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Einstein’s theory of General Relativity

The description of warps in spacetime

Massive objects curve space-time creating a landscape of hills and basins 

Direct detection of gravitational 
waves (ripples of spacetime)        
from the LIGO detectors 

GW150914 
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General Relativity describes the universe at its largest scale with an astonishing precision:

Galaxies,            cluster of galaxies,             black holes,                 the shape and evolution of the universe 



Einstein’s equations at a finite time in the past the universe must have been in a state of ultra-high curvature 
and mass density 

13.8 billion years ago:
matter and energy of today’s universe were confined to a 

space of a subatomic speck 

How did gravity act under such extreme high density conditions? 

Big Bang



A Cauchy hypersurface is an “instant of time” that provides good initial value conditions for the entire space-time. 
More precisely, it is an achronal hypersurface which is met once and only once by all causal endless curves. 

Penrose singularity theorem (1965)

A          set is achronal if each pair of points on it is spacelike- or null-separated. 



A Cauchy hypersurface is an “instant of time” that provides good initial value conditions for the entire space-time. 
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A closed trapped surface is a two-dimensional 
imbedded submanifold S (surface), compact 
without boundary (closed), such that the two 
families of light rays emerging orthogonally from S 
towards the future converge initially (trapped). 
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and if the convergence condition holds for null u , then there are future incomplete null geodesics. 
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Penrose’s singularity theorem shook the GR community. 

Penrose singularity theorem (1965)

If the space-time contains a non-compact Cauchy hypersurface Σ and a closed future-trapped surface, 
and if the convergence condition holds for null u , then there are future incomplete null geodesics. 



Hawking & Penrose singularity theorem 

If the convergence                             and generic                                             conditions hold for causal 
vectors, there are no closed timelike curves and there exists at least one of the following: 

• a closed achronal imbedded hypersurface 
• a closed trapped surface
• a point with re-converging light cone 

then the space-time has incomplete causal geodesics. 



Hawking & Penrose singularity theorem 

If the convergence                             and generic                                             condiZons hold for causal 
vectors, there are no closed Zmelike curves and there exists at least one of the following: 

• a closed achronal imbedded hypersurface 
• a closed trapped surface
• a point with re-converging light cone 

then the space-Zme has incomplete causal geodesics. 

Conclusion:

Under appropriate curvature conditions, GR favours incomplete geodesics versus trapped sets. 
Sometimes, this is a kind of a mystery, for the incomplete geodesics arise even in completely empty 
spacetimes. Notice that the intuitive idea that singularities must have something to do with the 
existence of concentrated matter is then lost. 



Observational consequences of singularity theorems

§ Cosmic censorship
Are the singularities produced in gravitational collapse hidden inside black hole event horizons? 
(weak cosmic censorship) and are singularities non-timelike? (strong cosmic censorship) 
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Observational consequences of singularity theorems

§ Cosmic censorship

§ Critical gravitational collapse

§ BKL (Belinskii, Khalatnikov, and Lifschitz) singularities

Are the singulariEes produced in gravitaEonal collapse hidden inside black hole event horizons? 
(weak cosmic censorship) and are singulariEes non-Emelike? (strong cosmic censorship) 

The ability to produce arbitrarily small black holes is the ability to produce arbitrarily large 
curvature visible to outside observers. Therefore, a configuration of matter that collapses to 
form a “zero mass black hole” actually forms a naked singularity. 

Singularities are spacelike, local, and oscillatory, and “matter doesn’t matter.”
Singularity is well described by the vacuum field equations. 
But is the BKL picture right? 

For most types of matter 
the effect of the matter 
fields on the dynamics of 
the geometry becomes 
negligible near the 
singularity.
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ObservaZonal consequences of singularity theorems

§ Cosmic censorship

§ CriZcal gravitaZonal collapse

§ BKL (Belinskii, Khalatnikov, and Lifschitz) singulariZes

§ Null singulariZes

Are the singularities produced in gravitational collapse hidden inside black hole event horizons? 
(weak cosmic censorship) and are singularities non-timelike? (strong cosmic censorship) 

The ability to produce arbitrarily small black holes is the ability to produce arbitrarily large 
curvature visible to outside observers. Therefore, a configuration of matter that collapses to 
form a “zero mass black hole” actually forms a naked singularity. 

Singularities are spacelike, local, and oscillatory, and “matter doesn’t matter.”
Singularity is well described by the vacuum field equations. 
But is the BKL picture right? 

If both the BKL picture and the null singularity picture are correct, then an observer who 
stays with the star as it is collapsing should encounter a BKL singularity, while an observer 
who enters the black hole long after it forms should encounter a null singularity. 



A very important line of research arises from the tension between the singularity theorems and the (yet 
unfound) theory of quantum gravity.
It is widely accepted that the existence of classical singularities signals the limits of the classical theory at 
extreme conditions, which is precisely when gravitational quantum effects will become relevant. 

Quantum effects
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Inflation and Λ

Inflation implies a violation of the convergence condition, and thus one can consider the possibility that 
actually the Universe is past geodesically complete. 
This is not the case if the weak energy condition (positivity of energy density) holds, but the weak 
energy condition can be violated in inflationary models due to quantum fluctuations: 
As long as an appropriate averaged Hubble parameter is positive, violations of the weak energy 
condition are not enough to avoid past incompleteness of causal geodesics. 
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Quantum effects

Inflation and Λ

Inflation implies a violation of the convergence condition, and thus one can consider the possibility that 
actually the Universe is past geodesically complete. 
This is not the case if the weak energy condition (positivity of energy density) holds, but the weak 
energy condition can be violated in inflationary models due to quantum fluctuations: 
As long as an appropriate averaged Hubble parameter is positive, violations of the weak energy 
condition are not enough to avoid past incompleteness of causal geodesics. 

Inflation as well as the acceleration of the expansion of the Universe are closely related to the existence 
of a positive cosmological constant Λ > 0, which is just the wrong sign for the convergence condition 
used in most singularity theorems. 
Thus, the need to incorporate an explicit Λ > 0 in the singularity theorems. 



Quantisation of gravity        or gravitisation of quantum mechanics     ?

Penrose: Take the principles of general relaUvity as having a 
defining role in how quantum mechanics is to be modified 

An “Einsteinian”, rather than a “Newtonian” treatment of the gravitational 
field should be adopted in a quantum system, in order that the principle of 
equivalence be fully respected. 
This leads to an expectation that quantum superpositions of states involving
a significant mass displacement should have a finite lifetime.



Quantisation of gravity        or gravitisation of quantum mechanics     ?

Penrose: Take the principles of general relativity as having a 
defining role in how quantum mechanics is to be modified 

An “Einsteinian”, rather than a “Newtonian” treatment of the gravitational 
field should be adopted in a quantum system, in order that the principle of 
equivalence be fully respected. 
This leads to an expectation that quantum superpositions of states involving
a significant mass displacement should have a finite lifetime.

The scales at which QM is expected to influence space-time structure would 
indeed be of the Planck length                                                         and Planck time                       

, tiny as compared with ordinary scales.

However, the quantity of relevance for the “gravitisation of QM” is  
which is one very small quantity divided by another very small quantity, which 
need be neither very small nor very large. 



“Theories” of quantum gravity

AdS/CFT asymptotically 
safe gravity

causal sets

dynamical 
triangulations

matrix/tensor 
models

…

group field 
theory

noncommutative 
geometry

loop QG / spin foams 

string theory



String Theory 

Matter  consists of 1-dimensional objects (strings)

§ strings look like particles when not resolved closely enough
§ all particle types are different modes (vibrations) of a string
§ all interactions consist of  splitting and joining of  elementary strings

.   . .

.   .

.  .. . 

. . 
graviton

photon
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The first thing one notices when one quantises a string in flat spacetime is 
that one needs more than four spacetime dimensions. 
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Strings have a tension which defines a new fundamental length scale in 
the theory: 

The first thing one notices when one quantises a string in flat spacetime is 
that one needs more than four spacetime dimensions. 

To remove the tachyon, one adds fermions and requires that the string be supersymmetric. 
This superstring is consistent in ten spacetime dimensions. 
The standard explanation for why we have not seen these extra dimensions is that they are 
wrapped up in a small compact manifold. 

The second thing is that the ground state of the string is a tachyon. 



String theory is much more than just a theory of strings. There are other extended objects: branes

Branes exist in any dimension: 0-branes are point particles, 1-branes are strings, etc. 

Branes are nonperturbative objects in that their tension is inversely related to a power of the string 
coupling. 

Rather than imagine that the extra dimensions are very small, one can imagine that they are much 
larger and we live on a 3+1 dimensional brane in this higher dimensional space. 

All observed particles (quarks, leptons, gauge bosons, etc.) are confined to move on the brane and 
only gravity exists in the bulk since the graviton comes from closed strings. 

String Theory 



Perturbative string theory is equivalent to 2-dim conformal field theory.

Different topologies for the 2-dim world-sheet correspond to different orders in a quantum loop expansion 

The focus is no longer on fields propagating on spacetime, but rather on 2-dim quantum field theories. 
The spacetime metric acts like “coupling constants” on the 2-dim fields. 
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Nonperturbatively (with certain boundary conditions), spacetime is not fundamental but must be 
reconstructed from a holographic, dual theory. 

Holography is the idea that physics in a region can be described by fundamental degrees of freedom living on 
the boundary of this region.



