = K2(g, g̃; (φ− φ̃)2) V5(gi1, . . . , gi5;φ1, . . . , φ5) = V5({g})

∫
dφ

5∏

v=1

δ(φv − φ) ;

c) a further approximation, justified by the focus on an hydrodynamic regime, of GFT fields that
are slowly varying with respect to the scalar field variable, and which translates into a truncation
of the kinetic term to the 2nd order in a derivative expansion with respect to the same variable.

Starting from the above model, we consider the same type of simple GFT condensate states in-
troduced in the previous section, but now with the extended domain for the GFT fields and for
the condensate wavefunction. On this wavefunction, we then impose an additional restriction to
purely isotropic configurations. The detailed way to do so is discussed in [28], and other analogous
procedures can be found in the literature [23, 24]. The result is a condensate wavefunction that
depends only on a single spin variable (when expanded in modes), or a single group element in a
U(1) subgroup of SU(2), and the real scalar field: σj(φ).

This wavefunction can also be written in more standard hydrodynamic form as:
σj(φ) = ρj(φ) e

iθj(φ), i.e. in terms of the fluid density and phase functions.
Writing down the mean field equations, i.e. the effective cosmological dynamics, for this special

class of condensate wavefunctions, one gets the following equation for each spin component:

Aj∂
2
φσj(φ) −Bjσj(φ) + wj σ̄j(φ)

4 = 0 , (5)

where Aj , Bj and wj are functions of the spin variable only, which encode the microscopic
dynamics of the EPRL model and whose explicit expression can be found in [28].

At this point, we assume that we are in a regime of the dynamics in which the interaction
term, although non-vanishing, is sub-dominant compared to the linear one. This is of course a
statement that involves both the interaction kernel wj and the condensate wavefunction σ. In this



9

last respect, it is analogous to a dilute gas approximation in ordinary Bose condensates. From
the quantum gravity point of view, it is also the regime where the spin foam (or simplicial path
integral) expansion (i.e. the perturbative expansion of the given GFT model) is expected to capture
relevant features of the quantum dynamics. It is also the regime where the simple approximation
adopted for the vacuum state (neglecting entanglement and correlations between GFT quanta) is
expected to be valid (even if it may be valid beyond this regime, as it often happens in BECs).

In this regime, one finds two approximately conserved quantities per spin mode:

Ej = Aj |∂φσj(φ)|
2 −Bj |σj(φ)|

2 +
2

5
Re
(
wjσj(φ)

5
)

Qj = −
i

2

[
σ̄j(φ)∂φσj(φ) − σj(φ)∂φσ̄j(φ)

]

and correspond to a symmetry under shifts of the relational time variable and under U(1) trans-
formations of the condensate wavefunction, respectively.

This completes the definition of the effective cosmological dynamics that is extracted from the
microscopic quantum dynamics of the model. However, we can now translates it into a set of
equations for cosmological observables. Here is where the introduction of the additional scalar field
variable is crucial, since it allows to define within the full theory a set of relational observables
with a clear physical meaning. The observables of interest are all computed from microscopic 2nd
quantized GFT operators, as expectation values in the condensate state:

- the volume of the universe at given value of the relational time:
V (φ) =

∑
j Vj σ̄j(φ)σj(φ) =

∑
j Vjρj(φ)

2, with Vj = j3/2 ;
- the momentum of the scalar field at given relational time: πφ =

∑
j Qj ; notice that this is a

conserved quantity with respect to the relational time, as required by the continuity equation for
a massless free scalar field;

- the energy density of the scalar field at given relational time: ρ =
π2

φ

2V 2 =
~2(

∑
j Qj)

2

2(
∑

j Vjρ2j )
2
.

We can then use the effective hydrodynamic equation for the condensate wavefunction and the two
conserved quantities to derive the dynamics of the volume of the universe. We obtain:

(
V ′

3V

)2

=



2
∑

j Vj ρj sgn(ρ
′
j)

√
Ej −

Q2

j

ρ2j
+m2

jρ
2
j

3
∑

j Vjρ2j




2

, (6)

and

V ′′

V
=

2
∑

j Vj

[
Ej + 2m2

jρ
2
j

]

∑
j Vjρ

2
j

, (7)

where the derivative is with respect to the relational time φ and m2
j = Bj/Aj . We call the above

dynamical equations the generalised Friedmann equations obtained from the quantum dynamics of
GFT condensates, in the Gross-Pitaevskii approximation.

