


 



Résumé

La prochaine génération d'instruments pour l'observation de la polarisation du fond

di�us cosmologique est partiulièrement exigeante en termes de nombre de détecteurs,

de qualité de la mesure et d'e�cacité de remplissage du plan focal. De plus, pour

détecter les modes-B de polarisation provenant de l'in�ation, il faut observer le ciel

avec plusieurs bandes de fréquence a�n de soustraire les avant-plans. Dans ce con-

texte, les détecteurs à inductance cinétique (KIDs) représentent une technologie très

prometteuse en raison de leur grand facteur de multiplexage et de leur facilité de

réalisation, tandis que le couplage avec une antenne peut fournir des solutions multi-

bandes et double-polarisation dans un design compacte. Les KIDs à éléments local-

isés (LEKID) couplé à une antenne développé dans cette thèse sont sensibles à la

polarisation avec deux sous-bandes à 140 GHz et 160 GHz chacune avec une bande

passante de 10%. L'architecture proposée utilise une antenne à fente excitée par

une ligne microruban et deux �ltres passe-bande vers deux résonateurs. Ces derniers

sont couplés capacitivement avec l'antenne et comprennent une ligne microruban en

Aluminium comme absorbeur. Cette architecture est particulièrement simple à fab-

riquer, sans via et ne nécessite que de deux niveaux de métallisation. La transition ne

nécessite aucun dépôt de diélectrique au-dessus du résonateur, évitant ainsi les limi-

tations de toute source de bruit due au substrat non-monocristallin (TLS). En outre,

la même technique de couplage peut être appliquée à de nombreux types d'antennes

excitées par une ligne microruban, ce qui permet de s'adapter aux �ltres passe-bande.

Mots clefs: détecteurs à inductance cinétique, supraconductivité, cosmologie
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Abstract

Next generation telescopes for observing the Cosmic Microwave Background are de-

manding in terms of number of detectors and focal plane area �lling e�ciency. More-

over, foreground reduction in B-Mode polarimetry requires sky observation with

multiple frequency bands. In this context KIDs are promising technology because

of their large multiplexing rate, while antenna coupling can provide multi-band and

dual-polarization solutions in compact design. The proposed polarization sensitive

antenna-coupled LEKID is operating at 140 GHz and 160 GHz with a bandwidth of

almost 10% for each sub-band. The design involves a microstrip excited slot antenna

and two open-stub band-pass �lters to direct the signal toward two resonators. These

are lumped elements capacitively coupled to the antenna and include an Aluminium

strip as absorber. The architecture proposed is particularly simple to fabricate,

via-less and only involves two metallization levels. The transition does not require

any dielectric deposition above the resonator, thus preventing limitations from any

source of noise due to non-monocrystalline substrate (TLS). Furthermore, the same

coupling technique can be applied to many types of microstrip excited antennas,

which allow to accommodate band-pass �lters.

Keywords: kinetic inductance detectors, superconductivity, cosmology
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Introduction

Kinetic Inductance Detectors (KIDs) are promising technology for future high-sensitive

observational astronomy, with particular advantages for millimeter-wave and far in-

frared detection. Frequencies up to 600 GHz are of great interest for observing the

Cosmic Microwave Background (CMB), which is the �rst light emitted after the Big

Bang, and its polarization.

About 10% of the CMB signal is linearly polarized by Thomson scattering. As I

will explain in Chapter 1, the polarization process requires a quadrupole distribu-

tion of matter, which might be generated by primordial gravitational waves origi-

nated during the in�ationary epoch. These waves form tensor perturbations that

imprint on CMB photons a special polarization pattern, called B-mode in analogy

with electromagnetism, which is distinguishable due to their unique behavior under

parity inversion. CMB polarization contains more information than the temperature

anisotropy and B-mode detection would open a window to the in�ationary epoch,

occurred before recombination.

Currently, the sensitivity needed for B-modes detection is still unknown, with an

upper limit set by data from Bicep2 experiment, Keck array and Planck. Since

ongoing observations have already reached the photon noise limit, the instrument

sensitivity can be improved by increasing the number of detectors on focal plane.

The main goal for future CMB observatories (both ground and space based) is to

push down the B-modes upper limit of about two orders of magnitude, which re-

sults in the technological challenge of implementing large detector arrays on focal

plane. Furthermore, B-mode observation is limited by foreground contamination.

Main sources of noises are gravitational lensing, synchrotron emission and thermal

dust. Components separation requires observations with a wide spectral coverage,

roughly between 40GHz � 600GHz. These requirements lead to what is called CMB

1



2 CONTENTS

�stage-4� for ground based projects, which demands large arrays containing about

105 detectors. Space observatories are necessary to ful�ll the full spectral coverage,

which is not observable from the ground due to the atmosphere opacity, setting some

extra constraints in terms of weight and physical size of focal plane.

Next generation focal planes are oriented toward planar antenna-coupled detec-

tors. Antenna-coupling is advantageous because it can provide multi-band and dual-

polarization solutions in compact design: this kind of arrangement is particularly

convenient for space based telescopes, where the mass and focal plane area is a con-

strain. I will illustrate in Chapter 2 some techniques commonly used in microwave

engineering to process high frequency signals. Basic antenna properties and the

dipole antenna I have used in this work are described in Chapter 3.