Perturbative string theory is equivalent to 2-dim conformal field theory.

Different topologies for the 2-dim world-sheet correspond to different orders in a quantum loop expansion 

The focus is no longer on fields propagating on spacetime, but rather on 2-dim quantum field theories. 
The spacetime metric acts like “coupling constants” on the 2-dim fields. 

Nonperturbatively (with certain boundary conditions), spacetime is not fundamental but must be 
reconstructed from a holographic, dual theory. 

Holography is the idea that physics in a region can be described by fundamental degrees of freedom living on 
the boundary of this region.

AdS/CFT correspondence (gauge/gravity duality): 
String theory on spacetimes which asymptotically approach the product of 
AdS and a compact space, is completely described by a conformal field theory 
“living on the boundary at infinity”. 

Since there is an equivalence between these descripZons, it makes sense to say that neither is 
fundamental, and so the spaceZmes they describe are also not fundamental

the spaceUme we observe at low-energies is an emergent phenomenon



However,

§ curvature is put by hand

§ landscape (space of all string theory vacua)

Moduli:  a collection of scalar fields. 
Unlike the case of Goldstone bosons, points in the moduli space are not related by a symmetry of the theory. 
Generically, in a quantum field theory, changing the value of a non–Goldstone scalar involves a change of 
potential energy (there is a non–zero field potential). 
Local minima of the potential are what we call vacua. 
If the local minimum is an absolute minimum the vacuum is stable. Otherwise, it is only metastable. 
The value of the potential energy at the minimum is the cosmological constant for that vacuum. 

Assume the existence of a set of fields and a potential. 
The space of all string theory vacua is the landscape. 

more than 



Non-perturbative approaches to Quantum Gravity

The canonical quantum gravity program treats the full spacetime metric itself as a kind of field and attempts 
to quantise it directly without splitting it apart into a flat part and a perturbation.
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bracket relations, which effectively encode the quantum fuzziness associated with Heisenberg’s uncertainty 
principle. 



Non-perturbative approaches to Quantum Gravity

The canonical quantum gravity program treats the full spacetime metric itself as a kind of field and attempts 
to quantise it directly without splitting it apart into a flat part and a perturbation.

One chooses a particular set of configuration variables xi and canonically conjugate momentum 
variables pi which describe the state of a system at some time and can be encoded in a phase space. 

Then, one obtains the time-evolution of these variables from the Hamiltonian H(xi,pi), which provides the 
physically possible motions in the phase space as a family of curves. 

Quantisation proceeds by treating the configuration and momentum variables as operators on a quantum 
state space (a Hilbert space) obeying certain commutation relations analogous to the classical Poisson-
bracket relations, which effectively encode the quantum fuzziness associated with Heisenberg’s uncertainty 
principle. 

The Hamiltonian operator, acting on quantum states, would then generate the dynamical evolution.



Loop Quantum Gravity

Space-time itself is made of quantised, discrete bits, in the form of tiny 1-dim loops

space is not infinitely divisible, but has a granular structure: quanta of space

gravity:                                                                                                      
there is no background space in nature



Loop Quantum Gravity

Space-time itself is made of quantised, discrete bits, in the form of tiny 1-dim loops

space is not infinitely divisible, but has a granular structure: quanta of space

string theory:                                                                                                               
gravitational field = background +  quantum field

loop quantum gravity:                                                                                                  
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- the loops are space; they are the quantum excitations of the gravitational field, which is the physical space

- a state of space is described by a net of intersecting loops

- there is no location of the net, but only location on the net itself



Loop Quantum Gravity

Space-Zme itself is made of quanZsed, discrete bits, in the form of Zny 1-dim loops

space is not infinitely divisible, but has a granular structure: quanta of space

string theory:                                                                                                               
gravitational field = background +  quantum field

loop quantum gravity:                                                                                                  
there is no background space in nature
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- the loops are space; they are the quantum excitations of the gravitational field, which is the physical space

- a state of space is described by a net of intersecting loops

- there is no location of the net, but only location on the net itself

Loop Quantum Cosmology

All but a finite degrees of freedom are frozen



However,

§ matter content of the theory introduced by hand

§ test predictions of the theory in the semiclassical limit,

but how do you define the semiclassical limit?

o understand the noUon of observers in a quantum gravity context

o construct an effecZve theory for an observer who can define a regime in 
which geometry does not need to be described as quantum anymore



Comments on the semiclassical limit

Building an effective theory would allow to extract physics and experimental predictions for quantum gravity.

QG: regime where.                            and                                become relevant. 

Gravitational effects (black hole formation) imply that the Planck length is a minimal distance and that the 
geometry is quantised in quanta of Planck length size. 



Comments on the semiclassical limit

Building an effective theory would allow to extract physics and experimental predictions for quantum gravity.

QG: regime where.                            and                                become relevant. 

Gravitational effects (black hole formation) imply that the Planck length is a minimal distance and that the 
geometry is quantised in quanta of Planck length size. 

Black holes in GR imply a maximal bound on the mass of a system of size L:

Quantum effects imply mass fluctuations of the system of order: 

Assuming that GR and QM sZll hold at such scale, the Planck scale can be defined as the scale where 
quantum fluctuaZons automaZcally saturate the gravitaZonal bound:

Then the mass bound is the Planck mass. 



There is another quantity relevant to QG. 

It is the cosmological constant Λ, that provides an energy density or a local mean curvature. 
It provides us with a second length scale which we can use to obtain a dimensionless parameter:

In the full theory, the Planck length imposes a minimal bound on distances while the ”cosmological” length     
defines a maximal scale. 

The different limits of QG can be defined as:                  (the classical limit),                    (the Newtonian limit), 
(the no-gravity limit or QFT limit),        (the flat spacetime limit). 

This is usually translated in Planck units into 

However generically one can have more subtle mathematical limits having some Planck units running to 0 
while other ones remain finite. 



GFTs are QFTs defined over group manifolds with combinatorially nonlocal interaction terms intending to 
generalise matrix models for 2d  QG in higher dimensions

Basic idea: all data encoded in the fields is exclusively of combinatorial and algebraic nature which turns GFT 
into a background independent FT

Group Field Theory



GFTs are QFTs defined over group manifolds with combinatorially nonlocal interaction terms intending to 
generalise matrix models for 2d  QG in higher dimensions

Basic idea: all data encoded in the fields is exclusively of combinatorial and algebraic nature which turns GFT 
into a background independent FT

§ choice of Lie group G, interpreted as local gauge group of gravity:  SU(2)

§ choice of the combinatorial structure of elementary building blocks :       
the elementary building block of 3dim space is a (quantum) tetrahedron

§ specify theory by the choice of a type of field  - complex scalar field - and a corresponding action                
– a kinetic quadratic term and a sum of interaction polynomials weighted by coupling constants –

encoding the dynamics

Group Field Theory



goal: model homogeneous continuum 3-geometries and their cosmological evolution by means of GFT 
condensate states and their effective dynamics

conjecture: a phase transition in a GFT system gives rise to a condensate phase which corresponds to a 
non-perturbative vacuum of the specific model

described by a larger number of bosonic GFT quanta 
which have relaxed into a common ground state

^

suitable to model spatially homogeneous (quantum) geometries

Group Field Theory Condensate Cosmology



Causal Sets

The space of Lorentzian geometries is replaced by the set of locally finite posets, or causal sets. 
These causal sets encode the twin principles of causality and discreteness.

Causal set theory (CST) takes the Lorentzian character of spaceUme and the causal structure poset (parZally 
ordered set) in parZcular, as a crucial starZng point to quanZsaZon. 



Causal Sets

The space of Lorentzian geometries is replaced by the set of locally finite posets, or causal sets. 
These causal sets encode the twin principles of causality and discreteness.

In the continuum approximation of CST, where elements of the causal set represent spacetime events, 
the order relation on the causal set corresponds to the spacetime causal order and the cardinality of 
an “order interval” to the spacetime volume of the associated causal interval. 

Causal set theory (CST) takes the Lorentzian character of spacetime and the causal structure poset
(partially ordered set) in particular, as a crucial starting point to quantisation. 



Definition: a set C with an order relation ≺ is a causal set if it is 

Causal Sets

acyclic:  x≺y and. y≺x ⇒ x=y,∀x,y∈C
transiUve:  x≺y and y≺z ⇒ x≺z,∀x,y,z∈C
locally finite:  ∀x, y ∈ C, |I[x, y]| < ∞, where I[x, y] ≡ Fut(x) ∩ Past(y) , 

where |.| denotes the cardinality of the set, and Fut(x) ≡ {w ∈ C|x ≺w,x ̸= w} 
Past(x) ≡ {w ∈ C|w ≺ x,x ̸= w}.  

The acyclic and transitive conditions together define a partially ordered set (poset), while the condition 
of local finiteness encodes discreteness. 
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- quantum gravity is a quantum theory of causal sets
- a continuum spacetime (M, g) is an approximation of an underlying causal  set C ∼ (M, g), where
order ∼ causal order
number ∼ spacetime volume 
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Causal Sets

acyclic:  x≺y and. y≺x ⇒ x=y,∀x,y∈C
transiUve:  x≺y and y≺z ⇒ x≺z,∀x,y,z∈C
locally finite:  ∀x, y ∈ C, |I[x, y]| < ∞, where I[x, y] ≡ Fut(x) ∩ Past(y) , 

where |.| denotes the cardinality of the set, and Fut(x) ≡ {w ∈ C|x ≺w,x ̸= w} 
Past(x) ≡ {w ∈ C|w ≺ x,x ̸= w}.  