The first thing to notice is that these equations have the correct classical limit, when the
Hubble rate is small compared to the inverse Planck time, which happens at large enough volumes,
i.e. when ρ2j ≫ |Ej |/m

2
j and ρ4j ≫ Q2

j/m
2
j . One can check in fact that, if in the same regime

m2
j ≈ 3GN , then one recovers the standard Friedmann equations for a flat universe. For models

satisfying this condition, the classical limit is recovered then, with an effective Newton constant
which is actually a function of the microscopic parameters of the model (as to be expected for an
hydrodynamic approximation); beyond this regime, one can still interpret the effective dynamics
as a Friedmann one but with a non-Riemannian geometry and an effective Newton constant which
is state-dependent and function of the relational time [32].
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Second, the requirement that one has a non-zero energy density for the scalar field must be
imposed in order to have a good interpretation in terms of a FLRW spacetime. This in turn
implies that at least one of the Qj must be non-vanishing. The implication of this fact for the
dynamics of the universe as described by our generalised Friedmann equations is that the volume
remains positive throughout the cosmic evolution, and with a single turning point. In other words,
our effective cosmological dynamics implies the existence of a quantum bounce replacing the big
bang singularity. It can also be shown that this quantum bounce is followed by a phase of primordial
acceleration driven by quantum effects [32].

Last, one can show that, for simple condensate wavefunctions that have only one single spin
component σjo, the dynamics is governed by the simple equations:

(
V ′

3V

)2

=
4πG

3

(
1−

ρ

ρc

)
+

4VjoEjo

9V
,

V ′′

V
= 12πG +

2VjoEjo

V
(8)

where one recognises immediately the classical terms and the quantum corrections, with ρc =
3πG~

2/2V 2
jo

∼ (3π/2j3o )ρPl. These are exactly the modified Friedmann equations used in Loop
Quantum Cosmology, up to the state dependent terms depending on Ejo . These emerge naturally,
albeit approximately, then, as a a special case of the GFT condensate hydrodynamics.

C. Survey of recent results

We have given more details only on one specific realization of the formalism and some key results
obtained there, but the last few years have seen a large number of interesting developments. We
survey them here, and we refer to [33] for a more extensive review (already a bit out of date!).

We have discussed mainly the case of very simple GFT condensate states in a Gross-Pitaevskii-
type approximation, neglecting all the connectivity information of the spin network graphs entering
the superposition that would be part of any realistic definition of a non-perturbative continuum
vacuum state of the theory. This is obviously a drastic simplification. Dipole condensates have been
studied in [23] but reflect a similar simplification. More realistic GFT condensates states, defined
by large superpositions including very refined spin network graphs (thus, triangulations), have been
constructed in [26]. They use techniques from tensor models for controlling the topology encoded
by the graphs and for defining the appropriate refinement moves, but rely also heavily on the 2nd
quantised formalism and the group-theoretic data of GFTs. This allowed for a straightforward
generalisation to spherically symmetric continuum geometries, and for the application to the study
of quantum horizons and their entropy [27], but they have yet to be analysed at the dynamical
level. The general problem of extracting an effective dynamics from given candidates for the
vacuum states of the theory, and of determining reasonable candidates for such states, has been
approached using the notion of ‘fidelity’in [34].

The effective hydrodynamics of GFT condensates can be turned in the form of an effective
Hamiltonian constraint equation acting on the condensate wavefunction, from which one can try
to read out the relation with gravitational dynamics and the Friedmann equations. This was
anticipated at the general level in [35] as a way to deal with the classical GFT equations, and
in the context of GFT condensate cosmology this has been the strategy followed in [23, 24, 36],
with interesting results. This is however only possible for the free part of the dynamics. The
classical geometric content of the GFT hydrodynamics can also be extracted by assuming that the
condensate wavefunction is a function of minisuperspace variables peaked on some specific point
on the corresponding phase space and extracting the equations for the classical geometric data
determining these phase space configurations. This has been explored in a very first attempt at
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GFT hydrodynamics in [37]. The assumption on the form of the condensate wavefunction amounts
to considering condensates of fundamental simplices or spin network vertices, which are themselves
semi-classical with respect to the simplicial geometry, i.e. they are 1st quantized coherent states.
Although this choice is made also in other approaches to the extraction of cosmology from full
quantum gravity [5, 6], it lacks a compelling justification, and it is actually rather unnatural from
the perspective we have outlined in this paper.