Kinetic Inductance Detectors are a very interesting alternative to bolometers. As

described in Chapter 4, KIDs are LC resonators that exploit the kinetic inductance

which arises from the two �uids model of superconductivity to detect photons. The

basic idea is that a resonant circuit has a natural frequency which depends on the

value of its capacitance C and inductance L. Under certain circumstances photons

can be absorbed in the superconducting metal, altering the factor L of the circuit,

and so change the natural frequency. Resonators are coupled to a readout line; a

measure of the resonant frequency is directly proportional to the power absorbed in

the circuit. The readout line provides a tone to the resonator and the measure is

carried out by fast electronic at room temperature. A signal with multiple tones is

used to read an array of several resonators in a multiplexed way. The multiplexing

rate allows for using a single readout cable to measure the resonance of hundreds of

detectors. This is a clear advantage compared to more common bolometers which

require superconducting electronics (SQUIDs) working at low temperature for a lower

multiplexing rate.

In order to shrink the pixel size it is common to develop lumped elements (LEKIDs)

with a large capacitor. The latter can be implemented as a planar structure, like the

interdigital capacitor. LEKIDs also have the advantage of a more uniform current

distribution across the inductor. Despite the LEKID design can be polarization

sensitive, each pixel is limited to one frequency band. Ground based experiments,

for which the atmosphere allows few windows in the millimeter domain, can be

upgraded time by time to detect di�erent frequencies. Space observatories lack of
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this feature and the multi-frequency design has to be implemented on pixel. For

this reason the CMB community is currently focusing on antenna coupled KIDs.

Cameras operating with antenna coupled bolometers are already active on ground

based telescopes and we aim to recover the same sensitivity and performance with

KID technology.

In this thesis I have developed an original architecture for coupling a lumped element

KID with a microstrip excited antenna. In Chapter 5 I will discuss the simulated

performance of each component. I have used full wave simulation software (CST

Microwave Studio) to design a dual-resonant slot antenna, which is the receiver of

the detection chain. The high frequency signal is then �ltered on a diplexer that

I have simulated with Sonnet Software. I have developed a microstrip-to-coplanar

transition design to couple each �lter with one resonator. Such a transition is the

critical part of my work and it has been simulated with both CST and Sonnet. I

have �rstly considered the NIKA (New IRAM KID Array) pixel as a starting design

of the LEKID geometry. I then adapted it to deal with all the requirements needed

for the antenna coupling.

The fabrication of few demonstrators took place at Paris Observatory within a col-

laboration with the GEPI group. I did not actively participate in the fabrication

process except for the design of the photomasks as described in Chapter 6.

I have arranged the setup of a cryostat at APC to test some demonstrators at low

temperature in collaboration with the millimeter lab group members. In addition, the

Institut NEEL in Grenoble provided the equipment for a full pixel characterization

in terms of noise and spectral sensitivity. Experimental set up and measurements

are discussed in Chapter 7.

Preliminary tests presented a number of unexpected features. I will discuss in Chap-

ter 8 the development of a new optimized design according to these results. New

demonstrators are currently under fabrication and will be tested both at APC and

Institut NEEL.

During these three years I have also participated in the Cosmic Origin Explorer

(COrE) collaboration. COrE was an ESA M5 proposal for a space based telescope

dedicated to B-Modes observation [core-mission.org]. The focal plane of COrE con-

sisted of more that 2000 detectors arranged in 19 frequency bands from 60 GHz to
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600 GHz using KIDs as baseline technology. Unfortunately, the proposal has been

rejected because the total cost of the mission was exceeding the given budget for a

M5 mission. Nevertheless, new technological solutions for large focal plane arrays

are currently under investigation and the CMB community is particularly active in

KIDs development.



Chapter 1

Science Background

The Copernican system and the embrace of the heliocentric model during the XVI

sec. started a scienti�c revolution in cosmology. After then and the �rst observa-

tions with the Galilean telescope in the XVII sec., astronomers become aware of the

possibility to understand the laws that regulate the universe, its composition and

evolution through time.

After the Newtonian description of gravity, cosmology were stuck on a stability

problem. As Newton itself wrote in the second edition of Principia Mathematica,

the universe must extend to in�nity in all directions in order for the gravitational

attraction to be uniform and null. Otherwise, the gravitational attraction between

celestial bodies will eventually make the universe collapse.

Many cosmologists and mathematicians in the XVIII sec. started to take into account

non-euclidean geometries to describe the universe [1]. Einstein was the �rst to link

the geometry of space with gravity. He realized that light is bent under the e�ect

of a gravitational �eld. To describe the space curvature under the e�ect of gravity

Einstein consulted his mathematician friend Marcel Grossmann. The collaboration

between the two led to the development of the general theory of relativity. Later in

1917 he published his model of a static and closed universe which aimed to solve the

problem of Newtonian cosmology.

Since then, the technological advancements allowed astronomers to expand their

knowledge to all the frequency spectrum. I will start this chapter by describing the

historical steps which led to the Big Bang theory and modern cosmological models.

