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1. An invitation to LQC



4

LQG rests on AshtekarÕs reformulation of  GR in connexion variables

Ashtekar 
variables

I, J = 1, 2, 3A

I
j (~x) SU(2) connectionis a

Classical phase space of  GR becomes same as in Yang-Mills theories, 
providing a unifying framework for all interactions

E

j
J(~x)A

I
i (~x)gµ⌫ ,

Quantum theory: 

The quantum representation is chosen using symmetries: diffeomorphisms 
invariance             unique kinematical Hilbert space:

Dynamics: 

 (Ai
I )

Ĥ (Ai
I) = 0 Wheeler-De Witt-like equation 
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LQC is a mini-superspace version of  LQG:  
quantization of  spacetimes with cosmological symmetries.  

First: the simplest, homogeneous + isotropic model: FLRW

Classical system: gravity         + scalar field a(t) �(t)

orthonormal triad  in space

AI
i (t) = c(t) eI

i Ei
I(t) = p(t) eiI
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Canonical commutation relations:

!A(!x) = c öx

!E(!x) = p öx

Analogy: homogeneous electromagnetic field

{c,�p} = 1



Again, diffeo. invariance picks a  kinematical Hilbert space:

This equation can be solved both numerical, and analytically. One can 
build the Hilbert space of  physical states and physical observables in it. 

This is a theory of  quantum cosmology

Dynamics:

! (c, ! )

[~2@2
� +H2

0 ] (c,�) = 0

Ashtekar, Bojowald, Corichi, Martin-Benito, Mena-Marugan, Olmedo, Pawloswki, Singh, Wilson-EwingÉ. 

Ĥ (c,�) = 0
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All states during the evolution go through an instant (in  -time) of  
minimum volume and maximum curvature: Bounce

�

Additionally:

Analytical results:

Rsup = 48! G" sup! sup =
18"

G2~�
o

⇡ 0.4!
Pl

All physical observables (e.g. curvature invariants, energy density  
of      ) are bounded from above. No singularity in the entire Hilbert 
space. For instance:

�

area gap in LQG: minimum area eigenvalue 

(Ashtekar, Corichi, Pawlowski, Singh)
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Artistic conceptions of  the Big Bang and Big Bounce
Big Bang Big Bounce

Credits: Pablo Laguna Credits: Cliff Pikover
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ä

a
= �4⇡G

3
⇢

✓
1� 4

⇢

⇢sup

◆
� 4⇡GP

✓
1� 2

⇢

⇢sup

◆

�̈+ 3H�̇+
dV (�)

d�
= 0

P =
1
2

ú�2 � V(�)⇢ =
1

2
�̇2 + V (�)where, as usual:

LQC effective eqns for Òhighly peakedÓ states 
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Geometry well approximated by a smooth metric tensor with the FLRW 
symmetries: 

! (c, ! )



Work has been extended to more complex cosmological models:

-with spatial curvature

-Bianchi I, IX

-with cosmological constant

-Gowdy

Results are robust

Lots of  recent work on relating LQC to LQG in a more systematic 
 way (symmetry reduction at the quantum level)

Alesci, Cianfrani, Engle, Brunnemann, Freishack
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2. LQC and the standard model of cosmology



THE STANDARD MODEL OF COSMOLOGY
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Theory vs Observations (Planck 2015)

Deviations from  
 theory

Spectacular agreement

Some deviations for ` . 30!(
!

+
1)

C
!/

2"

Standard model

Observations

Standard Model: ! CDM + inflation
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ABSTRACT

We test the statistical isotropy and Gaussianity of the cosmic microwave background (CMB) anisotropies using ob-
servations made by the Planck satellite. Our results are based mainly on the full Planck mission for temperature,
but also include some polarization measurements. In particular, we consider the CMB anisotropy maps derived from
the multi-frequency Planck data by several component-separation methods. For the temperature anisotropies, we Þnd
excellent agreement between results based on these sky maps over both a very large fraction of the sky and a broad
range of angular scales, establishing that potential foreground residuals do not a�ect our studies. Tests of skewness,
kurtosis, multi-normality, N -point functions, and Minkowski functionals indicate consistency with Gaussianity, while
a power deÞcit at large angular scales is manifested in several ways, for example low map variance. The results of a
peak statistics analysis are consistent with the expectations of a Gaussian random Þeld. The ÒCold SpotÓ is detected
with several methods, including map kurtosis, peak statistics, and mean temperature proÞle. We thoroughly probe the
large-scale dipolar power asymmetry, detecting it with several independent tests, and address the subject of a poste-
riori correction. Tests of directionality suggest the presence of angular clustering from large to small scales, but at a
signiÞcance that is dependent on the details of the approach. We perform the Þrst examination of polarization data,
Þnding the morphology of stacked peaks to be consistent with the expectations of statistically isotropic simulations.
Where they overlap, these results are consistent with the Planck 2013 analysis based on the nominal mission data and
provide our most thorough view of the statistics of the CMB ßuctuations to date.