Observables that play the role of cosmological conjugate variables of mini-superspace type in the
emergent cosmological dynamics of GFT condensates are 2nd quantized, collective quantities from
the point of view of the microscopic theory. This has several implications, still to be explored in full.
A preliminary analysis has been done in [38], and it has highlighted the role of the GFT occupation
number in any effective dynamics (for example, the evolution of the occupation number could
drive the suppression of specific terms in the effective cosmological dynamics (e.g. a cosmological
constant?)). In particular, the very cosmological dynamics (e.g. the expansion in the volume of the
universe) may be driven to a large extent by the growth of the occupation number for given value of
the individual quantum geometric data associated to the GFT quanta. This is the basic mechanism
at the basis of the so-called ‘lattice refinement’approach to loop quantum cosmology, realised now
within the full theory. This has been confirmed, among a number of other results, by a number of
works analysing in more detail the relation between the emergent cosmological dynamics of GFT
condensates and the one defined by loop quantum cosmology, including the underlying kinematical
level and the definition of cosmological observables of interest [24, 36, 39].

More recently, the dynamical selection of condensate wavefunctions dominated by a single spin
component has been shown to take place for a rather general class of GFT kinetic terms (and still
neglecting the effect of interactions), in [40].

A number of works have instead explored, with a more phenomenological approach, the effect of
GFT interactions on the emergent cosmological dynamics [32, 41, 42]. This is obviously a crucial
issue. Beside confirming the existence of regimes in which such interactions are subdominant,
reproducing the results discussed in the previous section, these analyses have also shown that
the effects of GFT interactions can be very interesting. In specific ranges for the GFT coupling
constants, and with simple interactions of order four and six added to the effective relational
dynamics derived in the previous section, one sees a realization of a cyclic universe model, wth
a long lasting accelerated phase right after the cosmological bounce, sustained for a large enough
number of e-folds to be a sort of ‘quantum geometric’inflationary phase (so without any inflaton
field or specific inflaton potentials), and then, after the expansion to macroscopic scales, a re-
collapse towards a new bounce. This is reported in [41]. Another possible effect of the GFT
interactions is to drive solutions of the emergent cosmological dynamics to regimes in which the
average occupation number diverges, thus suggesting a breakdown of the Fock representation, and
the need for a new inequivalent GFT representation to describe the quantum dynamics with strong
interactions. This is consistent with a geometrogenesis scenario. The same GFT interactions can
also produce dynamically the dominance of single-spin configurations at late (relational) times that
was see in the free models of [40]. These results have been obtained in [42]. A further analysis
of the role of the GFT interactions in the emergent cosmological dynamics has been done in [43],
where one can find also a first analysis of the role of anisotropies in the emergent cosmological
dynamics, and interesting hints of a dynamical isotropization of the universe that takes place very
quickly in relational time.

Some first steps have also been taken in the extension of GFT condensate cosmology to the
study of cosmological perturbations, restricted to homogeneous metric perturbations [44], and
to inhomogeneous geometries reconstructed from the statistical distribution over homogeneous
geometries provided by the condensate density [39].
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D. Discussion: answers to frequently asked questions and relation with other approaches

We clarify here our perspective on a number of criticisms that have been raised to this approach
and to some results described above.

