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Abstract: | will highlight cosmological consequences of Group Field theory Condensate Cosmology and Emergent Gravity on Non-commt
Spaces, two cosmological models based on a top-down and a bottom-up, respectively, approaches to quantum gravity. In particular, I will sh
the initial singularity of the standard cosmology is replaced by a bounce, while there is an inflation-like phase with a graceful exit, driven
purely geometrical mechanism which does not require the introduction of an ad-hoc scalar field.
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ACDM model
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ACDM model

| : i W

however

at very high energy scales, quantum gravity corrections can no longer be neglected,
space-time as a continuum medium may no longer be valid, and geometry may
altogether lose its familiar meaning

early universe cosmology is in need of a rigorous underpinning in quantum gravity
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quantum gravity approaches:

= fop-down approach

o string/brane model

o hon-perturbative approach

= bottom-up approach

o nhon-commutative geometry

o asymptotic safety
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quantum gravity approaches:

= fop-down approach

o string/brane model
S-brane / string gas scenario | Séé talk by robert brandenberger

o hon-perturbative approach

= bottom-up approach

o hon-commutative geometry

o asymptotic safety
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quantum gravity approaches:

= fop-down approach

o string/brane model

S-brane / string gas scenario

o hon-perturbative approach

— loop quantum gravity ) loop quantum cosmology

- group field theory =) GFT condensate cosmology

= bottom-up approach see talk by ed wilson-ewing

o hon-commutative geometry

o asymptotic safety
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quantum gravity approaches:

= fop-down approach

o string/brane model

S-brane / string gas scenario

o hon-perturbative approach

- loop quantum gravity ) loop quantum cosmology

- group field theory mmm) GFT condensate cosmology
= bottom-up approach
o hon-commutative geometry

-- non-commutative field theory

o asymptotic safety
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quantum gravity approaches:

= fop-down approach

o string/brane model

o nhon-perturbative approach

- group field theory
= bottom-up approach

o nhon-commutative geometry

o asymptotic safety

GFT condensate cosmology

construct a theory of quantum
geometry and identify states in
its hilbert space which
represent a macroscopic,
spatially homogeneous,
isotropic universe
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quantum gravity approaches:

= fop-down approach

o string/brane model

o hon-perturbative approach

- group field theory GFT condensate cosmology
= bottom-up approach

o nhon-commutative geometry

- non-commutative field theory emergent gravity on

non-commutative spaces
o asymptotic safety
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group field theory & group field theory condensate cosmology
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group field theory:
spacetime and geometry should be , as an effective description of the
collective behaviour of different pre-geometric fundamental degrees of freedom

functional renormalisation group analyses of GFT models support the idea of a
separating a symmetric from a broken/condensate phase, as the
“mass” parameter changes its sign to negative values in the IR limit of the theory

the process responsible for the emergence of a continuum geometric phase is a
, each representing an atom of space
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group field theory & group field theory condensate cosmology

Py =i 4y » » g Jim o Lo » b L
SISISTE, OFG, SICOMM (&0 D, &0 BISICTY, SITOM (L ¢

group field theory:
spacetime and geometry should be , as an effective description of the
collective behaviour of different pre-geometric fundamental degrees of freedom

functional renormalisation group analyses of GFT models support the idea of a
separating a symmetric from a broken/condensate phase, as the
“mass” parameter changes its sign to negative values in the IR limit of the theory

the process responsible for the emergence of a continuum geometric phase is a
, each representing an atom of space

group field theory quantum cosmology:
identify this condensate phase to a and derive for the
corresponding GFT condensate states an effective dynamics through mean field

techniques and give these states a cosmological interpretation
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group field theory (GFT)

= choice of lie group G, interpreted as local gauge group of gravity: SU(2)
(for models aiming at providing a second quantised reformulation of the kinematics of
canonical LQG, G=SU(2) is the gauge group of ashtekar-barbero gravity)

= 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
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group field theory (GFT)

= choice of lie group G, interpreted as local gauge group of gravity: SU(2)
(for models aiming at providing a second quantised reformulation of the kinematics of
canonical LQG, G=SU(2) is the gauge group of ashtekar-barbero gravity)

= 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

4dim QG
complex scalar field living on copies of the lie group

Q(g[) . Gd —C where I=1,....d

group elements  correspond to parallel transports on the gravitational
connection along a link
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group field theory condensate cosmology (GFC)

goal:

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
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group field theory condensate cosmology (GFC)

goal:

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

common ground state
the fock vacuum

@(gr)|0) =0 NO space state

Suitable to model spatially homogeneous
quantum geometries
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assume interactions between GFT quanta as sub-dominant s — / do (A |9s0]> +V(0))