Key words. cosmology: observations Ð cosmic background radiation Ð polarization Ð methods: data analysis Ð methods:
statistical
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servations made by the Planck satellite. Our results are based mainly on the full Planck mission for temperature,
but also include some polarization measurements. In particular, we consider the CMB anisotropy maps derived from
the multi-frequency Planck data by several component-separation methods. For the temperature anisotropies, we Þnd
excellent agreement between results based on these sky maps over both a very large fraction of the sky and a broad
range of angular scales, establishing that potential foreground residuals do not a�ect our studies. Tests of skewness,
kurtosis, multi-normality, N -point functions, and Minkowski functionals indicate consistency with Gaussianity, while
a power deÞcit at large angular scales is manifested in several ways, for example low map variance. The results of a
peak statistics analysis are consistent with the expectations of a Gaussian random Þeld. The ÒCold SpotÓ is detected
with several methods, including map kurtosis, peak statistics, and mean temperature proÞle. We thoroughly probe the
large-scale dipolar power asymmetry, detecting it with several independent tests, and address the subject of a poste-
riori correction. Tests of directionality suggest the presence of angular clustering from large to small scales, but at a
signiÞcance that is dependent on the details of the approach. We perform the Þrst examination of polarization data,
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1. Introduction

This paper, one of a set associated with the 2015 release
of data from the Planck1 mission (Planck Collaboration I
2015), describes a set of studies undertaken to determine
the statistical properties of both the temperature and po-
larization anisotropies of the cosmic microwave background
(CMB).

The standard cosmological model is described well by
the Friedmann-Lema”tre-Robertson-Walker solution of the
Einstein Þeld equations. This model is characterized by a
homogeneous and isotropic background metric and a scale
factor of the expanding Universe. It is hypothesized that
at very early times the Universe went through a period
of accelerated expansion, the so-called Òcosmological inßa-
tion,Ó driven by a hypothetical scalar Þeld, the Òinßaton.Ó
During inßation the Universe behaves approximately as a
de Sitter space, providing the conditions by which some of
its present properties can be realized and speciÞcally re-
laxing the problem of initial conditions. In particular, the
seeds that gave rise to the present large-scale matter distri-
bution via gravitational instability originated as quantum
ßuctuations of the inßaton about its vacuum state. These
ßuctuations in the inßaton produce energy density pertur-
bations that are distributed as a statistically homogeneous
and isotropic Gaussian random Þeld. Linear theory relates
those perturbations to the temperature and polarization
anisotropies of the CMB, implying a distribution for the
anisotropies very close to that of a statistically isotropic
Gaussian random Þeld.

The aim of this paper is to use the full missionPlanck
data to test the Gaussianity and isotropy of the CMB as
measured in both intensity and, in a more limited capacity,
polarization. Testing these fundamental properties is cru-
cial for the validation of the standard cosmological scenario,
and has profound implications for our understanding of the
physical nature of the Universe and the initial conditions
of structure formation. Moreover, the conÞrmation of the
statistically isotropic and Gaussian nature of the CMB is
essential for justifying the corresponding assumptions usu-
ally made when estimating the CMB power spectra and
other quantities to be obtained from the Planck data. In-
deed, the isotropy and Gaussianity of the CMB anisotropies
are implicitly assumed in critical science papers from the
2015 release, in particular those describing the likelihood
and the derivation of cosmological parameter constraints
(Planck Collaboration XI 2015; Planck Collaboration XIII
2015). Conversely, if the detection of signiÞcant deviations
from these assumptions cannot be traced to known system-
atic e! ects or foreground residuals, the presence of which
should be diagnosed by the statistical tests set forth in
this paper, this would necessitate a major revision of the
current methodological approaches adopted in deriving the
missionÕs many science results.

ú Corresponding author: A. J. Banday anthony.banday@irap.
omp.eu
1

Planck (http://www.esa.int/Planck ) is a project of the Eu-
ropean Space Agency (ESA) with instruments provided by two
scientific consortia funded by ESA member states and led by
Principal Investigators from France and Italy, telescope reflec-
tors provided through a collaboration between ESA and a sci-
entific consortium led and funded by Denmark, and additional
contributions from NASA (USA).