A first objection is against the use of the simple condensate states corresponding to the Gross-
Pitaevskii approximation to the condensate hydrodynamics, and it stems from the true fact that
such states cannot encode any topological information about quantum space, and they can only
encode in a limited way other information about spatial geometry such as curvature (which also
relies on connectivity information, e.g. in the definition of the gravitational holonomies). Given
this, how can these states be used to represent realistic quantum spaces? The answer is the follow-
ing. First, even when such simple states are plugged in the quantum dynamics, this does produce
states associated to connected graphs, since they are naturally generated by the GFT interactions.
Second, using such states only means assuming that the relevant physical states for describing
cosmology are approximated in some regime by these simple condensate states, i.e. that the in-
formation encoded in the connectivity can be approximately neglected in the choice of reference
quantum states at least when focusing on limited aspects of the quantum dynamics. One expects
that the dynamics of homogeneous gravitational fields (which is in many ways ‘ultra-local’) is one
of them. There is no implication that any realistic state of the theory, solving the full quantum
dynamics, will be of such simple type. This is all the more true when one notices that spin net-
work connectivity encodes the entanglement between GFT quanta [25], since one expects physical
states of interacting quantum systems to be highly entangled. One example is Bose condensates
themselves [22]. But the same example also teaches us that a Gross-Pitaevskii approximation can
capture much useful information about the macroscopic properties of the system, at least in some
regime. This is exactly what we aim to obtain, from our quantum gravity condensates.

The second objection reflects the worry that the approximation in which one neglects GFT
interactions, often used in the literature, cannot give sensible answers, because in spin foam mod-
els one usually encodes most of the information about the quantum dynamics in the spin foam
vertex amplitudes, corresponding to the GFT interaction kernels, and this is also where simplicity
constraints are usually implemented. This objection can be countered at several levels. First,
the simplicity constraints do not encode, per se, any dynamical information as far as gravity is
concerned. They are rather a precondition for interpreting the GFT quanta and their dynamics
(or the underlying spin foam amplitudes) in geometric terms, and so they are implemented the
very moment we use SU(2) data while giving them a geometric meaning. Second, it is possible to
include the simplicity constraints and most dynamical information in the kinetic term as well as in
the potential in the GFT action, by appropriate field redefinitions. This ambiguity is present also
at the spin foam level, where dynamical information can be shifted from the vertex amplitude to
the edge amplitude. This is why it is convenient to work with more general forms of kinetic and
interaction kernels, rather than specific choices, whenever possible and provided important defining
features are implemented. Third, in this framework, the interaction term is present, and so are the
simplicity constraints; only, we restrict our attention to the regime where the contribution of the
interaction term to the equations of motion is subdominant, to check if the dominant contribution
contains already enough cosmological dynamics. The overall scaling of the volume with respect to
the relational time field (the whole content of the Friedmann equations) may well be such a simple
sector of the dynamics to be already captured in this approximation.

A related worry is that the mesoscopic regime in which the GFT kinetic term dominates over
the GFT interactions, while at the same time the volume, and thus the condensate wavefunction, is
large enough to have a good semi-classical approximation, may not exist. A full answer should be
of course quantitative, and the phenomenological analyses of interacting GFT models mentioned
above are important steps in this direction. At the qualitative level, we mention the following.
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First of all, the mere existence in a given GFT model of such mesoscopic regime is guaranteed
simply because the interactions are weighted by coupling constants which can always be tuned to
be small enough, that, when the solution of the free GFT equations is semi-classical, the GFT
interactions are subdominant. They are also expected to be small on general grounds, and this is
also supported by the renormalization group analysis of simpler GFT models [18]. The real issue is
how long (in relational time) this regime lasts. Once more, this depends on the specifics of the GFT
interaction kernels, on their relative amplitudes with respect to the kinetic terms, and on the value
of the coupling constants, and has to be studied in the context of specific solutions of the effective
cosmological dynamics extracted from specific GFT models. As is the case in LQC, therefore,
the requirement of a long enough semi-classical cosmological regime constrains the details of model
building in the fundamental theory (i.e., the ambiguities in the spin foam amplitudes and also in the
choice of the appropriate GFT action). Both will then be further constrained by renormalization
analysis and other formal conditions on the models (e.g. stability against fluctuations).

