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Preface

Considerate la vostra semenza: fatti non foste a viver come
bruti ma per seguir virtute e canoscenza

(Consider well the seed that gave you birth: you were not
made to live as brutes, but to follow virtue and knowledge)

Dante Alighieri, Divina Commedia, Canto XXVI

These lecture notes are based on the handwritten notes which I prepared for the
cosmology course taught to graduate students of PPGFis and PPGCosmo at the
Federal University of Esprito Santo (UFES), starting from 2014.

This course covers topics ranging from the evidence of the expanding universe to
Cosmic Microwave Background anisotropies. In particular, Chap. 1 commences
with a bird’s-eye view of cosmology, showing its tremendous evolution during the
last fifty years and the open problems on which cosmologists are working today.
From Chap. 2 on starts the conventional content, hopefully exposed in a not too
conventional manner. The main topics are as follows: the expansion of the universe,
relativistic cosmology and Friedmann equations (Chap. 2); thermal history, Big
Bang Nucleosynthesis, recombination and cold relic abundance (Chap. 3); cosmo-
logical perturbation theory and perturbed Einstein equations (Chap. 4); perturbed
Boltzmann equations (Chap. 5); primordial modes of perturbations (Chap. 6); ran-
dom variables and stochastic character of cosmological perturbations (Chap. 7);
inflationary paradigm (Chap. 8); evolution of perturbations (Chap. 9); anisotropies in
the Cosmic Microwave Background sky (Chap. 10). A selection of extra topics is
offered in Chap. 11, whereas Chap. 12 collects some important and well-known
physical and mathematical results.

Scattered throughout the text are many exercises. I chose not to put them at the
end of a chapter or at the end of the book because I want the reader to stop and do
some work in the moment in which this is needed. Most of the exercises are not
extensions of the material covered, but consist in developing calculations necessary
to the topics addressed. The idea here is, since these are lecture notes, not only to
provide a book for consultation but to put the reader-student to work.
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viii Preface

When I prepared these lecture notes, I heavily relied on the following three
famous textbooks in cosmology:

e S. Dodelson, Modern Cosmology, (Dodelson 2003),
e V. Mukhanov, Principles of Physical Cosmology, (Mukhanov 2005),
e S. Weinberg, Cosmology, (Weinberg 2008),

but also on many other books and papers, which are cited throughout the text. I tried
not to simply develop the calculations there contained, but to provide an original
presentation. I hope to have succeeded, but of course the final word is up to the
reader.

I want now to make three recommendations to the reader-student.

First, read the original papers in order to make contact with the original ideas in
their primeval forms and to appreciate the geniuses of their authors.

Second, the technological advance has provided us with sophisticated instru-
ments such as Inspire, http://inspirehep.net/, a powerful tool for researching papers.
One of the features I like most about it is the possibility to check which papers have
cited the one in which we are interested, thus allowing us to rapidly get up to date
on a given topic. I sometimes joke about this by rephrasing a sentence which we all
have many times read in papers and books when referring to a certain work: see ...
and references therein. Thanks to the above-mentioned citation tool we can now
add also the sentence see ... and references thereout. These notes will be up to date
when published, but cosmology is a very vivacious research field so they will
probably become outdated in a few years. My recommendation is thus to take
advantage of the references thereout tools and keep yourself always updated.

Third and final one, in preparing these notes I have intensively employed the
CLASS code. This is very user-friendly, so it was not as hard as it may sound. My
point in doing so is that analytic calculations are very stimulating and very useful in
order to understand the physics ruling the cosmological phenomena, so they have
an enormous didactical value. On the other hand, observation needs precise cal-
culations, and these can be done only numerically. So, my recommendation here is
the following: do not be afraid of numerical codes and learn how to use them
proficiently.

I thank all my students and colleagues who have helped me, through questions
and suggestions, in the challenging but rewarding task of writing these notes. Extra
thanks to Rodrigo Von Marttens, whose help with CLASS has been crucial in order
for me to rapidly grasp how to run the code. Special thanks are due to my editor
Aldo Rampioni and his assistant Kirsten Kley-Theunissen for their kind help and
encouragement throughout the realisation of the project.

Vitéria, Brazil Oliver Piattella
February 2018


http://inspirehep.net/
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Notation

Humans are good, she knew, at discerning subtle patterns
that are really there, but equally so at imagining them when
they are altogether absent

Carl Sagan, Contact

Latin indices (e.g. i, j, k) run over the three spatial coordinates, and assume values
1, 2, 3. In a Cartesian coordinate system, we shall use Xx=x 2= y and X =z

Greek indices (e.g. u, v, p) run over the four spacetime coordinates, and assume
values 0, 1, 2, 3, with x° being the time coordinate.

Repeated high and low indices are summed unless otherwise stated, i.e. xy, =
Zi:o xty, or Xy = Z?: 1 x'y;. Repeated spatial indices are also summed, whether

one is high and the other is low or not, i.e. x;y; = Z?:o Xiyi.

The signature employed for the metric is (—, +, +, +).

Spatial 3-vectors are indicated in boldface, e.g. v.

The unit vector corresponding to any 3-vector v is denoted with a hat, i.e.
= v/|v|, where |v| is the modulus of the 3-vector v defined as |v|* = d;v'v/ with
0;; being the usual Kronecker delta.

A dot over any quantity denotes the derivation with respect to the cosmic time,
denoted with 7, of that quantity, whereas a prime denotes derivation with respect to
the conformal time, denoted with #.

The operator V2 is the usual Laplacian operator in the Euclidian space, i.e.
V2 = (3’78,6], where 0, is used as a shorthand for the partial derivative with respect
to the coordinate x*.

Except on vector and tensor, a 0 subscript means that a time-dependent quantity
is evaluated today, i.e. at t = #( or n = 1, where #y and 1, represent the age of the
universe in the cosmic time or in the conformal time.

The subscripts b, ¢, v and v put on matter quantities such as density and pressure
refer to baryons, cold dark matter, photons and neutrinos, respectively. Subscripts
m and r refer to matter and radiation, in general.

With & is denoted the comoving wavenumber.
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XViii Notation

From Chap. 4 on natural units z = ¢ = 1 shall be employed.
When employing the spherical coordinate system, the azimuthal coordinate is
denoted with ¢. A scalar field is denoted with .



Chapter 1 )
Cosmology ot

And that inverted Bowl we call the Sky,
Whereunder crawling coop’t we live and die,
Lift not thy hands to It for help—for It,
Rolls impotently on as Thou or 1
Omar Khayyam, Rubaiyat

In this Chapter we present an overview of cosmology, addressing its most important
aspects and presenting some observational experiments and open problems.

1.1 The Expanding Universe and its Content

The starting point of our study of cosmology is the extraordinary evidence that
we live in an expanding universe. This was a landmark discovery made in the XX
century, usually attributed to Edwin Hubble (1929), but certainly resulting from the
joint efforts of astronomers such as Vesto Slipher (1917) and cosmologists such as
George Lemaitre (1927). We do not enter here the debate about who is deserving
more credit for the discovery of the expansion of the universe. The interested reader
might want to read e.g. Way and Nussbaumer (2011); van den Bergh (2011).

Hubble discovered that the farther a galaxy is the faster it recedes from us. See
Fig.1.1. This is the famous Hubble’s law:

v = Hyr, (1.1)

© Springer International Publishing AG, part of Springer Nature 2018 1
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https://doi.org/10.1007/978-3-319-95570-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95570-4_1&domain=pdf

2 1 Cosmology

+1000 KM

) 0¥ PARSECS 2210* PARSECS

Velocity-Distance Relation among Extra-Galactic Nebulae.

Fig. 1.1 Figure 1 of Hubble’s original paper (Hubble 1929)

where v is the recessional velocity, r is the distance and H, (usually pronounced
“H-naught”) is a constant named after Hubble. The value of H, determined by Hubble
himself was:

Hy = 500km s~ Mpc™! | (1.2)

with huge error, as can be understood from Fig. 1.1 by observing how much the data
points are scattered. A more precise estimate was made by Sandage (1958) in 1958:

Hy=75kms™' Mpc™' . (1.3)
A recent measurement done by the BOSS collaboration (Grieb et al. 2017) gives
Hy=67.6"07kms™ Mpc™' . (1.4)

Roughly speaking, this number means that for each Mpc away a source recedes
67.6km/s faster. At a certain radius, the receding velocity attains the velocity of
light and therefore we are unable to see farther objects. This radius is called Hubble
radius.

The Hubble constant can be measured also with fair precision by using the time-
delay among variable signals coming from lensed distant sources (Bonvin et al. 2017)
and via gravitational waves (Abbott et al. 2017b).
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1.1.1 Olbers’s Paradox

The expansion of the universe could have been predicted a century before Hubble
by solving Olbers’s paradox (Olbers 1826). See e.g. Dennis Sciama’s book (Sciama
2012) for a very nice account of the paradox, which is also called the dark night
sky paradox and goes as follows: if the universe is static, infinitely large and old
and with an infinite number of stars distributed uniformly, then the night sky should
be bright.

Let us try to understand why. First of all, the stars are distributed uniformly, which
means that their number density say »n is a constant. Consider a spherical shell of
thickness d R and radius R centred on the Earth. The number of stars inside this
spherical shell is:

dN = 4mnR*dR . (1.5)

The total luminosity of this spherical shell is d N multiplied by the luminosity say L
of a single star, and we assume L to be the same for all the stars. Only a fraction f of
the radiation produced by the star reaches Earth, but this fraction is the same for all
the stars (because we assume them to be identical). Therefore, the total luminosity
of a spherical shell is d Nf L. By the inverse-square law, the total flux received on
Earth is:

dNfL

dFlot = m = ndeR . (16)

It does not depend on R and thus it diverges when integrated over R from zero to
infinity. This means not only that the night sky should not be dark but also infinitely
bright!

We can solve the problem of having an infinitely bright night sky by considering
the fact that stars are not points and do eclipse each other, so that we do not really
see all of them. Suppose that each star shows us a surface d A. Therefore, if a star
lies at a distance R, we receive from it the flux dF = dAL/(47R?), where L is the
luminosity per unit area. But dA/R? = d is the solid angle spanned by the star in

the sky. Therefore:

dF = £dQ . (1.7)
47

Once again, this does not depend on R! When we integrate it over the whole solid
angle, we obtain that Fi,, = L, i.e. the whole sky is as luminous as a star! In other
words: it is true that the farther a star is the fainter it appears, but we can pack more
of them in the same patch of sky.

In order to solve Olbers’s paradox, we can drop one or more of the initial assump-
tions. For example:

e The universe is not eternal so the light of some stars has not yet arrived to us. This
is plausible, but even so we could expect a bright night sky and also to see some
new star to pop out from time to time, without being a transient phenomenon such
as a supernova explosion. There is no record of this.
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e Maybe there is not an infinite number of stars. But we have showed that taking into
account their dimension we do not need an infinite number and yet the paradox
still exists.

e Are stars distributed not uniformly? Even so, we would expect still a bright night
sky, even if not uniformly bright.

At the end, we must do something in order for the light of some stars not to reach us.
A possibility is to drop the staticity assumption. The farther a spherical shell is, the
faster it recedes from us (this is Hubble’s law). In this way, beyond a certain distance
(the Hubble radius) light from stars cannot reach us and the paradox is solved.

1.1.2 The Accelerated Expansion of the Universe and Dark
Energy

The discovery of the type Ia supernova 1997ff (Williams et al. 1996) marked the
beginning of a new era in cosmology and physics. The analysis of the emission
of this type of supernovae led to the discovery that our universe is in a state of
accelerated expansion. See e.g. Perlmutter et al. (1999); Riess et al. (1998).

This is somewhat problematic because gravity as we know it should attract matter,
thereby causing the expansion to decelerate. So, what does cause the acceleration
in the expansion? A possibility is that there exists a new form of matter, or rather
energy, which acts as anti-gravity. This is widely known today as Dark Energy (DE)
and its nature is still a mystery to us. The most simple and successful candidate for
DE is the cosmological constant A.

1.1.3 Dark Matter

DE is not the only dark part of our universe. Many observations of different nature
and from different sources at different distance scales point out the existence of
another dark component, called Dark Matter (DM). In particular, these observations
are:

o The dynamics of galaxies in clusters. The pioneering applications of the virial
theorem to the Coma cluster by Zwicky (1933) resulted in a virial mass 500 times
the observed one (which can be estimated by the light emission).

o Rotation curves of spiral galaxies. This is the famous problem of the flattish
velocity curves of stars in the outer parts of spiral galaxies. See e.g. Sofue et al.
(1999); Sofue and Rubin (2001).

The surprising fact of these flattish curves is that there is no visible matter to
justify them and one would then expect a Keplerian fall V ~ 1/ VR, where R is the
distance from the galactic centre. In order to derive the Keplerian fall, simply assume
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a circular orbit and use Newtonian gravity (which seems to be fine for galaxies).
Then, the centrifugal force is canceled by the gravitational attraction of the galaxy
as follows:
V2 GM(R)
R R?

; (1.8)

where we assume also a spherical distribution of matter in the galaxy and therefore
use Gauss’ theorem. Inside the bulge of the galaxy, the visible mass goes as M o« R?,
and therefore V' o< R, which represents the initial part of the velocity curve. However,
outside the bulge of the galaxy, the mass becomes a constant, thus the Keplerian fall
V o 1/+/R follows.

o The brightness in X-rays of galaxy clusters. This depends on the gravitational
potential well of the cluster, which is deduced to be much deeper than the one that
would be generated by visible matter only. See e.g. Weinberg (2008).

o The formation of structures in the universe. In other words, the fact that the
density contrast of the usual matter, called baryonic in cosmology, Jy, is today highly
non-linear, i.e. &, >> 1. As we shall see in Chap. 9, relativistic cosmology predicts
that &, grows by a factor of 10° between recombination and today and observations
of CMB show that the value of §, at recombination is &, ~ 107>. This means that
today d, ~ 1072 which is in stark contrast with the huge number of structures that we
observe in our universe. So, there must be something else which catalyses structure
formation.

o The structure of the Cosmic Microwave Background peaks. The temperature-
temperature correlation spectrum in the CMB sky is characterised by the so-called
acoustic peaks. The absence of DM would not allow to reproduce the structure
shown in Fig. 1.2. We shall study this structure in detail in Chap. 10.

e Weak Lensing. The bending of light is a method for measuring the mass of the
lens, and it is a classical test of General Relativity (GR) (Weinberg 1972). When the
background source is distorted by the foreground lens, one has the so-called weak
lensing. Analysing the emission of the distorted source allows to map the gravitational
potential of the lens and therefore its matter distribution. See e.g. Dodelson (2017)
for a recent textbook reference on gravitational lensing. Weak gravitational lensing
is a powerful tool for the study of the geometry of the universe and its observation
is one of the primary targets of forthcoming surveys such as the European Space
Agency (ESA) satellite Euclid and the Large Synoptic Survey Telescope (LSST).

A remarkable combination of X-ray and weak lensing observational techniques
made the Bullet Cluster famous (Clowe et al. 2006). Indeed X-ray maps show the
result of a merging between the hot gases of two galaxy clusters which gravitational
lensing maps reveal to be lagging behind their respective centres of mass. Therefore,
most parts of the clusters simply went through one another, leaving behind a smaller
fraction of hot gas. This is considered a direct empirical proof of the existence of DM
forming a massive halo and a gravitational potential well in which gas and galaxies
lie.
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Fig. 1.2 CMB TT spectrum. Figure taken from Ade et al. (2016a). The red solid line is the best fit
ACDM model

Popular candidates to the role of DM are particles beyond the standard model (Silk
et al. 2010). Among these, the most famous are the Sterile Neutrino (Dodelson and
Widrow 1994), the Axion, which is related to the process of violation of CP symmetry
(Peccei and Quinn 1977), and Weakly Interacting Massive Particles (WIMP) which
count among them the lightest supersymmetric neutral stable particle, theNeutralino.
See Bertone and Hooper (2016) for a historical account of DM and (Profumo 2017)
for a textbook on particle DM.

The observational evidences of DM that we have seen earlier do not only point
to the existence of DM but also on the necessity of it being cold, i.e. with negligible
pressure or, equivalently, with a small velocity (much less than that of light) of its
particles (admitting that DM is made of particles, which is the common understanding
to which we adhere in these notes). Hence Cold Dark Matter (CDM) shall be our
DM paradigm.

As we shall see in Chap. 3 if DM was in thermal equilibrium with the rest of the
known particles in the primordial plasma, i.e. it was thermally produced, then its
being cold amounts to say that its particles have a sufficiently large mass, e.g. about
100GeV for WIMP’s. Decreasing the mass, we have DM candidates characterised
by increasing velocity dispersions and thus with different impacts on the process
of structure formation. Typically one refers to Warm Dark Matter (WDM) as a
thermally produced DM with mass of the order of some keV and Hot Dark Matter
(HDM) as thermally produced particles with small masses, e.g. of the order of the
eV, or even massless. In fact neutrinos can be considered as a HDM candidate. Note
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that the axion has a mass of about 107> eV but nonetheless is CDM because it was
not thermally produced, i.e. it never was in thermal equilibrium with the primordial
plasma.

The combined observational successes of A and CDM form the so-called ACDM
model, which is the standard model of cosmology.

1.2 Cosmological Observations

We dedicate this section to the most important cosmological observations which are
ongoing or ended recently, or are planned.

1.2.1 The Cosmic Microwave Background

The cosmic microwave background (CMB) radiation provides a window onto the
early universe, revealing its composition and structure. It is a relic, thermal radiation
from a hot dense phase in the early evolution of our universe which has now been
cooled by the cosmic expansion to just three degrees above absolute zero. Its existence
had been predicted in the 1940s by Alpher and Gamow (1948) and its discovery by
Penzias and Wilson at Bell Labs in New Jersey, announced in 1965 (Penzias and
Wilson 1965) was convincing evidence for most astronomers that the cosmos we see
today emerged from a Hot Big Bang more than 10 billion years ago.

Since its discovery, many experiments have been performed to observe the CMB
radiation at different frequencies, directions and polarisations, mostly with ground-
and balloon-based detectors. These have established the remarkable uniformity of the
CMB radiation, at a temperature of 2.7 Kelvin in all directions, with a small 3.3 mK
dipole due to the Doppler shift from our local motion (at 1 million kilometres per
hour) with respect to this cosmic background.

However, the study of the CMB has been transformed over the last twenty years
by three pivotal satellite experiments. The first of these was the Cosmic Background
Explorer (CoBE, https://lambda.gsfc.nasa.gov/product/cobe/), launched by NASA
in 1990. In 1992 CoBE reported the detection of statistically significant temperature
anisotropies in the CMB, at the level of £30 WK on 10 degree scales (Smoot et al.
1992) and it confirmed the black body spectrum with an astonishing precision, with
deviations less than 50 parts per million (Smoot et al. 1992). CoBE was succeeded
by the Wilkinson Microwave Anisotropy Probe (WMAP, https://map.gsfc.nasa.gov/)
satellite, launched by NASA in 2001, which produced full sky maps in five frequen-
cies (from 23 to 94 GHz) mapping the temperature anisotropies to sub-degree scales
and determining the CMB polarisation on large angular scales for the first time.

The Planck satellite (http://sci.esa.int/planck/), launched by ESA in 2009, sets the
current state of the art with nine separate frequency channels, measuring temperature
fluctuations to a millionth of a degree at an angular resolution down to 5 arc-minutes.
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Planck’s mission ended in 2013 and the full-mission data were released in 2015 in
Adam et al. (2016) and in many companion papers. A fourth generation of full-sky,
microwave-band satellite recently proposed to ESA within Cosmic Vision 2015-2025
isthe Cosmic Origins Explorer (COrE, http://www.core-mission.org/) (Bouchetet al.
2011).

At the moment, a great effort is being devoted to the detection of the B-mode
of CMB polarization because it is the one related to the primordial gravitational
waves background, as we shall see in Chap.10. Located near the South Pole,
BICEP3 (https://www.cfa.harvard.edu/CMB/bicep3/) and the Keck Array are tele-
scopes devoted to this purpose.

Among the non-satellite CMB experiments we must mention the Balloon Obser-
vations Of Millimetric Extragalactic Radiation ANd Geophysics (BOOMERanG)
which was a balloon-based mission which flew in 1998 and in 2003 and mea-
sured CMB anisotropies with great precision (higher than CoBE). From these
data the Boomerang collaboration first determined that the universe is spatially flat
(de Bernardis et al. 2000).

1.2.2 Redshift Surveys

Redshift surveys are observations of certain patches of sky at certain wavelengths
with the aim of determining mainly the angular positions (declination and right
ascension) redshifts and spectra of galaxies.

The Sloan Digital Sky Survey (SDSS, http://www.sdss.org/) is a massive spectro-
scopic redshift survey which is ongoing since the year 2000 and it is now in its stage
IV with 14 data releases available. It is ground-based and uses a telescope located in
New Mexico (USA). The SDSS-IV is formed by three sub-experiment:

e The Extended Baryon Oscillation Spectroscopic Survey (eBOSS), focusing on
redshifts 0.6 < z < 2.5 and on the Baryon Acoustic Oscillations (BAO) phe-
nomenon';

e The Apache Point Observatory Galaxy Evolution Experiment (APOGEE-2) is
dedicated to the study of our Milky Way;

e The Mapping Nearby Galaxies at Apache Point Observatory (MaNGA) study
instead nearby galaxies by measuring their spectrum along their extension and not

only at the centre.

The V generation of the SDSS will start in 2020, consisting of three surveys: the
Milky Way Mapper, the Black Hole Mapper and the Local Volume Mapper. See
Kollmeier et al. (2017).

'We shall not address BAO extensively in these notes, but only mention them in Chap. 10. Together
with weak lensing, BAO are another powerful observable upon which present and future missions
are planned.
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The Dark Energy Survey (DES, https://www.darkenergysurvey.org/) measures
redshifts photometrically using a telescope situated in Chile and looking for Type Ia
supernovae, BAO and weak lensing signals.

Planned surveys are the already mentioned satellite Euclid (http://sci.esa.int/
euclid/), whose launch is due possibly in 2021 and the telescope LSST, which is being
built in Chile and whose first light is due in 2019. We also cite the NASA satellite
Wide Field Infrared Survey Telescope (WFIRST, https://www.nasa.gov/wfirst) and
the Javalambre Physics of the accelerating universe Astronomical Survey (J-PAS,
http://j-pas.org/). The main cosmological goals of these experiments relay on the
detection of weak lensing, BAO and type Ia supernovae signals with high precision.

1.2.3 Gravitational Waves Observatories

The recent direct detection of gravitational waves (GW) by the LIGO-Virgo collabo-
ration (https://www.ligo.org/) (Abbottet al. 2016a, b) has opened a new observational
window on the universe. In particular, GW are relevant in cosmology because they
could be a relic from inflation containing invaluable informations on the very early
universe. As already mentioned, they are being searched via the detection of the
B-mode polarisation of the CMB.2

There are now three functioning ground-based GW observatories: LIGO (Hanford
and Livingstone, USA) and Virgo (near Pisa, Italy). KAGRA, in Japan, is under
construction and another one in India, INDIGO, is planned. The space-based LISA
GW observer is still in a preliminary phase (LISA pathfinder).

1.2.4 Neutrino Observation

Neutrinos are relevant in cosmology, as we shall see throughout these notes, because
they should form a cosmological background as CMB photons do. The great problem
is that it is incredibly difficult to detect them and even more if they have low energy,
as we expect to be the case for neutrinos in the cosmological background.

The most important neutrino observatory is IceCube (http://icecube.wisc.edu/),
operating since 2005 (its construction was completed in 2010) and located near the
South Pole. It detects neutrinos indirectly, via their emission of Cherenkov light.

2The events detected by the LIGO-Virgo collaboration originated from merging of black holes or
neutron stars. Thus are not part of the primordial GW background.
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1.2.5 Dark Matter Searches

The search for DM particles counts on many observatories and the Large Hadron
Collider (LHC). See Gaskins (2016); Liu et al. (2017) for the status of indirect and
direct DM searches which, unfortunately, have not been successful until now.

1.3 Redshift

Redshift is a fundamental observable of cosmology. Its definition is the following:

)\obs
)\em

7= —1 (1.9)

Itis always positive, i.e. observed radiation is redder than the emitted one, because the
universe is in expansion. For the closest sources, such as Andromeda, it is negative,
i.e. the observed radiation is bluer than the emitted one, because the Hubble flow is
overcome by the peculiar motion due to local gravitational effects.