Well-understood physical processes due to the inte-
grated Sachs-Wolfe (ISW) e! ect (Planck Collaboration
XVII 2014; Planck Collaboration XXI 2015) and gravita-
tional lensing (Planck Collaboration XIX 2014; Planck Col-
laboration XV 2015) lead to secondary anisotropies that
exhibit marked deviation from Gaussianity. In addition,
Doppler boosting, due to our motion with respect to the
CMB rest frame, induces both a dipolar modulation of
the temperature anisotropies and an aberration that cor-
responds to a change in the apparent arrival directions of
the CMB photons (Challinor & van Leeuwen 2002). Both
of these e! ects are aligned with the CMB dipole, and were
detected at a statistically signiÞcant level on small angular
scales inPlanck Collaboration XXVII (2014). Beyond these,
Planck Collaboration XXIII (2014, hereafter PCIS13) es-
tablished that the Planck 2013 data set showed little evi-
dence for non-Gaussianity, with the exception of a number
of CMB temperature anisotropy anomalies on large angu-
lar scales that conÞrmed earlier claims based on WMAP
data. Moreover, given that the broader frequency cover-
age of the Planck instruments allowed improved compo-
nent separation methods to be applied in the derivation of
foreground-cleaned CMB maps, it was generally considered
that the case for anomalous features in the CMB had been
strengthened. Hence, such anomalies have attracted consid-
erable attention in the community, since they could be the
visible traces of fundamental physical processes occurring
in the early Universe.

However, the literature also supports an ongoing debate
about the signiÞcance of these anomalies. The central issue
in this discussion is connected with the role of a posteri-
ori choices Ñ whether interesting features in the data bias
the choice of statistical tests, or if arbitrary choices in the
subsequent data analysis enhance the signiÞcance of the fea-
tures. Indeed, the WMAP team (Bennett et al. 2011) base
their rejection of the presence of anomalies in the CMB on
such arguments. Of course, one should attempt to correct
for any choices that were made in the process of detect-
ing an anomaly. However, in the absence of an alternative
model for comparison to the standard Gaussian, statisti-
cally isotropic one adopted to quantify signiÞcance, this is
often simply not possible. In this work, whilst it is recog-
nized that care must be taken in the assessment of signif-
icance, we proceed on the basis that allowing a posteriori
reasoning permits us to challenge the limits of our existing
knowledge (Pontzen & Peiris 2010). That is, by focusing
on speciÞc properties of the observed data that are shown
to be empirically interesting, we may open up new paths
to a better theoretical understanding of the Universe. We
will clearly describe the methodology applied to the data,
and attempt to study possible links among the anomalies
in order to search for a physical interpretation.

The analysis of polarization data introduces a new op-
portunity to explore the statistical properties of the CMB
sky, including the possibility of improvement of the sig-
niÞcance of detection of large-scale anomalies. However,
this cannot be fully included in the current data assess-
ment, since the component-separation products in polar-
ization are high-pass Þltered to remove large angular scales
(Planck Collaboration IX 2015), owing to the persistence of
signiÞcant systematic artefacts originating in the High Fre-
quency Instrument (HFI) data ( Planck Collaboration VII
2015; Planck Collaboration VIII 2015). In addition, limi-
tations of the simulations with which the data are to be
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1. Introduction

This paper, one of a set associated with the 2015 release
of data from the Planck1 mission (Planck Collaboration I
2015), describes a set of studies undertaken to determine
the statistical properties of both the temperature and po-
larization anisotropies of the cosmic microwave background
(CMB).

The standard cosmological model is described well by
the Friedmann-Lemaître-Robertson-Walker solution of the
Einstein field equations. This model is characterized by a
homogeneous and isotropic background metric and a scale
factor of the expanding Universe. It is hypothesized that
at very early times the Universe went through a period
of accelerated expansion, the so-called “cosmological infla-
tion,” driven by a hypothetical scalar field, the “inflaton.”
During inflation the Universe behaves approximately as a
de Sitter space, providing the conditions by which some of
its present properties can be realized and specifically re-
laxing the problem of initial conditions. In particular, the
seeds that gave rise to the present large-scale matter distri-
bution via gravitational instability originated as quantum
fluctuations of the inflaton about its vacuum state. These
fluctuations in the inflaton produce energy density pertur-
bations that are distributed as a statistically homogeneous
and isotropic Gaussian random field. Linear theory relates
those perturbations to the temperature and polarization
anisotropies of the CMB, implying a distribution for the
anisotropies very close to that of a statistically isotropic
Gaussian random field.