In most other approaches to the extraction of cosmology from full quantum gravity, the quan-
tum states being used to describe cosmological spacetimes are spin network states with a specific
graph dependence and peaked on classical geometries discretised on the lattice dual to the spin
network graphs, and both the choice of lattice and the choice of discrete geometry to peak on are
selected to match the homogeneity of classical cosmological geometries. This is not what we do in
GFT condensate cosmology. The only restriction on microscopic quantum states is the condensate
hypothesis, which requires a single wavefunction to capture the whole content of the states. This is
also the only sense in which these microscopic states are ‘homogeneous’. This is enough to specify
the whole structure of simple condensate states in the Gross-Pitaevskii approximation, but not for
more involved condensate states [26]. In the latter case, the microscopic states entering the su-
perposition are not themselves homogeneous, for example they do not live on regular graphs. The
coarse grained nature of the cosmological data becomes also much more evident. This is consistent
with cosmology being understood as quantum gravity hydrodynamics, rather than the result of any
symmetry reduction at the fundamental level. It also reflect the distinction between continuum and
semi-classical approximation, which we have also emphasized. The continuum approximation is
the crucial one that should lead us from the microscopic quantum gravity description to the macro-
scopic, geometric one, and the result of taking it may depend crucially on the quantum properties
of the microscopic degrees of freedom, which should therefore be maintained when attempting to
extract effective macroscopic physics. This is exactly what happens in standard Bose condensates,
where the very macroscopic properties of the system in the hydrodynamic approximation are the
result of the quantum nature of the underlying atoms. The GFT condensate wavefunction can
be chosen to be ‘semi-classical’from the point of view of minisuperspace data, but whether this is
useful should only be determined once the effective macroscopic dynamics has been extracted. The
semi-classical limit should be a particular regime of the emergent quantum dynamics, rather than
be an ab initio constraint on the form of the quantum states.

We have presented the framework of GFT condensate cosmology motivating it also with the
idea of a ‘geometrogenesis’phase transition of condensation type. We have also suggested the
possibility that such cosmological phase transition could replace the big bang singularity in the
fundamental quantum gravity theory. The doubt can arise, therefore, if the existence of such phase
transition is actually needed for GFT condensate states to be useful non-perturbative states for
physical purposes, and for GFT condensate cosmology to be a realistic scenario for the universe.
This raises a legitimate worry since no evidence exists yet for such transition in realistic 4d gravity
models. The answer is negative: the condensate hypothesis for the quantum states used to extract
cosmology from the full theory does not rely on the existence of a condensate phase transition. GFT
condensate states may well be used within the Fock representation used to define the perturbative
regime and are simply candidates for physically interesting quantum states. Their actual physical
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interest depends on their effective dynamics, i.e. from their suitability to describe our universe.
Whether or not they also identify a different macroscopic phase of the GFT system with respect
to simple spin network states, this will not affect their physical relevance. A similar consideration
applies to the general idea of cosmology arising in the hydrodynamic approximation of full quantum
gravity. This may well be true, whether or not the appropriate quantum states to be used to
describe our universe are GFT condensates, which only represent a particularly convenient case to
study, since they allow a straightforward extraction of the corresponding hydrodynamic equations.

The perspective on cosmology as the hydrodynamics of quantum gravity also implies a certain
attitude towards another recurrent worry: how many of the microscopic details of the quantum
dynamics, as encoded in a specific GFT model, are crucial for the emergence of the correct cos-
mological dynamics? and which ones? conversely, how many features of the effective cosmological
dynamics are instead universal? As a general answer, inspired by what happens in condensed mat-
ter systems, we should expect that many of the microscopic details that differentiate between GFT
models (e.g. specific way of imposing simplicity constraints, specific weights associated to face or
edge amplitudes in spin foam models, choice of quantization maps, etc) will not modify drastically
the continuum physics extracted from them. The coarse graining procedure may erase them. On
the other hand, some structural aspects of the microscopic models can produce drastic differences
even at macroscopic level. Think for example at the difference between bosonic and fermionic
condensed matter systems. In the end, we will be able to determine what is model-dependent and
what is universal only once we will have a better control on the reconstruction of cosmology from
microphysics, on the phase diagram of GFT models, on their symmetries [45] (which may largely
determine their hydrodynamics) and on the microscopic origin of cosmological phenomena.

We now compare briefly GFT condensate cosmology with other approaches to the problem of
extracting cosmology from quantum gravity.