For the moment we can think of the redshift as a Doppler effect due to the relative
motion of the sources. In Chap.2 we will relate it to spacetime geometry with GR.

Redshift is measured in two ways: spectroscopically or photometrically. For the
former one needs to do spectroscopy, i.e. detecting known emission or absorption
lines from a source and comparing their wavelengths with the ones measured in a
laboratory on Earth. Hence one uses Eq. (1.9) and thus calculate z.

Photometric redshifts are calculated by assuming certain spectral features for the
sources and measuring their relative brightness in certain wavebands, using filters.

A simple example is the following. Sun’s spectrum is almost a blackbody one
with temperature of about 6000 K and then, by using Wien’s displacement law, it has
a peak emission at a wavelength of 500 nm. Therefore, if a star similar to the Sun had
a peak emission of say 600 nm, then using Eq. (1.9) one would calculate z = 0.2.

The reason for using photometry instead of spectroscopy is that it is less time-
consuming and allows to obtain redshifts of very far sources, for which it is difficult
to do spectroscopy. On the other hand, photometric redshifts are less precise.

1.4 Open Problems in Cosmology

The fundamental issue in cosmology is to understand what are DM and DE. The
effort of answering this question makes cosmology, particle physics and quantum
field theory (QFT) to merge. The ways adopted in order to tackle these problems are
essentially the search for particles beyond the standard model and the investigation
of new theories of gravity, which in most of the cases are extensions of GR.
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1.4.1 Cosmological Constant and Dark Energy

Pure geometrical A and vacuum energy have the same dynamical behaviour in GR.
Estimating the latter via QFT calculations and comparing the result with the observed
value leads to the famous fine-tuning problem of the cosmological constant. See e.g.
Weinberg (1989). This roughly goes as follows: the observed value of p, is about
1047 GeV* (Ade et al. 2016a). The natural scale for the vacuum energy density is the
Planck scale, i.e. 107® GeV*. There are 123 orders of magnitude of difference! Even
postulating a false vacuum state after the electro-weak phase transition at 108 GeV*,
the difference is 55 orders of magnitude. See Martin (2012) for a comprehensive
account of A and the issues related to it.

Another problem with A is the so-called cosmic coincidence (Zlatev et al. 1999).
This problem stems from the fact that the density of matter decreases with the inverse
of the cube scale factor, whereas the energy density of the cosmological constant
is, as its name indicates, constant. However, these two densities are approximately
equal at the present time. This coincidence becomes all the more intriguing when
we consider that if the cosmological constant had dominated the energy content of
the universe earlier, galaxies would not have had time to form; on the other hand,
had the cosmological constant dominated later, then the universe would still be in a
decelerated phase of expansion or younger than some of its oldest structures, such
as clusters of stars (Velten et al. 2014).

The cosmic coincidence problem can also be seen as a fine-tuning problem in the
initial conditions of our universe. Indeed, consider the ratio p, / pn, of the cosmologi-
cal constant to the matter content. This ratio goes as a>. Suppose that we could extrap-
olate our classical theory (GR) up to the Planck scale, for which a ~ 10732, Then, at
the Planck scale we have p, /pm &~ 107, This means that, at trans-Planckian ener-
gies, possibly in the quantum universe, there must be a mechanism which establishes
the ratio p, /pm With a precision of 96 significant digits! Not a digit can be missed,
otherwise we would have today 10 times more cosmological constant than matter,
or vice-versa, thereby being in strong disagreement with observation.

So, we find ourselves in a situation of impasse. On one hand, A is the simplest and
most successful DE candidate. On the other hand it suffers from the above-mentioned
issues. What do we do? Much of today research in cosmology addresses this question.
Answers are looked for mostly via investigation of new theories of gravity, extensions
or modifications of GR, of which DE would be a manifestation. There are so many
papers addressing extended theories of gravity that it is quite difficult to choose
representatives. Probably the best option is to start with a textbook, e.g. Amendola
and Tsujikawa (2010).

A different approach is to accept that A has the value it has by chance, and it
turns out to be just the right value for structures to form and for us to be here doing
cosmology. This also known as Anthropic Principle and exists in many forms, some
stronger than others. It is also possible that ours is one universe out of an infinite
number of realisations, called Multiverse, with different values of the fundamental
constants. Life as we know it then develops only in those universes where the condi-
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tions are favourable. Again, itis difficult to cite papers on these topics (which are more
about metaphysics rather than physics, since there is no possibility of performing
experimental tests) but a nice reading is e.g. Weinberg (1992).

1.4.2 Dark Matter and Small-Scale Anomalies

On sub-galactic scales, of about 1 kpc, the CDM paradigm displays some difficulties
(Warren et al. 2006). These are called CDM small-scales anomalies. See e.g. Bullock
and Boylan-Kolchin (2017) for a recent account. They are essentially three and stem
from the results of numerical simulations of the formation of structures:

1. The Core/Cusp problem (Moore 1994). The CDM distribution in the centre of
the halo has a cusp profile, whereas observation suggests a core one;

2. The Missing satellites problem (Klypin et al. 1999). Numerical simulations predict
a large number of satellite structures, which are not observed;

3. The Too big to fail problem (Boylan-Kolchin et al. 2011). The sub-structures
predicted by the simulations are too big not to be seen.

Possible solutions to these small-scale anomalies are the following:

Baryon feedback. The cross section for DM particles and the standard model par-
ticles interaction must be very small, i.e. ~ 1073° cm?, but in environments of high
concentration, such as in the centre of galaxies, such interactions may become impor-
tant and may provide an explanation for the anomalies. The problem is that the models
of baryon feedback are difficult to be simulated and they seem not to be enough to
resolve the anomalies (Kirby et al. 2014).

Warm dark matter. As anticipated, WDM are particles with mass around the keV
which decouple from the primordial plasma when relativistic. They are subject to
free streaming that greatly cut the power of fluctuations on small scales, thereby
possibly solving the anomalies of the CDM. The problem with WDM is that different
observations indicate mass limits which are inconsistent among them. In particular:

e To solve the Core/Cusp problem is necessary a mass of ~ 0.1keV (Maccio0 et al.
2012).

e To solve the Too big to fail problem is necessary a mass of ~ 2keV (Lovell et al.
2012).

e Constraints from the Lyman-a observation require mwpym > 3.3keV (Viel et al.
2013).

These observational tensions disfavour WDM. In addition, it was shown in Schneider
et al. (2014) that for mwpy > 3.3 keV WDM does not provide a real advantage over
CDM.

Interacting Dark Matter. CDM anomalies could perhaps be understood by admit-
ting the existence of self-interactions between dark matter particles (Spergel and
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Steinhardt 2000). It has been shown that there are indications that interaction models
can alleviate the Core/Cusp and the Too big to fail problems (Vogelsberger et al.
2014). Recently, Maccio et al. (2015) pointed out that a certain type of interaction
and mixing between CDM and WDM particles is very satisfactory from the point of
view of the resolution of the anomalies.

1.4.3 Other Problems

Understanding the nature of DE and DM is the main open question of today cosmol-
ogy but here follows a small list of other open problems:

e The problem of the initial singularity, the so-called Big Bang. This issue is related
to a quantum formulation of gravity.

e There exists a couple of more technical, but nevertheless very important, issues
which are called tensions. These happen when observations of different phenom-
ena provide constraints on some parameters which are different up to 68% or 95%
confidence level. There is now tension between the determination of Hy via low-
redshift probes and high-redshift ones (i.e. CMB). See e.g. Marra et al. (2013);
Verde et al. (2013). Moreover, there is also a tension on the determination of og
(Battye et al. 2015), recently corroborated by the analysis of the first year of the
DES survey data collection (Abbott et al. 2017d).

e Testing the cosmological principle and the copernican principle. See e.g. Valken-
burg et al. (2014).

e The CMB anomalies (Schwarz et al. 2016). These are unexpected (in the sense of
statistically relevant) features of the CMB sky.

e The Lithium problem (Coc 2016). The predicted Lithium abundance is much larger
than the observed one.
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Chapter 2 ()
The Universe in Expansion oo

Oras ubicumque locaris extremas, quaeram: quid telo denique
fiet?
(wherever you shall set the boundaries, I will ask: what will then
happen to the arrow?)

Lucretius, De Rerum Natura

We introduce in this chapter the geometric basis of cosmology and the expansion of
the universe. A part from the technical treatment, historical, theological and mytho-
logical introductions to cosmology can be found in Ryden (2003) and Bonometto
(2008).

2.1 Newtonian Cosmology

In order to do cosmology we need a theory of gravity, because gravity is a long-range
interaction and the universe is pretty big. Electromagnetism is also a long-range
interaction, but considering the lack of evidence that the universe is charged or made
up of charges here and there, it seems reasonable that gravity is what we need in
order to describe the universe on large scales.

Which theory of gravity do we use for describing the universe? It turns out that
Newtonian physics works surprisingly well! Itis also surprising that attempts of doing
cosmology with Newtonian gravity are well posterior to relativistic cosmology itself.

In particular, the first work on Newtonian cosmology can be dated back to Milne
and McCrea in the 1930s (McCrea and Milne 1934; Milne 1934). These were models
of pure dust, while pressure was introduced later by McCrea (1951) and Harrison
(1965). More recently the issue of pressure corrections in Newtonian cosmology has
been tackled again in Lima et al. (1997), Fabris and Velten (2012), Hwang and Noh
(2013) and Baqui et al. (2016).
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Newtonian cosmology works as follows. Imagine a sphere of dust of radius r.
This radius is time-dependent because the configuration is not stable since there is no
pressure, thus r = r (). We assume homogeneity of the sphere during the evolution,
i.e. its density depends only on the time:

3M

et 2.1)

p(t) =

where M is the mass of the dust sphere and is constant. Now, imagine a small test
particle of mass m on the surface of the sphere. By Newton’s gravitation law and
Gauss’s theorem one has:

F GMm ooy 47 G 22)
=—— F=— r, .
(1) 3 7

where we have used Eq. (2.1) and the dot denotes derivation with respect to the time ¢.
This is the same acceleration equation that we shall find later using GR, cf. Eq. (2.51).

Exercise 2.1 Integrate Eq.(2.2) and show that:

r'2_87rG K (2.3)
23 P r2’ '

where K is an integration constant.

We shall also see that Eq.(2.3) is the same as Friedmann equation in GR, cf.
(2.50). The integration constant K can be interpreted as the total energy of the
particle. Indeed, we can rewrite Eq. (2.3) as follows:

m,, GMm
F=—-=—7/"— , 2.4)
2 2 r

which is the expression of the total energy of a particle of mass m in the gravitational
field of the mass M.

2.2 Relativistic Cosmology

In GR we have geometry and matter related by Einstein equations:

81G
G = c_4T’“' , (2.5)
where G, is the Einstein tensor, computed from the metric, and 7}, is the energy-
momentum or stress-energy tensor, and describes the matter content.
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In cosmology, which is the metric which describes the universe and what is the
matter content? It turns out that both questions are very difficult to answer and,
indeed, there are no still clear answers, as we stressed in Chap. 1.

2.2.1 Friedmann—Lemaitre—Robertson—Walker Metric

The metric used to describe the universe on large scales is the Friedmann—Lemaitre—
Robertson—Walker (FLRW) metric. This is based on the assumption of very high
symmetry for the universe, called the cosmological principle, which is minimally
stated as follows: the universe is isotropic and homogeneous, i.e. there is no preferred
direction or preferred position.

A more formal definition can be found in Weinberg (1972, p.412) and is based
on the following two requirements:

1. The hypersurfaces with constant cosmic standard time are maximally symmetric
subspaces of the whole of the spacetime;

2. The global metric and all the cosmic tensors such as the stress-energy one 7},
are form-invariant with respect to the isometries of those subspaces.

We shall come back in a moment to maximally symmetric spaces. Roughly speaking,
the second requirement above means that the matter quantities can depend only on
the time.

The cosmological principle seems to be compatible with observations at very
large scales. According to Wu et al. (1999): on a scale of about 100h™" Mpc the rms
density fluctuations are at the level of ~10% and on scales larger than 300h™" Mpc
the distribution of both mass and luminous sources safely satisfies the cosmological
principle of isotropy and homogeneity.

In a recent work Sarkar and Pandey (2016) find that the quasar distribution is
homogeneous on scales larger than 250h~! Mpc. Moreover, numerical relativity
seems to indicate that the average evolution of a generic metric on large scale is
compatible with that of FLRW metric (Giblin et al. 2016).

According to the cosmological principle, the constant-time spatial hypersurfaces
are maximally symmetric.! A maximally symmetric space is completely charac-
terised by one number only, i.e. its scalar curvature, which is also a constant. See
Weinberg (1972, Chap. 13).

Let R be this constant scalar curvature. The Riemann tensor of a maximally
symmetric D-dimensional space is written as:

RILLI/pO' = (gupgua - guagl/p) . (2.6)

D(D — 1)

Contracting with g"” we get for the Ricci tensor:

IThis means that they possess 6 Killing vectors, i.e. there are six transformations which leave the
spatial metric invariant (Weinberg 1972).



20 2 The Universe in Expansion

R

Rio = —0uo , 2.7
oY 2.7

and then R is the scalar curvature, as we stated, since g"?g,, = D. Since any given
number can be negative, positive or zero, we have three possible maximally sym-
metric spaces. Now, focusing on the 3-dimensional spatial case:

1. ds? = |dx|* = §;;dx'dx/, i.e. the Euclidean space. The scalar curvature is zero,
i.e. the space is flat. This metric is invariant under 3-translations and 3-rotations.

2. ds§ = |dx|? + dz?, with the constraint z> + |x|?> = a?. This is a 3-sphere of radius
a embedded in a 4-dimensional Euclidean space. It is invariant under the six
4-dimensional rotations.

3. ds? = |dx|* — dz?, with the constraint z> — [x|> = a?. This is a 3-hypersphere,
or a hyperboloid, in a 4-dimensional pseudo-Euclidean space. It is invariant under
the six 4-dimensional pseudo-rotations (i.e. Lorentz transformations).

Exercise 2.2 Why are there six independent 4-dimensional rotations in the
4-dimensional Euclidean space? How many are there in a D-dimensional Euclidean
space?

Let us write in a compact form the above metrics as follows:

dsi =|dx)* +dz*, Z2+|x*=d*. (2.8)
Differentiating z> & |x|> = a?, one gets:
zdz = FXx-dx. (2.9)
Now put this back into ds32:
. dx)?
ds? = x|t + X 90" (2.10)
3 2 2
a” F [x]
In a more compact form:
2 ) (x - dx)?
dS3 = |dX| + Km s (211)

with K = 0 for the Euclidean case, K = 1 for the spherical case and K = —1 for
the hyperbolic case. The components of the spatial metric in Eq. (2.11) can be imme-
diately read off and are:

XiXj

S T
i =0t R e

(2.12)
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Exercise 2.3 Write down metric (2.11) in spherical coordinates. Use the fact that
|dx|> = dr? + r>dQ?, where

d® = do* +sin® 0d¢* | (2.13)
and use:
1 LT
X-dx = —d|x|" = =d(r°) =rdr . (2.14)
2 2
Show that the result is:
g2 = LA e (2.15)
S5 =——+r .
3T a2 — K2

Calculate the scalar curvature R® for metric (2.15). Show that Rl.(;) =2K gl.(;) Ja?
and thus R® = 6K /a’.

If we normalise » — r/a in metric (2.15), we can write:

gt = a2 (7 e (2.16)
3 1—Kr? ’ ’

and letting a to be a function of time, we finally get the FLRW metric:

—Kr2

d 2
ds*> = —2di* + a* (1) <1; + r2dS22> (2.17)

The time coordinate used here is called cosmic time, whereas the spatial coordi-
nates are called comoving coordinates. For each ¢ the spatial slices are maximally
symmetric; a(t) is called scale factor, since it tells us how the distance between two
points scales with time.

The FLRW metric was first worked out by Friedmann (1922, 1924) and then
derived on the basis of isotropy and homogeneity by Robertson (1935, 1936) and
Walker (1937). Lemaitre’s work (Lemaitre 1931) had been also essential to develop
it.2

A further comment concerning FLRW metric (2.17) is in order here. The dimen-
sion of distance is being carried by the scale factor a itself, since we rescaled the radius
r — r/a. Indeed, as we computed earlier, the spatial curvature is R® = 6K /a )2,
also time-varying, and it is a real, dimensional number as it should be.

2See also Lemaitre (1997) for a recent republication and translation of Lemaitre’s 1933 paper.
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2.2.2 The Conformal Time

A very useful form of rewriting FLRW metric (2.17) is via the conformal time 7:

t dt/
adn = dt = n—n = / (2.18)
1

Ca(t)
As we shall see later, but as we already can guess from the above integration, c(n — ;)
represents the comoving distance travelled by a photon between the times 7; and 7,
or t; and t. The conformal time allows to rewrite FLRW metric (2.17) as follows:

d 2
ds? = am)? [ =c2anf + —2 4 2a@? (2.19)
Kr?

1 —

i.e. the scale factor has become a conformal factor (hence the name for 7). Recalling
the earlier discussion about dimensionality, if ¢ has dimensions then c¢7 is dimen-
sionless. On the other hand, if a is dimensionless, then 7 is indeed a time.

Note also that metric (2.19) for K = 0 is Minkowski metric multiplied by a
conformal factor.

2.2.3 FLRW Metric Written with Proper Radius

A third useful way to write FLRW metric (2.17) is using the proper radius, which
is defined as follows:
D) =a®)r . (2.20)

We shall discuss in more detail the proper radius, or proper distance, in Sect.2.5.

Exercise 2.4 Using D instead of r, show that the FLRW metric (2.17) becomes:

U = g (1—H2 D2/c? ) 2HDdtdD

1—KD2/a2) 1-KD?/a?
dD?
— 4+ DX, 221
+1 — KD?/a? + @21)

where

H (2.22)

I
2| a

is the Hubble parameter. The dot denotes derivation with respect to the cosmic
time.
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2.2.4 Light-Cone Structure of the FLRW Space

Let us consider the K = 0 case, for simplicity. Moreover, consider also d2 = 0.
In this case, the radial coordinate is also the distance. Then, putting ds* = 0 in the
FLRW metric gives the following light-cone structures.

Cosmic Time-Comoving Distance

From the FLRW metric (2.17), the condition ds* = 0 gives us:

cdt
— = =al(t) . (2.23)
dr

We put our observer at r = 0 and ¢ = fy. The plus sign in the above equation then
describes an outgoing photon, i.e. the future light-cone, whereas the negative sign
describes an incoming photon, i.e. the past-light cone, which is much more interesting
to us. So, let us keep the negative sign and discuss the shape of the light-cone.

Assume that a(0) = 0. Therefore, the slope of the past light-cone starts as —a (),
which we can normalise as —1, i.e. locally the past light-cone is identical to the
one in Minkowski space. However, a goes to zero, so the light-cone becomes flat,
encompassing more radii than it would for Minkowski space. See Fig.2.1. We can
show this analytically by taking the second derivative of Eq.(2.23) with the minus
sign:

c2d*t .cdt

_dr2 = —ag =aa . (224)

Being a > 0 and a > 0 (we consider just the case of an expanding universe), the
function ¢ (r) is convex (i.e. it is “bent upwards”).

Conformal Time-Comoving Distance

For the FLRW metric (2.19), the condition ds? gives:

cdn

+1. 2.25
dr ( )

The latter is exactly the same light-cone structure of Minkowski space. Indeed,
Friedmann metric written in conformal time and for K = 0 is Minkowski metric
multiplied by a conformal factor a(n). See Fig.2.2.

Cosmic Time-Proper Distance

In order to find the light-cone structure for the FLRW metric (2.21) with K = 0, we
need to solve the following equation:

+1=0. (2.26)

c*dr? (1 HZDZ) 2HD cdt

dD? c? ¢ dD
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Space—time diagram: comoving distance & normal time
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Fig. 2.1 Space-time diagram and light-cone structure for the FLRW metric (2.17). Credit: Prof.
Mark Whittle, University of Virginia
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Mark Whittle, University of Virginia
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Exercise 2.5 Solve Eq.(2.26) algebraically for cdt/dD and show that:

-1
cdt _ (H_D " 1) . 2.27)

Fort = ty we have H (ty) > 0 and D = 0. Therefore, from Eq. (2.27) we have that
(cdt/dD)(ty) = £1 and thus we must choose the minus sign in order to describe the
past light-cone. Going back in time, HD grows, until

HD
— =

1, (2.28)

for which cdt/dD diverges. This means that no signal can come from beyond this
distance D = c¢/H, which is the Hubble radius that we met in Chap. 1. See Fig. 2.3.
The lower part of this figure is explained as follows. First of all HD becomes larger
than 1, and this explains the change of sign of the slope of the light cone. Then, H —
oo for a — 0 (if we assume a model with Big Bang) and therefore cdt/dD — 0.
This is why the light-cone flattens close to # = 0 in Fig.2.3.

2.2.5 Christoffel Symbols and Geodesics

Exercise 2.6 Assume K = 0 in metric (2.17), rewrite it in Cartesian coordinates
and calculate the Christoffel symbols. Show that:

0 ) y _aa i H
=0, Tg=0, TI¥= —Oy. Ty =0, (2.29)
We now use these in the geodesic equation:
arr +TH PYPP =0 (2.30)
d\ vp o '

where P" = dx"/d\ is the four-momentum and A is an affine parameter. For a
particle of mass m, one has A = 7/m, where 7 is the proper time. The norm of the
four-momentum is:

E2
P? =g, PP’ = - p?=-—m?c*, (2.31)
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Space—time diagram: normal distance & time
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Fig. 2.3 Space-time diagram and light-cone structure for the FLRW metric (2.21). Credit: Prof.
Mark Whittle, University of Virginia

where we have defined the energy and the physical momentum (or proper momen-

tum):
2

E o
= =P, pl=gy PP (2.32)

and the last equality of Eq.(2.31), which applies only to massive particles, comes
from:

ds*  m*ds® 2 2 (2.33)
—— = = —m?c*, .
d\? dr?

since, by definition, ds> = —c2d7?. We have recovered above the well-known disper-

sion relation of special relativity. The metric g, used above is, in principle, general.
But, of course, we now specialise it to the FLRW one.
For a photon, m = 0 and E = pc. The time-component of the geodesic equation
is the following:
APl s pipi =0 2.34
d)\ + = 0ij =0. (2.34)

Introducing the proper momentum as defined in Eq. (2.32), one gets:
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dp )
— +Hp =0. 2.35
cd/\+ p (2.35)

Exercise 2.7 Solve Eq. (2.35) and show that p = E/c « 1/a, i.e. the energy of the
photon is proportional to the inverse scale factor.

Therefore, we can write:

Eqps __ Qem (2.36)
Een Aobs ) .

On the other hand the photon energy is E = hf, with f its frequency. Therefore:

Gem _ Eovs _ fobs _ Aem 1

= = = . (2.37)
Aobs Een fem Aobs 14z

This is the relation between the redshift and the scale factor. We have connected
observation with theory. Usually, a,,s = 1 and the above relation is simply written
asl+z=1/a.

What does happen, on the other hand, to the energy of a massive particle? The
time-geodesic equation for massive particles is identical to the one for photons, but
the dispersion relation is different, i.e. E> = m>c* + p?c?. Therefore:

2.2.2
‘azc

E = |mct 4 28T (2.38)
a

where p; is some initial proper momentum, at the time #; and @; = a(¢;). Form =0

we recover the result already obtained for photons. For massive particles the above
relation can be approximated as follows:

2 2
pid;

E—md <1+ + ) L e p). (239)

2a’m2c?

i.e. performing the expansion for small momenta which is usually done in special
relativity. The second contribution between parenthesis is the classical kinetic energy
of the particle, whose average is proportional to kg 7. Therefore:

T xa~', forrelativistic particles, (2.40)

T « a~?, for non-relativistic particles. 241)

We shall recover the above result also using the Boltzmann equation.

Exercise 2.8 Show that p o 1/a by using not the time-component geodesic equa-
tion but the spatial one:
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dP! o omi
N + Zl"f)jP P/ =0. (2.42)

Why is there a factor two in this equation?

