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Abstract: | will explain how cosmological dynamics emerge from the hydrodynamics of isotropic group field theory condensate states i
Gross-Pitaevskii approximation. The correct Friedmann equations are recovered in the classical limit for some choices of the parameter
action for the group field theory, and quantum gravity corrections arise in the high-curvature regime causing a bounce which generically resol
big-bang and big-crunch singularities.
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Motivation

Goal: Extract cosmology from (loop) quantum gravity.
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Motivation

Goal: Extract cosmology from (loop) quantum gravity.

Loop quantum cosmology (LQC) —where the quantization
techniques of loop quantum gravity (LQG) are applied in the
symmetry-reduced minisuperspaces corresponding to homogeneous
space-times— has given some potentially important insights in this
direction.

However, despite its successes, the exact relation between loop
quantum cosmology and full loop quantum gravity remains unclear.
It is important to go beyond LQC, using any hints LQC may offer.
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Loop Quantum Gravity: Basics

Loop quantum gravity is a background
independent approach to quantum
gravity based on connection and triad
variables. (ashtekar. immirzi; Barberol

A convenient basis for states in the
canonical framework are spin-networks:
graphs coloured by spins on the edges
and intertwiners on the nodes. reoe
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Loop Quantum Gravity: Basics

Loop quantum gravity is a background
independent approach to quantum
gravity based on connection and triad
variables. [asntekar: immirzi; Barbero]

f a
\ l
A convenient basis for states in the
canonical framework are spin-networks:
graphs coloured by spins on the edges
and intertwiners on the nodes. oo

An important result is that geometrical observables like the volume
and the area have a discrete spectrum. Furthermore, each node can
be thought of as a polyhedron with some volume and surface areas
transverse to the links: for example, a four-valent node gives a
tetrahedron. In this sense, the spin-network is composed of ‘atoms of

geometry] [Rovelli Smolin
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Cosmology as a Condensate of Geometry

In any theory such as LQG which predicts that space-time is
constituted of Planck-scale quanta of geometry, it is reasonable to
assume that in cosmological space-times:

@ there are many quanta of geometry,

@ one quantum contributes a small fraction of the spatial volume,

@ cosmological expansion is primarily due to quanta being added.
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Cosmological Expansion

Cosmological expansion could occur through two different processes
(or a combination of them):

1. increasing the number of quanta of geometry, keeping the
volume of each individual quantum constant,

. increasing the volume of the already extant quanta of geometry,
keeping their number constant.

The universe has expanded by at least a factor of ~ 10%%; if the
original discreteness scale was ¢p; then, assuming possibility 2, the
discreteness scale today should be at least 10%%/p; ~ 10" m.

Since there is no observational evidence of discreteness today, this
suggests that the first possibility is the dominant process.
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Cosmology as a Condensate of Geometry

In any theory such as LQG which predicts that space-time is
constituted of Planck-scale quanta of geometry, it is reasonable to
assume that in cosmological space-times:

@ there are many quanta of geometry,
@ one quantum contributes a small fraction of the spatial volume,
@ cosmological expansion is primarily due to quanta being added.

Furthermore, LQC suggests that all N quanta of geometry are in fact
in the same state corresponding to the minimal excitation of
geometry possible, and thus the total spatial volume at some time is

Vtot - NVmin-
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Insight from Loop Quantum Cosmology |

One of the key steps in loop quantum cosmology is the definition of
the field strength operator.

Since the fundamental operators of the theory are holonomies of the
Ashtekar-Barbero connection A, it is natural to express the field
strength as the holonomy of A around a small loop [J of area Ar,

h\_J (A;) — 1
Ar .

F

In lattice gauge theories, one would then take the limit Any — 0, but
this limit is not natural in LQC, since the spectrum of the area
operator in LQG is discrete.
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Insight from Loop Quantum Cosmology ||

Instead, Ar is taken to
be the minimal area in
LQG. Heuristically, this
corresponds to assuming
that the dominant
contribution to the area
of a surface in the
cosmological space-time
comes from these minimal
area excitations.
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Insight from Loop Quantum Cosmology ||

Instead, Ar— is taken to
be the minimal area in
LQG. Heuristically, this
corresponds to assuming
that the dominant
contribution to the area
of a surface in the
cosmological space-time
comes from these minimal
area excitations.