5 5 m; can be expressed in terms
dis0i(0) —mioi(o) =0 . .
¢ G of coefficients in the GFT theory

a representation index

a complex scalar field a minimally coupled massless
scalar field introduced to play

representing the bose
condensate of GFT quanta the role of a relational clock
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assume interactions between GFT quanta as sub-dominant

m can be expressed in terms
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assume interactions between GFT quanta as sub-dominant s - / do (A 85012 + V(¢))

5 5 m| can be expressed in terms
di0:(¢p) — mio;(¢) =0 - .
%] 7 gl of coefficients in the GFT theory

a representation index

a complex scalar field a minimally coupled massless
scalar field introduced to play

representing the bose
condensate of GFT quanta the role of a relational clock
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assume interactions between GFT quanta as sub-dominant
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emergent friedmann equations

Vig) =V, p*(d)

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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emergent friedmann equations

V(¢) = V;p°(¢)
GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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the evolution equation of the universe in the classical limit
of GFT can be written as an effective

friedmann equation

large ¢ H2 — _S_%Qf
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emergent friedmann equations

V(¢) = V;p°(¢)
GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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the evolution equation of the universe in the classical limit

of GFT can be written as an effective friedmann equation:

1 effective gravitational constant
Geft = gff from the collective behaviour of

spacetime quanta
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emergent friedmann equations

V(¢) =V;p* ()

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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emergent friedmann equations

V(¢) = V;p*(d)

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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the evolution equatiqn of the universe in the classical limit b
of GFT can be writter] ps an effective friedmann equation:

effective gravitational constant
Gest = ggz from the collective behaviour of
spacetime quanta
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bounce (happening at ®) when g(¢) vanishes
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asymptotic value for large ¢ is the same in both cases and coincides with newton’s constant

_ E >0
" ® -1 -2 S -
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a bounce replacing the classical singularity
de cesare, sakellariadou, FL B76+4(2017)49
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bounce (happening at ®) when g(¢) vanishes
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asymptotic value for large ¢ is the same in both cases and coincides with newton’s constant
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emergent friedmann equations

V(¢) = V;p*(9)
GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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at early times (small volumes) the occurrence of the bounce
IS determined by the term corresponding to highest w
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emergent friedmann equations

V(¢) = V;p*(9)

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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the evolution equatiqn of the universe in the classical limit
of GFT can be writter| ps an effective friedmann equation:

1 effective gravitational constant
Get = ﬁ.@?z from the collective behaviour of
spacetime quanta
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the inflationary paradigm
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the inflationary paradigm

but ... inflation remains a paradigm in search of a theory

can one find a geometrically driven early accelerated expansion ?
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express condition that the universe has positive acceleration in purely relational times

classical condition for accelerated expansion: g > ()
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express condition that the universe has positive acceleration in purely relational times
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classical condition for accelerated expansion: g > ()

kS
v > 3\V

Lol e

Pirsa: 17060108 Page 34/65



express condition that the universe has positive acceleration in purely relational times

classical condition for accelerated expansion: g > ()

VH 5 V! 2
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accelerated expansion in the absence of
an inflaton field with a tuned potential
2E 20
4?712 -+ —2 > ?gg
A 7 'l accelerated l.h.s. [,
ye=u) / " expansigh. : Lh.s.
| L 1 i

Y. EF <0
positive Zero ! E >0

accelerated expansion,

' ¢ } N followed by a maximal
£ T o Y = E ol e - g [l 5 Jo I ad L 1%,
de cesare, SaKcianaacet, Ml -_"‘/ 4'\.... (o » deceleration

Pirsa: 17060108 Page 35/65



express condition that the universe has positive acceleration in purely relational times
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classical condition for accelerated expansion: g > ()

accelerated expansion in the absence of
an inflaton field with a tuned potential
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GFT cosmology in the absence of interactions
between building blocks cannot replace the
de cesare, sakellaradou, Fi B764(2017)49 standard inflationary scenario
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emergent friedmann equations

V() = V;(0)

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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express condition that the universe has positive acceleration in purely relational times
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classical condition for accelerated expansion: g > ()
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Lo

accelerated expansion in the absence of
an inflaton field with a tuned potential
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GFT cosmology in the absence of interactions
between building blocks cannot replace the
de cesare, sakellaradou, FIL B764(2017)49 standard inflationary scenario
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effective action for an ;
isotropic GFT condensate ° = [‘10 (A |9g0]* + V(o))

: a2 2 )
consider |)(g) = Blo(¢)? + ~wlo|" + —w'|o|" i
n n
spin foam models for 4d QG are mostly based on interaction terms of power 5 ( )
* tensor models are based on even powers of the modulus field ( )
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effective action for an
isotropic GFT condensate
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effective action for an | ;
isotropic GFT condensate S = [d@ (A [9s0]° + V(o))
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occurrence of a bounce and an early epoch
of accelerated expansion found in the free
theory, holds in the interacting case

in addition, interactions induce recollapse
leading to cyclic cosmologies

i i I i F—
00 os .0 s 20 23

cyclic universe
volume that has a positive minimum corresponding to a bounce

E = 3 (040)* + U(p)