The acyclic and transitive conditions together define a partially ordered set (poset), while the condition 
of local finiteness encodes discreteness. 

CST makes the following radical proposal:
- quantum gravity is a quantum theory of causal sets
- a continuum spacetime (M, g) is an approximation of an underlying causal  set C ∼ (M, g), where
order ∼ causal order
number ∼ spacetime volume 

The choice of Lorentzian over Euclidean, the path integral over canonical quanZsaZon and discreteness over the 
conZnuum leads to a CST-like theory.
Choosing the Lorentzian-Hamiltonian-conZnuum route leads to a canonical approach like Loop Quantum Gravity. 



Noncommutative spectral geometry

QG  :   spaceZme is wildly noncommutaZve manifold at very high energies

At an intermediate scale, the algebra of coordinates is only a mildly 
noncommutaZve algebra of matrix valued funcZons

if suitably chosen             standard model (SM) coupled to gravity

bottom-up approach

guess small-scale structure of ST from knowledge at EW scale 

To construct a quantum theory of gravity coupled to matter,  gravity-matter 
interaction is the most important aspect for dynamics



Noncommutative spectral geometry

QG  :   spaceZme is wildly noncommutaZve manifold at very high energies

At an intermediate scale, the algebra of coordinates is only a mildly 
noncommutaZve algebra of matrix valued funcZons

if suitably chosen             standard model (SM) coupled to gravity

bopom-up approach

guess small-scale structure of ST from knowledge at EW scale 

To construct a quantum theory of gravity coupled to mamer,  gravity-mamer 
interacZon is the most important aspect for dynamics

To express gravity using the same language as for quantum mechanics, one must instead of points in a manifold 
take the algebra of coordinate functions.
Quantum mechanics is intrinsically noncommutative: noncommutativity of position and momentum

Noncommutative algebra

Consider a classical space and use any kind of information we have, e.g., phase space; it cannot he 
automatically encoded in a quantum approach.
The quantum algebra of the observables is some sub-algebra, so you loose some information

This geometry is a fuzzy space



MaWer and Gravity from (noncommutaEve) geometry
space-time (4-dimensional) with extra dimensions (noncommutative)

Geometry: tensor product of an internal (zero-dim) geometry for the standard 
model  of particle physics and a continuous geometry for space-time

gravity on this product space =  gravity + matter on ordinary 4dim space-time

a different way to think about geometry…

§ instead of measuring distances between points, one could measure the way a geometric object vibrates if we bang it

§ from the frequencies of the resulEng tones, one could then extract informaEon about the geometry 

weyl (1911)

NoncommutaUve spectral geometry



Matter and Gravity from (noncommutative) geometry
space-Ume (4-dimensional) with extra dimensions (noncommutaUve)

Geometry: tensor product of an internal (zero-dim) geometry for the standard 
model  of particle physics and a continuous geometry for space-time

gravity on this product space =  gravity + matter on ordinary 4dim space-time

a different way to think about geometry…

§ instead of measuring distances between points, one could measure the way a geometric object vibrates if we bang it

§ from the frequencies of the resulting tones, one could then extract information about the geometry 

weyl (1911)
Can one hear  the shape of a drum?

Can one deduce the precise shape of the drum just from hearing the fundamental tone and all overtones, 
even though one cannot see the drum?
In ordinary Riemannian geometry, the shape of a drum cannot be heard milnor (1964)
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In ordinary Riemannian geometry, the shape of a drum cannot be heard milnor (1964)

NoncommutaUve spectral geometry

One can hear the shape of a spectral triple (spinorial drum).

Its dynamics are given by a spectral acEon that sums up all frequencies of vibraZon of space [spaceZme + extra (internal 
space) dimensions].
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SM: a phenomenological model which dictates spacetime geometry

4-dim ST with an internal Kaluza-Klein space attached to each point;  the 5th dim is a discrete, 0-dim space

If       suitably chosen               standard model coupled to gravity 

Almost commutaEve geometry
spectral triple

Consider GR as an effecZve theory and build a cosmological 
model based on this noncommutaZve geometry. 

Test its observational consequences against current data



However, this model is so far

§ almost commutaZve
(more general noncommutaEve spaces)

§ classical
(connecEon with brane theory or LQG)

§ tailored to explain the standard model
(larger algebra)



QG motivated cosmological model



Cosmology: an ideal test bed for a Quantum theory of Gravity (a quantum theory of spacetime geometry)

Quite unlikely to have, in the near future, laboratory experiments that test quantum gravity:
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But, we are living “within” a big experiment that 
goes on for 14 Gyr releasing data which cover 
over 42 lyr of space: our Universe

Planck energies were reached in the very early 
Universe and footprints of that era can be found 
in the late Universe within which we live 

At very high energy scales, quantum gravity correcZons can no longer be neglected, spaceZme as a 
conZnuum medium may no longer be valid,  and  geometry  may  altogether  lose  its  familiar  meaning 



Quantum Gravity: a framework to build a Cosmological model based upon a fundamental theory

Fundamental quesZons in Cosmology:

§ Emergence of space and Zme (standard cosmology: Universe emerged from a singularity)

§ Origin of an early-Zme exponenZal expansion of the Universe (inflaZon vs. alternaZves)

§ Origin of a late-Zme accelerated expansion of the Universe (dark energy)

§ Origin of cosmological perturbaZons (inflaZon / bounce models / quantum fluctuaZons of geometry)



ΛCDM : phenomenological model based on GR, supplemented by two 
unknown ingredients (CDM and dark energy), and complemented by an 
inflationary scenario (dynamics are fixed but origin is unknown while 
particular initial conditions may be required)

Comment:

Historically the major breakthroughs in physics have been achieved when  someone comes up with a theory 
based on simple premises of universal validity 

The universality may later be in quesEon, leading to further developments and new steps forward

Now, we need to take one more step

We accumulate more and more data but we lack a saEsfactory theory to accommodate them and we are 
playing with models rather than theories

Science does not get along with make-dos, like models:                  
it  needs theories 



Early-time exponential expansion of the Universe 

Despite the enormous number of papers on cosmological inflation (>14000 papers with “inflation” in title or 
abstract), inflation remains a paradigm in search of a theory

§ onset of inflation (initial conditions for its realisation)

§ origin of the inflaton as a matter field

§ origin of inflation as modification of gravity

§ trans-planckian problem

§ alternatives to inflation
- matter bounce scenario (based on duality invariance of perturbation spectra)
- pre-big-bang scenario (an approach to superstring cosmology)
- ekpyrotic scenario (motivated by Horava-Witten theory – M-theory in 11 dim)
- string gas cosmology (based on fundamental principles of superstring theory)

Goldwirth & Piran, Calzetta & Sakellariadou

Starobinsky

Brandenberger and Martin

Brout, Englert, Gunzig; Guth; Linde; Sato

Brandenberger and Vafa

Khoury, Ovrut, Steinhardt, Turok

Finelli and Brandenberger

Gasperini and Veneziano



Emergence of space and time from String Theory 

AdS/CFT duality (gauge/gravity duality): a 10-dim string theory is equivalent to a 4-dim gauge theory.

One way to view such dual pairs is in terms of the two theories (the gauge theory and a gravitational 
theory) being distinct classical limits of a more all-encompassing quantum theory. 
In this case, the classical emergent structures also include the specific gauge symmetries and degrees of 
freedom of the limiting theories. 



Emergence of space and Ume from String Theory 

If space and time are not fundamental, what replaces them?

There is an auxiliary spacetime metric which is fixed by the boundary conditions at infinity.
CFT uses this metric, but the physical spacetime metric is a derived quantity.
The spacetime is not emerging from “strings”; the fundamental strings of string theory are also derived 
quantities.
Both the strings and spacetime are constructed from CFT.

The underlying theory from which space, gravity and strings emerge is a local 4dim quantum field theory

AdS/CFT duality (gauge/gravity duality): a 10-dim string theory is equivalent to a 4-dim gauge theory.

One way to view such dual pairs is in terms of the two theories (the gauge theory and a gravitational 
theory) being distinct classical limits of a more all-encompassing quantum theory. 
In this case, the classical emergent structures also include the specific gauge symmetries and degrees of 
freedom of the limiting theories. 



Consider a box of strings in thermal equilibrium and initially with large radius. 

Since the energy of the momentum modes is quantised in units of 1/R, where R is 
the radius of a toroidal section, the momentum modes are light and most of the 
energy of the thermal bath will be in these modes. 
As we decrease the radius R, the momentum modes become heavier. 

In thermal equilibrium, the energy will gradually flow into the oscillatory modes 
(whose energy is independent of R) and into the winding modes whose energy is 
quantised in units of R and hence become light as R decreases. 

The temperature initially increases as R decreases, but then levels off as the 
Hagedorn temperature is approached. Once R becomes very small, the energy all 
flows into the winding modes and the temperature T(R) decreases again. 





String Gas Cosmology

Consider iniZal condiZons with all nine space dimensions small and wound by the winding modes of the 
equilibrium string gas at a temperature close to the Hagedorn temperature. 

The winding modes iniZally prevent any of the spaZal dimensions to grow. 

In order for space to expand, the winding modes must be able to annihilate. 
This requires the intersecZon of string world sheets. 