Since these minimal area excitations are all identical, this suggests
that the LQG states corresponding to cosmological space-times are
those where the dominant contribution comes from quanta of

geometry that are in the same state: a condensate of geometry.
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Cosmology as a Condensate of Geometry

In any theory such as LQG which predicts that space-time is
constituted of Planck-scale quanta of geometry, it is reasonable to
assume that in cosmological space-times:

@ there are many quanta of geometry,

@ one quantum contributes a small fraction of the spatial volume,

@ cosmological expansion is primarily due to quanta being added.

Furthermore, LQC suggests that all NN quanta of geometry are in fact
in the same state corresponding to the minimal excitation of
geometry possible, and thus the total spatial volume at some time is

Vtot - NVmin-

This suggests the use of condensate states to extract cosmology
from LQG.

And this in turn leads to group field theory, a field theory for the
quanta of geometry of LQG.
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Cosmology: Hydrodynamics of the Condensate

The key idea here is that the continuous cosmological space-time
emerges from the coarse-graining/hydrodynamics of the group field
theory (GFT) condensate state.

The microscopic dynamics of the GFT condensate state imply some
effective coarse-grained Friedmann equations:

Find the relevant collective cosmological observables (e.g.,
total spatial volume) and calculate their dynamics for this
condensate state, as determined by the microscopic GFT
model (with respect to some relational time).
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Cosmology: Hydrodynamics of the Condensate

The key idea here is that the continuous cosmological space-time
emerges from the coarse-graining/hydrodynamics of the group field
theory (GFT) condensate state.

The microscopic dynamics of the GFT condensate state imply some
effective coarse-grained Friedmann equations:

Find the relevant collective cosmological observables (e.g.,
total spatial volume) and calculate their dynamics for this
condensate state, as determined by the microscopic GFT
model (with respect to some relational time).

Note that we will make assumptions on the type of LQG/GFT state
that is relevant for cosmology, but we do not impose any symmetries
upon the underlying GFT theory.
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QOutline

@ Group Field Theory

© Condensate States

© Effective Friedmann Equations
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Group Field Theory

Group field theory (GFT) can be seen as a second-quantized
language for loop quantum gravity, where the field operators

Pliii (@), PR (9).

create and annihilate quanta of geometry: spin-network nodes (0.
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Group Field Theory

Group field theory (GFT) can be seen as a second-quantized
language for loop quantum gravity, where the field operators

Pliii (@), PR (9).

create and annihilate quanta of geometry: spin-network nodes (0.

The j; and m; colour the links of the (four-valent) spin network node

and the intertwiner ¢ and the scalar field ¢ both live on the
spin-network nodes.
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Group field theory (GFT) can be seen as a second-quantized
language for loop quantum gravity, where the field operators

Pliii (@), PR (9).

create and annihilate quanta of geometry: spin-network nodes (0.

The j; and m; colour the links of the (four-valent) spin network node
and the intertwiner ¢ and the scalar field ¢ both live on the
spin-network nodes.

The ¢ and @' operators have the standard commutation relations for
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Group Field Theory

Group field theory (GFT) can be seen as a second-quantized
language for loop quantum gravity, where the field operators

Ptrmmnms(9), P e m(9)

create and annihilate quanta of geometry: spin-network nodes (0.

The j; and m; colour the links of the (four-valent) spin network node
and the intertwiner ¢ and the scalar field ¢ both live on the
spin-network nodes.

The ¢ and @' operators have the standard commutation relations for
creation and annihilation operators.

The GFT Fock vacuum |0) is the ‘no-space’ state, where there are no
excitations of geometry and thus has zero volume. Minkowski space
Is highly excited with respect to this vacuum.
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Group Field Theory, Continued

The creation operators create disconnected quanta of geometry.
Connectivity can later be imposed through projectors that act on the
links of the spin-network nodes that are to be connected.
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Group Field Theory, Continued

The creation operators create disconnected quanta of geometry.
Connectivity can later be imposed through projectors that act on the
links of the spin-network nodes that are to be connected.

The dynamics of the GFT are governed by its action:

The classical GFT action S(¢, @) is typically chosen so that the
perturbative expansion of the GFT partition function matches the
sum over geometries of a spin foam model. In the simplest GFT
actions for quantum gravity (coupled to a massless scalar field ¢), the
dominant terms are
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GFT Operators

The operators in GFT have the standard second-quantized form, and
in particular the number operator will be important,

N — E AT J1uJ2:J35Jast ( ) A J12:03:J850 ( )
- A 2 (HI12
N / ¥ omy,me,m3,my (/) ¥ my,mp,m3,ma (b .