5
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Then I will focus more on the Cosmic Microwave Background (CMB) science, which

is the main motivation for the present work. I will illustrate the main open problems

in cosmology and how the in�ation theory may provide a solution to them. Current

models can be validated experimentally with high sensitivity measurements of the

CMB polarization. I will present an historical introduction on the CMB discovery,

the current status of observations and the technological challenges we are facing for

next generation CMB observations.

1.1 Expanding universe

The �rst evidence of the expanding universe was obtained in the early 1900 by

Vesto Melvin Slipher from the Lowell Observatory in Flagsta�, Arizona. He was the

�rst astronomer to detect celestial body spectra with enough signal-to-noise ratio

for Doppler shift measurement [5]. He observed spectra for 25 spiral nebulae and

discovered that four of these had a radial velocity toward the observer (blue-shifted),

the others were receding from the observer (red-shifted). He calculated the recession

speed in the range of 150�1100 km=s [6]. The mean value he found was thirty times

larger than the average velocity of the stars. This measure led to the 'island-universe'

hypothesis, in which spiral nebulae were distinct galaxies, not gravitationally bound

to the Milky Way.

Later in 1920, the astronomer Edwin Hubble was working at the Mount Wilson

Observatory in California, equipped with a 2:5 m telescope, the Hooker Telescope,

which was the largest telescope in the word at that time. By taking advantage of

the relationship between Cepheid variables luminosity and their pulsation period,

Hubble calculated the distance of three nebulae observed by Slipher. He discovered

that those objects were far away from the Milky Way, supporting the island-universe

model.

Hubble also studied the relationship between the recession velocity and the distance

form the observer. He estimated the distance for 24 extra-galactic nebulae for whom

he knew the radial velocity. His measurement lead to a linear correlation between

distances and velocities [7]. He also combined the nebulae into 9 groups according to

proximity in direction and distance, �nding again a linear correlation with distances

(Figure1.1.1). Calling v the radial velocity and D the distance from the observer,
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Figure 1.1.1: Plot published by Hubble in 1929 [7]. The full line represents the linear correlation
between nebulae radial velocities (black dots) and their distance from the observer. The dotted line
represents the linear correlation calculated from combining nebulae into groups (white disks).

we can write the Hubble's law :

v = H0D (1.1.1)

where H0 is known as the Hubble Constant and has the dimension of the inverse

of time. The value of H0 calculated form the Hubble plot was 500 Km s�1Mpc�1.

Currently, the estimated value of H0 is in the range of 68 Km s�1Mpc�1 > H0 .

89 Km s�1Mpc�1 obtained from di�erent methods and cosmological models [8].

It is notable that despite the universe is expanding, objects that are bound grav-

itationally, like galaxies in the local group, are not moving apart from each other.

Thanks to local non-homogeneity of matter distribution and peculiar motions, grav-

itationally bound systems can interact and collapse into more massive systems and

form the structures that we observe today. The expansion becomes homogeneous at

large scale where these local irregularities can be neglected. Modern cosmology has

adopted the so called 'Cosmological Principle', which states that the properties of

the universe at large scale are the same for every observer at any location. In other

worlds, the universe is homogeneous and isotropic when the scale is large enough,

and there is not any special location in the universe. Notice that isotropy implies

homogeneity since we assume the universe to be isotropic for every observer, but a

homogeneous universe can be anisotropic. Furthermore, the universe appears to be

isotropic for every observer since we assume the observers to be in free falling [9].
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1.2 Cosmological distances

We can parameterize the expansion of the universe by using a time-dependent scale

factor a(t) [10]. It relates the distances between any two objects taken at any

moment in time with those taken at a reference time, that is arbitrarily chosen to be

the present. In such a reference, the scale factor at t0, the present epoch, is a(t0) = 1.

We call the distance of two objects proper distance. It changes during time due to

the expanding universe. If we scale the proper distance by the scale factor, we obtain

the proper distance d(t) at time t. Calling d0 the proper distance at t = t0 we can

write:

d(t) = a(t)d0 (1.2.1)

The recession speed of two galaxies is the derivative of their proper distance, so from

1.2.1 we can obtain:
_d(t) = _a(t)t0 (1.2.2)

Combining 1.2.1 and 1.2.2 we obtain:

_d(t) =
_a(t)

a(t)
d(t)

The latter is the Hubble law written as a function of the scale factor. We can infer

the Hubble constant as:

H0 =
_a(t)

a(t)
(1.2.3)

In modern cosmology it is useful to use the comoving distance, the distance between

two objects which remains constant at any time, thus comoving with the expansion.