2.3 Friedmann Equations

Given FLRW metric, Friedmann equations can be straightforwardly computed from
the Einstein equations:

81G

1
G, +Aguw =R, — EgWR + Agu = C—4T#,, , (2.43)

where A is the cosmological constant.

Exercise 2.9 Calculate from FLRW metric (2.17) the components of the Ricci ten-
sor. Show that:

3 1 .. K2
R00=——g s ROi :O, Rii = —gl] 2H2+c—l+2—c , (244)
cta ’ c? a a?
and show that the scalar curvature is:
6 (d ,  Kc?
R = |-+ H” + — |- (2.45)
C a a
Finally, compute the Einstein equations:
H 4 Kc? _ 8rG To + Ac? (2.46)
a2 32" 3 ’
i Kc? 87G
a a c

These are called Friedmann equations or Friedmann equation and acceleration
equation or Friedmann equation and Raychaudhuri equation.

Which stress-energy tensor 7, do we use in Eqgs. (2.46) and (2.47)? Having fixed
the metric to be the FLRW one, we have some strong constraints:
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e First of all: Gyp; = 0 implies that Ty; = 0, i.e. there cannot be a flux of energy in
any direction because it would violate isotropy;

e Second, since G;; o g;;, then T;; o g;;.

e Finally, since G, depends only on 7, then it must be so also for 7,,,.

Therefore, let us stipulate that
Ty =p)=c@), Tu=0, T;=g,P@), (2.48)
where p(t) is the rest mass density, (¢) is the energy density and P (¢) is the pressure.

In tensorial notation we can write the following general form for the stress-energy
tensor:

P
T, = (p + ;) uu, + Pg,, (2.49)

where u , is the four-velocity of the fluid element. In this form of Eq. (2.49), the stress-
energy tensor does not contain either viscosity or energy transport terms. Matter
described by (2.49) is known as perfect fluid. For more detail about the latter see
Schutz (1985) whereas for more detail about viscosity, heat fluxes and the imperfect
fluids see e.g. Weinberg (1972) and Maartens (1996).

Combine Egs. (2.46), (2.47) and (2.48). The Friedmann equation becomes:

&rG Ac®  Kc?
H = —p+— — — 2.50
3 Pt 3 e (2.50)
while the acceleration equation is the following:
a A7G 3P Ac?
-7 i -_— 2.51
3 ( > ) +5 2.51)

Exercise 2.10 Write Egs. (2.50) and (2.51) using the conformal time introduced in
Eq.(2.18). Show that the Friedmann equation becomes:

871G Ac*a?
7; pa? + 28 ke (2.52)

2 _
= 3

and that the acceleration equation becomes:

—Kc?*, (2.53)

3

a’  4rG 3P\ , 2Ac*a?
p_c_2 a” +

where the prime denotes derivation with respect to the conformal time 7 and



30 2 The Universe in Expansion

Q\

Ry
Il

(2.54)

8 |

is the conformal Hubble factor.

In the Friedmann and acceleration equations, p and P are the total density and
pressure. Hence, they can be written as sums of the contributions of the individual

components:
p=) . P=) P (2.55)

The contribution from the cosmological constant can be considered either geomet-
rically or as a matter component with the following density and pressure:

Ac? 2
PA = % s PA = —pPAC . (256)

The scale factor a is, by definition, positive, but its derivative can be negative. This
would represent a contracting universe. Note that the left hand side of the Friedmann
equation (2.50) is non-negative. Therefore, a can vanish only if K > 0, i.e. for a
spatially closed universe. This implies that, if K < 0 and if there exists an instant
for which a > 0, then the universe will expand forever.

2.3.1 The Hubble Constant and the Deceleration Parameter

When the Hubble parameter H is evaluated at the present time f, it becomes a
number: the Hubble constant Hy which we already met in Chap. 1 in the Hubble’s
law (1.1). Its value is

Hy = 67.74 4+ 0.46 km s~ Mpc™', (2.57)

at the 68% confidence level, as reported by the Planck group (Ade et al. 2016).
Usually Hj is conveniently written as

Hy =100 h km s™' Mpc™' . (2.58)
The unit of measure of the Hubble constant is an inverse time:
Hy=324hx 1078 s, (2.59)

whose inverse gives the order of magnitude of the age of the universe:
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1
E1—::3.09h—1x10”s==9.78h—1Gyr, (2.60)
0

and multiplied by ¢ gives the order of magnitude of the size of the visible universe,
i.e. the Hubble radius that we have already seen in Eq.(2.28) but evaluated at the
present time ¢ = #;:

¢ -1 25 -1
0= 9.27h7" x 10° m =3.00 h™ Gpc . (2.61)
0

But what does “present time” #y mean? Time flows, therefore #; cannot be a constant!
That is true, but if we compare a time span of 100 years (the span of some human
lives) to the age of the universe (about 14 billion years), we see that the ratio is about
1078, Since this is pretty small, we can consider 7, to be a constant, also referred to
as the age of the universe.> We can calculate it as follows:

fo Vda ' da o0 dz
t0=/ dt:/fz —=/ _ (2.62)
0 0o a o H(a)a o H@0+2)

Exercise 2.11 Prove the last equality of Eq. (2.62).

The integration limits of Eq. (2.62) deserve some explanation. We assumed that
a(t =0) =0, i.e. the Big Bang. This condition is not always true, since there are
models of the universe, e.g. the de Sitter universe, for which a vanishes only when
t — —oo. The other assumption is that a(ty) = 1. This is a pure normalisation, done
for convenience, which is allowed by the fact that the dynamics is invariant if we
multiply the scale factor by a constant.

Recall that, in cosmology, when a quantity has subscript 0, it usually means that
it is evaluated at t = f,.

The Deceleration Parameter

Let us focus now on Eq. (2.51). It contains d, so it describes how the expansion of the
universe is accelerating. The key-point is that if the right hand side of Eq. (2.51) is
positive, i.e. p+ 3P /c? < 0, then é > 0. There exists a parameter, named deceler-
ation parameter, with which to measure the entity of the acceleration. It is defined
as follows:

__aa (2.63)

3Pretty much the same happens with the redshift. A certain source has redshift z which, actually, is
not a constant but varies slowly. This is called redshift drift and it was first considered by Sandage
(1962) and McVittie (1962). Applications of the redshift drift phenomenon to gravitational lensing
are proposed in Piattella and Giani (2017).
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InRiessetal. (1998) and Perlmutter et al. (1999) analysis based on type la supernovae
observation have shown that gy < 0, i.e. the deceleration parameter is negative and
therefore the universe is in a state of accelerated expansion. We perform a similar
but simplified analysis in Sect. 11.1 in order to illustrate how data in cosmology are
analysed.

2.3.2 Critical Density and Density Parameters

Let us now rewrite Eq. (2.50) incorporating A in the total density p:

H2_87rG,0 Kc?
3 a? '

(2.64)

The value of the total p such that K = 0 is called critical energy density and has
the following form:

3H?
Per = % (2.65)
Its present value (Ade et al. 2016) is:
Pero = 1.878 h* x 107 gecm ™ (2.66)

It turns out that py is very close to p¢ o, S0 that our universe is spatially flat. Such an
extreme fine-tuning in K is a really surprising coincidence, known as the flatness
problem. A possible solution is provided by the inflationary theory which we shall
see in detail in Chap. 8.

Instead of densities, it is very common and useful to employ the density parameter
2, which is defined as

87G
Q= pﬁ — ;Hf (2.67)

i.e. the energy density normalised to the critical one. We can then rewrite Friedmann
equation (2.50) as follows:

Kc?
1=Q— ok (2.68)
Definin
¢ . Kc?
Qx = TR (2.69)

i.e. associating the energy density
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3K c?

_— 2.70
81Ga? ( )

PK = —

to the spatial curvature, we can recast Eq. (2.68) in the following simple form:
1=Q+ Qg . (2.71)
Therefore, the sum of all the density parameters, the curvature one included, is always
equal to unity. In particular, if it turns out that € ~ 1, this implies that Qg ~ 0, i.e.

the universe is spatially flat. From the latest Planck data (Ade et al. 2016) we know
that:

Qko = 0.00081 0003 (2.72)

at the 95% confidence level.
It is more widespread in the literature the normalisation of p to the present-time
critical density, i.e.

p _ 8nGp

£ - 2
Per,0 3H()

(2.73)

because it leaves more evident the dependence on a of each material component.
With this definition of €2, Friedmann equation (2.50) is written as:

Z Qoo fula) + KO (2.74)

where f,(a) is a function which gives the a-dependence of the material component
x and fy(ap = 1) = 1. Consistently:

D Qo+ Qo =1 (2.75)

also known as closure relation. We shall use the definition 2, = p,/ pcr,o throughout
these notes.

2.3.3 The Energy Conservation Equation

The energy conservation equation

270
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is encapsulated in GR through the Bianchi identities. Therefore, it is not independent
from the Friedmann equations (2.50) and (2.51). For the FLRW metric and a perfect
fluid, it has a particularly simple form:

P
p+3H (p—l— ;) =0 2.77)

This is the ;# = 0 component of V, T"” = 0 and it is also known from fluid dynamics
as continuity equation.

Exercise 2.12 Derive the continuity equation (2.77) by combining Friedmann and
acceleration equations (2.50) and (2.51). Derive it in a second way by explicitly
calculating the four-divergence of the energy-momentum tensor.

The continuity equation can be analytically solved if we assume an equation of state
of the form P = wpc?, with w constant. The general solution is:

(w = constant) , (2.78)

where pg = p(ag = 1).

Exercise 2.13 Prove the above result of Eq. (2.78).

There are three particular values of w which play a major role in cosmology:

Cold matter: w = 0, i.e. P =0, for which p = poa‘3. As we have discussed in
Chap. 1, the adjective cold refers to the fact that particles making up this kind of
matter have a kinetic energy much smaller than the mass energy, i.e. they are non-
relativistic. If they are thermally produced, i.e. if they were in thermal equilibrium
with the primordial plasma, they have a mass much larger than the temperature of
the thermal bath. We shall see this characteristic in more detail in Chap. 3.

Cold matter is also called dust and it encompasses all the non-relativistic known
elementary particles, which are overall dubbed baryons in the jargon of cosmology.
If they exist, unknown non-relativistic particles are called cold dark matter (CDM).

Hot matter: w = 1/3,i.e. P = p/3, for which p = ppa=. The adjective hot refers
to the fact that particles making up this kind of matter are relativistic.



2.3 Friedmann Equations 35

For this reason they are known, in the jargon of cosmology, as radiation and
they encompass not only the relativistic known elementary particles, but possibly the
unknown ones (i.e. hot dark matter). The primordial neutrino background belonged
to this class, but since neutrino seems to have a mass of approximately 0.1¢eV, it is
now cold. We shall see why in Chap. 3.

Vacuum energy: w = —1, i.e. P = —pc” and p is a constant. It behaves as the
cosmological constant and provides the best (and the simplest) description that we
have for dark energy, though plagued by the serious issues that we have presented in
Chap. 1.

2.3.4 The ACDM Model

The most successful cosmological model is called ACDM and is made up of A, CDM,
baryons and radiation (photons and massless neutrinos). The Friedmann equation for
the ACDM model is the following:

H* Qo o | o |, Qo
st at et T 279
We already saw in Eq.(2.72) the value of the spatial curvature contribution. From
Ade et al. (2016) here are the other ones:

’ Qx =0.6911 £0.0062 , Qmo = 0.3089 £ 0.0062 ‘ (2.80)

at 68% confidence level, where Q0 = Q20 + Qb0, i.€. it includes the contributions
from both CDM and baryons, since they have the same dynamics (i.e. they are both
cold). It is however possible to disentangle them and one observes:

Quoh? = 0.02230 +£0.00014, Q. oh*> = 0.1188 £ 0.0010 (2.81)

also at 68% confidence level. The radiation content, i.e. photons plus neutrinos, can
be easily calculated from the temperature of the CMB, as we shall see in Chap. 3. It
turns out that:

Qoh* ~247x107°,  Q,h* ~ 1.68 x 107° (2.82)

Since i = (.68, and recalling the closure relation of Eq. (2.75), we can conclude that
today 69% of our universe is made of cosmological constant, 26% of CDM and 5%
of baryons. Radiation and spatial curvature are negligible. That is, the situation is
pretty obscure, in all senses.
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Fig. 2.4 Dimensionless age of the universe Hyt as function of 25 (keeping fixed the matter and
radiation content) and as function of ;0 (keeping fixed the radiation content and with no A)

Let us now calculate the age of the universe for the ACDM model. Using
Eq.(2.62), we get:

1 1
fo = — f da a . (2.83)
Hy Jo \/QAa“ + Qmoa + Qo + Qkoa?
Using the numbers shown insofar, we get upon numerical integration:
0.95
to = —— = 13.73 Gyr (2.84)
Hy

The value reported by Ade et al. (2016) is 13.799 &£ 0.021 at 68% confidence level.
Note how Hyfy =~ 1. This fact has been dubbed synchronicity problem by Avelino
and Kirshner (2016). In Fig.2.4 we plot the dimensionless age of the universe Hyf
for models with or without A and in Fig. 2.5 we plot the evolution of Hyt as function
of a in order to show indeed how Hyzy ~ 1 is quite a peculiar instant of the history
of the universe.

As one can see, in presence of A the dimensionless age of the universe reaches
values larger than unity. This, mathematically, is due to the a* factor multiplying 2
in Eq. (2.83). Note that we can obtain the observed value Hyt, ~ 0.95 also in absence
of a cosmological constant and for a curvature-dominated universe, i.e. Qo = 0.97.
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Fig. 2.5 Dimensionless age of the universe Hyt as function of a for the ACDM model (solid line)
and in a model made only of CDM (dashed line)

2.4 Solutions of the Friedmann Equations

The Friedmann equations can be solved exactly for many cases of interest.

2.4.1 The Einstein Static Universe

As the first application of his theory to cosmology, Einstein was looking for a static
universe, since at his time there was not yet compelling evidence of the contrary.
Therefore, we must seta = a = 0. Since pis positive, we must have K = 1, therefore
the Einstein Static Universe (ESU) is a closed universe. Its radius is:

3rG c? 3¢
= = = . 2.85
3 P e =\ 8rGp (2.85)

From the acceleration equation we get that

p+3P/* =0, (2.86)

therefore we cannot have simply ordinary matter because we need a negative pressure.
Here enters the cosmological constant A. We assume that p = pp, + pa, so that
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p+3P/*=0, = putpr—3pa=0, (2.87)

and therefore p,, = 2px. The radius can thus be written as

c 1
VATGpm A ( )

Until here all seems to be fine. But it is not. The problem is indeed the condition
pm = 2pp, which makes the ESU unstable. In fact, if this condition is broken, say
Pm/pPa = 2 + €, then the universe expands or collapses, depending on the sign of .

Exercise 2.14 Prove that the ESU is unstable. Hint: use pn,/pa = 2 + € in the
Friedmann and acceleration equations.

2.4.2 The de Sitter Universe

For p = 0, the Friedmann equation (2.50) becomes:

A Kc?
H>= " - — | 2.89

When spatial curvature is taken into account, it is more convenient to solve the
acceleration equation (2.51) rather than Friedmann equation. Indeed:

. AP
a = TCZ s (290)

is straightforwardly integrated:

A A
a(t) = Cyexp (\/;ct> + Cyexp (—\/;ct) , 291

where C; and C, are two integration constants. One of these is constrained by Fried-
mann equation (2.89). Calculating &> and a” from Eq. (2.91) we get:

o AP, A 5 A
a” = 5 Ciexp |2 ?Cl + Cyexp | —2 gct —2CC, |, (2.92)
a’>=C?exp (2 é 2 - ﬁ
=Ciexp 3 ct | +Cyexp | -2 3 ct | +2C1Cy. (2.93)
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Combining them, one finds:

A 2
@ = Tc(a2 —4C,Cy) . (2.94)

Using Eq.(2.89), we can put a constraint on the product of the two integration con-

stants:
4A
TC[CQ =K, (2.95)

so that we have freedom to fix just one of them. Assuming that C; # 0, we can write
the general solution as:

[ A 3K [A
a(t) = Cyexp ( gct) + IAC exp (— gct) . (2.96)
1

When K = =£1 we can set C; such that we can write the solution as follows:

V3/Asinh (VA 3ct) | for K = —1,
a(r) = Jagexp (VA/3ct) | for K =0, (2.97)
/3/A cosh («/A/3ct) , forK =1.

where qg is some initial # = 0 scale factor. Note that there is no aq for the solutions

with spatial curvature because we fixed the integration constant in order to have the
hyperbolic sine and cosine.

Exercise 2.15 From the Einstein equations (2.43) show that R = 4A for the de
Sitter universe. Verify that the above solutions (2.96) and (2.97) satisfy this relation
by substituting them into the expression in Eq. (2.45) for the Ricci scalar.

The de Sitter universe (de Sitter 1917, 1918a,b,¢) is eternal with no Big-Bang
(i.e. when a = 0) for K = 1. Here we have rather a bounce at the minimum value
ag for the scale factor. For K = 0 there is a Big-Bang at r = —o0. For K = —1
we might have negative scale factors, which we however neglect and consider the
evolution as starting only at r = 0, for which there is another Big-Bang. Note that
the Big-Bang’s we are mentioning here are not singularities. There is no physical
singularity in the de Sitter space, since it is maximally symmetric.

The deceleration parameter is the following

da Ac? a? 3K\ !
__a__fca (2 , 2.98
1 a? 3 a? ( Aaz) (299

i.e. always negative.
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2.4.3 Radiation-Dominated Universe

For p = ppa, K = 0 and A = 0, the solution of Eq.(2.50) is:

a=[—, (2.99)

The deceleration parameter is go = 1 and the age of the universe is:

1

=—". 2.1
2H, (2.100)

Iy

Exercise 2.16 Prove the results of Egs. (2.99) and (2.100).

It is quite complicated to analytically solve Friedmann equation (2.50) for a
radiation-dominated universe when K # 0. On the other hand, solving the accel-
eration equation (2.53) is much easier. For pc?> = 3P, Eq.(2.53) becomes:

a"+Kc*a=0, (2.101)
whose general solution is:

Ciexp(cn) + Carexp(—cn) , for K = —1,
a(m) =C;+ Cyn, forK =0, (2.102)
Cs sin(cn) + Cg cos(cn) , forK =1.

First of all, we can choose a(0) = 0. Thus, the general solution (2.102) becomes:

2C sinh(cn) , forK =—1,
a(m) =1 Cyn, for K =0, (2.103)
Cssin(cn) forK =1.

Second, these solutions are subject to the constraint of Friedmann equation (2.52),
written of course in the radiation-dominated case:

S — 81G

3 pat — Kc*a® (2.104)

where notice that pa* = py, i.e. a constant. When a = 0, i.e. n = 0, then

87G
a2 =0) = ﬂTpo = a2, (2.105)
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and the solutions (2.103) become:

sinh(cn) , for K = —1,
a(n) =am ycn, for K =0, (2.106)
sin(en) forK =1.

If we want to recover the cosmic time from the above solutions, we need to solve the
following integration:

U]
/ a(n)dn =t . (2.107)
0
Using Eq.(2.106), one obtains:
cosh(en) — 1, for K = —1,
ct = apy § (cn)?/2, for K =0, (2.108)
1 — cos(cn) , forK =1.

Inverting these relations allows you to find 7 = n(¢), which once substituted in
Eq.(2.106) allows to find a = a(z).

Exercise 2.17 Using the solutions (2.108), find the explicit form of a(¢). Show that
ct = a,n*/2 leads to Eq.(2.99).

2.4.4 Cold Matter-Dominated Universe

For p = ppa=3, K =0 and A = 0, the solution of Friedmann equation (2.50) is
straightforwardly obtained:
2/3
t
a= (—) . (2.109)

fo
The deceleration parameter is gop = 1/2 and the age of the universe is:

2
fo= — =6.52h" ! Gyr. 2.110
0 3H, yr ( )

This model of universe is also known as the Einstein-de Sitter universe. A part
the fact that it does not predict any accelerated expansion, there are also problems
with the age of the universe given in Eq.(2.110): it is smaller than the one of some
globular clusters (Velten et al. 2014).
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Exercise 2.18 Prove the results of Egs. (2.109) and (2.110).

Worse than the radiation-dominated case, it is impossible to analytically solve Fried-
mann equation (2.50) for a dust-dominated universe when K # 0. But, as in the
radiation-dominated case, it is possible to find an exact solution for a(n). Let’s write
Eq. (2.53) for the dust-dominated case:

, 4rG
a =

3 pa’ — Kc’a . (2.111)

Note that pa®> = py = constant. The general solution is therefore the general solution
of Eq. (2.101) plus a particular solution of Eq. (2.111), that is:

Ci sinh(cn) + C, cosh(cn) — Y py | for K = —1,

3¢?
a(n) = {Cs+ Can+ Zlpe*,  forK =0, (2.112)
Cssin(cen) + Cg cos(cn) + 43”65;/)0 , forK =1.

Exercise 2.19 Using the condition a(0) = 0 and employing Friedmann equation for
a dust-dominated universe, i.e.

81G
a? + Kla® = 7; pat (2.113)
as constraint, show that Eq. (2.112) can be cast as:

cosh(en) — 1, forK = -1,

47 )
a(n) = 32 P (em=/2, forK =0, (2.114)
1 —cos(cn) , forK =1.

Recovering the cosmic time from Eq. (2.114) one has:

sinh(cn) — cn for K = —1,
s
ct = 32 Po (cn)?/6 , forK =0, (2.115)
c
cn — sin(en) , forK =1.

Unfortunately, the above relations for K = 41 cannot be explicitly inverted in order
to give n(¢) and then a(z).
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2.4.5 Radiation Plus Dust Universe

The mixture of radiation plus matter is a cosmological model closer to reality and
with which we can describe the evolution of our universe on a larger timespan than
the single component-dominated cases. Consider the total density:

Peq ae3q Peq agq 2116
p—pm+Pr—7a—3+7Fa (2.116)

where a.q is the equivalence scale factor, i.e. the scale factor evaluated at the time at
which dust and radiation densities were equal. At this time, we dub the total density
as peq. Now write down the acceleration equation (2.53) for the dust plus radiation
model:

a’ = Tpma3 —Kcta . (2.117)

It is identical to the dust-dominated case, viz. Eq.(2.111)! Indeed, the fact that radi-
ation is also present will enter when we set the constraint from Friedmann equation,
which is the following:

47G
d? + Kcta® = % (agqa n agq) _ (2.118)

Solving Eq.(2.117) with the condition a(0) = 0 leads to the following solutions:

3 | C;sinh(cn) + cosh(en) — 1, for K =—1,
271G peqacy )
a(n) = 32 Con+ (en)</2, for K =0, (2.119)

C;sin(en) + 1 — cos(cn) , forK =1.

Now use the constraint from Friedmann equation, i.e.

47G

a?(n=0) = %a;}q , (2.120)

and find that:

3
Ci=C=c|——— =cij, Cy=c’, (2.121)
TG peqasy
so that:
5 cnsinh(cn) + cosh(en) — 1, for K = —1,
a

a(n) = ﬁ im+ (en)?/2,  forK =0, (2.122)

cnsin(en) + 1 — cos(en) , forK =1.
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In particular, the solution for K = 0 is:

2
a(n) = deq (22 n %) . (2.123)

Exercise 2.20 Show that the conformal time at equivalence 7.4 and 7 are related by:

Teg = (v/2 = D . (2.124)

Exercise 2.21 Solve Friedmann equation for the ACDM model, neglecting radiation
and spatial curvature:

HE _ Qo +Q (2.125)
H} VE A '

Show that:

Quno 3 1/3
a(t) = [Q—“‘ sinh? <§,/S2AH01‘)} ) (2.126)

A

Exercise 2.22 Solve the Friedmann equation for the curvature-dominated universe:

H>=——. (2.127)

This is the Milne model (Milne 1935). Clearly, only K = —1 is allowed.

Show then that a = ct. Substitute this solution into the expression for the Ricci
scalar (2.45). Show that R = 0.

Write down explicitly the FLRW metric witha = ct and show that it is Minkowski
metric written in a coordinate systems different from the usual.

The above last result is not completely surprising, since Milne model has no
matter (empty universe) and no cosmological constant. The spatial hypersurfaces
are already maximally symmetric because of the cosmological principle and the
absence of matter add even more symmetry to the spacetime.