Since string worlds sheets - in the absence of long range forces - have vanishing probability to intersect in 
more than three spaZal dimensions, only three dimensions are able to “effecUvely decompacUfy” and 
become large.

Brandenberger and Vafa
Sakellariadou



Onset of InflaUon within String Theory

Eternal inflation: once inflation starts, it never ends.

- we expect inflation to end because the repulsive-gravity material is unstable.
- the repulsive-gravity material is also expanding exponentially: the expansion is much faster than the decay. 



Onset of InflaUon within String Theory

Inflationary universe may consist of many parts with different properties 
depending on the local values of the scalar fields, compactifications, etc. 

Eternal inflation: once inflation starts, it never ends.

- we expect inflation to end because the repulsive-gravity material is unstable.
- the repulsive-gravity material is also expanding exponentially: the expansion is much faster than the decay. 

The four horizontal bars represent a patch of the universe at four evenly 
spaced successive times. 
The expansion of the universe is not shown, but each horizontal bar is 
actually a factor of three larger than the preceding bar, so each region of 
repulsive-gravity material is actually the same size as the others. 
During the time interval between bars, 1/3 of each region of repulsive-
gravity material decays to form a pocket universe.                                               
The process repeats ad infinitum, producing an infinite number of pocket 
universes. 



SpeculaUons from String Theory: the MulUverse

Radical proposal: there could also be other Big Bangs that might be completely disconnected from ours. 
The ensemble of universes is referred to as the “multiverse”.
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interpretation of quantum mechanics, in which the universe branches every time an observation is made.



SpeculaUons from String Theory: the MulUverse

Radical proposal: there could also be other Big Bangs that might be completely disconnected from ours. 
The ensemble of universes is referred to as the “multiverse”.

§ Level I multiverse (relatively uncontroversial) : in the Big Bang theory there should be many expanding 
domains beyond the horizon distance. 

§ Level II multiverse: there could be other Big Bangs that are completely disconnected from ours.                           
If there is a model for generating our own Big Bang, then it could also produce other Big Bangs.

- a single universe undergoes cycles of expansion and recollapse
- eternal inflation: the universe is continually self-reproducing (infinite number of bubbles in space and time).

§ Level III multiverse: Quantum cosmology is most naturally interpreted in the context of the “many worlds” 
interpretation of quantum mechanics, in which the universe branches every time an observation is made.

§ Level IV multiverse: completely disconnected universes, governed by different laws or mathematical 
structures. The assumption here is that any mathematically possible universe must exist somewhere.



SpeculaUons from String Theory: the MulUverse

The reality of a multiverse is currently untestable, and it may always remain so:
Astronomers may never be able to observe the other universes with their telescopes and particle 
physicists may never be able to detect the extra dimensions with their accelerators.



A Universe from colliding branes: the EkpyroZc Universe

The universe is consisting of a 5dim spacetime with two bounding 3-branes separating by finite gap.
One of the 3-branes (visible) corresponds to our 4-dim universe; the other is the hidden.

The universe begins in the simplest state possible, one which is cold, nearly BPS, and nearly vacuous.
At some time, a bulk brane exists or is nucleated in the vicinity of the hidden brane and begins to move 
towards the visible brane. 
The bulk brane eventually collides with the visible brane and is absorbed in a small instanton phase transition.

This transition may change the gauge group on the visible brane to the SM gauge group, as well as create three 
families of light quarks and leptons.

At the moment of collision, a fraction of the KE of the brane is converted to thermal excitations of the light 
degrees of freedom on the visible brane, causing the universe to enter a FLRW RDE.

Ripples on the bulk brane imprint a spectrum of energy density fluctuations consistent with observations and 
which provide the seeds of structure formation.

Scenario for the beginning of the hot Big Bang universe, within string theory and supergravity.





Strongly blue GW spectrum



The Swampland program aims to distinguish effective theories which can be completed into quantum 
gravity in the ultraviolet from those which cannot.

The Swampland

The sub-set arising from string theory is the string landscape; all others are in the string swampland 

The Swampland can be 
defined as the set of 
(apparently) consistent 
effecEve field theories that 
cannot be completed into 
QG in the ultraviolet.







v

current observational 2σ bound on w(z) for 
0 < z < 1 based on SNeIa, CMB , BAO data 

predicted w(z) for exponential quintessence potentials 
with different values of constant λ under the constraint 
that Ωφ(z = 0) = 0.7 and assuming some initial conditions 



Singularity resolution within Loop Quantum Cosmology (symmetry reduced, cosmological sector of GR)

The classical FLRW spaceZme - characterised by scale factor            and mamer fields           - is replaced 
by a quantum state                     that is to saZsfy the quantum versions of Einstein’s field equaZons

Quantum fields represenZng cosmological perturbaZons propagate on a quantum geometry 
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investigation of the early universe. While there are also other contexts in which LQG

has led to new insights, we chose this example because it has drawn the most attention

within the community so far.

Friedman, Lemâıtre, Robertson, Walker (FLRW) solutions of GR, have a big bang

singularity if matter satisfies the standard energy conditions. However, already in

the 1970s Wheeler expressed the hope that quantum gravity e↵ects would resolve this

singularity and there has been considerable work in quantum cosmology since then. In

LQC, Wheeler’s hope has been realized in a precise sense: the big bang is replaced by a

specific big bounce and all physical observables remain finite throughout their evolution.

Therefore one can extend the standard inflationary scenario to the deep Planck regime in

a self-consistent manner, leading to observable predictions. It turns out that, thanks to

an unforeseen interplay between the ultraviolet and the infrared, the quantum geometry

e↵ects from the pre-inflationary phase of dynamics leave certain signatures at the largest

angular scales that can account for certain anomalies observed in the cosmic microwave

background (CMB). We will first summarize results on singularity resolution and then

turn to the interplay between fundamental theory and observations.

4.1. The big bounce of LQC

Big Bang is often heralded as the clear-cut beginning of our physical universe. However,

as Einstein himself pointed out, it is a prediction of GR in a regime that is outside

its domain of validity: “One may not assume the validity of field equations at very

high density of field and matter and one may not conclude that the beginning of the

expansion should be a singularity in the mathematical sense” [119]. Indeed, we know

that quantum e↵ects dominate in neutron stars because of high density ⇢ ⇠ 1018 kg/m3;

without the Fermi degeneracy pressure, neutron stars would not even exist! Similarly,

gravity e↵ects are expected to dominate in the Planck regime –i.e., once matter density

reaches ⇢ ⇠ 1097 kg/m3– and qualitative change the classical GR dynamics, well before

the big bang is reached. In fact, when cosmologists now speak of the ‘big bang’ they

generally refer to a hot phase in the early universe (e.g., at the end the reheating process

after inflation); not the initial singularity in the FLRW models! (See, e.g., [120].) By

now, resolution of the big bang singularity has been arrived at in a variety of programs.

However, it is fair to say that the systematic conceptual and mathematical framework

was first introduced in detail in LQC (see, e.g., [121]-[129], [13, 8]).

We will now summarize the main ideas and illustrate the key results. Standard

investigations of the early universe are carried out assuming that spacetime is well

approximated by a spatially flat FLRW background spacetime, together with first

order cosmological perturbations, described by quantum fields. Therefore, as in every

approach to quantum cosmology, in LQC one starts with this cosmological sector of GR.

The classical FLRW spacetime –that is characterized by a scale factor a(t) together with

matter fields, say �(t)– is now replaced by a quantum state  (a,�) that is to satisfy the

quantum versions of the Friedmann and Raychaudhuri equations. Note that reference
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Singularity resoluUon within Loop Quantum Cosmology (symmetry reduced, cosmological sector of GR)
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to the proper time t has disappeared –quantum dynamics is relational, à la Leibnitz:

for example, one can use the matter field � as an internal clock, and describe how

the scale factor evolves with respect to it. Quantum fields representing cosmological

perturbations now propagate on a quantum geometry  (a,�).

There are two features of LQC that distinguish it from the older Wheeler-DeWitt

theory, i.e., cosmological models in the framework of quantum geometrodynamics: (i)

mathematical precision and conceptual completeness of the underlying framework, which

in turn, led to (ii) a singularity resolution through a quantum bounce with specific

physical attributes. The starting point is the LQG quantum kinematics, summarized

in section 2.2, but now suitably restricted by the requirements of spatial homogeneity

and isotropy. Thus, there is a symmetry-reduced holonomy-flux algebra ARed where the

links `, surfaces S and test fields f i are now restricted by the underlying symmetry. It

turns out that there is a ‘residual’ group of di↵eomorphisms on the spatial 3-manifold

M that has non-trivial action on ARed. Therefore, as in full LQG, one can again use

the requirement of background independence to demand invariance under this action

and select a unique representation of ARed [130, 131]. As with Hkin
grav in full LQG, the

Hilbert space Hkin
Red carrying the representation of ARed has novel features that descend

from the area gap � of LQG (which are not shared by the Schrödinger representation

normally used in quantum geometrodynamics). As a result, the quantum version of the

Hamiltonian constraint is also strikingly di↵erent from the Wheeler-DeWitt equation of

quantum geometrodynamics. One can now take a quantum state  (a,�) that is sharply

peaked on the classical trajectory in the ‘late epoch’ –when spacetime curvature and

matter density are low compared to the Planck scale– and use the quantum Hamiltonian

constraint to evolve it back in time (w.r.t. the ‘matter clock’) towards higher curvature

and density. Interestingly, the wave packet follows the classical trajectory till the density

increases to ⇢ ⇠ 10�4⇢Pl. Then the quantum geometry e↵ects cease to be negligible and

the evolution departs from the classical trajectory.  (a,�) is still sharply peaked but

the quantum corrected trajectory its peak now follows undergoes a bounce when the

density reaches a critical, maximum value ⇢sup := 18⇡G~2/(�3) ⇡ 0.41⇢Pl, and then

it starts decreasing. Again when the density falls to ⇢ ⇠ 10�4⇢Pl, quantum corrections

become negligible and GR is again an excellent approximation (see, e.g., [122, 13, 8]).