The view on cosmology realised via GFT condensates is very similar to the one advocated in
[46]. This is based on the idea that quantum cosmology should be understood as a description
of a ‘local patch’ of the universe, small enough to be approximated as homogeneous, and the
building block of a multi-patch dynamics that only can capture correctly cosmological physics.
Rather than symmetry reduction, the theoretical guiding principle should then be the analogy
with condensed matter theory and the physics of many-body quantum systems. This is exactly
our picture of ‘cosmology as quantum gravity hydrodynamics’. The issue is: what is a ‘patch’in our
GFT description of quantum gravity. In GFT condensate cosmology, the basic building block to
which the collective wave function is associated is directly an individual GFT quantum; this is where
the hypothesis of condensation determines the form of GFT hydrodynamics. More generally, a large
number of GFT quanta may need to be coarse grained to obtain an elementary piece of continuum
space that could serve as the starting point for GFT hydrodynamics, thus a GFT patch. Beside
the general philosophy, the perspective in [46] has been implemented in a non-linear generalization
of loop quantum cosmology [47], constructed in analogy with Bose condensates. Its equations are
in fact very close to the classical GFT equations used to describe cosmological evolution in GFT
condensate cosmology (and also to those of the symmetry-reduced models proposed in [48]).

GFT condensate cosmology can be seen also as an attempt to extract cosmology from spin
foam models, since GFT provides one possible definition of a complete spin foam dynamics. Thus
it is natural to compare it with so-called ‘spin foam cosmology’[5]. This strategy amounts to the
straightforward computation of spin foam transition amplitudes for boundary states that admit
an interpretation in terms of homogeneous universes, and their re-writing in terms of an effective
Hamiltonian constraint equation to be compared with the one of homogeneous GR. Beside technical
aspects (see for example [49] for a critical analysis), the main differences stem from a change in
perspective. While in GFT condensate cosmology one tries to extract an effective hydrodynamic



15

description for the collective observables describing a large number of microscopic spin network
degrees of freedom, here the focus is on the spin network degrees of freedom themselves and their
fundamental quantum dynamics. This also implies assigning a continuum interpretation directly
to these degrees of freedom, by using the corresponding simplicial geometries to describe the
physical universe. Moreover, a semiclassical set of states (from the point of view of such simplicial
geometries) is used. In themselves, none of these points is in contradiction with GFT condensate
cosmology, which indeed agrees on the physical nature of spin network data. However, from the
point of view of GFT condensate cosmology, the inevitable approximations used in [5] should be
expected to be of very limited physical validity, and do not allow to bypass the need to extract
a more comprehensive hydrodynamic description for the same spin network degrees of freedom.
Moreover, from this hydrodynamic perspective, the very use of the spin foam expansion to study
continuum physics is questionable, as it would be the use of the Feynman expansion (around the
trivial vacuum state) of an atomic field theory underlying a condensed matter system to study its
macroscopic features. One can obtain the basic setting of [5] within GFT condensate cosmology in
the following way: a) consider a dipole GFT condensate [23], and truncate it to its lowest order in
the number of dipoles (one); b) insert it in the GFT quantum dynamics corresponding to any given
GFT (or spin foam) model, generalised to arbitrary 2-complexes (i.e. beyond simplicial geometric
ones) [12]; c) expand this quantum dynamics in perturbative Feynman diagrams and truncate
this expansion at the lowest non-trivial perturbative order. GFT condensate cosmology does not
suggest that anything is wrong with any of these steps and simplifications, but it suggests that
they capture interesting continuum gravitational physics only in very exceptional cases and that
other methods and approximations should be expected to be more convenient. Of course, only
detailed calculations of physical aspects of our universe can tell to what extent this is the case.