The aim of this paper is to use the full mission Planck
data to test the Gaussianity and isotropy of the CMB as
measured in both intensity and, in a more limited capacity,
polarization. Testing these fundamental properties is cru-
cial for the validation of the standard cosmological scenario,
and has profound implications for our understanding of the
physical nature of the Universe and the initial conditions
of structure formation. Moreover, the confirmation of the
statistically isotropic and Gaussian nature of the CMB is
essential for justifying the corresponding assumptions usu-
ally made when estimating the CMB power spectra and
other quantities to be obtained from the Planck data. In-
deed, the isotropy and Gaussianity of the CMB anisotropies
are implicitly assumed in critical science papers from the
2015 release, in particular those describing the likelihood
and the derivation of cosmological parameter constraints
(Planck Collaboration XI 2015; Planck Collaboration XIII
2015). Conversely, if the detection of significant deviations
from these assumptions cannot be traced to known system-
atic e�ects or foreground residuals, the presence of which
should be diagnosed by the statistical tests set forth in
this paper, this would necessitate a major revision of the
current methodological approaches adopted in deriving the
mission’s many science results.
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Planck (http://www.esa.int/Planck) is a project of the Eu-
ropean Space Agency (ESA) with instruments provided by two
scientiÞc consortia funded by ESA member states and led by
Principal Investigators from France and Italy, telescope reßec-
tors provided through a collaboration between ESA and a sci-
entiÞc consortium led and funded by Denmark, and additional
contributions from NASA (USA).

Well-understood physical processes due to the inte-
grated Sachs-Wolfe (ISW) e�ect (Planck Collaboration
XVII 2014; Planck Collaboration XXI 2015) and gravita-
tional lensing (Planck Collaboration XIX 2014; Planck Col-
laboration XV 2015) lead to secondary anisotropies that
exhibit marked deviation from Gaussianity. In addition,
Doppler boosting, due to our motion with respect to the
CMB rest frame, induces both a dipolar modulation of
the temperature anisotropies and an aberration that cor-
responds to a change in the apparent arrival directions of
the CMB photons (Challinor & van Leeuwen 2002). Both
of these e�ects are aligned with the CMB dipole, and were
detected at a statistically significant level on small angular
scales in Planck Collaboration XXVII (2014). Beyond these,
Planck Collaboration XXIII (2014, hereafter PCIS13) es-
tablished that the Planck 2013 data set showed little evi-
dence for non-Gaussianity, with the exception of a number
of CMB temperature anisotropy anomalies on large angu-
lar scales that confirmed earlier claims based on WMAP
data. Moreover, given that the broader frequency cover-
age of the Planck instruments allowed improved compo-
nent separation methods to be applied in the derivation of
foreground-cleaned CMB maps, it was generally considered
that the case for anomalous features in the CMB had been
strengthened. Hence, such anomalies have attracted consid-
erable attention in the community, since they could be the
visible traces of fundamental physical processes occurring
in the early Universe.

However, the literature also supports an ongoing debate
about the significance of these anomalies. The central issue
in this discussion is connected with the role of a posteri-
ori choices — whether interesting features in the data bias
the choice of statistical tests, or if arbitrary choices in the
subsequent data analysis enhance the significance of the fea-
tures. Indeed, the WMAP team (Bennett et al. 2011) base
their rejection of the presence of anomalies in the CMB on
such arguments. Of course, one should attempt to correct
for any choices that were made in the process of detect-
ing an anomaly. However, in the absence of an alternative
model for comparison to the standard Gaussian, statisti-
cally isotropic one adopted to quantify significance, this is
often simply not possible. In this work, whilst it is recog-
nized that care must be taken in the assessment of signif-
icance, we proceed on the basis that allowing a posteriori
reasoning permits us to challenge the limits of our existing
knowledge (Pontzen & Peiris 2010). That is, by focusing
on specific properties of the observed data that are shown
to be empirically interesting, we may open up new paths
to a better theoretical understanding of the Universe. We
will clearly describe the methodology applied to the data,
and attempt to study possible links among the anomalies
in order to search for a physical interpretation.