. J D
Jismii V¢

The presence of the scalar field allows for the definition of relational
observables, for example the relational number operator,

N(¢o) = Dl e ma($0) Pt ma(Po)-

JinIMi, L
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Group Field Theory, Continued

The creation operators create disconnected quanta of geometry.
Connectivity can later be imposed through projectors that act on the
links of the spin-network nodes that are to be connected.

The dynamics of the GFT are governed by its action:

The classical GFT action S(¢, @) is typically chosen so that the
perturbative expansion of the GFT partition function matches the
sum over geometries of a spin foam model. In the simplest GFT
actions for quantum gravity (coupled to a massless scalar field ¢), the
dominant terms are

.. Z / FK(D)_ e "Kz (W Z / 5V5+ 5V5]

. (D
Jiymijti J
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GFT Operators

The operators in GFT have the standard second-quantized form, and
in particular the number operator will be important,

N — E AT J1uJ2:J35Jast ( ) A J12:03:J850 ( )
- A 2 (HI12
N / ¥ omy,me,m3,my (/) ¥ my,mp,m3,ma (b .

. J D
Jismii V¢

The presence of the scalar field allows for the definition of relational
observables, for example the relational number operator,

N(¢o) = Dl e ma($0) Pt ma(Po)-

JinIMi, L
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Condensate States

A simple family of condensate states are the Gross-Pitaevskii
condensate states: coherent states of the GFT field operator which
are, up to a numerical prefactor, (cicien ot Sindoni

o) ~ew (3 [doai@e ) ) 10)

i ,m; L

where oZ:*(¢) is known as the condensate wave function.
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Condensate States

A simple family of condensate states are the Gross-Pitaevskii
condensate states: coherent states of the GFT field operator which
are, up to a numerical prefactor, (cicien ot Sindoni

o) ~ exp Z /d(/)(r (¢)p" () | 10),

i»Mmi,t
where o/-(¢) is known as the condensate wave function.

Again, the massless scalar field can be used as a relational clock:
0’i'(¢o) can be understood as the condensate wave function
evaluated at the ‘time’ B

Thus, imposing the quantum equations of motion on |o) will give
relational dynamics for a/:'() with respect to ¢.
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The Form of oﬂ;!j}"'(qﬁ)

It is important to make choices for (,T{};j"(d)) so that the condensate
state represents a cosmological space-time. Furthermore, appropriate
approximations will simplify the equations to be solved.

@ We are interested in the spatially flat FLRW space-time.
So we neglect connectivity: the main observable is the total
volume where connectivity is unimportant, and the space-time is

spatially flat so we do not need to worry about encoding the
spatial curvature in the connectivity of the graph (cicin o, sindon
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The Form of 07 (¢)

It is important to make choices for m,";;,-*j"(dJ) so that the condensate
state represents a cosmological space-time. Furthermore, appropriate
approximations will simplify the equations to be solved.

@ We are interested in the spatially flat FLRW space-time.
So we neglect connectivity: the main observable is the total
volume where connectivity is unimportant, and the space-time is
spatially flat so we do not need to worry about encoding the
spatial curvature in the connectivity of the graph (ciin o sindon.

We are only interested in isotropic observables.
So we restrict our attention to equilateral (isotropic)
configurations,

o (9) = ai(6)
This assumption can also be motivated by LQC, as the minimal
excitations of geometry have an isotropic configuration.
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Relational Dynamics

The quantum equations of motion are

But we expect the condensate state to only be an approximate
solution to the quantum equations of motion. So, we will only

impose the first Schwinger-Dyson equation G, o, sindoni],
5S
(o]

— o) = 0.
dp
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Relational Dynamics

The quantum equations of motion are

But we expect the condensate state to only be an approximate
solution to the quantum equations of motion. So, we will only
impose the first Schwinger-Dyson equation G, o, sindoni],

5S
(0] 52 o) =0
0P
For the GFT action shown earlier, this gives the non-linear

condensate equations of motion for g;(¢)
i)i(rj(qﬁ) — mf ai(¢) + w; 5;(¢)* =0,

where the numerical values of the m? ~ Kéo)/K2(2) and w; ~ V5/K2(2)

depend on the parameters in the GFT action.
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The Small Interactions Regime

In other contexts, the Gross-Pitaevskii condensate approximation is
typically most trustworthy when interactions are small. Thus, we will
focus on the regime where the interaction term is negligible. To
consider cases when the interaction term becomes important, it may
be necessary to go beyond the Gross-Pitaevskii approximation and
include interactions (i.e., connectivity information).
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The Small Interactions Regime

In other contexts, the Gross-Pitaevskii condensate approximation is
typically most trustworthy when interactions are small. Thus, we will
focus on the regime where the interaction term is negligible. To
consider cases when the interaction term becomes important, it may
be necessary to go beyond the Gross-Pitaevskii approximation and
include interactions (i.e., connectivity information).