In the canonical LQG framework, a series of works [6] has developed another interesting strat-
egy for extracting cosmology from the full quantum gravity theory. The aim is similar, and in fact,
a similar operator-based approach can be pursued also within GFT condensate cosmology. The
main difference is the focus on a quantum counterpart of the classical symmetry reduction to ho-
mogeneity, rather than on the coarse graining to homogeneous observables capturing the collective
features of microscopic configurations which are not individually homogeneous in any strict sense.
From this different focus, several technical differences follow: the restriction to hypercubic lattices
in [6]; the attempt to solve the Hamiltonian constraint equations exactly rather than an effective,
hydrodynamic-type version of the same; the difficulty in incorporating large superpositions of spin
network states and dynamical lattices; the use of semiclassical coherent states of spin networks.
This being said, a number of similarities can be found also at the technical level between the class
of states used in [6] and GFT condensates, which encourage to have a closer look at the detailed
relation between these two approaches to the same problem.

Finally, we mention that an effective minisuperspace dynamics has been extracted also from the
quantum gravity formalism of causal dynamical triangulations [7]. The general strategy adopted
there seems quite similar to the one of GFT condensate cosmology: focus on the computation
of coarse grained observables like the total volume of the universe in the full quantum dynamics,
without any symmetry reduction in the underlying microscopic configurations, with the effective
dynamics of such observables reflecting the quantum properties of the underlying theory (no semi-
classical approximation taken beforehand) and the continuum limit involving a superposition of a
large number of microscopic degrees of freedom. It is difficult, however, to compare the two strate-
gies in detail, because GFT condensate cosmology deals with the same quantum properties and
large superpositions, in an approximate manner, via field-theoretic tools applied to the GFT that
generates the sum over triangulations, while in causal dynamical triangulations the same sum is
dealt with directly by numerical methods. Still, one feels encouraged to explore further similarities
and differences between the two formalisms.
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V. THE WAY AHEAD

To conclude, we summarise some open issues and research directions within GFT cosmology.
At the more mathematical level, the whole programme of GFT condensate cosmology will bene-

fit from any advance in our understanding of solutions to the full quantum dynamics of interesting
GFT models, i.e. in the characterization of realistic vacuum states of the full theory, in particular
those which can admit a cosmological interpretation. Understanding the full quantum dynamics
also means gaining a better control over the phase diagram of interesting GFT models of 4d gravity;
the goal would of course be to accumulate evidence of a condensate phase of the theory. We should
achieve a better control over the differences produced at the effective cosmological level by different
microscopic GFT models, especially in the Lorentzian case. We need to construct appropriate ob-
servables encoding spatial curvature and topological properties of the universe, and to extract their
contribution to the emergent cosmological dynamics. The same is true for observables capturing
cosmological anisotropies. Related to this, while more interesting condensates states have been
constructed, we have yet to derive their effective hydrodynamic equations, and this is important
exactly because such states allow for a richer encoding of geometric and topological properties of
the universe. Even for simple condensate states, however, in order to give more solidity to the
whole approach, it is mandatory to improve our control over the effects of GFT interactions, to
develop techniques to solve the corresponding non-linear GFT equations, and to perform detailed
analyses of the stability of any solution against fluctuations.