Thus, quantum geometry e↵ects create a bridge joining our expanding FLRW branch

to a contracting FLRW branch in the past. These qualitatively new features arise

without having to introduce matter that violates any of the standard energy conditions,

and without having to introduce new boundary conditions, such as the Hartle-Hawking

‘no-boundary proposal’; they are consequences just of the quantum corrected Einstein’s

equations. In particular, in the limit �! 0 –i.e., in which we ignore quantum geometry

e↵ects– ⇢sup ! 1. Thus, the existence of the bounce and the upper bound on the

density (and curvature) can be directly traced back to quintessential features of quantum

geometry. In the models that have been worked out in detail also in the Wheeler DeWitt

theory, there is no bounce, and both matter density and curvature remain unbounded

above [122].
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Many of the consequences of the LQC dynamics can be readily understood in terms

of e↵ective equations that capture the qualitative behavior of sharply peaked  (a,�).

They encapsulate the leading order corrections to the classical Einstein’s equation in the

Planck regime. While these corrections modify the geometrical part (i.e. left side) of

Einstein’s equations, it is convenient to move them to the right side by a mathematical

rearrangement. Then, the quantum corrected Friedmann equation assumes the form
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where the second term on the right side represents the quantum correction. Without

this term, i.e., in classical GR, the right side is positive definite, whence ȧ cannot vanish:

the universe either expands out from the big bang or contracts into a big crunch. But,

with the quantum correction, the right side vanishes at ⇢ = ⇢sup, whence ȧ vanishes there

and the universe bounces. This occurs only because the LQC correction ⇢/⇢sup naturally

comes with a negative sign which gives rise to an e↵ective ‘repulsive force’ in the Planck

regime. The occurrence of this negative sign is non-trivial: in the standard brane-

world scenario, for example, Friedmann equation is also receives a ⇢/⇢sup correction

but it comes with a positive sign (unless one makes the brane tension negative by

hand) whence the singularity is not resolved naturally. Finally, there is an excellent

match between analytical results within the quantum theory, numerical simulations and

e↵ective equations. Finally, these considerations have been extended to include spatial

curvature, non-zero cosmological constant, anisotropies (see, e.g., [13, 8] and references

therein) and also the simplest inhomogeneities captured by the Gowdy models [125] and

to the Brans-Dicke theory [126].

Remarks:

(i) Note that, as we explained above, the term “e↵ective equations” refers to the leading

order LQC corrections to Einstein’s equations for states  (a,�) that are sharply peaked

on a classical trajectory at late times. In contrast to the procedure used in standard

e↵ective field theories, one does not integrate out ultraviolet modes.

(ii) The big bounce has been analyzed in detail in a large number of LQC papers,

using Hamiltonian, cosmological-spinfoam and ‘consistent histories’ frameworks (see,

e.g., [13, 8]). Taken together, these results bring out the robustness of the main results.

Recently some concerns were expressed about certain technical points [127]. Their

main thrust was already addressed, e.g., in [123, 129, 13] and in the Appendix of [128].

However, one should keep in mind that, as in all approaches to quantum cosmology, in

LQC the starting point is the symmetry reduced, cosmological sector of GR. The issue

of arriving at LQC from LQG remains a subject of active investigation (see section 5).

4.2. Can one see quantum geometry e↵ects in the sky?

The quantum corrected dynamics of LQC has been used to make contact with

observations especially (but not exclusively) in the context of inflation. This paradigm

assumes that, in its early history, the universe underwent a nearly exponential expansion
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investigation of the early universe. While there are also other contexts in which LQG

has led to new insights, we chose this example because it has drawn the most attention

within the community so far.

Friedman, Lemâıtre, Robertson, Walker (FLRW) solutions of GR, have a big bang

singularity if matter satisfies the standard energy conditions. However, already in

the 1970s Wheeler expressed the hope that quantum gravity e↵ects would resolve this

singularity and there has been considerable work in quantum cosmology since then. In

LQC, Wheeler’s hope has been realized in a precise sense: the big bang is replaced by a

specific big bounce and all physical observables remain finite throughout their evolution.

Therefore one can extend the standard inflationary scenario to the deep Planck regime in

a self-consistent manner, leading to observable predictions. It turns out that, thanks to

an unforeseen interplay between the ultraviolet and the infrared, the quantum geometry

e↵ects from the pre-inflationary phase of dynamics leave certain signatures at the largest

angular scales that can account for certain anomalies observed in the cosmic microwave

background (CMB). We will first summarize results on singularity resolution and then

turn to the interplay between fundamental theory and observations.

4.1. The big bounce of LQC

Big Bang is often heralded as the clear-cut beginning of our physical universe. However,

as Einstein himself pointed out, it is a prediction of GR in a regime that is outside

its domain of validity: “One may not assume the validity of field equations at very

high density of field and matter and one may not conclude that the beginning of the

expansion should be a singularity in the mathematical sense” [119]. Indeed, we know

that quantum e↵ects dominate in neutron stars because of high density ⇢ ⇠ 1018 kg/m3;

without the Fermi degeneracy pressure, neutron stars would not even exist! Similarly,

gravity e↵ects are expected to dominate in the Planck regime –i.e., once matter density

reaches ⇢ ⇠ 1097 kg/m3– and qualitative change the classical GR dynamics, well before

the big bang is reached. In fact, when cosmologists now speak of the ‘big bang’ they

generally refer to a hot phase in the early universe (e.g., at the end the reheating process

after inflation); not the initial singularity in the FLRW models! (See, e.g., [120].) By

now, resolution of the big bang singularity has been arrived at in a variety of programs.

However, it is fair to say that the systematic conceptual and mathematical framework

was first introduced in detail in LQC (see, e.g., [121]-[129], [13, 8]).

We will now summarize the main ideas and illustrate the key results. Standard

investigations of the early universe are carried out assuming that spacetime is well

approximated by a spatially flat FLRW background spacetime, together with first

order cosmological perturbations, described by quantum fields. Therefore, as in every

approach to quantum cosmology, in LQC one starts with this cosmological sector of GR.

The classical FLRW spacetime –that is characterized by a scale factor a(t) together with

matter fields, say �(t)– is now replaced by a quantum state  (a,�) that is to satisfy the

quantum versions of the Friedmann and Raychaudhuri equations. Note that reference
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Friedman, Lemâıtre, Robertson, Walker (FLRW) solutions of GR, have a big bang

singularity if matter satisfies the standard energy conditions. However, already in

the 1970s Wheeler expressed the hope that quantum gravity e↵ects would resolve this

singularity and there has been considerable work in quantum cosmology since then. In

LQC, Wheeler’s hope has been realized in a precise sense: the big bang is replaced by a

specific big bounce and all physical observables remain finite throughout their evolution.

Therefore one can extend the standard inflationary scenario to the deep Planck regime in

a self-consistent manner, leading to observable predictions. It turns out that, thanks to

an unforeseen interplay between the ultraviolet and the infrared, the quantum geometry

e↵ects from the pre-inflationary phase of dynamics leave certain signatures at the largest

angular scales that can account for certain anomalies observed in the cosmic microwave

background (CMB). We will first summarize results on singularity resolution and then

turn to the interplay between fundamental theory and observations.

4.1. The big bounce of LQC

Big Bang is often heralded as the clear-cut beginning of our physical universe. However,

as Einstein himself pointed out, it is a prediction of GR in a regime that is outside

its domain of validity: “One may not assume the validity of field equations at very

high density of field and matter and one may not conclude that the beginning of the

expansion should be a singularity in the mathematical sense” [119]. Indeed, we know

that quantum e↵ects dominate in neutron stars because of high density ⇢ ⇠ 1018 kg/m3;

without the Fermi degeneracy pressure, neutron stars would not even exist! Similarly,

gravity e↵ects are expected to dominate in the Planck regime –i.e., once matter density

reaches ⇢ ⇠ 1097 kg/m3– and qualitative change the classical GR dynamics, well before

the big bang is reached. In fact, when cosmologists now speak of the ‘big bang’ they

generally refer to a hot phase in the early universe (e.g., at the end the reheating process

after inflation); not the initial singularity in the FLRW models! (See, e.g., [120].) By

now, resolution of the big bang singularity has been arrived at in a variety of programs.

However, it is fair to say that the systematic conceptual and mathematical framework

was first introduced in detail in LQC (see, e.g., [121]-[129], [13, 8]).

We will now summarize the main ideas and illustrate the key results. Standard

investigations of the early universe are carried out assuming that spacetime is well

approximated by a spatially flat FLRW background spacetime, together with first

order cosmological perturbations, described by quantum fields. Therefore, as in every

approach to quantum cosmology, in LQC one starts with this cosmological sector of GR.