The analysis of polarization data introduces a new op-
portunity to explore the statistical properties of the CMB
sky, including the possibility of improvement of the sig-
nificance of detection of large-scale anomalies. However,
this cannot be fully included in the current data assess-
ment, since the component-separation products in polar-
ization are high-pass filtered to remove large angular scales
(Planck Collaboration IX 2015), owing to the persistence of
significant systematic artefacts originating in the High Fre-
quency Instrument (HFI) data (Planck Collaboration VII
2015; Planck Collaboration VIII 2015). In addition, limi-
tations of the simulations with which the data are to be
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The aim of this paper is to use the full missionPlanck
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measured in both intensity and, in a more limited capacity,
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cial for the validation of the standard cosmological scenario,
and has profound implications for our understanding of the
physical nature of the Universe and the initial conditions
of structure formation. Moreover, the conÞrmation of the
statistically isotropic and Gaussian nature of the CMB is
essential for justifying the corresponding assumptions usu-
ally made when estimating the CMB power spectra and
other quantities to be obtained from the Planck data. In-
deed, the isotropy and Gaussianity of the CMB anisotropies
are implicitly assumed in critical science papers from the
2015 release, in particular those describing the likelihood
and the derivation of cosmological parameter constraints
(Planck Collaboration XI 2015; Planck Collaboration XIII
2015). Conversely, if the detection of signiÞcant deviations
from these assumptions cannot be traced to known system-
atic e�ects or foreground residuals, the presence of which
should be diagnosed by the statistical tests set forth in
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current methodological approaches adopted in deriving the
missionÕs many science results.
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CMB rest frame, induces both a dipolar modulation of
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the CMB photons (Challinor & van Leeuwen 2002). Both
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scales inPlanck Collaboration XXVII (2014). Beyond these,
Planck Collaboration XXIII (2014, hereafter PCIS13) es-
tablished that the Planck 2013 data set showed little evi-
dence for non-Gaussianity, with the exception of a number
of CMB temperature anisotropy anomalies on large angu-
lar scales that conÞrmed earlier claims based on WMAP
data. Moreover, given that the broader frequency cover-
age of the Planck instruments allowed improved compo-
nent separation methods to be applied in the derivation of
foreground-cleaned CMB maps, it was generally considered
that the case for anomalous features in the CMB had been
strengthened. Hence, such anomalies have attracted consid-
erable attention in the community, since they could be the
visible traces of fundamental physical processes occurring
in the early Universe.

However, the literature also supports an ongoing debate
about the signiÞcance of these anomalies. The central issue
in this discussion is connected with the role of a posteri-
ori choices Ñ whether interesting features in the data bias
the choice of statistical tests, or if arbitrary choices in the
subsequent data analysis enhance the signiÞcance of the fea-
tures. Indeed, the WMAP team (Bennett et al. 2011) base
their rejection of the presence of anomalies in the CMB on
such arguments. Of course, one should attempt to correct
for any choices that were made in the process of detect-
ing an anomaly. However, in the absence of an alternative
model for comparison to the standard Gaussian, statisti-
cally isotropic one adopted to quantify signiÞcance, this is
often simply not possible. In this work, whilst it is recog-
nized that care must be taken in the assessment of signif-
icance, we proceed on the basis that allowing a posteriori
reasoning permits us to challenge the limits of our existing
knowledge (Pontzen & Peiris 2010). That is, by focusing
on speciÞc properties of the observed data that are shown
to be empirically interesting, we may open up new paths
to a better theoretical understanding of the Universe. We
will clearly describe the methodology applied to the data,
and attempt to study possible links among the anomalies
in order to search for a physical interpretation.

The analysis of polarization data introduces a new op-
portunity to explore the statistical properties of the CMB
sky, including the possibility of improvement of the sig-
niÞcance of detection of large-scale anomalies. However,
this cannot be fully included in the current data assess-
ment, since the component-separation products in polar-
ization are high-pass Þltered to remove large angular scales
(Planck Collaboration IX 2015), owing to the persistence of
signiÞcant systematic artefacts originating in the High Fre-
quency Instrument (HFI) data ( Planck Collaboration VII
2015; Planck Collaboration VIII 2015). In addition, limi-
tations of the simulations with which the data are to be
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To summarize

Inflation nice, but open issues of  two kinds:

Theory:

Big bang
Trans-Planckian  issues

How inflation begins

Initial conditions for inflation

Observations:

CMB anomalies at large angles: dipole modulation (hence  
anisotropies) and  power suppression

Reheating
É

Goal of  the program: use LQC to answer these questions

Where is     and          coming from?! V (! )
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The Beginning of  Everything: A New Paradigm
Shift for the Infant Universe

Diagram showing evolution of  the Universe according to the new paradigm of  Loop Quantum Origins, developed
by scientists at Penn State University and published on 11 December 2012 as an "Editor's Suggestion" paper in the
scientific journal Physical Review Letters. Image source: P. Singh Physics 5, 142 (2012). Image credit: Alan Stonebraker.
For re-use requests, contact APS.