The comoving distance r can be calculated as:

r =
d(t)

a(t)
(1.2.4)

1.3 Friedman models

We can write the metric of our universe by considering the spatial increment dl in

polar coordinates (r; �; �) of a two dimensional space on a surface of a sphere. Along

with the assumption an expanding, homogeneous and isotropic universe we obtain
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the invariant interval [11, 12, 13]:

ds2 = dt2 � a2(t)

c2

�
dr2

c

1 � kr2
c

+ r2
c

�
d�2 + sin2�d�2

��
(1.3.1)

where k = 1=R0, with R0 the radius of curvature of the universe at t = t0, and

rc = R0sin (r=R0) being the comoving angular diameter distance. The metric in

1.3.1 is the Robertson-Walker metric1. The value of k determines the geometry of

the universe. We can distinguish three cases:

� k = 0: the radius of curvature is R0 = 1 so the universe is �at (or Euclidean).

In this case the shortest path between two points is a straight line. Two parallel

lines never meet each other.

� k > 0: it corresponds to a closed (or spherical) universe. This geometry allows

two parallel lines to converge at a certain point. The sum of the angles of a

triangle is greater than 180 degrees.

� k < 0: it corresponds to an open (or hyperbolic) universe. In this case two

parallel lines are always divergent. The sum of the angles of a triangle is lesser

than 180 degrees.

Notice that the geometry of the universe in the Robertson-Walker metric changes as

a�2(t) and the scale factor contains all the information about the expansion.

In order to have access to the dynamics of expansion we must solve the Einstein's

�eld equations. The Robertson-Walker metric provides a solution to those as follows:

�a = �4�G

3
a

�
� +

3p

c2

�
+

1

3
�a (1.3.2)

_a2 =
8��G

3
a2 � c2

R2
0

+
1

3
�a2 (1.3.3)

where � is the total inertial mass density of the matter and radiation in the universe,

p its pressure and G the gravitational constant. Equations 1.3.2 and 1.3.3 are com-

monly called Friedman's equation. The 1.3.3 has the form of an energy equation and

contains the cosmological constant �. The �rst term on the right side represents the

gravitational potential energy of the expanding universe.

1
Also called Friedmann-Lemaitre-Robertson-Walker metric or FLRW.
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Since the total mass is conserved during the expansion, we can express � as a function

of its value today �0 and the scale factor as:

� = a�3�0 (1.3.4)

assuming the volume V / a3. Also, the total energy "t associated with the mass

density can be written as "t = �c2. With these assumptions, equation 1.3.2 can be

inferred from the derivative of 1.3.3 by substituting _� with the �rst law of thermo-

dynamics in relativistic form written as follows:

d�

da
+ 3

�
� +

p

c2

�

a
= 0

Equation 1.3.2 has the form of a force equation and makes more evident the purpose

of the cosmological constant. The �rst term on the right side has a negative sign,

thus represents the total gravitational force that prevents the expansion. The second

term on the right side contains � and has a positive sign. It represents the force

involved on the expansion that keeps the universe from contracting due to gravita-

tional interactions. The cosmological constant was �rstly used by Einstein in 1917,

before the Hubble discovery of the expansion. Einstein introduced � in an attempt

to describe a model of static universe, which was widely accepted at that time.

Solutions of equation 1.3.3 are called Friedman world models. We can distinguish

two cases: solutions where we consider � = 0, thus we do not take into account its

repulsive e�ect, and solutions with � 6= 0. Today we link the cosmological constant

e�ect with dark energy, the nature of which is still unknown.

Before we start studying the dynamics of Friedman's world models, it is better to

introduce the critical density �c and the density parameter 
M as follows:


M =
�0

�c
=

8�G�0

3H2
0

(1.3.5)

These quantities will be used to rewrite Friedman's equations in more useful form.
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1.3.1 Dust

World model with � = 0 and p = 0 is called dust. With these assumptions and 1.3.5

Friedman's equations become:

�a = �
M H2
0

2a2
(1.3.6)

_a2 =

M H2

0

a
� c2

R2
0

(1.3.7)

where we have also assumed � = �0a�3. The dust model is particularly friendly for

calculating the spatial curvature k at the present epoch. Considering t = t0, a = 1

and _a = H0 we obtain from 1.3.7:

k =
1

R0
=

(
M � 1)

(c=H0)2 (1.3.8)

Depending on the value of 
M we get di�erent dynamics:

� 
M < 1 : the universe is open and expands to a = 1.

� 
M > 1 : the universe is closed and stops expanding when a = amax at the

cosmic time tmax = �
0

h
2H0 (
M � 1)3=2

i
. At time t = 2 tmax the universe

collapse to the so called Big Crunch.

� 
M = 1: it is often called Einstein-De Sitter model. The universe is �at

and the expansion eventually stops at a certain cosmic time. The scale factor

depends on t as a = (t=t0)2=3 where the current age of the universe is t0 =

(2=3) H�1
0 .

� 
M = 0 : the universe is open and the velocity of the expansion is constant.

The current age of the universe is t0 = H�1
0 . This model is called Milne model.

Di�erent world model dynamics for some values of 
0 are shown in Fig. 1.3.1.