The classical FLRW spacetime –that is characterized by a scale factor a(t) together with

matter fields, say �(t)– is now replaced by a quantum state  (a,�) that is to satisfy the

quantum versions of the Friedmann and Raychaudhuri equations. Note that reference

Consider quantum state               sharply peaked on the classical trajectory in the late epoch and use quantum 
Hamiltonian constraint to evolve it back in time towards higher curvature and density

The wave packet follows the classical trajectory till density increases to                             and then quantum 
geometry effects cease to be negligible, and the evolution differs from classical one

undergoes a bounce when density reaches a critical value
and then it starts decreasing, so when it falls to                            quantum corrections become negligible

A Short Review of Loop Quantum Gravity 18

investigation of the early universe. While there are also other contexts in which LQG

has led to new insights, we chose this example because it has drawn the most attention

within the community so far.
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approximated by a spatially flat FLRW background spacetime, together with first

order cosmological perturbations, described by quantum fields. Therefore, as in every
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matter fields, say �(t)– is now replaced by a quantum state  (a,�) that is to satisfy the

quantum versions of the Friedmann and Raychaudhuri equations. Note that reference
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to the proper time t has disappeared –quantum dynamics is relational, à la Leibnitz:

for example, one can use the matter field � as an internal clock, and describe how

the scale factor evolves with respect to it. Quantum fields representing cosmological

perturbations now propagate on a quantum geometry  (a,�).

There are two features of LQC that distinguish it from the older Wheeler-DeWitt

theory, i.e., cosmological models in the framework of quantum geometrodynamics: (i)

mathematical precision and conceptual completeness of the underlying framework, which

in turn, led to (ii) a singularity resolution through a quantum bounce with specific

physical attributes. The starting point is the LQG quantum kinematics, summarized

in section 2.2, but now suitably restricted by the requirements of spatial homogeneity

and isotropy. Thus, there is a symmetry-reduced holonomy-flux algebra ARed where the

links `, surfaces S and test fields f i are now restricted by the underlying symmetry. It

turns out that there is a ‘residual’ group of di↵eomorphisms on the spatial 3-manifold

M that has non-trivial action on ARed. Therefore, as in full LQG, one can again use

the requirement of background independence to demand invariance under this action

and select a unique representation of ARed [130, 131]. As with Hkin
grav in full LQG, the

Hilbert space Hkin
Red carrying the representation of ARed has novel features that descend

from the area gap � of LQG (which are not shared by the Schrödinger representation

normally used in quantum geometrodynamics). As a result, the quantum version of the

Hamiltonian constraint is also strikingly di↵erent from the Wheeler-DeWitt equation of

quantum geometrodynamics. One can now take a quantum state  (a,�) that is sharply

peaked on the classical trajectory in the ‘late epoch’ –when spacetime curvature and

matter density are low compared to the Planck scale– and use the quantum Hamiltonian

constraint to evolve it back in time (w.r.t. the ‘matter clock’) towards higher curvature

and density. Interestingly, the wave packet follows the classical trajectory till the density

increases to ⇢ ⇠ 10�4⇢Pl. Then the quantum geometry e↵ects cease to be negligible and

the evolution departs from the classical trajectory.  (a,�) is still sharply peaked but

the quantum corrected trajectory its peak now follows undergoes a bounce when the

density reaches a critical, maximum value ⇢sup := 18⇡G~2/(�3) ⇡ 0.41⇢Pl, and then

it starts decreasing. Again when the density falls to ⇢ ⇠ 10�4⇢Pl, quantum corrections

become negligible and GR is again an excellent approximation (see, e.g., [122, 13, 8]).

Thus, quantum geometry e↵ects create a bridge joining our expanding FLRW branch

to a contracting FLRW branch in the past. These qualitatively new features arise

without having to introduce matter that violates any of the standard energy conditions,

and without having to introduce new boundary conditions, such as the Hartle-Hawking

‘no-boundary proposal’; they are consequences just of the quantum corrected Einstein’s

equations. In particular, in the limit �! 0 –i.e., in which we ignore quantum geometry

e↵ects– ⇢sup ! 1. Thus, the existence of the bounce and the upper bound on the

density (and curvature) can be directly traced back to quintessential features of quantum

geometry. In the models that have been worked out in detail also in the Wheeler DeWitt

theory, there is no bounce, and both matter density and curvature remain unbounded

above [122].
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Friedman, Lemâıtre, Robertson, Walker (FLRW) solutions of GR, have a big bang

singularity if matter satisfies the standard energy conditions. However, already in

the 1970s Wheeler expressed the hope that quantum gravity e↵ects would resolve this

singularity and there has been considerable work in quantum cosmology since then. In

LQC, Wheeler’s hope has been realized in a precise sense: the big bang is replaced by a

specific big bounce and all physical observables remain finite throughout their evolution.

Therefore one can extend the standard inflationary scenario to the deep Planck regime in

a self-consistent manner, leading to observable predictions. It turns out that, thanks to

an unforeseen interplay between the ultraviolet and the infrared, the quantum geometry

e↵ects from the pre-inflationary phase of dynamics leave certain signatures at the largest

angular scales that can account for certain anomalies observed in the cosmic microwave

background (CMB). We will first summarize results on singularity resolution and then

turn to the interplay between fundamental theory and observations.

4.1. The big bounce of LQC

Big Bang is often heralded as the clear-cut beginning of our physical universe. However,

as Einstein himself pointed out, it is a prediction of GR in a regime that is outside

its domain of validity: “One may not assume the validity of field equations at very

high density of field and matter and one may not conclude that the beginning of the

expansion should be a singularity in the mathematical sense” [119]. Indeed, we know

that quantum e↵ects dominate in neutron stars because of high density ⇢ ⇠ 1018 kg/m3;

without the Fermi degeneracy pressure, neutron stars would not even exist! Similarly,

gravity e↵ects are expected to dominate in the Planck regime –i.e., once matter density

reaches ⇢ ⇠ 1097 kg/m3– and qualitative change the classical GR dynamics, well before

the big bang is reached. In fact, when cosmologists now speak of the ‘big bang’ they

generally refer to a hot phase in the early universe (e.g., at the end the reheating process

after inflation); not the initial singularity in the FLRW models! (See, e.g., [120].) By

now, resolution of the big bang singularity has been arrived at in a variety of programs.

However, it is fair to say that the systematic conceptual and mathematical framework

was first introduced in detail in LQC (see, e.g., [121]-[129], [13, 8]).

We will now summarize the main ideas and illustrate the key results. Standard

investigations of the early universe are carried out assuming that spacetime is well

approximated by a spatially flat FLRW background spacetime, together with first

order cosmological perturbations, described by quantum fields. Therefore, as in every

approach to quantum cosmology, in LQC one starts with this cosmological sector of GR.

The classical FLRW spacetime –that is characterized by a scale factor a(t) together with

matter fields, say �(t)– is now replaced by a quantum state  (a,�) that is to satisfy the

quantum versions of the Friedmann and Raychaudhuri equations. Note that reference

A Short Review of Loop Quantum Gravity 19

to the proper time t has disappeared –quantum dynamics is relational, à la Leibnitz:
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equations. In particular, in the limit �! 0 –i.e., in which we ignore quantum geometry

e↵ects– ⇢sup ! 1. Thus, the existence of the bounce and the upper bound on the

density (and curvature) can be directly traced back to quintessential features of quantum

geometry. In the models that have been worked out in detail also in the Wheeler DeWitt

theory, there is no bounce, and both matter density and curvature remain unbounded
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Figure 1. Artist’s depiction of quanta of geometry. The left figure is a graph � and
the right figure shows � with its dual cellular decomposition.

With each regular curve c, each regular 2-surface S, and each regular 3-dimensional

region R, there are well defined length, area and volume operators L̂c, ÂS and V̂R on
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p
3⇡� `2Pl , the smallest non-zero eigenvalue

of ÂS. It serves as the fundamental microscopic parameter that then determines the

macroscopic parameters –such as the upper bound on matter density and curvature in

cosmology– at which quantum geometry e↵ects dominate. From the viewpoint of the

final quantum theory, area gap is the fundamental physical parameter that sets the

scale for new LQG e↵ects; it subsumes the mathematical parameter � introduced in the

transition from the classical to the quantum theory.

The simplest way to visualize the elementary quanta of geometry is depicted in

Fig. 1 for a general graph. But for simplicity, let us suppose we are given a 4-valent

graph. Then, one can introduce a dual simplicial decomposition of the 3-manifold M :

Each 3-cell in the decomposition is a topological tetrahedron dual to a node n of �; each

face is dual to a link `. Each 3-cell can be visualized as an ‘atom of geometry’. Its volume

‘resides’ at the node, and areas of its faces ‘reside’ at the point at which the face intersects

the link of the graph. Thus, quantum Riemannian geometry is distributional in a precise

sense and classical Riemannian structures arise only on coarse graining. Indications of

how QFT in curved spacetimes is to emerge from such a quantum geometry can be

found in [51].

area gap
The smallest non-zero eigenvalue of the area operator;          
fundamental physical parameter that sets scale for new LQG effects
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density reaches a critical, maximum value ⇢sup := 18⇡G~2/(�3) ⇡ 0.41⇢Pl, and then
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Thus, quantum geometry e↵ects create a bridge joining our expanding FLRW branch
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without having to introduce matter that violates any of the standard energy conditions,
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‘no-boundary proposal’; they are consequences just of the quantum corrected Einstein’s

equations. In particular, in the limit �! 0 –i.e., in which we ignore quantum geometry

e↵ects– ⇢sup ! 1. Thus, the existence of the bounce and the upper bound on the

density (and curvature) can be directly traced back to quintessential features of quantum

geometry. In the models that have been worked out in detail also in the Wheeler DeWitt

theory, there is no bounce, and both matter density and curvature remain unbounded

above [122].
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Many of the consequences of the LQC dynamics can be readily understood in terms

of e↵ective equations that capture the qualitative behavior of sharply peaked  (a,�).