28 November 2012 — A new paradigm for understanding the earliest eras in the history of  the universe has been
developed by scientists at Penn State University. Using techniques from an area of  modern physics called loop
quantum cosmology, developed at Penn State, the scientists now have extended analyses that include quantum
physics farther back in time than ever before -- all the way to the beginning. The new paradigm of  loop quantum
origins shows, for the first time, that the large-scale structures we now see in the universe evolved from fundamental
fluctuations in the essential quantum nature of  "space-time," which existed even at the very beginning of  the universe
over 14 billion years ago. The achievement also provides new opportunities for testing competing theories of  modern
cosmology against breakthrough observations expected from next-generation telescopes. The research will be
published on 11 December 2012 as an "Editor's Suggestion" paper in the scientific journal Physical Review Letters.

"We humans always have yearned to understand more about the origin and evolution of  our universe," said Abhay
Ashtekar, the senior author of  the paper. "So it is an exciting time in our group right now, as we begin using our
new paradigm to understand, in more detail, the dynamics that matter and geometry experienced during the earliest
eras of  the universe, including at the very beginning." Ashtekar is the Holder of  the Eberly Family Chair in Physics at
Penn State and the director of  the university's Institute for Gravitation and the Cosmos. Coauthors of  the paper,

Fig. Credits:  
P. Singh, Physics 5, 142 (2012) 
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3. Scalar and tensor perturbations in LQC
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Starting point: 

QFT in Quantum Spacetimes

! (a, ! , "! , "gµ ! )

Ĥ  (a,�, ��, �gµ⌫) = 0 @2t  pert + f(hâni, h�̂mi) pert = 0

One obtains a QFT in a quantum spacetime

Perturbation theory

Equations of  motion:

take expectation value in ! FRW

I.A., Ashtekar, Nelson 2013

Ashtekar, Kaminski, Lewandowski 2010

! (a, ! , "! , "gµ ! ) = ! FRW (a, ! ) ! #pert (a, ! , "! , "gµ ! )
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QFT in Quantum Spacetimes

(⇤̃+ Ũ)Q(x) = 0 ÷! T (+ ,! ) (x) = 0

Dressed, effective metric

scalar pert tensor perts (two polarizations)

ã4 =
hĤ�1

0 â4Ĥ�1
0 i FRW

hĤ�1
0 i FRW

Perturbations only sensitive to a couple of  ÒmomentsÓ of  

The resulting equations are formally equivalent to the equations normally used 
in cosmology: 

where the classical FRW metric has been replaced by 

where

! FRW

(simple result, although the specific moments are non-trivial)

d÷! = ÷a2 hH �1
0 i FRW d"
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4. Phenomenology of LQC 



LQC, Non-Gaussianity and CMB anomalies

Ivan Agullo

Loops 15, Erlangen,  2015

Louisiana State University
Ivan Agullo

4/10/15, 5:29 PMThe Beginning of Everything: A New Paradigm Shift for the Infant Universe — Eberly College of Science

Page 1 of 4http://science.psu.edu/news-and-events/2012-news/Ashtekar11-2012

The Beginning of  Everything: A New Paradigm
Shift for the Infant Universe

Diagram showing evolution of  the Universe according to the new paradigm of  Loop Quantum Origins, developed
by scientists at Penn State University and published on 11 December 2012 as an "Editor's Suggestion" paper in the
scientific journal Physical Review Letters. Image source: P. Singh Physics 5, 142 (2012). Image credit: Alan Stonebraker.
For re-use requests, contact APS.

28 November 2012 — A new paradigm for understanding the earliest eras in the history of  the universe has been
developed by scientists at Penn State University. Using techniques from an area of  modern physics called loop
quantum cosmology, developed at Penn State, the scientists now have extended analyses that include quantum
physics farther back in time than ever before -- all the way to the beginning. The new paradigm of  loop quantum
origins shows, for the first time, that the large-scale structures we now see in the universe evolved from fundamental
fluctuations in the essential quantum nature of  "space-time," which existed even at the very beginning of  the universe
over 14 billion years ago. The achievement also provides new opportunities for testing competing theories of  modern
cosmology against breakthrough observations expected from next-generation telescopes. The research will be
published on 11 December 2012 as an "Editor's Suggestion" paper in the scientific journal Physical Review Letters.