2.5 Distances in Cosmology

We present and discuss in this section the various notions of distance that are
employed in cosmology. See e.g. Hogg (1999) for a reference on the subject.
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2.5.1 Comoving Distance and Proper Distance

We have already encountered comoving coordinates in the FLRW metric (2.17) and
the proper radius D(¢) = a(t)r in the FLRW metric (2.21). We must be clearer about
the difference between the radial coordinate and the distance. They are equal only
when d2 = 0. The comoving square infinitesimal distance is indeed, from FLRW
metric (2.17) the following:

2
) dr

_ 2 2
=—=3 +r2dQ? (2.128)

dx
i.e. it has indeed a radial part, but also has a transversal part. So, if x is the comoving
distance between two points, the proper distance at a certain time ¢ isd (x, t) = a(t)x.

The comoving distance is a notion of distance which does not include the expan-
sion of the universe and thus does not depend on time.

The proper distance is the distance that would be measured instantaneously by
rulers. For example, imagine to extend a ruler between GN-z11 (the farthest known
galaxy, z = 11.09) and us. Our reading at the time ¢ would be the proper distance at
that time.

Suppose that d$2 = 0. Then the comoving distance to an object with radial coor-
dinate r is the following:

. v arcsinr , forK =1,
r
=] —/——=={r,fork=0, (2.129)
X /o 1—Kr"? .
arcsinhr , for K = —1.

Deriving d with respect to the time one gets:
. . a
d=ax=-d=Hd, (2.130)
a

which recovers the Hubble’s law for ¢ = 1.

2.5.2 The Lookback Time

Imagine a photon emitted by a galaxy at a time ., and detected at the time 7y on
Earth. A very basic notion of distance is c(fy — fem), i.€. it is the light-travel distance,
based on the fact that light always travels with speed c. The quantity #y — f.p, is called
lookback time and suggestively reminds the fact that when we observe some source
in the sky we are actually looking into the past, because of the finiteness of c.

From the FLRW metric, by putting ds> = 0, we can relate the lookback time with
the comoving distance as follows:
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cdt = a(t)dx . (2.131)

This seems quite similar to the proper distance, but careful: the proper distance is
defined as ay and evidently adx # d(ay). The lookback time is the photon time of
flight and thus it includes cumulatively the expansion of the universe. On the other
hand, the proper distance is the distance considered between two simultaneous events
and therefore the expansion of the universe is not taken into account cumulatively.
Since we observe redshifts, is there a way to calculate the lookback time from
z? In principle yes: one solves Friedmann equation, finds a(¢), inverts this function
in order to find = t(a), uses 1 4+ z = 1/a and finally gets a relation t = #(z). For
example, for the flat Einstein-de Sitter universe, using Egs. (2.109) and (2.110) one

gets:
2 \*? 2
1 = = f= —— 2.132
e <3Hﬂ> 3Hy(1 + z)3/?2 ( )

This approach is model-dependent because in order to solve the Friedmann equation
we must know it and this is possible only if we know, or model, the energy content
of the universe. Hence the model-dependence.

A model-independent way of relating lookback time and redshift is cosmography,
a word which means “measuring the universe”. In practice, cosmography consists in
a Taylor expansion of the scale factor about its today value:

2

= (t— 1)+ -+ (2.133)

1
(t—l0)+§

0]

() = (l)+d—a
T

to

where we stop at the second order, for simplicity. This can be written as
1
Mﬂzmm[HJEO—m—zwm%—wf+~}, (2.134)

i.e. the first coefficient of the expansion is the Hubble constant, whereas the second
one is proportional to the deceleration parameter. The third is usually called jerk and
the fourth snap. All these parameters are evaluated at ¢y in the above expansion.

Exercise 2.23 For a(fy) = 1 and introducing the redshift show that:

1
z~m%—n+5%+m%m—o? (2.135)

Here is a direct, model-independent relation between the redshift and the lookback
time (ty — t).
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2.5.3 Distances and Horizons

For a photon, not unexpectedly,

cdt

dx

i.e. the comoving distance is equal to the conformal time, which we introduced in

Eq.(2.18). We might say that the comoving distance is a lookback conformal time.
By integrating cdt/a(t) from ft.y to ty we get the comoving distance from the

source to us, or the conformal time spent by the photon travelling from the source to

us:
oocdt!
*e /rem a(t’) / H(a’)a : (2.137)

For the dust-dominated case one has H = Hy/a*/?

function of the scale factor and of the redshift is:

and the comoving distance as a

< Uda' 2c 2c

1
=m0 o= (1 )

When z — 0, x ~ cz/Hy. Comparing with Eq. (2.135) one sees that, at the first order
in the redshift, the lookback time distance is equivalent to the comoving one.

x(a) = (2.138)

Exercise 2.24 Calculate the comoving distance as a function of the scale factor and
of the redshift for a radiation-dominated universe and for the de Sitter universe.

When the lower integration limit in Eq.(2.137) is a = 0, i.e. the Big Bang, one
defines the comoving horizon Y, (also known as particle horizon or cosmological
horizon). This is the conformal time spent from the Big Bang until the cosmic time
t or scale factor a. It is also the maximum comoving distance travelled by a photon
(hence the name particle horizon) since the Big Bang and so it is the comoving size
of the visible universe.

In the dust-dominated case, using Eq.(2.138), with a = 0 or z = oo one obtains:

2c

Xp = CTo = Fo . (2.139)

Note that this is not the age of the universe given in Eq.(2.110), but three times its
value.
When the upper integration limit of Eq. (2.137) is infinite, one defines the event

horizon: J
o0 t/
Xe(t) = sz (t/) / H(a/)a2 , (2.140)
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which of course makes sense only if the universe does not collapse. This represents
the maximum distance travelled by a photon from a time ¢. If it diverges, then no
event horizon exists and therefore eventually all the events in the universe will be
causally connected. This happens, for example, in the dust-dominated case:

c [*dad
= — =00. (2.141)
Xe H /. \/;
But, in the de Sitter universe we have
—C/wd“,— - (2.142)
Xe = HQ a a/z - Hoa ’ ’

The proper event horizon for the de Sitter universe is a constant:

axe = Hio . (2.143)

2.5.4 The Luminosity Distance

The luminosity distance is a very important notion of distance for observation. It is
based on the knowledge of the intrinsic luminosity L of a source, which is therefore
called standard candle. Type Ia supernovae are standard candles, for example. Then,
measuring the flux F of that source and dividing L by F, one obtains the square
luminosity distance:
L
df o — . 2.144

£ o (2.144)
Now, imagine a source at a certain redshift z with intrinsic luminosity L = dE/dt.
The observed flux is given by the following formula:

dEy
— , (2.145)
dtyAy
where Ay is the area of the surface on which the radiation is spread:
Ao = 4maly? , (2.146)

i.e. over a sphere with the proper distance as the radius. We must use the proper
distance, because this is the instantaneous distance between source and observer at
the time of detection. Note that x is the comoving distance between the source and
us.

We do not observe the same photon energy as the one emitted, because photons
suffer from the cosmological redshift, thus:
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dE
oS (2.147)
d Eo a

Finally, the time interval used at the source is also different from the one used at the

observer location:

dt a

—_— = (2.148)
dty ao

We can easily show this by using FLRW metric with ds> = 0, i.e. cdt = a(t)d.
Consider the same dx at the source and at the observer’s location. Thus, cdt = a(t)dx

and cdty = a(ty)dx and the above result follows.
Putting all the contributions together, we get

dEy a’dE dE
F = == > = 5 . (2.149)
diAy  agdtdmaix®  dtdmaix*(1 + z)?
Hence, the luminosity distance is defined as:
di., =ap(1+2)x (2.150)

From this formula and the observed redshifts of type Ia supernovae we can determine

if the universe is in an accelerated expansion, in a model-independent way. In order

to do this, we first need to know how to expand y in series of powers of the redshift.
Using the definition (2.137) and the expansion (2.135), we get:

— 0 O(lo—l)2+"' (2.151)

_ /’0 cdt’  c(tg—1t) cH,
= oaaey T T a4 2a0

where we stop at the second order only. This is the expansion of the comoving distance
with respect to the lookback time. We must invert the power series of Eq. (2.135) in
order to find the expansion of the lookback time with respect to the redshift. This
can be done, for example, by assuming the following ansatz:

Hy(ty — 1) = a+ Bz +vz° + - (2.152)

and substitute it into Eq. (2.135), keeping at most terms O(z?).

Exercise 2.25 Show that:
1
a=0, pB=1, 7=—§(qo+2), (2.153)

and thus |
Hy(tg — 1) =Z—§(CI0+2)Z2+~~ (2.154)
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Substituting the expansion of Eq. (2.154) back into Eq. (2.150), one gets

c

d, = —
L Ho

1
[Z+5(1—610)zz+~-} , (2.155)

where note again that at the lowest order the luminosity distance is cz/ Hy, identical
to the comoving distance and to the lookback time distance.

Since dp, and z are measured, one can fit the data with this quadratic function and
determine g, thereby establishing if the universe expansion is accelerated or not.
Note that H is an overall multiplicative factor, thus does not determine the shape of
the function d; (z).

In the case of a dust-dominated universe, using Eq. (2.138), the luminosity distance
has the following expression:

2c
szﬁ(l—i-z—«/lez) . (2.156)
0
For small z, this distance can be expanded in powers of the redshift as:
d= (4124 (2.157)
FT 0T At ’ '

which, when compared with Eq. (2.150), provides gg = 1/2, as expected.

2.5.5 Angular Diameter Distance

The angular diameter distance is based on the knowledge of proper sizes. Objects
with a known proper size are called standard rulers. Suppose a standard ruler of
transversal proper size ds (small) to be at a redshift z and comoving distance Y.
Moreover, this object has an angular dimension d¢, also small. See Fig.2.6 for
reference.

At a fixed time ¢, we can write the FLRW metric as:

ds® = a()dx* . (2.158)

Fig. 2.6 Defining the
angular diameter distance 0 ds|S

T do X
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Since the object is small and we are at the origin of the reference frame, the comoving
distance  is also the radial distance. Therefore, the transversal distance is:

ds =a(t)xdo . (2.159)
Dividing the proper dimension of the object by its angular size provides us with the
angular diameter distance:

da =a(t)x . (2.160)

For the case of a dust-dominated universe, one has:

da = E |: : : i| . (2.161)

Ho[1+2z (14232

In the limit of small z, we find dy ~ cz/Hy. All the distances that we defined insofar
coincide at the first order expansion in z.
Note the relation:
di = (1+2)%da , (2.162)

known as Etherington’s distance duality (Etherington 1933).

In gravitational lensing applications it is often necessary to know the angular-
diameter distance between two sources at different redshifts (i.e. the angular-diameter
distance between the lens and the background source). In order to compute this, let
us refer to Fig.2.7.

The problem is to determine the angular-diameter distance between L and S,
say da(LS). Is this the difference between the angular-diameter distances da (S) —
da (L)? We now show that this is not the case. Simple trigonometry is sufficient to
establish that:

ds = a(ts)xsd¢s = a(ts)xLsdoL , (2.163)

And for comoving distances we do have that x; s = xs — xL. Therefore, we have

|dA(LS) = alis)yis = alis)(xs — xu) | (2.164)
Fig. 2.7 The angular
diameter distance between /‘%I S
two different redshifts O o o
ds L doo
| XL ’ XLS i




52 2 The Universe in Expansion

which is the relation we were looking for, and it is different from the difference
between the angular diameter distances:

da(S) —da(L) = a(ts)xs —ali)xe - (2.165)
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Chapter 3 ®)
Thermal History e

L’umanita non sopporta il pensiero che il mondo sia nato per
caso, per sbaglio. Solo perché quattro atomi scriteriati si sono
tamponati sull’autostrada bagnata
(Humanity cannot bear the thought that the world was born by
accident, by mistake. Just because four mindless atoms crashed
on the wet highway)

Umberto Eco, 11 Pendolo di Foucault

In this Chapter we discuss the application of Boltzmann equation in cosmology. In
particular, we address Big Bang Nucleosynthesis (BBN), recombination of protons
and electrons in neutral hydrogen atoms and the relic abundance of CDM. Our main
references are Dodelson (2003), Kolb and Turner (1990) and Daniel Baumann’s
lecture notes (Chap. 3).! See also Bernstein (1988).

3.1 Thermal Equilibrium and Boltzmann Equation

We have encountered in the previous chapter the continuity equation (2.77):
€+3H(E+P)=0, (3.1)

where recall that the dot represents derivation with respect to the cosmic time. Sur-

prisingly, it is possible to obtain the continuity equation by using the first and second

law of thermodynamics, i.e.

TdS = PdV +dU , 3.2)

Thitp://www.damtp.cam.ac.uk/user/db275/Cosmology/Lectures.pdf.
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where T is the temperature, S is the entropy, V is the volume and U is the internal
energy of the cosmic fluid. Now, assuming adiabaticity, i.e. dS = 0, and writing
U = €V, one gets

PdV +d(EV)=0 = Vde+(e+P)dV =0. (3.3)

Exercise 3.1 Since the volume is proportional to the cube of the scale factor, i.e.
V a3, show that Eq. (3.3) leads to the the continuity equation (3.1).

In using Eq. (3.2), we have made a very strong assumption: the evolution of the
universe is an adiabatic reversible transformation, i.e. at each instant the universe is
in an equilibrium state.

In some instances we can trust this assumption and it gives the correct continuity
equation. In particular, we will see that Eq.(3.1) can be obtained from Boltzmann
equation assuming no interactions among particles or assuming a very high rate
of interactions so that thermal equilibrium is reached. The latter instance can be
mathematically represented as follows:

-

i.e. the interaction rate is much larger than the Hubble rate, where the interaction

rate is defined as follows:
a9

where n is the particle number density of projectiles, v, is the relative velocity
between projectile and targets and o is the cross section.

Equation (3.4) can also be rephrased as the fact that the mean-free-path is much
smaller than the Hubble radius. In this situation, particles interact so frequently that
they do not even care about the cosmological expansion and any fluctuation in their
energy density is rapidly smoothed out, thus recovering thermal equilibrium.

It is important to make distinction between kinetic equilibrium and chemical
equilibrium. When I" 3> H refers to a process of the type:

142« 3+4, (3.6)
i.e. we have four different particle species which transform into each other in a

balanced way, then we have chemical equilibrium. This can be also reformulated
as:

P+ po = 3+ pa (3.7)

where the 1’s are the chemical potentials.
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On the other hand, when I >> H refers to a reaction such as a scattering:
142142, (3.8)

then we have kinetic equilibrium. Kinetic or chemical equilibrium (or both) imply
thermal equilibrium. In general, it is possible for a species to break chemical equi-
librium and still remain in kinetic, therefore thermal, equilibrium with the rest of the
cosmic plasma through scattering processes.’

Note that I' is different for different fundamental interactions and for different
particle species masses. Therefore, the above condition (3.4) is valid for all the known
(and perhaps unknown) particles in the very early universe but is broken at different
times for different species. This is the essence of the thermal history of the universe.

So, at the very beginning (we are talking about tiny fractions of seconds after
the Big Bang) all the particles were in thermal equilibrium in a primordial soup,
the primordial plasma. When for a species, the condition I' ~ H is reached, it
decouples from the primordial plasma. If it does this by breaking the chemical
equilibrium, then it is said to freeze out and attains some fixed abundance.’

When we want to explicitly calculate the residual abundance of some species, we
have to track its evolution until I" ~ H. In this instance, equilibrium thermodynamics
fails and we are compelled to use Boltzmann equation. For example, we shall use
Boltzmann equation when analysing the formation of light elements during BBN,
the recombination of protons and electrons in neutral hydrogen atoms and the relic
abundance of CDM.

The fundamental interactions which characterise the above-mentioned processes
compel some particles to react and transform into others and vice-versa, such as in
Eq.(3.6). When I > H these reactions take place with equal probability in both
directions, hence the <> symbol, but when I" ~ H eventually one direction is pre-
ferred over the other. This is the characteristic of irreversibility which demands the
use of Boltzmann equation.

3.2 Short Summary of Thermal History

We present in this section a brief scheme of the main events characterising the
thermal history of the universe. A minimal knowledge of the standard model of
particle physics is required.

Planck scale, inflation and Grand Unified Theory. Planck scale is usually consid-
ered as an upper threshold in the energy, being the Planck mass is Mp;c> = 10'° GeV,
or as a lower threshold in the time, 10~%3 s, to which we can extend our classical the-

2This occurs in some DM particle models. For example a m = 100 GeV WIMP chemically decou-
ples at 5GeV and kinetically decouples at 25 MeV. See e.g. Profumo et al. (2006).

31t attains a fixed abundance if it is a stable particle, of course. If not it disappears.
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ory of gravity. Beyond that threshold, the common understanding is that we should
incorporate quantum effects.

Inflation is a very important piece of the current description of the primordial
universe. We shall dedicate to it Chap. 8 so, for now, it is enough to say that it occurs
at an energy scale of the order 10'® GeV, which is the same of the Grand Unified
Theory (GUT), i.e. a model in which electromagnetic, weak and strong interactions
are unified.

Baryogenesis and Leptogenesis. Baryogenesis is the creation, via some still unclear
mechanism, of a positive baryon number. In other words, the creation of a primordial
quark-antiquark asymmetry by virtue of which protons and neutrons are much more
common than anti-protons and anti-neutrons. In order to maintain the neutrality of the
universe, we need thus also Leptogenesis, i.e. a mechanism which produces a non-
vanishing lepton number in the form of an excess of electrons over positrons. There
is no evidence for a similar asymmetry in neutrinos and anti-neutrinos,* therefore in
the universe energy budget, after the annihilation epochs, we shall take into account
both of them while neglecting anti-protons, anti-neutrons and positrons.

We know that antimatter exists but we also know that matter is the most abundant
in the universe. If they were produced exactly in the same quantity, they should
have annihilated almost completely when in equilibrium in the primordial plasma,
leaving just photons. Instead, we have a small but nonvanishing baryon-to-photon
ratio n, = 5.5 x 10719,

Decoupling of the Top quark. The Top quark is the most massive of all observed
fundamental particles, mTopc2 = 173 GeV, so it is probably the first to decouple from
the primordial plasma. For this reason it is considered here in this list.

Electroweak phase transition. At a thermal energy of about 100 GeV, which cor-
responds to 107! s after the Big Bang, the electromagnetic and weak forces start
to behave distinctly. This happens because the vector bosons W and Z° gain their
masses, of roughly 80 and 90 GeV respectively, through the Higgs mechanism and
the weak interaction “weakens”, since it is now ruled by the Fermi constant:

Gr

oy = 1.17 x 1072 GeV~2 . (3.9
C

QCD phase transition. Below 150 MeV quarks pass from their asymptotic freedom
to bound states form by two (mesons) or three (baryons) of them. The above energy
corresponds roughly to 20 s after the Big Bang.

DM freeze-out. We do not know if DM is made up of particles and, if so, which
ones. For the neutralino case, the freeze-out takes place at about 25 MeV.

Neutrino decoupling. Neutrinos maintain thermal equilibrium with the primordial
plasma through interactions such as

41t is still unclear whether neutrino is a Majorana fermion, i.e. a fermion which is its own anti-
particle, or a Dirac fermion, i.e. a fermion which is distinct from its anti-particle.
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pte <n+v, p+17<—>n—|—e+, n<p+t+e +v, (3.10)

down to a thermal energy of 1 MeV, which corresponds roughly to 1s after the Big
Bang. Below this energy threshold they decouple. We can calculate roughly the
1 MeV scale of decoupling in the following way. Using Eq. (3.5) with v, = ¢, since
neutrinos are relativistic, one gets:

2
r_moc Gg

H H (o)

kT \°
Mpi? (kg T)? ~ , 3.11
pic” (kgT) <1MeV) (3.11)

where we have used some results that we shall prove later, such as that the particle
number density n, goes as T3 and H < T? /Mp;. When kgT ~ 1 MeV then decou-
pling occurs.

We have just used the effective field theory of the weak interaction in assuming
o o« GET?. Aneffective field theory is a low energy approximation of the full theory.
Indeed, the cross section o oc GET? diverges at high energies and this is unphysical.
In the case of the weak interaction, we have chosen to work at an energy scale much
smaller than 80 GeV, which is the mass of the boson vector W* (which mediates the
weak interaction). In this approximation, it is as if the boson vectors W+ and Z° had
infinite masses and therefore the range of the weak interaction is zero. In other words,
we have considered the interactions of Eq. (3.10) as if they occurred in a point. The
result 1 MeV <« 80GeV is consistent with the effective field theory approximation
and thus is reliable.

Another approximation that we have used is the neutrino masslessness. Even
considering a small mass m,c* < 0.1eV, the above calculation is solid, since m,c* &
kgT ~ 1MeV. The condition mc? < kg T for a generic particle of mass m in thermal
equilibrium guarantees that such particle is relativistic, as we shall demonstrate later.

Other kinds of interactions involving neutrinos are those of annihilation, such as:

e +et v, +1,. (3.12)

and these also are no more efficient on energies scales below 1 MeV.

Electron-positron annihilation. The interaction

e +et o v+, (3.13)
is balanced for energies higher than the mass of electrons and positrons m,c* =
511keV. When the temperature of the thermal bath drops below this value pair
production is no longer possible and annihilation takes over. Just for completeness,
the cross section for pair production is Berestetskii et al. (1982):

Oy = 13_6UT(1 —v?) [(3 —vHIn <: + Z) —20(2 - vz)} , (3.14)
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where the parameter v is defined as follows:

v =1 = (m.c2)?/(RPwiw)) ; (3.15)

the Thomson cross section is

87 [ ahc \? )
or = — ~ 66.52fm" , (3.16)
3 \m,c?

with a = 1/137 being the fine structure constant. Finally, w; and w, are the fre-
quencies of the two photons. Being in a thermal bath, we have that hw, ~ fw, ~ kgT.
From Eq. (3.15) it is then clear that the condition

Rwiws ~ (kgT)? > (m.c?)? , (3.17)

must be satisfied in order to produce pairs. Therefore, when the temperature of the
thermal bath drops below the value of the electron mass, annihilation becomes the
only relevant process. Thanks to leptogenesis, positrons disappear and only electrons
are left.

Big Bang Nucleosynthesis (BBN). We shall discuss BBN in great detail in Sect. 3.9.
It occurs at about 0.1 MeV (some three minutes after the Big Bang) as deuterium and
Helium form.

Recombination and photon decoupling. Proton and electrons form neutral hydro-
gen at about 0.3eV. Having no more free electrons with which to scatter, photons
decouple and can be seen today as CMB. We shall study this process in detail in
Sect.3.10.

3.3 The Distribution Function

Before applying Boltzmann equation to cosmology, we have to introduce the main
character of our story: the distribution function /. This is a function f = f(x, p, t)
of the position, of the proper momentum and of the time, i.e. it is a function which
takes its values in the phase space. It can be thought of as a probability density, i.e.

d*xd’p

f x,p) Y

(3.18)

is the probability of finding a particle at the time 7 in a small volume d>xd>p of the
phase space centred in (x, p), and V is some suitable normalisation.

Because of Heisenberg uncertainty principle of quantum mechanics no particle
can be localised in the phase space in a point (x, p), but at most in a small volume
V = k3 about that point, where / is Planck constant. Therefore, the probability density
is the following:
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d’xd’p d*xd’p
d 1, X, = 1, X, a2 = I, X, .
P.x.p) =f(t.X.p)—3 f@x,p) )

(3.19)

Note the dimensions: /# has dimensions of energy times time, or momentum times
space. Hence f is dimensionless.

3.3.1 Volume of the Fundamental Cell

Why the fundamental cell has volume precisely equal to 4°? We will see that this
value is very important in order to calculate correctly the abundances of the universe
components. That s, if it were 2/ instead of #* we would estimate half of the present
abundance of photons.

Consider a quantum particle confined in a cube of side L. The eigenfunctions
up(x) of the momentum operator p are determined by the equation:

Putp(X) = pup(x) = —ihVuy(X) = pup(x) . (3.20)
Assuming variable separation,
up(X) = ux(O)uy (Y)u(z) (3.21)

Eq.(3.20) is easily solved:

1 in -
p(X) = —— exp <’p—x) , (3.22)
13/2 h

where the factor 1 /L3/ 2 comes from the normalisation of the eigenfunction, which
has integrated square modulus equal to 1 in the box.

Exercise 3.2 Prove the result (3.22).