1.3.2 E�ect of � on world models

The cosmological constant introduces a repulsive force on Friedman's equations that

allows the universe to accelerate and contrasts the gravitational attractions at large

scale. Despite its nature is still misunderstood, it can be represented as repulsion of

the vacuum. Thus, we can associate to the cosmological constant a negative pressure
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Figure 1.3.1: Plots of the scale factor with H0 = 1. At the present age a = 1 and t = t0, for di�erent
values of 
0 we obtain H0t0 = 1 for 
0 = 0, H0t0 = 2=3 for 
0 = 1, H0t0 = 0:57 for 
0 = 2 and
H0t0 = 0:51 for 
0 = 3.

of the type pv = ��vc2 with a constant2 mass density �v. As in the case of � = 0,

it is convenient to introduce a density parameter 
� associated to dark energy. We

assume again the dust model where the matter and radiation pressure pm is null. In

such a scenario the Friedman's equation can be written in the form:

�a = �
M H2
0

2a2
+ 
�H2

0 a (1.3.9)

_a2 =

M H2

0

a
� c2

R2
0

+ 
�H2
0 a2 (1.3.10)

where the cosmological constant � = 8�G�v and the density parameter:


� =
8�G�v

3H2
0

We can infer the the e�ect of � on the curvature of the universe by considering

equation 1.3.10 at the present age, thus substituting a = 1 and _a = H0. We obtain:

k =
1

R2
0

=
[(
M + 
�) � 1]�

c2=H2
0

�

From the latter we obtain the condition 
tot = (
M + 
�) = 1 for a �at universe.

Notice that the curvature of the universe is open in case of 
tot < 1 and closed in

2It can be demonstrated from the �rst law of thermodynamics with the assumption of V / a3.
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case of 
tot > 1.

World model dynamics with a non-zero cosmological constant have been particularly

interesting since latest observations [14] reported 
� 6= 0. We can summarize those

models by setting �a = 0 in 1.3.9 and substituting amin into equation 1.3.10. We

obtain:

_a2
min =

3H2
0

2

�
2
�
2

M

�
� c2

R2
0

From this latter equation we distinguish three cases:

� _a2
min > 0: the universe keeps expanding exponentially from a singularity. At

large scale it has the dynamic of a de Sitter model.

� _a2
min < 0: in those models the direction of expansion never changes, so the

universe can follow two di�erent branches. One where the expansion is not

su�cient to prevent the universe to collapse, and the other where the universe

keeps expanding. In every case there is no initial singularity and the universe

bounced form the time at which a = amin.

� _amin = 0: the universe starts from a stationary value of a or tends to a constant

value of a. This is know as the Eddington-Lemaitre model.

It is remarkable that we get di�erent values of the age of the universe for di�erent

world models. Considering an empty universe, t0 is simply obtained from the inverse

of the Hubble constant. When the cosmological constant is included, t0 can be larger

than H�1
0 depending on the value of 
�.

The �rst evidence for dark energy was found in 1998 by the Supernova Cosmology

Project [15] and the High-z Supernova Team [16] that lead to a Nobel prize in 2011.

The value of 
� was inferred from the relationship between the magnitude of type

Ia Supernovas and their redshift z. Fig. 1.3.2 shows the plot of the 
M ; 
� joint

con�dence intervals. For a �at universe, they found 
M = 0:28+0:09
�0:08 with 
� = 1 �


M . Even with no assumption about the spatial curvature, they found 
� > 0 at the

99:7% con�dence level. Furthermore, both groups agreed on a negative deceleration

parameter:

q0 = �
�

a�a

_a2

�

t0

=

M

2
� 
�

indicating that the expansion of the universe is accelerating.
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Figure 1.3.2: Joint con�dence intervals for (
M ; 
�). The dotted contours don't take into account
unclassi�ed objects SN 1997ck (z = 0:097) [16].

1.4 Thermal history of the universe

The expanding universe argument suggests that at some point in the past the scale

factor must be zero and the density diverges in what is called the initial singularity.

That moment is known as the Big Bang. Conditions at this point in time are so

extreme that physical laws as we know might be not valid anymore and quantum

e�ects apply on cosmological scales [17]. The thermal history of the universe gives

us a picture on how galaxies and large scale structures have formed. Key events are

shown in Tab. 1.4.1:

� t < 10�6 s: the physics of very high energy (> 1 GeV � 1013 K) is is not well

established to characterize the very early universe. The universe experienced

an exponential expansion associated to an unknown scalar �eld. This event,

called in�ation, will be discussed more in detail later in this chapter. An

extension of the standard model predicts symmetry-breaking transitions [19]

all over this period. The asymmetry between matter and anti-matter that we

observe today has its origin during the Baryogenesis, which is a mechanism
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Table 1.4.1: Time scale and energy involved for some main events according to the Big Bang theory.
Table credit to Daniel Baumann [18].
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still not completely understood. The Higgs mechanism becomes e�ective at

E � 100 GeV [18], this event is referred as the electroweak phase transition.

� t � �s: at energies of 200 MeV quarks are con�ned into hadrons. Three quark

systems form baryons (like protons) and quark-antiquark pairs form mesons

(like pions). In this stage, called QCD phase transition, the universe is a hot

plasma of nucleons, leptons, pions, their associated neutrinos and photons.

� t < 1 s: when temperature drops to T < 1011 K, muon neutrinos (��, ���)

decouple from the plasma and expand freely, interacting only through weak

interaction. Below 1011 K protons are more numerous than neutrons.