"We humans always have yearned to understand more about the origin and evolution of  our universe," said Abhay
Ashtekar, the senior author of  the paper. "So it is an exciting time in our group right now, as we begin using our
new paradigm to understand, in more detail, the dynamics that matter and geometry experienced during the earliest
eras of  the universe, including at the very beginning." Ashtekar is the Holder of  the Eberly Family Chair in Physics at
Penn State and the director of  the university's Institute for Gravitation and the Cosmos. Coauthors of  the paper,
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fluctuations in the essential quantum nature of  "space-time," which existed even at the very beginning of  the universe
over 14 billion years ago. The achievement also provides new opportunities for testing competing theories of  modern
cosmology against breakthrough observations expected from next-generation telescopes. The research will be
published on 11 December 2012 as an "Editor's Suggestion" paper in the scientific journal Physical Review Letters.

"We humans always have yearned to understand more about the origin and evolution of  our universe," said Abhay
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Strategy:

1) Perturbations start in the vacuum at early times

2) Evolution across the bounce amplifies curvature perturbations

3) Then standard slow-roll inflation begins, but perturbations reach the onset 
of  inflation in an excited state, rather than the Bunch-Davies vacuum

Remark: IÕll use the                               potential, but other choice are certainly possible and  
results have been shown to be robust (Bonga-Gupt 2015) 

V (�) =
1

2
m2�2

4) These excitations impact observables quantities
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Why perturbations are affected by the bounce? 
Qualitative discussion to gain intuition:
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Results of  numerical evolution

Scalar Power Spectrum Tensor Power Spectrum 

(I.A.-Ashtekar-Nelson 2012-13, I.A.-Morris 2015)

m = 1 .1 ! 10! 6�B = 1.22

Initial condition s for perturbations

k?/a0 = 0.002Mpc�1

Choices to make:

Initial data for ! B (= amount of  expansion between bounce  
and onset inflation)

Inflation potential 

In these plots: , ,

! e.g. at the bounce time:
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Results of  numerical evolution

Scalar Power Spectrum 

The LQC pre-inflationary evolution modifies the power  for the lowest  k-values  (longest wavelengths) we 
can observe, and quite significantly for even longer wavelengths (super-Hubble modes)

(I.A.-Ashtekar-Nelson 2012-13, I.A.-Morris 2015)
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For large values of          predictions are indistinguishable from 
 standard inflation  

 Most important:    

reduction of  tensor-to-scalar ratio (slightly alleviates constrains on  
quadratic potential)

modification of  consistency relation r < � 8 nt

effects on spectral indices and runnings

! B

QG extension of  the inflationary scenario

For smaller        , QG corrections at large angles in CMB. In particular:! B
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Conclusions are robust against initial conditions   
(I.A.-Ashtekar-Nelson 2013, I.A.-Morris 2015)

Conclusions robust against change in the potential (Bonga-Gutp 2015-16)

Conclusions robust against choice of  the quantum of  FLRW geometry 
(I.A.,Ashtekat-Gutp 2016)

Other approaches for perturbations (within LQC) produce quite similar results   

Robustness tests:

Extension to anisotropic bounces (I.A., Olmedo, Vijayakumar)
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5. LQC and CMB large scale “anomalies”



Two proposals so far:

Add physical principles that select for us an initial state  for perturbations at the bounce.

Principles are related with:

1. Quantum generalization of  Penrose Null Well curvature hypothesis

2. Relation between UV and IR physics in cosmology

The resulting power spectrum shows suppression at large angular 
scales that fits the data better than standard results
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Ashtekar and Gupt 2016 (see GuptÕs talk on this conference)  
Martin de Blas-Olmedo (see OlmedoÕs talk in tis session)

1.



Hemispherical anomaly 
Quadrupole-octopole alignment 
Low power @ large scales 
Power asymmetry 
...

Significance 

! T(n̂) =
!

! m

a! m Y! m (n̂) with non-diagonal terms

anisotropies

ha`ma`0m0i = �``0�mm0 C`+
?