Since we have used variable separation, from now on focus only on the x dimen-
sion, for simplicity. Since the particle is restricted to be in the box, we must impose
periodic boundary conditions in Eq. (3.22):

uy(0) = uy (L) . (3.23)

These conditions imply that the momentum is quantised, i.e.

pxL

=27, , (3.24)
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where n, € Z.
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Exercise 3.3 Prove the result (3.24).

The phase space occupied by a single state is thus:

A(pL) =27h=h,

and recovering the three dimensions we get the expected result

V= ApLAQPLAQp.L) =h .

3.3.2 Integrals of the Distribution Function

(3.25)

(3.26)

Integrating the distribution function with respect to the momentum, one gets the

particle number density:

d3
%) =g [ P t.xp)

(3.27)

where g; is the degeneracy of the species, e.g. the number of spin states. If we weigh
the energy E(p) = /p2c? + m2c* with the distribution function, we get the energy

density

d3p 2.2 2.4
€(t,X):gS Wf(taxvp) p-c + m“c

(3.28)

where note that we are identifying p = |p|. The pressure is defined as follows:

d’p
P(tv X) = gs/ (27Th)3f(t’ Xv p)

p2C2

3E(p)

(3.29)

For photons one has E(p) = pc and therefore combining Eqs. (3.28) and (3.29) one

gets the familiar result P = ¢/3.

In general, the energy-momentum tensor written in terms of the distribution func-

tion has the following form:

dP,dP,dP3

1 cP'P

T/lll(tv X) = gs/

(2mh)3

\/_—g PO Vf(tvx’ p)

(3.30)
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where P, = dx,/d )\ is the comoving momentum and g is the determinant of g,,.
Note that the combination dPydP,dP3/(,/—gP°) which appears in the integrand is
actually covariant. We shall prove this later in Sect.3.8, but we give now a simple
proof within special relativity. Indeed, for ¢ = —1, the volume element reduces to
d’P /E, which is invariant under Lorentz transformations. Let us show this, focussing
on a single spatial dimension, i.e. the one along which the boost takes place and along
which the particle travels. Lorentz transformations between two inertial reference
frames are:

E'=~(E —fpc), p'c=~(pc—BE), (3.31)

with 8 = V/c, being V the boost velocity. Combining the differential form of the
second, with the first, we get:

dp’ dpc — BdE
pc — M . (3.32)
E E — Bpc

Exercise 3.4 Differentiate the dispersion relation E? = pzc2 + m2c*, use it into
(3.32) and show that
dp) d
@ _ @ , (3.33)
E’ E

i.e. this combination is invariant.

We can rewrite Eq. (3.30) in terms of the proper momentum instead of the comov-
ing one. Using the FLRW metric with K = 0, for simplicity, the dispersion relation
(2.31) and Eq. (2.32) we can write

go(P*)? = —E*/* =  J/=goP’=E/c, (3.34)

so that Eq. (3.30) becomes:

dP\dP>dP; 1 c*P'P
@rhy? @@ E

“f(t,x, p) (3.35)

T'ull(t’ X) = gS/

Exercise 3.5 Using the definition (2.32) of the proper momentum, i.e.

. .. 1 ..
p* = giP'P = g'PiP; = =0"P.P; (3.36)
a
show that:
Pi=ap=app;| |P=C="C (3.37)
a a
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where p; is the direction of the proper or comoving momentum, satisfying:

§'pip; =1 (3.38)
Note the following:
Py A
ap;i =P;=gjP' =a (51;,-; =ad;p . (3.39)
This means that
pi = o0 (3.40)

1.e. it is as if the proper momentum were a 3-vector in the Euclidean space.

Therefore, Eq. (3.35) becomes:

d’p *P'P,
Qrh)* E

T, (t,%) = gs f(,x,p) (3.41)

For py=v =0:

d*p
)SE(p)f(t, X, p) - (3.42)

0, %) = /ﬂw(f )—/
0= | arpp VN PI=0 oy

Forp=0andv =i:

i\l Ccrij , X, ——apcp;f (1, X, . 343
S (2 h)3 p N (2 h)3 pcp p
Finally, fOr /,L =1 and 14 —]

d’p p*p'p;
Qrh)y’  E

T'(t, x) = gs f(1,X,p) . (3.44)

Taking the spatial trace and dividing by 3 we get the pressure, consistently with
Eq.(3.29).
3.4 The Entropy Density

For many of the forthcoming purposes the hypothesis of thermal equilibrium is suit-
able and very useful. As we have stated at the beginning of this chapter, it is justified
in those instances in which the interaction rate among particles is much higher than
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the expansion rate. In these cases, one can use equilibrium thermodynamics and a
very useful quantity is the entropy density:

N

S
LAy 3.45
% (3.45)

because, as we will show in a moment, sa° is conserved.
In thermal equilibrium, we can cast the thermodynamical relation (3.2) in the
following form:

d
TdS = Vde + (e +P)dV = VﬁdT +(E+P)dV, (3.46)

because the energy density (and also the pressure) only depends on the temperature
T. The integrability condition applied to Eq. (3.46) yields to:

rs _ oS = Td—P—e—i—P (3.47)
aTdvV ~— dvVoT dr — ‘ ‘

Bosons and fermions in thermal equilibrium are distributed according to the Bose—
Einstein and Fermi-Dirac distributions:

1

fee = N .
exp (k—B_TH) +1

,  fr= (3.48)

exp (i—}) -1

We derive these distributions in Chap. 12.

We now prove Eq.(3.47) in another way, assuming a distribution function of the
type f = f(E/T). We first must know how to calculate dP/dT.

Call E/T = x and f’ = df /dx. Then:

df =f'dx = JidE — ]N—EdT . (3.49)
T T2
Comparing this with
of of
df = —dE + ——dT 3.50
F= a5t ordt (3.50)
we can establish that of Eof
R 3.51
oT T OE ( )
Now we use this result into:
dP d’p Of p3c?
g PO pe (3.52)

ar — ] @rnyor 3E
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and obtain J 3 o 22
P E
7 = 7Y D __fp_c . (3.53)
dr (2rh)3 T OE 3E
Now we introduce spherical coordinates in the proper momentum space:
d’p = p*dpd’p . (3.54)
and use the dispersion relation E? = p?c? + m*c* in order to write
0 af d Jf E
o _Fdp _Of E (3.55)
OE OpdE  Oppc?
Equation (3.53) thus becomes:
dp 2dpd*p E 0,
P g [P EY D (3.56)
dT Q2rmh) T Op3
Integrating by parts:
dP 4w Ep* |~ dpd*p 1 2
LN pdp (3sz n p”%) . (3.57)

ar = % @rmp 3r’ |, T ) Qa3 3T

where we have used again dE /dp = pc?/E. The first contribution vanishes for p —
00, since f — 0, i.e. there are no particles with infinite momentum. Recovering the
momentum volume d°p, we get:

dpP d’p 1 22 dpP P
_ P f< gi) | et (3.58)

ar ~ %) QrnpT 3E ar =T

as we wanted to show.
‘We now prove that the temperature derivative of the pressure is the entropy density.
Substituting Eq. (3.47) into Eq. (3.46), i.e.

TdS =d(EV)+ PdV =d[(e+ P)V]—VdP, (3.599)
one gets
1 e+ P e+ P)V
ds = —=d P)YV]—-V dl =d | —— 3.60
7l +P)V] - [ - } : (3.60)

i.e. up to an additive constant:

(3.61)
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Taking into account the chemical potential y, the thermodynamical relation (3.2)
becomes

TdS = d(eV) + PdV — ud(nV) , (3.62)

and the entropy density is redefined as

e+ P —pun

S
— = 3.63
S= T (3.63)

Exercise 3.6 Using the continuity equation and/or Eq. (3.2) show that sa® is a con-
stant:

d
E(sa )=0 (3.64)

i.e. the entropy density is proportional to 1/a.

3.5 Photons

In these notes we use “photons” as synonym of CMB, though this is not correct since
there exist photons whose origin is not cosmological, e.g. those produced in our Sun
as well as in other stars or emitted by hot interstellar gas. These say non-cosmological
photons contribute at least one order of magnitude less than CMB photons (Camarena
and Marra 2016) so our sloppiness is partially justified.

Assuming a vanishing chemical potential since 11/ (kgT) < 9 x 1073, as reported
by Fixsen et al. (1996), the Bose—Einstein distribution for photons becomes:

1 . 1
X —1 xp (2 ) —1 ’
oxp (ir) =1 exn(£7)

where we have used the dispersion relation E = pc. Taking into account the chemical

potential is important in order to study distortions in the CMB spectrum, which is a

very recent and promising research field (Chluba and Sunyaev 2012; Chluba 2014).
Let us calculate the photon energy density:

£ = (3.65)

pc

/(27rh) exp pC> 1

(3.66)

where the factor 2 represents the two states of polarisation of the photon. The angular
part can be readily integrated out, giving a factor 4. We are left then with:
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c p3

oo
e = < / P A— (3.67)
m2h3 0 exp (/{Z_CT) —1

Let us do the substitution x = pc/(kgT). We obtain:

o ¢ (kT 4foodx x (3.68)
T e\ ¢ 0 e —1° '

The integration is proportional to the Riemann ( function, which has the following
integral representation:

Ea 1

1 0 1 o] xs—l
)= F(s)/o DI —2H)F(s)/o Do (3.69)

where I"(s) is Euler gamma function.
In alternative, a possible way to perform the integration is the following. Let /_

be: ) 3 00 —X43
I_E/ dx— =/ e (3.70)
0 e —1 0 1—e™>
Now use the geometric series in order to write
1 [o¢]
_ —nx
= (3.71)
n=0
and substitute this in the integral /_:
I = Z / dx e~ D3 (3.72)
0

n=0

Exercise 3.7 Integrate the above equation three times by part and show that:

oo 1 o0
I_=6) — dx e™ . 3.73
Integrate again and find:
21 774
I_.=6) —=6(4)=—, 3.74
; =604 = 1 (3.74)

in agreement with Eq. (3.69).



3.5 Photons 69

Therefore, the photon energy density is the following:

71'2
En

= m(kBT)“ ) (3.75)

This is the Stefan—Boltzmann law, of the black-body radiation. From the continuity
equation we know that e, = €, /a* so that we can infer that

Ty
T=—, Ty =2.725K (3.76)
a

i.e. the temperature of the photons decreases with the inverse scale factor. This is a
result that we will prove also using the Boltzmann equation (indeed the continuity
equation that provides e, = £,9/a* is a way of writing the Boltzmann equation).

In the above Eq. (3.76), the value of T is the measured one of the CMB. Knowing
this value, we can estimate the photon energy content today (and thus at any times):

Qo= 20 = ﬂ(kﬂo)“ . (3.77)
€0 ASWPAHEC?

Exercise 3.8 Using Hy = 100 42 km s~! Mpc~! and the known constants of nature
show that:

Qoh* =247 x 1077, (3.78)

The photon number density is calculated as follows:

2

! f " P (3.79)
n’) = ? p—c . .
mh* Jo exp (k[:,_r) -1
Making the usual substitution x = pc/(kgT) and using Eq. (3.69) we get:
(ksT)* [ x 2¢(3) 3
= e |, == ) (50

Exercise 3.9 Calculate the photon number density today. Show that it is

n, = 411 cm™3,
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3.6 Neutrinos

The same comment made at the beginning of the previous section also applies here:
with “neutrinos” we mean the cosmological, or primordial, ones and not those pro-
duced e.g. in supernovae explosions.

The massless neutrino energy density also scales as €, = £,9/a*, as the pho-
tons energy density, but since neutrinos are fermions we need now to employ the
Fermi-Dirac distribution.

Exercise 3.10 Show that the energy-density of a massless fermion species is given
by the following integral:

c kgT 4 *° x3
=——|— d . 3.81
Y=Y < c ) 95/0 AP 3:81)

Since neutrinos are spin 1/2 fermions, then g, = 2, where g, is the neutrino gs.
On the other hand, neutrinos are particles which interact only via weak interaction
and this violates parity. In other words, only left-handed neutrinos can be detected.
Right-handed neutrinos, if they exist, would interact only via gravity and via the
seesaw mechanism with the left-handed neutrino (Gell-Mann et al. 1979). Right-
handed neutrinos are also called sterile neutrinos and are advocated as possible
candidates for DM (Dodelson and Widrow 1994).

Let I, be the integral in Eq. (3.81):

0 3
I E/O dxex 1 (3.82)

Using Eq. (3.69), we have:
I.=0-2"%H_= %1_ , (3.83)

i.e. the difference between bosons and fermions energy densities per spin state is
simply a factor 7/8. Taking into account that I_ = 7*/15, the neutrino energy density
(3.81) is:

2

T (ks T,)* (3.84)

7
gy = gNugy

where N, is the number of neutrino families. Of course, an equivalent expression
holds true for antineutrinos.
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3.6.1 Temperature of the Massless Neutrino Thermal Bath

As we have seen in Eq. (3.64), for a species in thermal equilibrium its entropy density
s is proportional to 1/a’. Moreover, if that species is relativistic then its temperature
T scales as 1/a. Therefore, for a relativistic species in thermal equilibrium s oc 7.

Since photons and neutrinos do not interact, it is reasonable to ask whether the
temperatures of the photon thermal bath and of the neutrino thermal bath are the
same. We cannot observe the neutrino thermal bath today, but we can indeed predict
different temperatures.

When the temperature of the photon thermal bath was sufficiently high, positron-
electron annihilation and positron-electron pair production were balanced reactions:

et o+, (3.85)

In order to produce e™-e~ pairs, the photons must have temperature of the order of
1MeV at least.

Exercise 3.11 Knowing that today, i.e. for z = 0, the photon thermal bath has tem-
perature Ty = 2.725 K, estimate the redshift at which kg7 = 1 MeV.

Therefore, when the temperature of the photon thermal bath drops below that
value, the above reactions are unbalanced and more photons are thus injected in the
thermal bath. For this reason we expect the photon temperature to drop more slowly
than 1/a and then to be different from the neutrino temperature. We now quantify
this difference using the conservation of sa>.

For a relativistic bosonic species (such as the photon), the entropy density is:

e+P  de 2m%ky s

e _ 2Tkg 3.86
T 37 Paspies (3.86)

Sboson =

whereas for a relativistic fermion species (such as the neutrino), the entropy density
is:

7 27’k 73

Sfermion = ggsm (3.87)

Therefore, at a certain scale factor a; earlier than e~ -e™ annihilation, the entropy
density is:
272k 7 7
=B 24-Q2+2)+-N,(g.+a)] . 3.88
s(ar) 45h3c3‘[+8(+)+8 (g +g)} (3.88)

where we have left explicit all the degrees of freedom, i.e. 2 for the photons, 2 for
the electrons, 2 for the positrons, g, for the neutrinos and g, for the antineutrinos.
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Moreover, we have assumed the same temperature 7 for photons and neutrinos
because they came from the original thermal bath (the Big Bang).
At a certain scale factor a, after the annihilation the entropy density is:

22}

$@) = e

7
(2T3 +7 ,,g,,TS) : (3.89)

where we have now made distinction between the two temperatures. Equating
3 _ 3
s(a))a; = s(ax)a; , (3.90)

we obtain

T,

7 T.\3
(a]T1)3 [2 + Z (Nvgu + 2)i| = (a2T1/)3 |:2 (—’Y> + 4

7
—Nyg,,:| . 3.91)

Since (a;T1)? = (a2T,)?, because the neutrino temperature did not change its o< 1/a
behaviour, we are left with:

T, 4 173
L (H) ~ 0714 (3.92)
3

Therefore, since the CMB temperature today is of 7,9 = 2.725 K, we expect a ther-
mal neutrino background of temperature 7, ~ 1.945 K. Remarkably, the result of
Eq. (3.92) does not depend on the neutrino g,,.

Let us open a brief parenthesis in order to justify the procedure that we have used
in order to determine the result in Eq. (3.92).

We saw that for a single species in thermal equilibrium sa” is conserved because
of the continuity equation. However, during electron-positron annihilation the con-
tinuity equation does not hold true neither for photons nor for electron and positron,
ie.

3

& 4 4He, = +Tam (3.93)
€e+3H(e, +P.) = —Tam , (3.94)

where T, is the e -e™ annihilation rate. Therefore, we cannot use the constancy of
sa® for each of these species separately. However, we can and did use it for the otal,
since the sum of the two above equations gives:

Eiot + 3H (€0t + Pio) =0 (3.95)

In other words, the continuity equation always applies if one suitably extends the set
of species, ultimately because of Bianchi identities.
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Using Eq. (3.92), the neutrino and antineutrino energy densities can be thus related
to the photon energy density as follows:

TN, g, 4 4/3
qms= gt (2) s (396)

where we have left unspecified the value of the neutrino degeneracy g, and the
number of neutrino families N,,.
The total radiation energy content can thus be written as

7 4\*?
=&y te, e =g |14+ gNl,gl, (ﬁ) . (3.97)

The Planck collaboration (Ade et al. 2016a) has put the constraint

\Neff =N,g, = 3.04+0.33 \ (3.98)

at 95% CL. Therefore, three neutrino families (N, = 3) and one spin state for each
neutrino (g, = 1) are values which work fine.
Calculating the neutrino + antineutrino number density today is straightforward:

Nl/ v o 2
n, = v / ap—>Lr (3.99)
mh Jo exp(pc)+1
kT,

where now the subscript v indicates both neutrinos and antineutrinos. Making the
usual substitution x = pc/(kgT),), we get:

_ NugokBTy)? [ x* NyguksTy)? 3¢3)F(3)  3¢B)Nugy(kpTy)?

ny =

m2h3c3 0 R BT 2 272h3¢3
(3.100)

Exercise 3.12 Taking into account (3.92), show that

3
n, = HNVgVnA/ (3101)
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3.6.2 Massive Neutrinos

The 2015 Nobel Prize in Physics has been awarded to Takaaki Kajita and Arthur
B. McDonald for the discovery of neutrino oscillations, which shows that neutrinos
have mass (quoting from the Nobel Prize website). Indeed, neutrino flavours oscillate
among the leptonic families (electron, muon and tau), e.g. an electronic neutrino can
turn into a muonic one and a tau one, depending on its energy and on how far it
travels.

The most stringent constraints on neutrino mass do not come from particle accel-
erators but cosmology: Y " m, < 0.194eV at 95% CL from the Planck collaboration
(Ade et al. 2016a). The neutrino mass is thus very small and this does not change
relevantly the early history of the universe whereas it has some impact at late-times
for structure formation (Lesgourgues and Pastor 2006).

Using Eq. (3.28) and the FD distribution, the massive neutrino energy density can
be calculated as follows:

2,2 2 4
VpIeT e (3.102)

/ @rh)* exp | VP22 + m2et U T) | + 1

where we are assuming g; = 1.

Actually, Eq. (3.102) is valid for any fermion (or boson, if we have the —1 at the
denominator), provided we can neglect the chemical potential. For this reason, we
drop the subscript v and consider a generic species of mass m, fermion or boson, in
order to make more general statements.

Rewrite Eq. (3.102) as follows:

2 oo SR T 1 2
Wj/ dp p? pr/me) & A="C (3103
exp [

27203 J, AP (m2c?) + 1] +1

3

&
~

Exercise 3.13 Callingx = A./p?/(m?c?) + 1, show that the above integration (3.103)
becomes:

(3.104)

RTE_ o’ /wd CVITA
MWM a1 2R T eax1

Note the lower integration limit.
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Relativistic and Non-relativistic Regimes of Particles
in Thermal Equilibrium

Unfortunately, the above integral in Eq.(3.104) cannot be solved analytically.
WhenA « 1, i.e. the thermal energy is much larger than the mass energy, the integral
in Eq.(3.104) can be expanded as follows:

«/ A2 71'4 w2A?

d - oA, 3.105
X ——— =T B + O@A%) ( )
x24/x2 —A2 Tt A2
il S A3 . 1
et 20 " 24 TO@) (3.106)

The zero-order terms recovers the result of Eq. (3.75), for photons, and of Eq. (3.84),
obtained for massless neutrinos. In general, we can state that particles with mass m
in thermal equilibrium at temperature 7 behave as relativistic particles when
mc? < kgT.

The opposite limit mc? > kT is much trickier to investigate analytically, so we
shall do it numerically.

Exercise 3.14 Calling x = A/p?/(m?c?) + 1, show that the number density can be

written as:
WA
7r27i3A3 11 (3.107)
The ratio £/(nmc?) can be written as:
£ 1 [ dx ™ 'f(iTAZ (3.108)
7= 2 a2—AZ ’
(nmc?) A fA dx A

where v is indeed some sort of averaged Lorentz factor since it is the ratio of the
energy density to the mass energy density. The behaviour of ~ as function of A is
shown in Fig.3.1.

From Fig. 3.1 we can infer that £/ (nmc?) &~ 1 when mc? > kT and therefore the
particle becomes non-relativistic since all its energy is mass energy. In general, we
can state that particles with mass m in thermal equilibrium at temperature 7
behave as non-relativistic particles when mc> > kgT. The transition relativistic
— non-relativistic takes place for kgT & 10mc?.

Now, suppose that a single family of neutrinos and antineutrinos became non-
relativistic only recently, what would be their energy density and density parameter
today? Being non-relativistic, we can write their energy density as follows:

Em, = PuC* = nmy,c? (3.109)
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Fig. 3.1 Plotof y as function of A. The solid line is for fermions whereas the dashed one for bosons

and thus the density parameter today is:

8w Gn,om,

Qo =
0 3H?

(3.110)

Exercise 3.15 Using Eq.(3.101) and the result for n.g, prove that Eq.(3.110) can
be written as:

1 m,c?

Qno=——=g,——eV 3.111
0= oamd e ( )

3.6.3 Matter-Radiation Equality

The epoch, or instant, at which the energy density of matter (i.e. baryons plus CDM)
equals the energy density of radiation (i.e. photons plus neutrinos) is particularly
important from the point of view of the evolution of perturbations, as we shall see in
Chap. 9. From Eq. (3.97) we have that:
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7 4\*?
Qo = Q40 [ I + < Negr <—) (3.112)

8 11

In order to calculate the scale factor aeq of the equivalence we only need to solve the
following equation:

Q Q
=0 (3.113)
Ueq Ueq
which gives
Qo Q0 7 4\*?
=0 1IN = . 3.114
Aeq o 2o |: + 3 eff(ll) ( )
Using Eq.(3.78) and N = 3 one obtains:
4.15x 1073
g = ——o | o |1t zeg = 2.4 x 10* Qo (3.115)
Qmoh?

What does happen to the equivalence redshift z¢q if one of the neutrino species has
mass m, # 0?7

If that neutrino species becomes non-relativistic after the equivalence epoch,
then the above calculation still holds true. Therefore, let us assume that the neutrino
species becomes non-relativistic, thereby counting as matter, before the equivalence.
Since there is more matter and less radiation we expect the equivalence to take place
earlier, i.e.

3.59 x 1073

=77 =2.79 x 10* (Qmo + 2. 0)H> . 3.116
4T o £ Dl X107 o+ E2m,0) G119

Since T = Ty (1 + z), the photon temperature at equivalence is:
Tyeq =279 x Tp - 10* (Rmo + Quny0)h* = 7.60 x 10* (Quno + R, 0)H* K .
(3.117)
Using Eq. (3.92), the temperature of neutrinos at equivalence is:

Tyeq = 543 x 10" (Qumo + Qp,0)* K . (3.118)

The neutrino mass energy m, ¢ has to be larger than kg T} q in order for the above
calculation to be consistent. This yields:

m,c* > 5.43 kg x 10* (Qumo + Q00> K = 4.68 (Qumo + Qm,0)h*eV . (3.119)

Using Qmoh” = 0.14 and Eq. (3.111) we get m,c> > 0.69 eV, which is incompatible
with the constraint > m, < 0.194 found by the Planck collaboration.
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3.7 Boltzmann Equation

Here is the main character of this Chapter: Boltzmann equation. It is very simple to
write:
af

—r=CUl. (3.120)

but nonetheless very meaningful, as we shall appreciate. Here f is the one-particle
distribution function and C[f] is the collisional term, i.e. a functional of f describing
the interactions among the particles constituting the system under investigation. The
one-particle distribution is a function of time ¢, of the particle position x and of the
particle momentum p. In turn, also x and p are functions of time, because of the
particle motion. Therefore, the total time derivative can be written as:

df 0oOf dx dp of n
= = = _.V —.V = — -V F'V EL ) 3.121
dt 8t+dt "f+dt of 8t+v o+ o RN )
where v is the particle velocity and F is the force acting on the particle. The operator
L acting on f is similar to the convective derivative used in fluid dynamics and is
also called Liouville operator.