� t � 6 s: electron-positron annihilation starts. The energy released is only

transferred to photons and �e, ��e neutrinos decoupled. For that reason today

we observe a photon temperature greater than neutrino temperature. The

reduction of e, e freeze the n=p ratio since reactions n + �e $ p + e and

n + �e $ +��e loose e�ciency.

� t � 3 min: nucleosynthesis started forming some ionized elements like helium

and deuterium from protons and neutrons. Neutral atoms became to form

while the temperature decreased.

� t � 105 years: This is the epoch of recombination. The reaction H+
 ! e�+p

becomes ine�cient, thus, while forming neutral atoms, the number of free

electrons decreases drastically as well as the e�ciency of Thomson scattering

with photons. Therefore, the universe became transparent to photons, which

are observed today as the Cosmic Microwave Background.

The epoch of recombination is of great interest for observational cosmology. It is

notable that at redshift z � 1500 the CMB temperature was about T =� 4000 K,

well below the 1:5�105 K, corresponding to h� = hT = 13:6 eV , necessary to ionize

neutral hydrogen. Despite that, the number of photons is several order of magnitude

greater than the number of hydrogen atoms. Thus, photons in the Wien region

of the spectrum are enough to ionize the gas. It can be found that T � 5600 K

is a temperature high enough to largely ionize the intergalactic gas. Considering

the present CMB temperature of 2:72 K, the universe became ionized at redshift

z � 2000 which corresponds to a scale factor a � 2:72=5600 = 5 � 10�4.
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1.5 In�ation

Physics before the electron-positron annihilation phase is quite speculative. The

standard model of Big Bang cosmology described by the Robinson-Walker metric

has a singularity at t = 0 where T ! 1. Alan Guth �rstly proposed in 1980 [25] the

in�ation theory for which the universe experienced an exponential growth at its very

beginning. This period of time takes the name of in�ationary epoch, the existence

of which may explain three cosmological problems.

Flatness problem

As we have seen in previous sections, considering the scale factor a = (1 + z)�1, the

Hubble's constant varies with redshift as

H (z) =
_a

a
= H0

h
(1 + z)2 (
0z + 1) � 
�z (z + 2)

i0:5

and so the density parameter 1.3.5


M =
8�G

3H2
0

�0 (1 + z)3 =

0�


0z + 1

1 + z

�
� 
�

�
1

(1 + z)
� 1

(1 + z)3

� (1.5.1)

At large redshift, or z � 1, the �rst square bracket in the denominator of 1.5.1

tends to 
0, and the second square bracket tend to zero. Consequently, we obtain


M ! 1 regardless of the value of 
0 we measure at present time. The dark energy

contribution can be neglected at large redshift due to their large di�erent dependence

on redshift. We then rewrite 1.5.1 as follows

�
1 � 1


M

�
= (1 + z)�1

�
1 � 1


0

�

which tell us that if 
0 6= 1 in the past, it must be di�erent from 1 at present

time. This property requires a �ne tuning of the value 
M in the early epoch

to result in 
0 = 1. The consequent �atness of the early universe is called the

�atness problem, since there is nothing in the standard model that would require

any particular value of 
0. The �ne tuning is more pronounced including a non-

zero cosmological constant [26]. Considering a reference model with 
� = 0:7 and


M = 0:3, we obtain 
M = 0:999999996 at z = 1000.
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Figure 1.5.1: Particle horizon at the time of CMB formation has an angular size of 2:1� on the sky,
which is in contrast with the CMB uniformity we measure today.

Horizon problem

Two points in space-time are said in causal contact if they are close enough to

communicate with light signals. Considering an observer at point O in space, the set

of points causally connected to O are within a sphere of radius Rh. Because of the

universe expansion, the radius is time-dependent. In other words, any light signal

received by O at time t must have been emitted at time t0 with 0 < t0 < t. The

radius Rh can be then calculated as

Rh (t) = a (t)

t
�

0

cdt0

a (t0)

which diverges at a ! 0 since the observer at the initial singularity is in causal

contact with the whole universe. The radius Rh take the name of particle horizon.

It is remarkable that the recession speed can be greater than the speed of light but if

two points were causally connected in the past, they will remain connected forever.

This is not the case when considering the Hubble sphere, for which objects located

at the sphere border are moving at the speed of light with respect to the center.

The existence of a particle horizon rises a question about the structures we observe

today on the CMB. Those larger than Rh at the time of CMB formation should

be causally disconnected as shown in Fig. 1.5.1. Considering the same reference

model discussed in the �atness problem, at z � 1000 the angular size of the particle

horizon is �h � 2:1�, so regions separated by more than one degree on the CMB sky
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are casually disconnected, but the CMB sky is uniform to a precision of 10�5.

Monopole problem

This problem arises from the grand uni�ed theories (GUT). As the universe ex-

panded and cooled, the GUT scalar �led symmetry broke at T � 1016 GeV , leaving

the �eld into a particular con�guration. This scenario is analogous to that of the

magnetism. When molecules are cooled down to a certain critical temperature the

magnetic moments align with those of their neighbours. Similarly, when the GUT

�eld freezes, it points to a particular direction like a monopole. The scalar �eld must

be uncorrelated at distances larger than the particle horizon. Thus, if monopoles

did not annihilate with each other, their number density would be one monopole

per nucleon at present time, enough to dominate the energy density of the universe.