. 3�

Observed anomalies (WMAP, PLANCK)

But this is not sufficient. Effects only appears at large scales: we need a scale-
dependent anisotropic modulation 

Data indicate, if  primordial origin, new physics at large scales needs to introduce 
anisotropies (e.g. remnants of  Bianchi phase, etc)

2. I.A.
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Recent discussions: we do not need anisotropic physics to modify the statistics 
in our observable universe. Large correlations between modes can do the job

(Adhikari, Brahma, Bartolo, Bramante, Byrnes, Carrol, Dai, Deutsch, Dimastrogiovanni, Erickcen, Hui , 
Jeong, Kamionkowski, LoVerde, Matarrese, Mota, Nelson, Nurmi, Peloso, Pullen, Ricciardone,  
Shandera,  Schmidt , Tasinato,  Thorsrud,  Urban,...)

Non-Gaussian modulation of  the power spectrum 

A typical realization shows larger anisotropies if  the distribution is non-
Gaussian 

But there are strong limits on non-Gaussianity for the CMB (PLANCK)

|f NL | ! 10 ! ! 1000for

We need a mechanism to produce  strongly scale dependent non-Gaussianity
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Goal: Compute the modulating amplitude         using the 
bounce+inflation

In angular space:
Wigner 3j-symbols

!a! m a"
! ! m ! " = ! !! ! ! mm ! C! +

!

LM

ALM G!! ! L
! mm ! M (C! + C! ! )

ALM

Non-Gaussian modulation of  the power spectrum caused by a long 
wave length mode 

In k-space:
Non-Gaussianity
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off-diagonal = anisotropies



First: Non-Gaussianity created during +inflation

Ratio (inflation+LQC)/inflation Bispectrum:

BR /B BD
R

k2/k !

k3/k !

Friday, June 5, 15

Q Q
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Observable modes are not correlated among themselves: ok with observations

But the longest wavelengths we can observe are strongly correlated with  
super-Hubble modes             

Two messages from this plot:
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For the monopole: 1 every 6 simulated spectra show a suppression of  at 
 least 10% for ̀ < 30

A scale dependent dipole modulation in quantitative agreement with  
observations arises

There is a choice of  the parameters of  the models for which:

Negligible quadrupole, octopole, etc

In summary: the LQC  bounce preceding inflation is a good candidate to 
account for the CMB large scale anomalies

Prediction: tensor perturbations must also show the similar 
anomalies

Conclussions
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6. Non-Gaussianity from the bounce

I.A., Bolliet, Vijayakumar: In ProgessÉ
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Challenging computation:

1. No slow-roll approximation available

Work in flat slicing gauge: 
��(~x)

Where

2. Challenging numerical integrals
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A sample of  the result:

e! (k1+ k2+ k3) /k LQC
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A sample of  results
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7. Summary
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The Beginning of  Everything: A New Paradigm
Shift for the Infant Universe

Diagram showing evolution of  the Universe according to the new paradigm of  Loop Quantum Origins, developed
by scientists at Penn State University and published on 11 December 2012 as an "Editor's Suggestion" paper in the
scientific journal Physical Review Letters. Image source: P. Singh Physics 5, 142 (2012). Image credit: Alan Stonebraker.
For re-use requests, contact APS.

28 November 2012 — A new paradigm for understanding the earliest eras in the history of  the universe has been
developed by scientists at Penn State University. Using techniques from an area of  modern physics called loop
quantum cosmology, developed at Penn State, the scientists now have extended analyses that include quantum
physics farther back in time than ever before -- all the way to the beginning. The new paradigm of  loop quantum
origins shows, for the first time, that the large-scale structures we now see in the universe evolved from fundamental
fluctuations in the essential quantum nature of  "space-time," which existed even at the very beginning of  the universe
over 14 billion years ago. The achievement also provides new opportunities for testing competing theories of  modern
cosmology against breakthrough observations expected from next-generation telescopes. The research will be
published on 11 December 2012 as an "Editor's Suggestion" paper in the scientific journal Physical Review Letters.

"We humans always have yearned to understand more about the origin and evolution of  our universe," said Abhay
Ashtekar, the senior author of  the paper. "So it is an exciting time in our group right now, as we begin using our
new paradigm to understand, in more detail, the dynamics that matter and geometry experienced during the earliest
eras of  the universe, including at the very beginning." Ashtekar is the Holder of  the Eberly Family Chair in Physics at
Penn State and the director of  the university's Institute for Gravitation and the Cosmos. Coauthors of  the paper,

LQC and FRW space-time
LQC and the Spectrum of primordial perturbations

LQC and the spectrum of Non-Gaussianity LQC and CMB anomalies
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LQC has matured enormously  in the last 10 years regarding both theory and 
connexion with observations: 

Solid mathematical framework based on first principles 

Agreement with current observational constraints  

New mechanisms to account for phenomenology   

An opportunity to connect quantum gravity with observations
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