If interactions are absent, then

A

=0, 3.122
” ( )

is the collisionless Boltzmann equation, or Vlasov equation. It represents mathemat-
ically the fact that the number of particles in a phase space volume element does not
change with the time. Note that we are starting here with the non relativistic version
of the Boltzmann equation. We shall see it later in the general relativistic case and
cosmology.
The collisionless Boltzmann equation is a direct consequence of Liouville theo-
rem:
dp(t, Xi, p;)

=0, i=1,...,N 3.123
7 i ( )

where p(x;, p;, t) is the N-particle distribution function, i.e.
p(t,x;, p)d"xd"p (3.124)

is the probability of finding our system of N particles in a small volume d"xd" p of
the phase space centred in (x;, p;).

If the particles are not interacting, then the probability of finding N particles in
some configuration is the product of the single probabilities. That is, the positions in
the phase space of the individual particles are independent events. Therefore:
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dp N—lﬁ

pocfV, - = Nf (3.125)

and using Liouville theorem (3.123) one obtains the collisionless Boltzmann equation
(3.122).

3.7.1 Proof of Liouville Theorem

In order to complete this brief introduction to the Boltzmann equation, we prove
Liouville theorem. As first step, expand the time derivative of p:

dp(t,x;,p;) Op dx, dp;
—_— = — —V . 3.126
dt ot + Z dr Vap o+ dt P ( )

This can be written as

dp(t,x;,p;) _ Op . .
e 78 Vi (0X; Vo (PP | 3.127
r o + ?:1 (%) + Vp,(pp)) ] ( )
since the extra term
Vi (k) + Vp, () = Vp, Vs, (H) — Vi, Vp (H) = 0, (3.128)

is vanishing because of Hamilton equations of motion. Moreover, Eq. (3.127) can be

cast as:

dp(tv X, pz) ép .

where we have indicated as y the generic variable of the phase space, i.e. y = {x;, p;}
fori =1, ..., N.Equation (3.129) is a continuity equation. Therefore, if the particle
number N is conserved, then Eq. (3.123) must hold.

3.7.2 Example: The One-Dimensional Harmonic Oscillator
Consider the one-dimensional harmonic oscillator:
p2 kx2
H=—+—. (3.130)

The Boltzmann equation is the following:
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of Bf dx Bf dp

g =0, 3.131
ot Oxdr 8p dt ( )

Where dx  OH dp  OH
&_E_P P07 4. (3.132)

d JOp m dt Ox

The general strategy for solving Boltzmann equation is to use the method of the
characteristics. A characteristic is a curve in the space formed by the phase space
plus the time axis and it is parametrised by its arc length s such that

df (s)
ds

=0, (3.133)

i.e. f is constant along the characteristic. So, given an initial value so, one has f =
S (s0)-

In our example of the harmonic oscillator, the characteristic is a curve in the 3-
dimensional space (¢, x, p), described by #(s), x(s) and p(s). Using the chain rule, we

get:
d _ofdr ofdx  Of dp

= =0. 3.134
ds Otds Oxds Opds ( )
Comparing with (3.131), we get the following system:
% =1 t=s5—25
dx dx
? = :Ln = Iz_mz . (3.135)
d_[s) = —kx ﬁ + Zx =0

We solve the last equation supposing that x(sy) = xo. Therefore:

x(s) = xo cos |:\/E(s — so)i| , (3.136)
m
and
ps) = md);(s) = —xo«/_ sin |:\/7(s — so):| Do Sin |:\/g(s — so):|

(3.137)

The distribution function is thus a function of:

f =1(s0) =f [t(s0), x(s0), p(s0)] . (3.138)

that is
S =f(s0) =fx(s0)] =f (x0) , (3.139)
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i.e. it is simply a function of the initial position xy. The latter can be related to the
position and momentum at any time in the following way:

2 2
S+l (3.140)
X0 Do
which turns out to be:
x? p? 2FE
—4—-——=1 = x==, 3.141
x(z) x%km 0 k ( )

where E is the energy of the harmonic oscillator. Therefore, f = f (E), i.e. the dis-
tribution function is a function of the energy. The precise functional form depends
on the initial condition that we give on f.

3.7.3 Boltzmann Equation in General Relativity
and Cosmology

In GR the distribution function must be expressed covariantly as f = f (x*, P*), and
the total derivative of f cannot be taken with respect to the time because this would
violate the general covariance of the theory. The total derivative of f is taken with
respect to an affine parameter \, as follows:

df  Of dx'  Of dP"
dXx "~ Oxtd\  OPrd)\

(3.142)

The geometry enters through the derivative of the four-momentum, which can be
expressed via the geodesic equation:

dp"
TP =0, (3.143)

so that i of of
=P TP = Lea(f) (3.144)

where we have defined the relativistic Liouville operator I:rel. It might seem that in
the relativistic case we have gained one variable, i.e. P°, but this is not so because P°

is related to the spatial momentum P! via the relation guPHP" = —m?c?. For this
reason, we can reformulate the Liouville operator as follows:
df of ; of
— =P* I, P'PP— | 3.145
d Oxt vp OP! ( )

i.e. by considering f = f (x*, P%).



82 3 Thermal History

Collisionless Boltzmann Equation in Relativistic Cosmology
When we couple Eq. (3.145) with FLRW metric, we must take into account that
£ cannot depend on the position x, because of homogeneity and isotropy. The colli-
sionless Boltzmann equation thus becomes:
0 0
—f - PP f

=0. 3.146
8 OP! ( )

Exercise 3.16 Considering the spatially flat case K = 0, show that the above equa-
tion can be cast as follows:

I _oup X

=0. 3.147
ot oP! ( )

Again, because of isotropy, f cannot depend on the direction of P, but only on
its modulus P? = §;P'P/.

Exercise 3.17 Show for a generic function f = f (x?) that:

O af
3.148
¥ o oxi é)x ( )
with x2 = 5ijxixj .
Therefore, we can write p p
f f
— —2HP— =0. 3.149
ot oP ( )

Exercise 3.18 Show that the solution of the above equation is a generic function:
f=f@P)=f(ap), (3.150)

where in the second equality we have used the definition of the proper momentum.
Show that the Boltzmann equation written using the proper momentum has the
following form:

of Haf

0 3.151
ot 8p ( )

Moments of the Collisionless Boltzmann Equation
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Taking moments of the Boltzmann equation means to integrate it in the momentum
space, weighed with powers of the proper momentum. This method is due to Grad
(Grad 1958). For example, the moment zero of Eq. (3.151) is the following:

I’p (Of of
/ @nh)? (E - a_p> =0 (Momentzero) (3.152)

Exercise 3.19 Using the definition of the particle number density (3.27), show that
Eq. (3.152) becomes:

1 d(na®
ian=0 = 20 _g (3.153)
a’ dt

The particle number na® is conserved. This is an expected result since we have

considered a collisionless Boltzmann equation, i.e. absence of interactions and thus
no source of creation or destruction of particles.

Weighing Eq. (3.151) with the energy and integrating in the momentum space we
get:

: d’p of _
¢ —H/ a5, =0 (3.154)

Exercise 3.20 Integrate by parts the above equation and show that it becomes:
E+3H(+P)=0, (3.155)

i.e. the continuity equation.

Weighing Boltzmann equation (3.151) with ' will always result in an identity,
because of isotropy. We can show this as follows:

&p . (Of of 2n i [ AP (Of of
'\=—-Hp=— )= | dDpp — —Hp— ) =0.
/ @nhy” <6r pap> / rr / @rh)? (ar ”ap)
(3.156)
Since f = f (ap) then only the integration in p contains f and the angular integration

is just a multiplicative factor.
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Exercise 3.21 Show that:
d’ppi =0, (3.157)

and thus Eq. (3.156) is an identity.

3.8 Boltzmann Equation with a Collisional Term

For the forthcoming applications we shall need to investigate interactions of the
following type:
1+2<3+4, (3.158)

among generic species that we dub 1, 2, 3 and 4. This reaction can describe scat-
tering or annihilation and will be suitable for discussing BBN, recombination and
calculating the expected relic abundance of CDM.

Let us take the particle 1 as reference and let us focus on its Boltzmann equation:

dfi
— =C[f]. 3.159
i [f] ( )
The collisional term is the same for all the particles, and has dimension of an
inverse time, i.e. it is a scattering rate. Using the Liouville operator of Eq. (3.146),
we can cast the above equation as

ofi ofi 1
— — Hpy— = —CI[f], 3.160
ot P1 5p1 P? [f] ( )

where we have passed from the affine parameter A to the time ¢, and for this reason
PY appears. Taking the moment zero of the above equation, and using the result of
Eq.(3.153), we get:

1 d(ma®) d 3p,

a® dt (zﬁh)sp(l)c[fy (3.161)

Introducing the general expression of the right hand side (Kolb and Turner 1990),
the above equation becomes:
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1 d(nla
/ (27rh)32E1 / (27Th)*2E2 / (27Th)32E3 / (27rh)32E4
Q@m)*6 9 (py + Py — P3 — P)I(E + Ey — B3 — E) [ M|?
[ £ £H) - R0 £H)AE£MH)] .
(3.162)
where E; = ,/p? + m?. We have to provide several comments.

e Since we took the zero moment of Eq.(3.159), the left hand side is the time
derivative of the number of particles of the species 1. See also Eq. (3.153).

e We have incorporated the particles degeneracies g; in the distribution functions.

o The integrals are over the particles momenta. On the other hand, the total four-
momentum must be conserved, hence the Dirac deltas in the second line. Note the E|
contribution in the first integration. You may think that it comes from the P(l) factor
in Eq.(3.161), but this would not explain the factor 2. Indeed, one must rather look
at the right hand side of Eq. (3.162) as a definition of the momentum integrated C[f].

o The fundamental physics of the interaction is represented by the amplitude | M 2.
We have also assumed symmetric interaction, i.e. for fixed particles four-momenta
the amplitude probability for 1 +2 — 3 + 4 is the same as for 1 +2 < 3 + 4.

o In the last line, we have a balance: the more particle 3 and 4 we have, the more
they react and produce particles 1 and 2. And vice-versa. Since our reference particle
is the 1, we have the combination f3fy — fif>.

o Finally, the contributions of the type 1 + f and 1 — f are called Bose enhance-
ment and Pauli blocking, respectively. They represent the fact that it is easier to
produce a boson rather than a fermion because, due to Pauli exclusion principle,
there are more states available to the former than to the latter.

e The volume element d3p/2E is covariant. It comes from the fact that we have
enforced E? = p2c? + m?c* for each particle. We now prove it. When we want to
enforce the dispersion relation E? = p*c? + m?c* we use a Dirac delta in the four-
momentum space:

[e.¢]
/ d3p/ dE §(P* 4+ m*c?) = / d’p / dE §(E* — p*c* — m2c*) 0(E) ,
0
(3.163)
where the square modulus of the four-momentum is P> = —E?/c? + p*. The Heavi-
side function 6(E) serves to choose only the positive values of the energy. The above
equation is covariant. Using the known relation:

o — x
SIF@I=Y ﬁ , (3.164)

where the x;’s are the roots of the generic function F(x), one gets:
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_O(E - Vprc? + mic*) N O(E + /p*c? + m2c*)

S(E2 — 02 — mic?
( pct—mc’) 2E,

(3.165)
where E, = +,/p2c? + m?c*.
The second term of Eq.(3.165) integrated with 0(E) in Eq. (3.163) vanishes and
we are left with:
d*p

— 3.166
T (3.166)

/ d’p / dE §(E* — p*c* —m*c*) O(E) =

which is what we wanted to prove.
We now focus our attention to Eq. (3.162) and make some assumptions in order to
simplify it. In particular, we shall always assume thermal equilibrium and sufficiently

small temperatures such that:
E — > kgT (3.167)

in order to use the FD and BE distributions simplified as follows:
f = e E/ksT) o/ (ks T) ; (3.168)

i.e. forgetting the £1 (using thus the Maxwell-Boltzmann distribution).

Exercise 3.22 Show that using Eq. (3.168), the last line of Eq.(3.162) can be sim-
plified as:

Had£/H)A £H) —ALA£H)A 1)~

e~ (Er+E2)/(ksT) [e(u3+#4)/(kBT) _ e(mﬂtz)/(kBT)] ) (3.169)

In particular, we can neglect the Bose enhancement and Pauli blocking terms. One has
to use energy conservation E3 + E4 = E; 4+ E, in order to obtain the above equation.

With the approximation given in Eq. (3.168), the particle number density can be
simplified as follows:

d’p d’p
_ ~ gl | Y —E/GeT) 3.170
" gs/ Gy 9 / @nhy* ’ e

where we could extract the chemical potential from the integral since it does not
depend on the particle momentum but rather on the temperature of the thermal bath.
For ;1 = 0 we define the equilibrium number density as:
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d*p
0 _ —E/(kgT) 3.171
" P | arny3® ( )

3.8.1 Detailed Calculation of the Equilibrium Number
Density

Now we show how to calculate the equilibrium number density in the regimes mc> >
kgT and mc* < kgT, which we proved earlier to be regimes in which the particles
are non-relativistic and relativistic, respectively. At the same time, we justify the
approximation of Eq. (3.168). Let us start from:

2

Op

d3p 1 g o0 p
=9 3 LE/(kgT) = zs 3/ dp , (3.172)
(27Th) e B +1 27‘( h 0 e\/m/(kBT) +1

and split the integration, let us dub it /, into two contributions, one from zero up to
mc and the other from mc to infinity, i.e.

2

1= a P (3.173)
0 e

mc 2 [e%¢} p
+ / dp .
A pretmict/(ksT) 4 | me e PPtmict/(ksT) 4

The Non-relativistic Case mc? > kgT

Now let us start considering the non-relativistic case mc? > kgT. We shall use dif-
ferent approximations within the two integrals in which we split /:

o) 2

mc 2

p
I = d, + d . (3.174)
/O pemc24/p2/(m2c2)+l/(kBT):l:l me pepc l+m2c2/p2/(kBT):|:1

Now we use the mc? > kT condition. In the first integral p < mc because of the
integration limits, so we can expand the square root with respect to p/(mc). The
second integral is negligible with respect to the first one because, since pc > mc? >
kg T, the integrand is always exponentially small. Thus we are left with:

[ = =™ /aT) / - dp ple '/ CmksT) (3.175)
0

where we kept just the dominant term for the first integral. This is the same integral
that we would have obtained had we started from Eq. (3.171).
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After changing variable, we get:

5 mc/~/2mkgT )
[ = e /& D) ks T)3/? / dx x*e™ | (3.176)
0
and the result is:
] = e—mcz/(kBT)(zkaT)B/Z . mc? e/ haT) ﬁErf mc?
SkaT 4 2kaT
(3.177)

The dominant contribution of the above expression comes from the Erf function,
which can be approximated to 1 in the mc? > kgT limit, and thus:

[ = ¢~me’/GaT) (2kaT)3/2“/T% . (3.178)

Finally, we can express the equilibrium number density for any species in thermal
equilibrium and mc? > kgT as:

(0) mkgT 2 —mc®/(ksT) 2
n"’ = gs e , for mc” > kgT . 3.179)
2mh?

The Relativistic Case mc?> < kgT

Now we adopt the same technique in the other relevant limit, the one of relativistic
particles, for which mc? <« kgT. We split the integral / in the same way as before:

2

mc p2 [ee) p
I = / dp + / dp
0 emcz«/pz/(mzcz)ﬁ-l/(kBT) +1 me PN I+m?c?/p?/(keT) 4 |

, (3.180)

but now the mc? « kgT condition allows us to make the following approximations:

mc P2 00 p2
I =/0 dpl + % P2/ (m2cD) + 1 £ 1 + /mc dpepc(1+m2c2/2p2)/(kBT) 11
B

(3.181)
Now it is the first integral that is subdominant with respect to the second one, and /
can be written as:

e} kT 3 00
I = / dp pre P/ 1) — GksT)” / dx xre™ . (3.182)
e N s

The solution of the integration is:
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ks T)? 2 ’
I (kgT) eIy [ o s THE N (3.183)
o3 kBT

In the mc? < kgT regime, this becomes:

 2(kgT)?

I
3

(3.184)

Finally, we can express the equilibrium number density for any species in thermal
equilibrium and mc? < kgT as:

for me* < kgT . (3.185)

3.8.2 Saha Equation

Expressing the contributions e#/®s7) as ratios n;/n", we can recast the collisional
Boltzmann’s equation (3.162) as follows:

1 dma®) ©) () n3ny niny
— =n; 0y (V) | —o— — —o— (3.186)
a® dt ngo)nff” n(10> n<20>

where we have defined the thermally averaged cross section as follows:

(o) 1 / d’p, / d’p, / d’ps f d’py
ov) =
ngo) ng)) mh)32E, J Quh)32E, ) (2nh)32E; /] (2wh)32E,

Qm* P (p, + py — ps — py)IM|2e” EFEI/ KT
(3.187)

Observe the following very important point about Eq. (3.186). When there are no
interactions, i.e. when (ov) = 0, we recover the collisionless Boltzmann equation
that we have discussed earlier. On the other hand, when the interaction rate is
extremely high, i.e. it is much larger than than the Hubble rate:

~mH , (3.188)

then in order for Eq. (3.186) to hold true, we must have:
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n3ng niny
20,0 = L © 0 (3.189)
3 4 1

This equation can be written as Eq. (3.7) and thus represents chemical equilibrium,
as we saw at the beginning of this chapter. Equation (3.189) is also known as Saha
equation.
So we see that when I > H then Saha equation (3.189) must hold and Boltzmann
equation (3.186) becomes:
1 d(ma®)
a’  dt

=0, (3.190)

which is the same Boltzmann equation that we would have if interactions were absent!
This similarity between high interaction rate and no interaction at all is intriguing and
responsible of the very low degree of CMB polarisation, as we shall see in Chap. 10.

3.9 Big-Bang Nucleosynthesis

The BBN is the formation of the primordial light elements, mainly helium. It took
place at a temperature (photon temperature) of about 0.1 MeV, which corresponds to
a redshift z ~ 10°.

In order to investigate the BBN, we need to know the characters of the story. At
temperatures say larger than 1 MeV the primordial plasma was formed by photons,
electrons, positrons, neutrinos, antineutrinos, protons and neutrons. We have already
seen how photons, electrons, positrons, neutrinos, antineutrinos interact among each
other, so now we focus on protons and neutrons. Their interactions relevant to BBN
are:

n<pte 410, (beta decay) , (3.191)
p+e < v,+n (electron capture) , (3.192)
p+v, < e +n (inverse beta decay) . (3.193)

As we have seen, at a temperature of about 1 MeV neutrinos decouple. Therefore,
the (-decay reaction in Eq.(3.191) (from left to right) takes over and the number
of neutrons starts to diminish. On the other hand, they can also be captured by
protons and form deuterium nuclei. The BBN is essentially a competition in capturing
neutrons before they decay.
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3.9.1 The Baryon-to-Photon Ratio

A very important number for BBN and cosmology is the baryon-to-photon ratio
7y, Which we have already encountered at the beginning of this chapter. It is defined
as follows:

Ny ~10 Qbohz
=" _55x10 3.194
=0 % <0.020 ©3.154)

i.e. as the ratio between the number of baryons and the number of photons. We have
defined it via number densities, which individually are time-dependent quantities but
whose ratio is fixed since both scales as 1/a>. The above numbers in Eq. (3.194) can
be found as follows: - -

nb = — = 3 ,
ny MpC=1y 0

(3.195)

where we have assumed the baryons to be nonrelativistic, which is indeed the case
at the temperatures we are dealing with (kg7 ~MeV) since the proton mass is of the
order of 1GeV.

Using Eqgs. (3.75) and (3.80), we can write

30¢ (3
o _ ZC( ). (3.196)
€40 s kBT()
Therefore, A y
kg T kg To2
- mKkBLogbo T KpLoddpo (3.197)

T 30C3)mpclery | 30C(3)mpc? Qg

where in the last equality we have multiplied and divided by the present critical
energy density in order for the density parameters to appear.

Exercise 3.23 Show that Eq. (3.197) leads to Eq. (3.194). Use the mass of the proton
as my, since the baryon energy density is indeed dominated by the mass energy density
of the protons.

The fact that there is a billion photon for each proton and electron is very important
for the following reason. Even if the temperature of the thermal bath is lower than the
binding energy of deuterium, i.e. 2.2 MeV, there are still many photons with energy
higher than 2.2 MeV which are able to break newly formed deuterium nuclei. This
is also known as deuterium bottleneck.

As Kolb and Turner comment in their book (Kolb and Turner 1990, page 92), it is
not deuterium’s fault if BBN takes place at temperature much smaller than 2.2 MeV.
Rather, the very high entropy of the universe, i.e. the smallness of 7y, is the culprit.
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3.9.2 The Deuterium Bottleneck

The deuterium bottleneck is the situation in which newly formed deuterium nuclei
are destroyed by photons. With no deuterium available, BBN cannot take place.
Let us start considering the reaction:

p+n< D+, (3.198)
at chemical equilibrium. Using Saha equation (3.189), we have

npn- npny,

(3.199)

l’l(g) n’(yO) nl()O) I’ZSZO) .

Neglecting the photon chemical potential, i.e. n, = n(vo), and using Eq. (3.179) we
obtain:

(0) 2 3/2
np _ np 9o 2nhmp —(mp—my—my)c?/(kyT) 3.200
— = o-.  \T e . (3.200)
nyny np ny 9pGn mpmnkBT

The deuterium has spin 1, whereas protons and neutrons have spin 1/2. Therefore,

2 3/2
o _3 (—ZM D ) eBo/hsT) (3.201)
npny, 4 \mpmukgT

where Bp = 2.22MeV is the deuterium binding energy. We can write the masses
ratio as follows:

» — Bp/c? 1 1 B
mp _ mptm =B/t 1 1 Bo (3.202)

mpnty, mymy, my  m,  mym,c?

Introducing the neutron-proton mass difference (Wilczek 2015):
Q0 = (m, —my)c* = 1.239MeV , (3.203)

we can write

mp 1 1 By
= == — 5 - (3.204)
mpym,  mp(L+Q/mpc*)  m,  my(1+ Q/mpyc*)c

Since Q/m,c? ~ Bp/m,c* ~ 1073, we approximate:

(3.205)
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Moreover, being n,, = n, = ny,, we can write:

np 3 4nh? \ Bo/(ksT)
— == b , 3.206
Ny 4nb <mpkBT ¢ ( )

i.e. we obtain a deuterium-to-baryon ratio which defines how many baryons exist
that are deuterium nuclei. Dealing with the ny, on the right hand side as follows:

(ks T)?

el (3.207)

ny = npn, = pnl = 2

where we have used Eq. (3.185) for the photon number density, we get

12 (kT \"”
I _ —m( 5 2) P/ ksT) (3.208)
ny 7 \mye

Even when kgT ~ Bp the relative abundance is very small, because of the pref-
actor 7. This is the deuterium bottleneck.

Typically, the temperature Tggn at which the BBN starts is the one at which
the bottleneck is overcome. This is because, as numerical calculations show, once
deuterium is formed it rapidly combines into Helium.

So, we define Tgpn as the one for which np = ny:

12 3 kg T B
log (ﬁ@ +3 10g< > ‘i’zN) =- kBT‘B’BN : (3.209)
/4

Numerically solving this equation, one finds

\kBTBBN ~ 0.07 MeV \ (3.210)

Note that we can use Saha equation only until chemical equilibrium holds true.
When the reaction p + n <> D + v unbalances and deuterium is formed, we must
use the full Boltzmann equation (3.186). However, it can be shown numerically
that the two equations provide compatible results up to the moment in which the
equilibrium is broken. Therefore, Saha equation is an useful tool for estimating
when the equilibrium is broken but, of course, if one needs precise results one should
solve the full Boltzmann equation.
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3.9.3 Neutron Abundance

After the deuterium bottleneck is overcome, BBN takes place in the following chain
reactions:

p+n—D+n~, (3.211)
D+D—3He+n, (3.212)
D +°He — *He +p . (3.213)

In the following, we shall assume that the three above reactions take place instanta-
neously and the neutrons are captured in Helium nuclei. This is not what occurred,
of course, but it turns out to be a good approximation which allows us to perform
easy calculations.