The interaction term becomes large when |o;| is sufficiently large.
This is the large volume limit: the Gross-Pitaevskii approximation
is expected to be most trustworthy for small volumes. At large
volumes, connectivity may be important.

In the remainder, | will consider the mesoscopic regime where the
Gross-Pitaevskii approximation is most trustworthy (|o;| sufficiently
small) and where there are enough quanta for a continuum
space-time interpretation to be viable (|o;| sufficiently large.)
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Relational Dynamics

In this mesoscopic regime, rewriting o; = pje"@-f, the condensate
equations of motion imply that for each j

a9 )2 2 2 2 2 2 2 o
EJ' = (()f}.’)f)j) -1 (_)J- (Or)()j) — mjpj, Qj = /)J- ()(/)lc)j,

are conserved quantities (with respect to the relational time ¢).

There is one remaining non-trivial equation of motion for each j,

9

Pj

S

Importantly, p;(¢) can never become zero due to the divergent
repulsive potential at p; = 0.
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Cosmological Observables

In order to extract cosmology (i.e., hydrodynamics) from the
condensate state |o), it is necessary to relate the volume V' and the
momentum of the scalar field 7, to the appropriate GFT observables.

These are

V(9 = (o] 3 Vi@ )9 (9)) = 3 Vi

Jymyt
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Cosmological Observables

In order to extract cosmology (i.e., hydrodynamics) from the
condensate state |o), it is necessary to relate the volume V' and the
momentum of the scalar field 7, to the appropriate GFT observables.

These are

0_’ Z Vm,r Am, 1 Am, (]LJ ’(T z

IRuN!

|Z [@ ) 0,5(9) — (0p ()T )P(¢ ] = fz Q;.

Jomt
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Cosmological Observables

In order to extract cosmology (i.e., hydrodynamics) from the
condensate state |o), it is necessary to relate the volume V' and the
momentum of the scalar field 7, to the appropriate GFT observables.

These are

V(9 = (o] 3 Vi@ )9 (9)) = 3 Vi

Jymyt

Te(@) = (J'l Z [@ 0) 0 3(9) — (04 ()T )¢ ((/))] &) = fzz Q;.

Jomt

It immediately follows that
é?(/,rr(;)(<f>) = O

and so we recover the continuity equation for an FLRW space-time

with a massless scalar field.
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The Condensate Friedmann Equation

The relational Friedmann equation can be derived from

06V =2 V;p;Ospj,
j

and the equations of motion given earlier. Using E; and Q;,
2

Q?
((‘)‘b\/)iz 2Zj \/j/’j\/ffj—;;ff+mf/)f

3V 3 Zj Vjpj?
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The Condensate Friedmann Equation

The relational Friedmann equation can be derived from

06V =2 V;p;Ospj,
j

and the equations of motion given earlier. Using E; and Q;,
2

Q?
((‘)‘b\/)iz 2Zj \/j/’j\/ffj—;;ff+mf/)f

3V 3 Zj Vjpj?

The classical Friedmann equation

("3(/,V . - 47TG
3v. ) 3

is recovered in the low curvature semi-classical limit (which here
corresponds to large p;) for m? = 37G.
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The Singularity is Resolved

Recall that from the remaining non-trivial equation of motion,

2p; —

‘ s
O] 3 njjpj ~ 0-’

i
it is clear that p; never reaches zero due to the divergent repulsive
potential —Q7/p;.

Since

V(6) =D Vip,
J

it follows that V/(¢) can never be zero.

Thus, the big-bang and big-crunch singularities are generically
resolved, and, furthermore, are replaced by a bounce.

E. Wilson-Ewing (UNB) Bouncing Cosmology from QG Condensates June 26, 2017

22 /25

Page 43/49



Pirsa: 17060098 Page 44/49



Pirsa: 17060098 Page 45/49



Pirsa: 17060098 Page 46/49



Pirsa: 17060098 Page 47/49



Pirsa: 17060098 Page 48/49



Pirsa: 17060098 Page 49/49