At the physical level, one crucial issue has to do with the fate of cosmological singularities. GFT
condensate cosmology is motivated by the possibility of a cosmological phase transition replacing
the standard big bang scenario. On the other hand, we have seen that one can obtain a bouncing
cosmology from the hydrodynamics of GFT condensates, with a quantum bounce replacing the
big bang. A solid realization of the latter scenario in a full quantum gravity formalism would be
of course tantalizing. GFT condensate cosmology seems to provide it, but this is true only as
long as the hydrodynamic approximation maintains it validity in the regime corresponding to the
quantum bounce. This has to be studied in detail. In both scenarios one needs to extract phe-
nomenological signatures of the regime of the theory that replaces the big bang. For a quantum
bounce, one can build on considerable experience obtained in LQC [4], while for cosmological phase
transitions there are fewer, if still inspiring, references [50]. For doing so, it will be useful to recast
the emergent cosmological dynamics extracted from GFT condensates in the form of some effective
modified gravitational dynamics, to compare it with existing cosmological scenarios for the very
early universe: the inflationary scenario, matter bounce scenarios [51], or emergent universe scenar-
ios [52]. In this effective gravitational dynamics, one should identify clearly the quantum gravity
origin of spatial curvature terms, topological contributions and of any term interpretable as an
effective cosmological constant. Special attention should be payed to the dynamics of anisotropies,
looking for a general quantum gravity mechanism driving the isotropization of the universe during
its evolution. One expects the effective gravitational dynamics to contain a number of quantum
gravity corrections to the standard relativistic one: corrections to the Friedmann equations simply
due to the form of the microscopic quantum dynamics; effects coming from the use of holonomies
rather than connection variables, like in LQC, and effects due to the non-commutativity of flux
variables encoding metric degrees of freedom; macroscopic signatures of the underlying discrete-
ness of quantum geometry (discrete spectra for geometric operators and lattice-like structure of
the fundamental quantum gravity excitations); effects depending on a depletion factor and on the
backreaction of degrees of freedom outside the condensate state (e.g. fluctuations over it). The
real test of the physical significance of GFT condensate cosmology will be its ability to provide a
fundamental understanding of cosmological perturbations. This is also where its phenomenological
consequences should be found. This is of course a technical challenge, as it involves the analysis
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of fluctuations over condensate states within the full theory. But the biggest hurdle is not techni-
cal, as the calculations involved in deriving an effective dynamics for such GFT perturbations are
rather straightforward and not too different from standard ones in condensed matter theory. Both
the definition of GFT perturbations and their effective dynamics will still be expressed in the fully
background independent language of the fundamental theory, purely algebraic and combinatorial,
and the real issue is to translate them in a more customary language of fields over the spacetime ge-
ometry, encoded in the given GFT condensate state around which one is expanding. This amounts
to a derivation of an effective field theory framework for geometry and matter from a full quantum
gravity formalism, obviously a non-trivial task. One strategy to meet this challenge is to extend
the relational approach used in [28], by introducing additional degrees of freedom that can be used
as rods and clocks to identify spacetime points in truly physical terms, and to parametrise the
kinematics and dynamics of GFT perturbations over condensate states [53]. A first step towards
such complete treatment is the implementation within GFT condensate cosmology of the ‘separate
universe’approach to cosmological perturbations, valid for long wavelengths, already adopted in
the context of loop quantum cosmology [54]. This requires moving from simple condensate states
to the GFT analogue of multi-condensate states, with each condensate component describing an
homogeneous patch in an otherwise inhomogeneous universe [55]. The dynamics of each patch
is expected to be approximately governed by the modified Friedmann dynamics discussed above,
and the dynamics of inhomogeneities can be computed by comparing the evolution of different
patches. Less ambitious still, one can formulate in the context of GFT condensate cosmology the
‘dressed meric’approach used in LQC [56], in which one assumes that the effective field theory
of cosmological perturbations remains the standard one, but the the evolution takes place on an
metric background solving the quantum gravity-modified Friedmann equations. This strategy has
the shortcoming of a not too solid foundation, but also the advantage of being straightforward and
of giving immediately indications of possible phenomenological consequences of the theory.

The conceptual aspects of the approach to cosmology exemplified by GFT condensate cosmol-
ogy are not less interesting. One set of issues has to do with the general problem of spacetime
emergence in quantum gravity [1, 57], for which GFT condensate cosmology provides a tentative
(partial) solution. There are then conceptual issues around the notion of geometrogenesis and its
physical interpretation as a dynamical process, a physical event replacing the big bang singularity.
This idea raises a host of philosophical questions, which have also to do with the possibility of
attributing a dynamical characterization to the renormalization group flow in theory space, and
to renormalization group trajectories in the continuum phase diagram of GFT models (or other
quantum gravity models). This is truly unexplored territory in the philosophy of physics literature,
to the best of our knowledge. A number of conceptual issues have instead to do with the general
idea of cosmology as the hydrodynamics of quantum gravity. Not only this represents a departure
from the more traditional, albeit problematic, quantum cosmology framework, but it also comes
with a new bundle of questions. These concern for example the collective nature of cosmological
observables, the significance of the ‘cosmological wavefunction’appearing as the fundamental dy-
namical variable in GFT condensate cosmology, and especially the role and consequences of the
inevitable non-linearities in the associated dynamics [58]. They also represent unexplored territory.

It should be clear, therefore, that like all exciting research directions, GFT condensate cosmology
is attractive because of the new questions it raises as much as for the issues it promises to solve.
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