/ g J {f / £ - ) " -
de cesare, pithis, sakellariadou, FRD94(2016)06405 |
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quadratic term and 2 interaction terms
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no intermediate stage of deceleration between the
bounce and end of inflation |:> A negative

— GFT cosmology can lead to an inflation-like era for certain
types of interactions between quanta of geometry
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conclusions

the initial singularity of the standard cosmology is replaced by a bounce
interactions between the quanta of geometry lead to a recollapse of the universe

depending on the type of interactions an early epoch of accelerated expansion
with an arbitrarily large number of e-folds may be achieved
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occurrence of a bounce and an early epoch
of accelerated expansion found in the free
theory, holds in the interacting case

in addition, interactions induce recollapse
leading to cyclic cosmologies
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cyclic universe
volume that has a positive minimum corresponding to a bounce
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emergent friedmann equations

V(9) =V;p(9)

GFT condensates dynamically reach a low spin phase of many quanta of
geometry which are almost entirely characterised by only one spin j
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of GFT can be written as an effective friedmann equation:
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at early times (small volumes) the occurrence of the bounce
IS determined by the term corresponding to highest w
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conclusions

the initial singularity of the standard cosmology is replaced by a bounce
interactions between the quanta of geometry lead to a recollapse of the universe

depending on the type of interactions an early epoch of accelerated expansion
with an arbitrarily large number of e-folds may be achieved
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quantum gravity approaches:

= fop-down approach

o string/brane model

o hon-perturbative approach

= bottom-up approach

o hon-commutative geometry

- non-commutative field theory emergent gravity on

non-commutative spaces
o asymptotic safety
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emergent noncommutative gravity

quantum structure of space-time through a noncommutative algebra for
space-time coordinates:
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emergent noncommutative gravity

quantum structure of space-time through a noncommutative algebra for
space-time coordinates:

classical space-time E' replaced by a space where the coordinate
functions =# satisfy heisenberg-like commutation relations [+*,+"] ="

at semi-classical level, they reduce to a poisson structure on space-time:
{z*, _r"} = (x)
space-time is considered to be the quantisation of such a poisson manifold
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emergent noncommutative gravity

quantum structure of space-time through a noncommutative algebra for
space-time coordinates:

classical space-time R' replaced by a space where the coordinate
functions z# satisfy heisenberg-like commutation relations  [+*,+"] = i¢*

at semi-classical level, they reduce to a poisson structure on space-time:
{_r'“. _r"} - ﬂ’”'(.r)
space-time is considered to be the quantisation of such a poisson manifold

emergent noncommutative gravity

o ke D 2 )
Siemackel ‘-\w\.)-.'-‘

I f - - g
- = prg— - J
Klammer, steinacker (2009, 2010
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matrix models of yang-mills type, supplemented by suitable fermionic terms

l, - -k —d | ' l —~ -
Sym = —(27)"Tr (1_.‘_\ ® XX* . X I & SV [X “,\b])

aar— dingll. 1. ..., 1) or mn..s =diag(-1,1,..., 1)
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matrix models of yang-mills type, supplemented by suitable fermionic terms

L s f - )
Sym = —(27)" Tr (_1\ ® XNIX* . X i £ 5 ¥7al X", \b])

Neat = diag(1,1,..., 1) or 1, =diag(-1,1,...,1)

low-energy effective field theory of D-branes described in terms of
noncommuting, matrix-valued space-time coordinate fields

(X, X =0 matrices simultaneously diagonalizable in ground state
so at tree-level we obtain an ordinary space-time

quantum fluctuations about classical minima give a space-time whose coordinates are
described by noncommuting matrices and NCG arises from short open strings
connecting D-branes
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matrix models of yang-mills type, supplemented by suitable fermionic terms
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et — diag(1.1..... 1) or 1, =diag(-1,1,...,1)

low-energy effective field theory of D-branes described in terms of
noncommuting, matrix-valued space-time coordinate fields

[X*, X7 =0 matrices simultaneously diagonalizable in ground state
so at tree-level we obtain an ordinary space-time

quantum fluctuations about classical minima give a space-time whose coordinates are
described by noncommuting matrices and NCG arises from short open strings
connecting D-branes
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matrix models of yang-mills type, supplemented by suitable fermionic terms

D=10
as solution: a (3+1)dim noncommutative brane --

n=2 Xe = (X", ¢Y, =% .4 $=1..6 @' = ¢'(X¥)
X» ~ ¢ :quantisation of coordinate functions on the brane

¢'(z) : embedding of a 4dim brane with poisson structure (X", X"] ~i0""(z), pr=1,..4
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