They encapsulate the leading order corrections to the classical Einstein’s equation in the

Planck regime. While these corrections modify the geometrical part (i.e. left side) of

Einstein’s equations, it is convenient to move them to the right side by a mathematical

rearrangement. Then, the quantum corrected Friedmann equation assumes the form
⇣ ȧ
a

⌘2

=
8⇡G ⇢

3

✓
1� ⇢

⇢sup

◆
. (19)

where the second term on the right side represents the quantum correction. Without

this term, i.e., in classical GR, the right side is positive definite, whence ȧ cannot vanish:

the universe either expands out from the big bang or contracts into a big crunch. But,

with the quantum correction, the right side vanishes at ⇢ = ⇢sup, whence ȧ vanishes there

and the universe bounces. This occurs only because the LQC correction ⇢/⇢sup naturally

comes with a negative sign which gives rise to an e↵ective ‘repulsive force’ in the Planck

regime. The occurrence of this negative sign is non-trivial: in the standard brane-

world scenario, for example, Friedmann equation is also receives a ⇢/⇢sup correction

but it comes with a positive sign (unless one makes the brane tension negative by

hand) whence the singularity is not resolved naturally. Finally, there is an excellent

match between analytical results within the quantum theory, numerical simulations and

e↵ective equations. Finally, these considerations have been extended to include spatial

curvature, non-zero cosmological constant, anisotropies (see, e.g., [13, 8] and references

therein) and also the simplest inhomogeneities captured by the Gowdy models [125] and

to the Brans-Dicke theory [126].

Remarks:

(i) Note that, as we explained above, the term “e↵ective equations” refers to the leading

order LQC corrections to Einstein’s equations for states  (a,�) that are sharply peaked

on a classical trajectory at late times. In contrast to the procedure used in standard

e↵ective field theories, one does not integrate out ultraviolet modes.

(ii) The big bounce has been analyzed in detail in a large number of LQC papers,

using Hamiltonian, cosmological-spinfoam and ‘consistent histories’ frameworks (see,

e.g., [13, 8]). Taken together, these results bring out the robustness of the main results.

Recently some concerns were expressed about certain technical points [127]. Their

main thrust was already addressed, e.g., in [123, 129, 13] and in the Appendix of [128].

However, one should keep in mind that, as in all approaches to quantum cosmology, in

LQC the starting point is the symmetry reduced, cosmological sector of GR. The issue

of arriving at LQC from LQG remains a subject of active investigation (see section 5).

4.2. Can one see quantum geometry e↵ects in the sky?

The quantum corrected dynamics of LQC has been used to make contact with

observations especially (but not exclusively) in the context of inflation. This paradigm

assumes that, in its early history, the universe underwent a nearly exponential expansion
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specify theory by the choice of a type of field  - complex scalar field - and a corresponding action – a kinetic quadratic term and a 
sum of interaction polynomials weighted by coupling constants  - encoding the dynamics

Mean field approximation of GFT dynamics: non-interacting case (interactions between GFT quanta sub-dominant)

Bouncing cosmological solutions obtained within complete theory (without symmetry reducing before quantising)

Emergent Friedmann eqs:

Bounce (happening at Φ) when g(φ) vanishes

de Cesare, Sakellariadou
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If we assume that this corresponds to the fundamental representation of SU(2)
j0 = 1/2 we have

GN =
3⌘ +m2

3⇡⌧
, (3.105)

provided m2 < �3⌘.
The interpretation of our model is made clear by Eq. (3.101). In fact the

dynamics has the usual Friedmann form with a classical background represented
by the scale factor a and quantum geometrical corrections given by two effective
fluids, corresponding to the two conserved quantities Q and E. In the following
we will consider for convenience Eq. (3.100) in order to study the properties of
solutions.

Let us discuss in more detail the properties of the model at finite (relational)
times. Eq. (3.96) predicts a bounce when ⇣(�) vanishes. We denote by � the
‘instant’ when the bounce takes place. One can thus eliminate the integration
constant b in favour of �

b =
log

⇣p
E2 + 4zQ2

⌘

2
p
z

� �. (3.106)

We define the effective gravitational constant as

Ge↵ =
1

3⇡
⇣2, (3.107)

which can be expressed, using Eqs. (3.89), (3.96) as

Ge↵ =
GN (E2 + 12⇡GNQ2) sinh2

�
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�
⇣
E �

p
E2 + 12⇡GNQ2 cosh

�
2
p
3⇡GN(�� �)

�⌘2 . (3.108)

Its profile is given in Fig. 3.2a,3.2b, in the cases E < 0, E > 0 respectively.
Notice that it is symmetric about the line � = �, corresponding to the bounce.

The energy density has a maximum at the bounce, where the volume reaches
its minimum value

"max =
1

2

Q2

V 2
bounce

, (3.109)

where

Vbounce =
Vj0

⇣p
E2 + 12⇡GNQ2 � E

⌘

6⇡GN
. (3.110)

Clearly, the singularity is always avoided for E < 0 and, provided Q 6= 0, it is
also avoided in the case E > 0. Moreover, if the GFT energy is negative, the
energy density has a vanishing limit at the bounce for vanishing Q:

lim
Q!0

"max = 0, E < 0. (3.111)
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Fig. 3.2 The effective gravitational constant as a function of relational time
� for E < 0 (Fig. 3.2a) and E > 0 (Fig. 3.2b), in arbitrary units. There is
a bounce replacing the classical singularity in both cases.The origin in the
plots correponds to the bounce, occuring at � = �. The asymptotic value for
large � is the same in both cases and coincides with Newton’s constant. In the
case E < 0 this limit is also a supremum, whereas in the E > 0 case Ge↵ has
two maxima, equally distant from the bounce, and approaches Newton’s GN

constant from above.

Therefore, in this limiting case the energy density is zero at all times. Never-
theless, the universe will still expand following the evolution equations (3.96)
and

lim
Q!0

V (�) =
|E|Vj0 cosh

2
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3⇡GN(�� �)
�

3⇡GN
, E < 0. (3.112)

This is to be contrasted with the Friedmann equation in classical cosmol-
ogy (3.103), which implies that the rate of expansion is zero when the energy
density vanishes.

It is possible to express the condition that the universe has a positive
acceleration in purely relational terms. In fact this very notion relies on the
choice of a particular time parameter, namely proper time, for its definition.
Introducing the scale factor and proper time as in Eqs. (3.98), (3.99) one finds
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We observe that the last equation can also be rewritten as
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We can trade the condition ä > 0 for having an accelerated expansion with the
following one, which only makes reference to relational evolution of observables

3.4 Emergent Background: the non-interacting case 108

-4 -2 2 4
ϕ

0.2

0.4

0.6

0.8

1.0

Geff

(a) E < 0 (b) E > 0

Fig. 3.2 The effective gravitational constant as a function of relational time
� for E < 0 (Fig. 3.2a) and E > 0 (Fig. 3.2b), in arbitrary units. There is
a bounce replacing the classical singularity in both cases.The origin in the
plots correponds to the bounce, occuring at � = �. The asymptotic value for
large � is the same in both cases and coincides with Newton’s constant. In the
case E < 0 this limit is also a supremum, whereas in the E > 0 case Ge↵ has
two maxima, equally distant from the bounce, and approaches Newton’s GN

constant from above.

Therefore, in this limiting case the energy density is zero at all times. Never-
theless, the universe will still expand following the evolution equations (3.96)
and

lim
Q!0

V (�) =
|E|Vj0 cosh

2
�p

3⇡GN(�� �)
�

3⇡GN
, E < 0. (3.112)

This is to be contrasted with the Friedmann equation in classical cosmol-
ogy (3.103), which implies that the rate of expansion is zero when the energy
density vanishes.

It is possible to express the condition that the universe has a positive
acceleration in purely relational terms. In fact this very notion relies on the
choice of a particular time parameter, namely proper time, for its definition.
Introducing the scale factor and proper time as in Eqs. (3.98), (3.99) one finds

ä
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We can trade the condition ä > 0 for having an accelerated expansion with the
following one, which only makes reference to relational evolution of observables

E: GFT energy
Q: conserved U(1) charge

modulus of the complex scalar field (representing the configuration of 
the Bose condensate of GFT quanta as a function of relational time f) 
corresponding to the spin representation of SU(2)

elementary volume 
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3.5 Emergent background: the effect of interac-

tions

In this Section, we study the cosmological implications of interactions between
GFT quanta from a phenomenological perspective. In particular, we show
how GFT interactions lead to a recollapse of the universe while preserving
the bounce replacing the initial singularity, which has already been shown to
occur in the free case studied in the previous Section. It is remarkable that
cyclic non-singular cosmologies are thus obtained in this framework without
any a priori assumption on the geometry of spatial sections of the emergent
spacetime, unlike Standard Cosmology (Chapter 1). Furthermore, we show how
interactions make it possible to have an early epoch of accelerated expansion,
which can be made to last for an arbitrarily large number of e-folds, without
the need to introduce an ad hoc potential for the scalar field.