This contradiction is known as the monopole problem.

Solution

The in�ation theory provides an answer to all of these open questions. An in�ationary

expansion can be described as a universe with a cosmological constant. In such a

case the Friedmann equation becomes

H2 =
8�G

3
� � k

a2
+

�

3
(1.5.2)

The �rst two terms of 1.5.2 become negligible as the expansion proceed while the

last term remains constant. Thus, after a while, we can write

H2 =
_a

a
=

�

3

which has an exponential solution of type

a = eHt

As said before, the in�ation come from a hypothetical scalar �eld that permeate the

universe. The particle associate to such a �eld is called in�aton, and so the �eld

in�aton �eld. The in�ation mechanism is speculative, more details can be found in
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Figure 1.5.2: Example of in�aton potential well with a �at region. After a slow-rolling phase the
�eld oscillates around the minimum and decay in other particles. Credit to [28].

literature. In few words, the potential energy V (�) associated to the scalar �eld �

might be time dependent. In this scenario, at the very early epoch V (�) is at its

minimum. As the universe expands and cools down, the position of the minimum

shift and the universe settle to the new minimum as shown in Fig. 1.5.2. The energy

released is proportional to �V . Another possible scenario involves the in�aton to

cross a potential barrier through quantum tunnel in order to �nd a deeper minimum.

This is the case of the universe in a false vacuum. We don't know the shape of the

potential, but after some time, the in�ation must come to end. The in�ation phase

allows the universe to be in thermal contact in the early epoch, and so solves the

horizon problem. Similarly, the huge expansion would have dilute any topological

defect, like the monopoles, by a factor e300, thus solving the monopole problem.

Moreover, the expansion is so quick that we are unable to see the curvature of the

space. During the in�ation the scale factor increases exponentially but the energy

density of the universe remains constant. Since

j
tot (t) � 1j =
jkj

a2H2

the in�ation pushes the value of 
tot to the unity with an accuracy of many decimal

place, thus solving the �atness problem.
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Figure 1.6.1: Original horn antenna used by Penzias and Wilson to characterize the excess noise
then recognized as CMB signal. Source: Wikipedia

1.6 Cosmic Microwave Background

1.6.1 Origin

As the universe cooled down with the expansion, photons lost energy until a mo-

ment they decoupled from matter and traveled free throughout the universe. The

last scattering surface represents the boundary between the opaque and transparent

universe to light. Therefore, it sets a limit on observations through electromagnetic

signals. The surface of last scattering originated at that particular distance (about

6000 h�1Mpc) for which photons have reached us today. The universe is �lled with

CMB photons with a density of n
 = 3:7�108 m�3 and observers in di�erent parts of

the universe would see the surface of last scattering with the same radius but centered

on their location. The Cosmic Microwave Background was incidentally discovered in

1964 by two radio astronomers at the Bell Telephone Laboratories, Arno Penzias and

Robert Wilson, working on a 6 meter horn antenna in New Jersey. They measured

an excess isotropic noise at 4080 MHz with a correspondent residual temperature

of 3:5 � 1:0 K [20]. At the same time, Robert H. Dicke, Jim Peebles, and David

Wilkinson were building their own radiotelescope searching for the CMB when they

heard about the noise problem of Penzias and Wilson. The two groups published a

paper in 1965 [21] explaining the noise problem as a CMB measurement. Penzias

and Wilson shared the 1978 Nobel prize in physics for their discovery.

In the early universe photons were created and absorbed continuously, so they were

in thermal equilibrium with the environment. As a consequence, the universe was an
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Figure 1.6.2: Black body spectrum of the CMB calculated with di�erent telescopes. Credit: C.
Caso et al. (Particle Data Group), The European Physical Journal C3 (1998) 1.

almost perfect black body, for which the intensity I� as a function of temperature is

given by the Planck's law:

I� (T ) =
2h�3

c2

1

exp

�
h�

kBT
� 1

� (1.6.1)

Since its discovery, the CMB intensity has been measured with several instruments

including three space telescopes:

1. Cosmic Background Explorer (COBE): lunched in 1989 with three instru-

ments (DMR, FIRAS and DIRBE) [22]. The mission is often referred as the

beginning of the precision cosmology era and led to the 2006 Nobel prize in

physics shared with George Smoot and John Mather.

2. Wilkinson Microwave Anisotropy Probe (WMAP): lunched in 2001, it

includes �ve separate frequency bands from 22 to 90 GHz [23].

3. Planck: lunched in 2009 with two instruments (LFI and HFI) both sensitive

to polarization in nine frequency bands from 30 to 857 GHz [24].