Note that Lithium 3Li is also produced, but in tiny fraction (one billionth of the
hydrogen abundance). However, measuring its abundance in the universe is a very
important independent measure of Q4.

The main prediction of BBN is on the abundance of *He because this is the
element which is mostly formed, due to both its high binding energy per nucleon,
which is about 7MeV, see Fig. 3.2, but also to the fact that there is not much time for
forming heavier nuclei since the thermal bath is rapidly cooling and 7, is so small.

Our objective is thus to determine the neutron abundance at Tggn. This is done
considering two reactions. The electron capture:

9
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Fig. 3.2 Binding energy per nucleon. Figure taken from https://en.wikipedia.org/wiki/Helium-4
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pte &n+v, (3.214)

and the (3-decay:
n<pte +u. (3.215)

The (-decay will provide just an exponential suppression on the abundance predicted
by the the electron capture. Therefore, we focus on the latter.
For temperature kg T > 1 MeV, protons and neutrons are in chemical equilibrium:

n n(O) m 3/2 2
P _ % — (_/’> emn=mp)e [T, ,0/(keT) , (3.216)
np ny nmy

where O = 1.239MeV, see Eq. (3.203). When kg T > Q, the mass difference between
protons and neutrons is irrelevant, and therefore they are in chemical equilibrium.
When kg T drops below Q nature starts to favor protons because they are energetically
more “economic” and neutrons start to disappear. However, as we mentioned earlier,
out of equilibrium we cannot use Saha equation but have to solve the full Boltzmann
equation:

1 d(n,a®) n,n; n,n,

_ (0,0 P n'tl
———=n,"1{0V) | 5 — 5 | (3.217)
at dt " nn®  nPn”

where we have denoted with the subscript / the leptons, either electron or neutrino,
involved in the electron capture process. We assume their chemical potentials to be
zero and simplify Eq.(3.217) as follows:

1 d(nya® ©
1d0a) _ o5, (ﬂ — n) . (3.218)

3 ! (0)
a dt np

Let us define the neutron abundance and the scattering rate as follows:

Ny

X, 1 (ov) = Ay - (3.219)

b
ny + 1y

Exercise 3.24 Show that Eq.(3.218) can be cast, using Eq. (3.219), as follows:

dX,
dt

— Anp [(1 _Xn)e*Q/(kBT) _ Xn] . (3220)

In order to solve (numerically) Eq. (3.220), we introduce the variable:

£ (3.221)

kT~

X
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Exercise 3.25 Show that the time derivative of x = Q/(kgT) can be cast as follows:

d 8
B e — 870 (3.222)
dt 3c2

Since we are deep in the radiation-dominated era, we can write the energy density
of Eq. (3.222) as follows:

w2 (ksT)*

= ot % (3.223)

where the effective number of relativistic degrees of freedom is

g= > gﬁ% > g (3.224)

i=bosons i=fermions

where recall the 7/8 factor coming from Eq. (3.83). The effective number of relativis-
tic degrees of freedom is actually a function of the temperature, since it decreases
when a certain species becomes non-relativistic. For temperature larger than 1 MeV
g+ 1s roughly a constant and its value is:

7
g*=2+§(3+3+2+2)=10.75, (3.225)

where we have considered two degrees of freedom coming from the photons, 3 +
3 coming from neutrinos and anti-neutrinos and 2 4 2 coming from electrons and
positrons. We have considered just a single spin state for each neutrino and anti-
neutrino.

Exercise 3.26 Show that the Hubble parameter can thus be cast in the following

form:
2 _ 871G w2 (kgT)* _ 4m3Gg.0* 1

L = —. 3.226
32 30(he)® T 45¢2(he)? o (3.226)
Calculate:
H(x=1) =1.13s"". (3.227)
Show that Eq. (3.220) can be cast as:
dx, XA _ _
[e7 —X,(1+e™] . (3.228)

d Hx=1)
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Fig. 3.3 Evolution of X,, from Eq. (3.228)

We only need a last piece of information, i.e. the interaction rate \,:

255
Aip = == (124 6x +x7) (3.229)
X

Tn

where
7, = 886.7s , (3.230)

is the neutron lifetime. The above scattering rate can be found in Bernstein (1988).

We can now solve numerically Eq. (3.228) together with Eq. (3.229). The initial
condition on X, is of course X,,(x — 0) = 1/2, as we can see from the Saha equation
(3.216). We plot the evolution of X, in Fig.3.3.

As we can appreciate from Fig.3.3, X;, — 0.15 as x — oo. This number is not
a very good approximation of the residual abundance of neutrons at Tggn because
there are other relevant processes which contribute to deplete or enhance the number
of neutrons. Namely:

n—>p+e +rv, (3.231)
n+p— D+, (3.232)

i.e. the B-decay and the neutron-proton capture. These processes lower the number
of free neutrons. The Helium-3 formation:
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D+D - He+n, (3.233)

puts back into play another neutron and the Helium-4 formation:
He +D — *He +p , (3.234)

reinserts into play another proton, which helps in capturing neutrons, thus lowering
their number.

The right way to calculate the abundances of the light elements produced during
BBN is to consider all the coupled Boltzmann equations for all the relevant reactions
taking place. This is, of course, done numerically and the standard code is Wagoner’s
one (Wagoner 1973) (there has been refinements since then).

We now show that correcting X,, = 0.15 by taking into account only the 3-decay
gives a result which is in surprising agreement with the more reliable one which
takes into account all the reactions.

What we have to do is to weigh X,, = 0.15 with exp(—tggn/7,),” Where fgpy is
the time corresponding to kgTgpn = 0.07 MeV, i.e. the time at which BBN starts.
Moreover, we suppose that at this time all the free neutrons are immediately captured
and produce Helium-4. Thereby, estimating X,, gives a direct estimation of Xay..

At kgTgpn = 0.07 MeV, electrons and positrons have already annihilated. There-
fore, the effective relativistic degrees of freedom are:

7/ 4\
=2+ <ﬁ> 6~ 3.36, (3.235)

where we have taken into account the temperature difference between photons and
neutrinos.

Since T o 1/a and in the radiation-dominated epoch a /1, we can relate time
and temperature as follows:

1 Am3G (kg T)*
=gt B 3.236
42 452 (hey I (3.236)

Exercise 3.27 Show from Eq. (3.236) that:

0.07MeV \?
=271 (—e> s (3.237)
ks T

Therefore, the expected abundance of neutrons at kg Tggny = 0.07MeV is:

X, (Tgpn) = 0.15 - ¢ 2713807 ~ 0,11 . (3.238)

5This exponential weight comes from Poisson distribution, which governs stochastic processes such
as the B-decay. We derive it in Chap. 12.
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Fig. 3.4 Time-evolution of the mass fraction of various elements. Figure taken from http://
cococubed.asu.edu/images/net_bigbang/bigbang_time_2010.pdf

Assuming that all the neutrons end up in Helium-4 nuclei, we have the prediction:

4
YP = 4’X4He = MiHe

= 2X,(Tgpn) = 0.22 . (3.239)
np

The factor 4 comes from the fact that Yp is a mass fraction and each Helium-4 nucleus
contains 4 baryons. We have also assumed my, = m, = m,,.
The more accurate numerical result is Kolb and Turner (1990):

Yp = 02262 +0.0135 log (1555 ) - (3.240)

which is in very good agreement with our “back-of-the-envelope” calculation. In
Fig.3.4 the time-evolution plots of the mass fractions of various elements are dis-
played.
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3.10 Recombination and Decoupling

Recombination is the process by which neutral hydrogen is formed via combination
of protons and electrons. Decoupling is generally refered to be the epoch when
photons stop to interact with free electrons and their mean free path becomes larger
than the Hubble radius and we are able to detect them as CMB coming from the last
scattering surface. For the two events, the relevant interactions are:

pt+e < H+4+7, (3.241)
e +v< e +7v (Compton/Thomson scattering) . (3.242)

Recombination and decoupling temporally occur close to each other for the following
reason. At sufficiently low temperatures, which we will calculate, photons are no
more able to break hydrogen atoms and so these start to form in larger number
(recombination). Being captured in hydrogen atoms, the number of free electrons
dramatically drops and the Thomson scattering rate goes to zero (decoupling). The
seminal paper on recombination is Peebles (1968).

In order to determine the epoch of recombination, let us use again Saha equation:

0),,(0)
Relp _ Te (3.243)
ng ng))

Let us assume neutrality of the universe, i.e. n, = n, and define the free electron

fraction:
Ne n,
X, = = , (3.244)
n. + nyg n, + nyg

Exercise 3.28 Considering that the degeneracy of the hydrogen atom, in the state
Ls, is g1y = 4 (it has two hyperfine states, one of spin 0 and the other of spin 1), show
that Saha equation can be written, using Eq. (3.179), as:

1-X, ne + ny

Xe2 _ 1 mempkgT
2mymh?

32
) e—(me+mp—mﬁ)02/(kBT) . (3.245)

Consider the contribution at the denominator of the right hand side as:

26(3)

o (kgT)’
Mle - 1p = T =TTy = T35 ——=(kgT)’ ~ 107° =

R3c3

(3.246)

Look at the first equality as follows: the total electron number is made up of those
which are free plus those which have already been captured. Moreover, the total
electron number density is the same as the baryon number density because electrons
are baryons (in the jargon of cosmology).
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We again neglect the mass difference elsewhere than at the exponential, and write:

X2 .2\ 13.6eV
e~ 100 ( ) exp 22T (3.247)
1-— Xe 27TkBT kBT
where we used
g0 = (me +m, —my)c* = 13.6eV, (3.248)

i.e. the ionisation energy of the hydrogen atom.
The high photon-to-baryon number delays recombination as well as it delayed
BBN. Indeed, when kg7 = 13.6¢eV, we get from Eq. (3.247):

Xez ~ 15
T 100 (3.249)

From which one gets that X, &~ 1. This means that even when the energy of the thermal
bath drops below the ionisation energy of the hydrogen atom, still no hydrogen is
formed and the electrons remain free. This, again, happens because there are still
many photons with energy much higher than 13.6eV.

As we already mentioned, Saha equation works until chemical equilibrium is
maintained. In Table 3.1 we show numerical calculations of X, from Eq.(3.247) in
order to have a hint about the time of recombination.

From Table 3.1 we see that the free electron fraction falls abruptly at about
kgT =~ 0.30eV.

Exercise 3.29 Calculate at which redshift corresponds the energy kg7 = 0.3 eV of
the photon thermal bath.

In Fig. 3.5 we numerically solve Saha equation (3.247) and use both kg7 and the
redshift as variables.

Tablg 31 Eree electron ke T [eV] X,

fraction at different photon

temperatures 0.5 1
0.38 0.995
0.36 0.970
0.34 0.819
0.32 0.434
0.30 0.137
0.29 0.067
0.25 0.001
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Fig. 3.5 Numerical solution of the Saha equation (3.247)

In order to accurately calculate X,, we need to use the full Boltzmann equation
(3.186), which for recombination becomes:

1 d(n.a®) ngn nen

— 0, 0) gl ep

=n,’'n~(ov) -0 . (3.250)
a* dt cr nPn” nn®

We assume n., = ngp) and n, = n, again. Therefore,

1 dn,a?) mekg T\ _
S = (ov) |y 27r722 oo/ ke _ 2| (3.251)

Introducing now the free electron fraction X, defined in Eq. (3.244), we get:

dx, KT \/?
= (ov) [(1—)(6)(’” B ) e_E"/(kBT)—Xeznb:| ) (3.252)

dt 2mh?

As we did for BBN in Eq. (3.207), we can replace ny, with:

(kT)?
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Now we need the fundamental physics of the capture process. It is given by:

1/2
o0 = a® =978 21 (£ /log L0 (3.254)
m2c \kgT ksT

where av = 1/137 is the fine structure constant. The superscript (2) serves to indicate
that the best way to form hydrogen is not via the capture of an electron in the 1s state,
because this generates a 13.6eV photon which ionises another newly formed H.

The efficient way to form hydrogen is to form it in a excited state. When it relaxes
to the ground state, the photons emitted have not enough energy to ionise other
hydrogen atoms.

For example, an electron captured in the n = 2 state generates a 3.4eV photon.
Subsequently, when the electron falls in the ground state, the hydrogen releases
another 10.2eV photon. Neither of the two photons has sufficient energy for ionising
another hydrogen atom in the ground state.

We now solve numerically Eq. (3.252) together with Eqgs. (3.207) and (3.254). We
use the redshift as independent variable:

dX, dX.dz _ dX.

= —=——H( , 3.255
i S o (3.255)
and the following Hubble parameter:
H? 3 4
— = Quo(1 +2)° + Q1 +2)" + Q4 , (3.256)

Hg

where for z ~ 1100 is the matter contribution the dominant one.
Therefore, we rewrite Eq. (3.252) as follows:

32
ax, _ ﬂ |:(1 —X,) <mekBT) 6*50/(kBT) _Xean:| , (3.257)

dz ~ H(l+2) 2mh?
also taking into account that the photon temperature T scales as:
T=To(1+72), (3.258)

with Ty = 2.725 K.

In Fig.3.6 we show the numerical solution of the Boltzmann equation (3.257),
compared with the solution of the Saha equation (3.247). Note how the two solutions
are compatible for high redshifts, but that of the Boltzmann equation predicts a
residual free electron fraction of about X, ~ 1073,

At the same time of recombination the decoupling of photons from electron takes
place. As we anticipated, this happens because very few free electrons remain after
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Fig. 3.6 Solid line: numerical solution of the Boltzmann equation (3.257). Dashed line: solution
of the Saha equation (3.247)

hydrogen formation and therefore photons are free to propagate undisturbed and seen
by us as the CMB.

3.10.1 Decoupling

As we have already mentioned at the beginning of this chapter, roughly speaking
in the expanding universe any kind of reaction stops occurring when its interaction
rate I becomes of the order of H. In the case of photons and electrons, the relevant
process is Thomson scattering, for which:

I't = n.orc = X.nporc (3.259)

where n, is the free-electron number density, which we have written as X,ny, because
we have neglected the Helium abundance. The baryon number density can be
expressed as

Pb 3HE Q0
Ny=—=—"—"7

_ , 3.260
my,  8nGmya’ ( )
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where we have identified my, = m,, since it is the proton mass that dominates the
baryon energy density.

Exercise 3.30 Show that:

Ty n, X, QuoH
—T 19T _ 0692 o200 (3.261)
H  H Hd

As for H, we consider a matter plus radiation universe, for which:

Q a
2 _ py2%4m0 eq
H° =H, 5 (l + —) . (3.262)

a

Exercise 3.31 Using the above Hubble parameter show that:

r Quoh? 0.15 \'? /1 3/2 1 0.15 \ /2
I nx, (22 Lkl NS LU T
H 0.02 ) \ Quoh? 1000 3600 Qoh?

(3.263)

The decoupling redshift z4 is defined to be that for which 't = H. Note that in
the above equation X, is a function of the redshift, which we have plotted in Fig. 3.6.
On the other hand, X, drops abruptly during recombination, so that the factor 113 is
easily overcome. For this reason recombination and decoupling take place at roughly
the same time (Fig.3.7).

Now imagine that no recombination takes place, i.e. X, = 1. The above equation
then gives the decoupling redshift:

0.02 \*? / Qo \ "
1+Zdec=43<Qboh2) ( NE ) . (3.264)

This is the freeze-out redshift of the electrons, i.e. eventually photons and electrons do
notinteract anymore because they are too diluted by the cosmological expansion. This
would happen for a redshift 42. This number is important because of the following.
Well after decoupling, ultraviolet light emitted by stars and gas is able to ionise again
hydrogen atoms. This phase is called reionisation. If the latter ocurred for redshifts
smaller than 42, the newly freed electron would not interact with photons because
they are too much diluted by the cosmological expansion. Indeed, reionization takes
place for zeeion & 10, so that the CMB spectrum is poorly affected, as we shall see in
Chap. 10.
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Fig. 3.7 Solid line: numerical solution of the ratio I't/H of Eq.(3.263). Dashed line: numerical
solution of Eq. (3.257) for X,

3.11 Thermal Relics

In this section we investigate in some detail the freeze-out and relic abundance of
CDM. In general, with thermal relic one refers to the abundance of a certain species
left over from the annihilation suffered in thermal bath and, after its decoupling, from
the dilution caused by the expansion of the universe. To this purpose, consider the
following process:

X+X ol+1, (3.265)

where X represents the DM particle and [ a lepton. Due to the expansion of the
universe, at a certain point the annihilation of DM is no more efficient and thus
its abundance is fixed. This is precisely what we want to calculate. We could then
put constraints on the cross-section of the above process and on the mass of the
DM particle by measuring the abundance of DM necessary today in order to be in
agreement with the cosmological observations.

We are assuming here that DM is made up of massive particles which were in
thermal equilibrium with the rest of the standard model particles in the primordial
universe, hence the name thermal relics. Moreover, since we are considering CDM,
or more in general particle which decouple from the primordial plasma when non-
relativistic, ours is a calculation of cold relics abundance.
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The Boltzmann equation for the above process has the following form:

1 d(nxa®)
a®  dt

= (ov) (n§?)2 - ni) , (3.266)

where we have assumed nfo) = ny, because we are in thermal bath with very high
temperature (e.g. larger than 100 GeV for WIMPs).

Now we take advantage of the scaling 7" o« 1/a and define the following dimen-
sionless quantities:

_ny (he)? _ ng(o)(hc)3 _ mc? _ (mc?) (ov)
B Y Y Tl S

where H(m) = H(x = 1) is the Hubble parameter corresponding to a thermal
energy kT = mc?, with m being the mass of the DM particle. Note that, being deep
in the radiation-dominated era, the Hubble parameter scales as follows:

H(x=1
p="0=D (3.268)
X
The Boltzmann equation thus becomes:
(kgT)*dY H(x = 1) k) / ,
— = Y. —-Y7), 3.269
(hey dx x 0 ey (%-77) (3.269)
and finally
dy A
—=-5(r-1) (3.270)

In this case Saha equation is simply ¥ = Y4 and from Eq.(3.107) we know that
Yeq — Oforx — oo, because of the dilution due to the cosmological expansion. On
the other hand, we also expect, as we saw for recombination, that ¥ attains an asymp-
totic value which we call Y, and with which we shall calculate the present abundance
of DM. The departure between the Saha equation solution and the Boltzmann equa-
tion solution is the freeze-out and, as we know, it takes place approximately when
' ~H.

Using Eq.(3.107) in order to express Yeq, we can numerically solve Eq. (3.270).
In order to do this, we set a small initial value x = x; such that Y (x;) = Yq(x;) and
fix A to be a constant. In Figs.3.8 and 3.9 we choose x; = 0.01 and A = 1, 10, 100
for a fermionic DM species.

From Fig. 3.8 one can appreciate that Y attains a residual abundance and that, as
expected, the latter is smaller the larger A is. This happens because for larger values
of ) the interaction is more efficient.

In Fig.3.9 we show the behaviour of the relative difference Y /Yeq — 1 in order to
understand when the freeze-out approximately takes place. Of course, the freeze-out
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is not a specific instant, but depends on a criterion that we choose. For example, from
inspection of Fig.3.9, we see that Y /Y.q — 1 at x ~ 10 starts to increase with more
steepness and therefore we might establish that x; & 10. Moreover, this value is very
weakly dependent on \.

Now, what is the difference between fermionic and bosonic DM? In Fig.3.10 we
plot Y in the bosonic DM (solid lines) and fermionic DM (dashed lines) for A =
10, 100. As one can see, there are two differences: (i) When x is small the baryonic
abundance is larger than the fermionic one (because of the 1 at the denominator of
the distribution function) of a factor 4/3; (ii) for large x, the larger A is, the smaller
becomes the difference between the fermionic and bosonic relic abundances.

‘We now relate the relic abundance to the DM annihilation cross-section. Forx > 1
we know that Y. is vanishing, and the Boltzmann equation can be written as:

=%
>

(3.271)
whose solution is:

1 ~
Yoo

(3.272)
We have again considered here a constant A, for simplicity. As we can see from

Fig.3.8, Y — Yo > 0 and the difference gets larger the larger \ is. Moreover, x; ~
10, so that we can simplify
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Fig. 3.10 Comparison of the numerical solutions of Eq. (3.270) for the cases of bosonic DM (solid
lines) and fermionic DM (dashed lines) and A = 10 (top two lines) and A = 100 (bottom two lines,
almost superposed)



110 3 Thermal History
10
Yoo (3.273)

When Y has attained Y, the abundance of particle is fixed and their number density
starts to be diluted as ny o a—>. Therefore, we can can write down the present-time
density as follows:

3 3.3 3 373

aj (ksT)” a3 10m (kgTo)” (aiT;
— Ly A= —— ] . 3.274
pxo nlmag Moo (he)® a} A (e \a3T ( )

We have introduced here the photon temperature (the only one we can measure).
The ratio between parenthesis is not just equal to 1. We have seen an example of this
discrepancy when we calculated the photon-neutrinos temperatures ratio. The reason
is that not all along the cosmological evolution T decays as the inverse scale factor.
When there are processes such as electron-positron annihilation, more photons are
injected in the thermal bath and the temperature scales in a milder way than 1/a.

It is now time to tackle more seriously the issue of the effective numbers of
relativistic degrees of freedom.

3.11.1 The Effective Numbers of Relativistic Degrees
of Freedom

Let T be the photon temperature, which we always use as reference since it is the
only one we can measure, from CMB.
In Eq.(3.223), we wrote the energy density of all the relativistic species in the
following way:
72 (kg T)*

= 300 Jx » (3.275)
where, actually g, = g¢..(T) because when kg T drops below the mc? of a species, this
becomes non-relativistic and is removed from the above equation. Thus g, varies,
but very rapidly close to the thresholds of the mass energies. Far from those, g, it is
practically constant.

In Fig.3.11 we plot g, calculated from Eqgs. (3.103) and (3.223) for the species of
Table 3.2. The residual non-vanishing value of g, (7T") for low temperatures is due to
the massless species, i.e. photons and neutrinos.

Note that this plot is just an illustrative example, because it employs Eq. (3.103)
during the entire evolution, i.e. it assumes thermal equilibrium all the time, and,
moreover, the QCD phase transition at 200 MeV and the difference between photon
and neutrino temperature after electron-positron annihilation at 0.5MeV have been
put “by hand”. The correct calculation should employ the energy density obtained
from the solutions of the Boltzmann equations of the various species, which correctly
track the evolutions when I' ~ H, i.e. out of equilibrium.
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Fig.3.11 Evolution of g, calculated from Eqgs. (3.103) and (3.223) for the species of Table 3.2. Note
the QCD phase transition at 200 MeV and the difference between photon and neutrino temperature
after electron-positron annihilation at 0.5 MeV

Table 3.2 The standard model particles, with their mass, spin and degeneracies g

Particle Mass Spin Js
Quarks 11 173 GeV : 2.2.3=12
b,b 4GeV
¢, c 1GeV
s, 8 100MeV
d.d 5MeV
u,u 2MeV
Gluons gi 0GeV 1 8-2=16
Leptons T+ 1777 MeV ! 2.2=4
ut 106 MeV
et 511keV
Vr, D7 <0.6eV : 2-1=2
Vs Uy <0.6eV
Ve, U <0.6eV
Gauge Bosons w+ 80GeV 1 3
w- 80GeV
z° 91GeV
ol 0 2
Higgs Bosons HO 125 GeV 0
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The effective numbers of relativistic degrees of freedom gets two contributions.
One from the relativistic particles that are in thermal equilibrium with the photons:

gm= Y g+ Z 9\ (3.276)

i=bosons i=fermions

and another from the relativistic particles that are no more in thermal equilibrium

with the photons:
ge= g,—+— > g,—. (3:277)

i=bosons i=fermions

The latter are basically neutrinos only.
Why do we insist on relativistic species? Because, as we showed, these are the
only one which contribute to the entropy density s:

2m2kaT?