3.5.1 Non linear dynamics of a GFT condensate

The dynamics of an isotropic GFT condensate can be described by means of
the effective action [331, 332]

S =

Z
d�

�
A |@��|2 + V(�)

�
. (3.117)

Extremising the effective action (3.117) one recovers the equations of motion
of the isotropic mean field, derived in Section 3.3.1 for a simplicial GFT model.
As in the previous section, we have defined � = 'j◆

? , where j and ◆? are fixed
so that they can be dropped to make the notation lighter. The mean field � is
a complex scalar field that depends on the relational time �. As we showed
in the previous section, the dynamics of the emergent universe is given by the
effective Friedmann equations, which can be written in relational form as
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where ⇢ = |�| and V is the volume.
The form of the effective potential V(�) can be motivated by means of the

microscopic GFT model and we require it to be bounded from below. For the
applications considered in this section, its form will be determined by purely
phenomenological considerations. There is an ambiguity in the choice of the
sign of A, which is not fixed by the microscopic theory and will turn out to

3.5 Emergent background: the effect of interactions 115

Fig. 3.5 Phase portrait of the dynamical system given by Eq. (3.127). Orbits
have energy given by the corresponding color lines as Fig. 3.4. Orbits are
periodic and describe oscillations around the stable equilibrium point (center
fixed point) given by the absolute minimum of the potential U(⇢). This is a
general feature of the model which does not depend on the particular choice of
parameters, provided Eq. (3.124) is satisfied.
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Fig. 3.6 Plot of the volume of the universe as a function of relational time � (in
arbitrary units), corresponding to the blue orbit in Fig. 3.5. As a generic feature
of the interacting model the universe undergoes a cyclic (and non-singular)
evolution and its volume has a positive minimum, corresponding to a bounce.

The universe undergoes a cyclic (and non-singular) evoluZon, and 
its volume has a posiZve minimum, corresponding to a bounce

Without any a priori assumpEon on the geometry of spaEal 
secEons of the emergent spaceEme

interactions between the quanta of geometry lead to a recollapse of the universe
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be particularly relevant for the cosmological applications of the model32. In
particular, it can be used to restrict the class of microscopic models by selecting
only those that are phenomenologically viable. In fact, as we will show, only
models entailing A < 0 are sensible from a phenomenological point of view
since otherwise one would have faster than exponential expansion.

In this section we consider a model based on an effective potential of the
following form

V(�) = B|�(�)|2 + 2

n
w|�|n + 2

n0w
0|�|n0

, (3.120)

where we can assume n0 > n without loss of generality. The terms in the effective
potential can be similarly motivated as in Ref. [331, 332]. The interaction
terms appearing in GFT actions are usually defined in such a way that the
perturbative expansion of the GFT partition function reproduces that of spin
foam models. Specifically, spin foam models for quantum gravity in d = 4

are mostly based on quintic interactions, called simplicial. An example is
the EPRL vertex considered in Section 3.3.1. In the case that the GFT
field is endowed with a particular tensorial transformation property, other
classes of models can be obtained whose interaction terms, called tensorial,
are based on even powers of the modulus of the field. In this light, the
particular type of interactions considered here can be understood as mimicking
such types of interactions, which is the reason why we will refer to them as
pseudosimplicial and pseudotensorial, respectively. In the following we will
study their phenomenological consequences, and show how interesting physical
effects are determined as a result of the interplay between two interactions of
this type. The integer-valued powers n, n0 in the interactions are assumed non-
negative and will be kept unspecified throughout this section, thus making our
analysis retain its full generality. The particular values motivated by the above
discussion can be retrieved as particular cases. In the following we will show
how different ranges for such powers lead to phenomenologically interesting
features of the model, most notably concerning an early era of accelerated
expansion in Section 3.5.3.

Since V(�) has to be bounded from below, we require w0 > 0. The equation
of motion of the field � obtained from Eqs. (3.117), (3.120) is

� A@2
�
� +B� + w|�|n�2� + w0|�|n0�2� = 0. (3.121)

Writing the complex field � in polar form � = ⇢ ei✓ one finds (Ref. [331, 332])
that the equation of motion for the angular component leads to the conservation

32This ambiguity has also been discussed earlier in Ref. [100] when exploring the possibility
of embedding LQC in GFT.
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valid also in the absence of classical spacetime and absence of proper time
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Eq. (3.147)). Thus we see that we have to require that the local minimum
of a(⇢) (i.e. the maximum of the poynomial in brackets in Eq. (3.147)) is
positive (resp. negative). As ⇢ increases further, the acceleration increases
again until it reaches a maximum when the contribution coming from the term
containing ⇢n

0+2 becomes of the same order of magnitude of the other terms.
Thereafter the acceleration turns into a decreasing function all the way until
⇢ ! +1 and therefore has a unique zero. Positivity of the local minimum
of a(⇢) translates into a further constraint on parameters space. By direct
inspection, it is possible to see that the latter case listed above does not satisfy
such condition for any value of the parameters of the model. Therefore we
conclude that � must be negative if the acceleration is to keep the same sign
throughout the inflationary era. The evolution of the acceleration as a function
of relational time � is shown in Figs. 3.7a, 3.7b, 3.7c for some specific choice
of the parameters. It is worthwhile stressing that the behaviour of the model
in the case � < 0 is nevertheless generic and therefore does not rely on the
specific choice of parameters. Furthermore, by adjusting the value of N and
the other parameters in Eq. (3.150), it is possible to achieve any desirable value
of e-folds during geometric inflation.

All we said in this section applies to the multi-critical model with the
effective potential Eq. (3.120) but does not hold in a model with only one
interaction term. In fact in that case it is not possible to prevent the occurrence
of an intermediate era of deceleration between ⇢b and ⇢end, the latter giving
the scale at which the higher order interaction term becomes relevant.

One last remark is in order: geometric inflation was shown to be a feature
of multicritical GFT models but only at the price of a fine-tuning in the value
of the parameter µ (see Eq. (3.150)).

3.5.4 Interactions and the final fate of the universe

It is possible to recast the dynamical equations for the volume of the universe
in a form that bears a closer resemblance to the standard Friedmann equation,
as shown in Ref. [141]. In fact, the Hubble expansion rate can be expressed as
(see Appendix J for more details)

H =
1

3

@�V

V 2
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From Eq. (3.118) and the proportionality between the momentum of the scalar
field and Q we have
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depending on the type of interacZons an early epoch of accelerated expansion with an arbitrarily large 
number of e-folds may be achieved

de Cesare, Pithis, Sakellariadou
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of multicritical GFT models but only at the price of a fine-tuning in the value
of the parameter µ (see Eq. (3.150)).
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It is possible to recast the dynamical equations for the volume of the universe
in a form that bears a closer resemblance to the standard Friedmann equation,
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depending on the type of interactions an early epoch of accelerated expansion with an arbitrarily large 
number of e-folds may be achieved

de Cesare, Pithis, Sakellariadou

§ for real-valued condensate fields, solutions which avoid the singularity problem and grow exponentially after the 
bounce can only be found for negative “GFT energy”
§ stability properties of an evolving isotropic system:
the condensate models give rise to effectively continuous, homogeneous and isotropic 3-geometries built from 
many smallest and almost flat building blocks of the quantum geometry
§ stability properties of an evolving anisotropic system:
- isotropisation of the system for increasing values of the clock (i.e., the volume)
- the singularity avoidance is not altered by the occurrence of anisotropies

Pithis, Sakellariadou



Causal sets

One of the most outstanding quesZons in theoreZcal physics is understanding the origin of “dark energy” 
which observaZonally has been seen to make up ∼ 70% of the total energy of the universe. The current 
observaZonal value is                                      in Planck units.

Quantum field theory predicZons for dark energy interpreted as the energy of vacuum fluctuaZons of 
quantum fields on the other hand gives a huge value, perhaps as large as ∼ 1 in Planck units. 

The gross conflict with observaZon obviously implies that this cannot be the source of Λ 
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Assume that some (yet unknown – full QG theory) dynamics drives       towards zero and any observed nonzero 
value of is a fluctuation about that mean value.
Fluctuations in        are  subject to an uncertainty relation  with its canonically conjugate variable, the spacetime 
volume V.
The number of elements N is fixed and due to the statistical nature of the correspondence between number and 
volume, V will be uncertain in value by                      where V is measured in fundamental Planckian units.

I
in natural units, using V as the volume of the observable universe

Λ 

Λ 

Volume to number correspondence (disEncEve to causal sets)

∆V ∆Λ ∼ 1 

Sorkin

Λ 
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GW interferometer

The luminosity distance measured for the optical 
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Some (personal) thoughts

§ crucial ingredients (curvature in string theories, matter in non-perturbative approaches is put by hand)

§ relation between inspired quantum cosmological models and full QG proposals is uncertain

§ landscape sounds more of a pathology than a successful prediction

§ noncommutative spectral geometry still lacks quantisation

§ all current attempts are based in mathematics used in classical gravity theories so:

do we have the appropriate mathematical tools to formulate a quantum gravity theory?