The inferred spectrum in Fig. 1.6.2 is the best black body source ever measured with

a temperature T = 2:72 K. Despite the cosmological redshift, the black body curve

has the characteristic of maintaining the shape regardless of the expansion. This can
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be demonstrated by substituting � 0 = �0= (1 + z) in the Planck's law 1.6.1, so that

I
�
� 0; T

� d� 0

(1 + z)
=

2h (1 + z)3

c2

(� 0)3

exp

�
h� 0 (1 + z)

kBT
� 1

� d� 0

(1 + z)

Since the temperature has the same variation with z, in other words T 0 = T0(1 + z),

we obtain

I
�
� 0; T

�
d� 0 =

2h (1 + z)3

c2

(� 0)3

exp

�
h� 0

kBT 0
� 1

�d� 0

which has exactly the same form of 1.6.1. Nevertheless, the energy density decreases

with time by a factor j0 = j (i + z)�4 since the wavelength decreases by a factor

(1 + z) and the volume by a factor (1 + z)3. Recalling the Stefan-Boltzmann law

j = �T 4

we obtain

TCMB / (1 + z)

The last scattering surface is not generated instantaneously but is rather a transition

that corresponds to a redshift interval of �z � 195. Therefore, the CMB is a layer

of a comoving radial distance of about �r = 42Mpc.

1.6.2 CMB anisotropies

Despite the great sky uniformity, quantum �uctuations occurred at the very early

epoch. These generated small density �uctuations which, along with the cosmic

expansion, led to the structure we observe today. These primordial anisotropies,

thus, are of great interest in cosmology and can be observed in terms of temperature

�uctuation on the CMB. Fig. 1.6.3 shows the improvement in terms of angular

resolution from COBE mission (> 7�) to WMAP (> 0:3�) and Planck (> 0:05�), for

which the measured �T=T � 10�5. Anisotropies on the CMB are caused by three

e�ects [29]:

� The gravitational redshift of photons from within the density �uctuations

at the last scattering surface. This e�ect was �rstly described by Sachs and

Wolfe in 1967. Photons from high-density regions at last scattering experience
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Figure 1.6.3: Evolution in angular resolution of satellite instruments. Source: Wikipedia.

a stronger gravitational �eld, and are thus redshifted more than photon in

low-density regions.

� Adiabatic perturbations. In high density regions radiation and matter are

more compressed, resulting in higher temperature.

� Doppler perturbations. Velocity of plasma at recombination leads to Doppler

shift, increasing the temperature.

All of these e�ects are called primary anisotropies, to be distinguished from the

secondary anisotropies which did not generate at the time of recombination but by

all sort of scattering along the line of sight. Temperature �uctuations are projected

on the CMB sphere, thus it is convenient to use a spherical decomposition. Angular

scales on the sky can be characterized by spherical harmonics Ylm (�; �) so that

�T

T
(�; �) =

1X

l=0

m=lX

m=�l

almYlm (�; �)

with l being the multipole and almthe �uctuation amplitude coe�cient. Fig. 1.6.4

shows graphically the relationship between l and the angular scale. For a given

multipole l the size s of a spot in the sky is approximately

s � 180�

l

The in�ation theory predicts the coe�cients alm to be Gaussian distributed, for

which the mean value is null. In this scenario we can introduce the angular power
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Figure 1.6.4: 3D representation of some multipole components from l = 1 to l = 6. The angular
scale on the sky increases inversely with the multipole order.
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plotted starting from l = 2.

� The error bar increases at small scale due to the cosmic variance. It arises from

the fact that there are only (2l + 1) m samples at �xed l. The precision limit

set by the cosmic variance is given by

�Cl =

r
2

2l + 1
Cl

� The position of the �rst peak is an indicator of the space curvature. Measure-

ments suggest the peak to be located at l = 200, which is consistent with a �at

universe.

� Higher peaks give information about the presence of dark baryon and cosmo-

logical parameters like 
B and 
M .

� Photons started to di�use as the universe becomes transparent to radiation.

This di�usion dumped perturbations smaller than the thickness of the last scat-

tering layer. The process is know as Silk damping and suppresses or smooths

peaks above l = 500.

1.6.3 CMB polarization

About 10% of CMB photons are linearly polarized by Thomson scattering. These

photons contain more information than the temperature anisotropy and a measure of

the polarization power spectrum improves the precision of cosmological parameters.

The process of polarization involves the scattering of electromagnetic radiation by

a free electron and requires a quadrupole distribution as shown in Fig. 1.6.6. The

quadrupole anisotropy can be due to scalar (m = 0), vector (m = 1), or tensor

(m = 2) perturbations. Vector perturbations are damped by the expansion, therefore

only scalar and tensor perturbations are observable [31]. Scalar perturbations are

generated by density gradients on the last scattering surface and are responsible

for large scale structure formation. Tensor perturbations arises from primordial

gravitational waves which are predicted by the in�ation theory. These waves a�ect

the space-time metric along the orthogonal directions with respect to the propagation

axis. The compression due to this perturbation generates a quadrupole distribution

which polarizes CMB photons. Scalar and tensor perturbations are shown in Fig.
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Figure 1.6.9: TE, EE and BB power spectra obtained form several telescope data. Source: [33]

Figure 1.6.10: Evolution in terms of number of detector on focal plane dedicated to CMB observa-
tion. Source: CMB-S4 Science Book [34].