4_5(h 0 (3.278)

where g,s is the effective number of degrees of freedom for the entropy. Now, also
to g«s contribute species which are in thermal equilibrium with the photons and for
which:

g)t:g:rm — >tkhel'm _ Z gi + — Z gi , (3279)

i=bosons i=fermions

and species that are no more in thermal equilibrium with the photons and for which:

= g,—+— > g,Tﬁégd“. (3.280)

i=bosons i=fermions

Because of the last inequality, due to the different scaling of s and € with the tem-
perature, we expect g. 7 gus-

Now, sa® is a very useful quantity since it is conserved, as we showed earlier. When
a species becomes non-relativistic, its contribution to s is exponentially suppressed
as exp(—mc? /kgT). Therefore, the non-relativistic species passes its entropy to rest
of the thermal bath such that sa® does not change.

What is the value of g, and of g.s? We need to recover our knowledge of particle
physics in Table 3.2.

Summing up all the contributions we have from bosons and fermions:

Gbosons = 28, Gfermions = 90 , (3.281)

so that 7
gy = 28+ 3 -90 = 106.75 . (3.282)
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When the temperature drops below one species mass, this becomes non-relativistic

and then its g does not contribute anymore to the above sum. Note that before
neutrino decoupling g, = gxs.

3.11.2 Relic Abundance of DM and the WIMP Miracle

On the basis of the discussion of the previous subsection, we can therefore write
Eq.(3.274) as follows:

pxo _ 10m (kgTo)* gus(To)
Per,0 APer,0 (he)? Gxs (M) '

Qxo = (3.283)

where g,s(m) is the number of effective degrees of freedom in entropy for a thermal
energy equal to the DM particle mass. This must be certainly larger than 1 MeV,
roughly when neutrino decoupling takes place, therefore g, = g.s. Moreover,

(T)—2+7 6 L 3—2+7 6 4 =391 (3.284)
gxs(Lo) = ] To = 3 T .

and so we can rewrite Eq. (3.283) as follows:

_ 87GH (m)x; (kg To)? gus(To)
X0 3HZm2c®(ov) gx(m)

) (3.285)

where we have also made A explicit. The Hubble parameter H () can be written as:

8rG % (mc?)*
H*(m) = — g, (m)— , 3.286
(m) = =590 35~ (3.286)
so that we have finally:
x 10737 cm? X 2.57 x 10719 Gev~?2
Qxoh® ~ 0.331 ~ 0.331 .
o Jo:m) (ov/e) () o e

As we saw, reasonable values are x¢ &~ 10 and g, = 100. A cross-section of the order
of G ~ 1071°GeV 2 gives the right order of magnitude of the present abundance
of CDM. This coincidence is known as WIMP miracle.°
Relic Abundance of Baryons

The very same result of Eq. (3.287) can be used for the annihilation of baryons:

%0ne can think of different cross sections and thus find CDM candidates lighter than WIMPs. See
e.g. Profumo (2017). This possibility is also called WIMPless miracle.
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b+boy+r. (3.288)

Let us consider only nucleons, i.e. protons and neutrons, since their mass is the
dominant one for the baryonic energy density. The annihilation cross-section is of
the order of:

(he)?

(ovfe) ™ s

(3.289)

where m,c? ~ 140MeV is the mass of the meson 7, which can be thought as the
mediator of the strong interaction among nucleons. Substituting into Eq. (3.287) we
get:

Quoh”> ~ 107", (3.290)

i.e. a value many orders of magnitude below the observed one and that thus constitutes
a compelling argument for the necessity of baryogenesis.
Focusing on electrons and positrons, the annihilation cross section is of the order

a2 (fic)? iy
(ov/c) ~ ———= ~204GeV 7, (3.291)
(m,c?)?
and from Eq. (3.287) we get:
Quoh® ~ 10712 . (3.292)
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Chapter 4 ®)
Cosmological Perturbations oo

Les mpyoda ne svnewny puoky us npyoa
(Without effort, you can’t pull a fish out of the pond)
Russian proverb

As we have seen in the previous Chapters, the assumption of homogeneous and
isotropic universe is very useful and productive, but it is reliable only on very large
scales (above 200 Mpc). Its shortcomings become evident when we start to investi-
gate how structures, such as galaxies and their clusters, form, since these are huge
deviations from the cosmological principle.

In this Chapter we address small deviations from the cosmological principle, con-
sidering perturbations in the FLRW metric. This is the starting point of the incredibly
difficult task of understanding how structures form in an expanding universe, which
ultimately needs powerful machines and numerical simulations.

The material for this Chapter is mainly drawn from the textbooks (Dodelson
2003; Mukhanov 2005; Weinberg 2008) and from the papers/reviews (Bardeen 1980;
Kodama and Sasaki 1984; Mukhanov et al. 1992; Ma and Bertschinger 1995).

We assume hereafter K = 0, both for simplicity and because we have seen that
there is strong observational evidence of a spatially flat universe. From this Chapter
on, we also start to adopt natural 4 = ¢ = 1 units.

4.1 From the Perturbations of the FLRW Metric
to the Linearised Einstein Tensor

Let g, be the FLRW metric, and write it using the conformal time:

Guv = @*()(—dn* + 6;;dx'dx7) . 4.1)
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This metric describes the background spacetime, or manifold. However, the back-
ground spacetime is fictitious, in the sense that we are now considering deviations
from homogeneity and isotropy and therefore the actual physical spacetime is a
different manifold described by the metric g,, . Defining the difference:

6g;w(x) = guz/(x) - g#ll(x) s 4.2)

at a certain spacetime coordinate x is an ill-posed statement because g, and g,
are tensors defined on different manifolds and x is a coordinate defined through
different charts. Even if we embed the two manifolds in a single one, still the dif-
ference between two tensors evaluated at different points is an ill-defined operation.
Therefore, in order to make Eq.(4.2) meaningful, we need an extra ingredient: a
map which identifies points of the background manifold with those of the physical
manifold. This map is called gauge, is arbitrary and allows us to use a fixed coordi-
nate system (a chart) in the background manifold also for the points in the physical
manifold. In other words, we shall still use conformal or cosmic time plus comoving
spatial coordinates even when describing perturbative quantities. This property leads
to the so-called problem of the gauge, which we will briefly discuss later. For more
details on these topics, see Stewart (1990) and Malik and Matravers (2013).

Metric g, has in general 10 independent components that, in a generic gauge,
we write down in the following form:

—[1+2¢(1, %)] w; (1), X) } Siv. —0
w; (1, X) 0ii[1+20(n, )]+ xij(n,x) | ° Xijp =%
(4.3)
where v, ¢, w;, x;; (i, j =1,2,3) are functions of the background spacetime
coordinates x*, in our case conformal time and comoving spatial coordinates.' From
now on we omit their explicit functional dependence wherever possible, in order to
keep a lighter notation.

As we mentioned above, the liberty of choosing a gauge allows us to fix a coordi-
nate system in the background manifold. The latter shall be one in which homogeneity
and isotropy are manifest, of course. Therefore, we could use any time parametrisa-
tion, though we will employ conformal time the most because it has the important
physical meaning of the comoving particle horizon, and as for the spatial coordinates
we shall always choose the comoving ones for which at any given and fixed time the
background spatial metric is Euclidean, i.e. §;;dx'dx/. For this reason, the perturba-
tions in Eq. (4.3) can be regarded as usual 3-vectors, defined from the rotation group
SO(@3).

Guv = az(n) {

The reason why 1) and ¢ are multiplied by 2 in the perturbed metric is just for pure future conve-
nience of calculation.
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Let us elaborate more on this point. Consider the coordinate transformation:

10
= : (4.4)
0R;

ox"
oxV

where R'; is a rotation. By definition, a rotation is characterised by R R = I, i.e.
the transposed matrix is also the inverse, hence dy; R¥; R! ; = d;j. Applying this trans-
formation to metric (4.3) we get:

doo = 900 » 9o = R¥igox , 9 = R R'igu 4.5)
and hence, recalling that R¥; lecikl = §;;, we finally find:
V' =v¢, w=Ru, ¢=0¢, Xij = RN R jxu (4.6)

Therefore, 1) and ¢ are two 3-scalars, w; (i = 1, 2, 3) is a 3-vector, x;; is a 3-tensor
(i, j = 1,2, 3) and the indices of w; and x;; are raised and lowered by J;;. Note that
the 6 components of y;; are not independent because ¥/ y;; = 0. In other words,
Xij is traceless and we have already put in evidence the spatial trace of the metric
through ¢. One does this also because the spatial intrinsic curvature depends only
on ¢, not on x;;.>

Now, if the gauge chosen in Eq. (4.3) is such that:

[ L (4.7)

then we are dealing with perturbations. They are considered small, or linear, or
at first-order if we neglect powers with exponent larger than one in the quantities
themselves and in their derivatives. Not only, also combinations among different
perturbations are neglected. For example, 1%, ¢w;, w'y; j» ¢'¢ and so on are all
second order perturbations, and therefore negligible. Let us see how this works when
computing the Christoffel symbols for metric (4.3). Substituting the decomposition
(4.2) into the definition of Christoffel symbol we have:

1 I_, /- _ _
Fll/tp = Egug (gm/,p + Gop,v — gl/p,a) = Egug (gm/,p + Gop,v — gl/p,a)

1_ | _ _

Egﬂg (5901/,/) + 6gap,1/ - 691//),0) + Eégu (gau,p + YGop,v — ng,J) s (48)
where the comma denotes the usual partial derivative. Note that we have assumed the
same decomposition of Eq. (4.2) also for the covariant components of the metric and
neglected terms such as §¢"?dgyy,,, i.€. perturbative quantities multiplied by their

2One can guess this by simply noting that the spatial curvature is a 3-scalar and one cannot form
any 3-scalar at first-order from x;; since it is traceless.
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derivatives. It is important to realise that dg"? is not simply dg,,, with indices raised
by gH°.

Exercise 4.1 Since
gﬂpgfw = 5#1/ s §W§pu = 5#1/ s (49)

because both are metrics, using Eq. (4.2) show that

Jv

09" = —=3g""09,09" (4.10)

In particular, in our scenario of cosmological perturbations, we shall write the total
metric, using the conformal time, as follows:

G = a> N+ hyw) (4.11)

Hence, the perturbed contravariant metric is the following:

1 . 1 .. 1 iy | . 1
00 __ 0i __ il _ . ij il mj __ " .
dg" = —a—zhoo dg" = ;5 ho = a—zhol , 0gY = a26 himé™ = a2h1] ,
(4.12)

where we have used our hypothesis that the indices of ;; are raised by ¢/ and the
property A" = h;;.

Do not be confused by the fact that dg,,, is the perturbed covariant metric but §g*”
is not the contravariant perturbed metric.

One does raise the indices of the contravariant perturbed metric with the back-
ground one, but a minus sign must be taken into account. This fact is not dissimilar
from considering the Taylor expansion

1
- =1- 2y, 4.1
T x4+ 0x%) (4.13)

4.1.1 The Perturbed Christoffel Symbols

It is clear from Eq. (4.8) that we can decompose the affine connection as follows:

ry, =T} 46T, , (4.14)

where the barred one is computed from the background metric only.
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Exercise 4.2 Show that

1 = o o
6F;ljp = Eg'u (5gau.p + 6gt7p,u - 591//1,0 - Zégaarw;) (415)

The background Christoffel symbols were calculated already in Chap.2 but for
the FLRW metric written in the cosmic time.

Exercise 4.3 Show that the only non-vanishing background Christoffel symbols are:

- a’ - a - a
==, r==s5,6 T ==5;, 4.16
00 a ij a 3] 0j a J ( )
where the prime denotes derivation with respect to the conformal time. One can make
the calculation directly from the FLRW metric written in the conformal time or use
the results already found in Eq.(2.29) for the FLRW metric written in the cosmic
time and use the transformation relation for the Christoffel symbol:

- _ . Ox’ OxY ox'm Ox'* 9Px°

't =T — , 4.17
ve P oxm oxe dxe T Ox® OxVOxP “17)
where the primed coordinates are in the conformal time and hence:
o /0 1 o /1
& 2y, (4.18)
oxY  a ox™

being the other cases vanishing. It is a good and reassuring exercise to do in both
ways and check that the result is the same.

A moment of reflection. First of all, we shall use mostly the conformal time
throughout these notes since, as we saw earlier, it represents the comoving particle
horizon and it will allow us to clearly distinguish the evolution of super-horizon
(hence causally disconnected) scales from sub-horizon ones.

On the other hand, the most economic way to compute the linearised Einstein
equations is using the cosmic time and stopping to the calculation of the Ricci tensor
by considering the Einstein equations in the form

1
R, =81G <T/w - Eg#,,T> , (4.19)

as done e.g. in Weinberg (2008). It is the most economic way because in the cosmic
time we have only 2 non-vanishing Christoffel symbols, whereas in the conformal
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time we have three, and because we are spared to compute the perturbed Ricci scalar.
Once done this calculation, it is straightforward to come back to the conformal time.

In the following we shall anyway go on using the conformal time, because it
is a good workout. Compare the results found here with those in Weinberg (2008)
Chap. 5 using the tensorial properties:

- Oxf 0x° ~  Ox' 0x°7

R =R X OO
WP gxm o T T TP e 9xr

(4.20)

where the quantities with tilde are in the cosmic time. Since the change from cosmic
to conformal time does not affect the spatial coordinates, we have that:

Roo = Rya®, Roi = Rya, Rij=Ri;, (4.21)
and similarly for /. With this map, we can check the results that we are going to

find here with those in Weinberg (2008). Mind that in Weinberg (2008) the Ricci
tensor is defined with the opposite sign with respect to ours here.

Exercise 4.4 We are now in the position of writing the perturbed Christoffel sym-
bols. We do so without leaving £, explicit from Eq. (4.3). Find that:

1, 1
STy = _Ehoo ., o= ) (hooi — 2Hhqi) | (4.22)
; 1
6Tgg = hig + Hhio — EhOO.i , (4.23)
1

0Ty = =5 (hoij + hoji = hiy = 2Hhi; — 2H6i;hoo) (4.24)

. 1, 1
ol = Ehij + 5 (hio.j — hoj.i) (4.25)

: 1

oLy = 3 (hijx + hicj = hjii — 2HEjhio) - (4.26)

The prime denotes derivative with respect to the conformal time. The indices might
seem unbalanced, but we have used the fact that /;o and 4;; are 3-tensors with respect
to the metric d;; and hence, for example, 'y = h;o. Recall that

~

H , 4.27)

il
SIS

i.e. H is the Hubble factor written in conformal time.
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4.1.2 The Perturbed Ricci Tensor and Einstein Tensor

With this result we are going to compute the components of the perturbed Ricci
tensor. Recall that this is defined as:

R,=T? TP 4?9 _TPTC (4.28)
/

H,p p.v e po pot vp o

and hence, when substituting Eq. (4.14), we get

Ry =T0, —F0 [0 fo o fo

.0 np,v prt po pno vp
+ory, ,—or,, , + 1,00, +or), Il —T,ol) —ory Iy . (4.29)

by neglecting second order terms in the connection. It is clear that we can expand
also the Ricci tensor as: B
R/u/ = R/u/ + 6R/Ll/ s (4.30)

and we compute now its perturbed components.

Exercise 4.5 After opening up all the sums, show that:
§Roo = 6T, — 0T¢, o — HOTY, + 3HATY, (4.31)

and substituting the previous results, one gets:
1 2 3 / / 1 ” ’
0Roo = =5 V*hoo = 5Hhiy + hio + Hhiok = 5 (hiy +Hhy) . (432)

Here we have defined 6"/ 9;0; = V? as the Laplacian in comoving coordinates. Note
that hg, = 6™ hy,y,, i.e. in the present instance repeated indices are summed even if
both covariant or contravariant.

Exercise 4.6 Of course, repeat the previous exercise also for the other components.
Find that:

1 a” 1 ,
O0Roi = —Hhoo,i — 3 (V2hoi — hioix) + (Z + H2> hoi — 3 (Mo = hiiie)
(4.33)
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and
1 H a//
OR;j = EhOO,ij + 5%051‘1 + <H2 + z) hoodi;
1 1 a//
_5 (Vzhij _ hki,kj — hkj,ki + hkk,ij) + Eh;/j + Hl’l;] + (HZ + ;) hij
H

/ 1 / /
+Ehkk5ij — Hhyokdij — E(hOi,j +hy; ) — H(hoij + hoji) - (4.34)

In the same way we decomposed metric (4.2), we decompose the Einstein tensor.
We shall work with mixed indices:

1 I D _ ]
G, = g"" Ry — 506",R = 5" Ry — 56", R+ 56 Ryy + 6" Ry, — 26" ,0R .
(4.35)

where G, = R",, — %5“,,R is the background Einstein tensor and depends purely
from the background metric g,,, whereas

_
0G", = §"6 Ry + 0g" Ry — 58" ,0R . (4.36)

is the linearly perturbed Einstein tensor, which depends from both g,,, and 4,

Exercise 4.7 Compute the perturbed Ricci scalar:
6R = g" Ry = 5" 6R,, + 69" Ry . (4.37)

Expand the above expression and use formula (4.10) in order to find:
1 - o
OR = ——06Roo + —0"0R;j —a"hpog™' 9" Ry (4.38)
a a

and then, recalling that the background Ricci tensor is:
_ a// _ a//
Ry =3 <H2 - —) . Rij =20 (Hz + —) , (4.39)
a a

one can write:

l 3 " 1 .. l "
0R = —— R — —hoo (H2 - “—) + —0Y6R;; — —h (HZ + a—) ,
a a a a a a

(4.40)
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Substituting the formulae for the perturbed Ricci tensor, one finds:

"

a
a’SR = V?hoy + 3Hh{y, + 6—hoo — 2h); — 6Hhiok

+hyy 4 3Hhjy — Vhik + higw - (4.41)

The second line represents a>6 R®, i.e. the intrinsic spatial perturbed curvature scalar.

Now, let us calculate the mixed components of the perturbed Einstein tensor.

Exercise 4.8 Show that:

2a*6G% = —6H*hoo + 4Hhyox — 2Hh,, + Vi hie — hiu (4.42)

and

2a*6G°; = 2Hhoo,; + Vhoi — hioxi + R — M (4.43)

and

2a*6G'; = [—4“—;;00 — 2Hhyy — VZhoo + 2H?hoo — 2Hhy, + VZhi
a

—hira + 2k s + AHhox — b 6 + hooij — Vhi; + hii g
Fhijri — hikij + h:/j + Zth/»j - (h6i,j + héj’[) — 2H(hoi,j + hoji). (4.44)

Now we turn to the right hand side of the Einstein equations, i.e. the energy-
momentum tensor.

4.2 Perturbation of the Energy-Momentum Tensor

In the following we shall use mostly the energy-momentum tensor defined through
the distribution function and its perturbation. However, let us see how to perturb the
background, perfect fluid energy-momentum tensor. This was introduced as:

T;w = (l_) + P)ﬁuﬁu + ﬁg;w s (445)

as the tensor describing a fluid with no dissipation, i.e. constant entropy along the
flow.
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Exercise 4.9 Compute u”V,u*, demand its vanishing and check via the second law
of thermodynamics that this corresponds to a constant entropy.

Let us rewrite T/w as follows:

Ty = pityity, + POy, 0, = Gu + i, . (4.46)

The tensor é,ﬂ, acts as a projector on the hypersurface orthogonal to the four-velocity.

Exercise 4.10 Show that §,,,i" = 0.

This is an example of 3+1 decomposition, which is particularly useful when we
study a fluid flow.

Exercise 4.11 Show that:
p=T,u'u", 3P=T,0", T=g"T,=—p+3P, (4.47)
i.e. the fluid density is the projection of the energy-momentum tensor along the

4-velocity of the fluid element and the pressure is the projection of the energy-
momentum tensor on the 3-hypersurface orthogonal to the four-velocity.

The most general energy-momentum tensor, which also includes the possibility
of dissipation, can be then written by straightforwardly generalising Eq. (4.46), i.e.

Ty = puytty + quity + gty + (P + 10, + 7 (4.48)

where g, is the heat transfer contribution, satisfying ¢,u" = 0 and thus contributing
with 3 independent components; 7, is the anisotropic stress, it is traceless and
satisfies 7, u" = 0, hence providing 5 independent components. The trace of 7,
is 7, it is called bulk viscosity and has been put in evidence together with the
pressure. For more detail about dissipative processes in cosmology and the above
decomposition of the energy-momentum tensor, see the review (Maartens 1996).
The anisotropic stress 7, is not necessarily related to viscosity, but can exist for
relativistic species such as photons and neutrinos because of the quadrupole moments
of their distributions, as we shall see later. On the other hand, heat fluxes and bulk
viscosity are related to dissipative processes, and we neglect them in these notes
starting from the next section.

Now we consider the energy-momentum tensor of Eq.(4.48) as made up of a
background contribution plus a linear perturbation, i.e. we expand
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p=p+0pn,x), P=P+Pn,x), u'=u"+ou'@nx), (449

which are the physical density, pressure and four-velocity, which, remember, depend
on the background quantities because of our choice of a gauge. The barred quantities
depend only on 7, since they are defined on the FLRW background. Heat fluxes,
bulk viscosity and anisotropic stresses are purely perturbed quantities.?> Therefore,
we have:

Ty = Ty + Opityity, + pouyity, + pityduy + quity + quity + 0, (5P + ) + P80, +
(4.50)
where one can straightforwardly identify the perturbed energy-momentum tensor
and where
00, = 69, + duyu, + i, 0u, . 4.51)

Now, recall that the background four-velocity satisfies the normalisation:
G’ =—1. (4.52)
Let us choose a frame in which to make explicit the components of the energy-
momentum tensor. Of course, we use comoving coordinates, for which one has
i’ = 0. From Eq. (4.52) we have then
a?@? =1, (4.53)
and we choose the positive solution i = 1/a, which implies uy = —a.* When we

choose these coordinates, the relations g, u" = 7, u* = 0imply that gy = 7,0 = 0,
i.e. the heat flux and the anisotropic stress have only spatial components.

Exercise 4.12 Calculate the components of the energy-momentum tensor (4.50).
Show that:

Too = p(1 + 8)a* — 2a(p + P)dug + Pdgoo (4.54)
Toi = —a(p+ 13)5ui —aq; + PégOi , (4.55)
T;j = (P + 8P +m)a*s; + Pogij +mij (4.56)

where we have introduced one of the main characters of these notes, the density
contrast:

(4.57)

>,
If
bll%ﬂ

3Bulk viscosity is compatible with the cosmological principle and can be contemplated also at
background level. It plays a central role in the so-called bulk viscous cosmology, see Zimdahl
(1996).

“It amounts to choose that the conformal time and the fluid element proper time flow in the same
direction.
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The density contrast is very important because describes how structure formation
begins. Note how the presence of perturbations in the four-velocity gives rise to
mixed time-space components in the energy-momentum tensor, i.e. the breaking of
homogeneity and isotropy allows for extra fluxes beyond the Hubble one.

Note that the total four-velocity also satisfies a normalisation relation, with respect
to the total metric, i.e.
g;wuﬂuy =—1. (4.58)
If we expand this relation up to the first order we find:
Guit"i” + dgutu” +2g,,0utin” = —1. (4.59)
Using Eq. (4.52) and i’ = 0, we find that:
8900 + 2gooadu’ =0 , (4.60)

and thus we can relate the metric perturbation /g to §u° as follows:

0 _ N
2a

ou 4.61)

Care is needed when we want to compute the covariant components of the perturbed
four-velocity du,,. These are not simply du,, = g, 6u”. It is the same care we had to
apply when considering the relation between dg*” and k. So, let us define:

we)

with v; components of a 3-vector, i.e. its index is raised by 6"/ so that v/ = v;. Let us
compute now the components du'. We must start from the covariant expression for
the total four velocity, i.e.

iy +0u, =u, = guu” = g, @ +du"), (4.63)
and expanding up to first order, we get

iy + 0uy = guit” + guou” + dgmui” . (4.64)

Equating order by order we obtain u,, = g, ", as expected, and

duy = gudu” + 0g,u” (4.65)
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so that

out = g"ou, — g’ g ,u" (4.66)

So, there is an extra term dg,, #". This comes from the fact that g, raises or lowers
indices for the background quantities only whereas g,,,, raises or lowers indexes for
the full quantities only, and du* is neither. From Egs. (4.65) and (4.66) we have that

h .

oug = %a , adu' = v; — lh; (4.67)

Exercise 4.13 Rewrite the components of the energy-momentum tensor as:
Too = p(1 + 8)a* — pa*he (4.68)
To; = —a*(p + P)v; — ag; + Pa*hy; , (4.69)
T,~j:(f’+5P+7r)a2(5,-j+f’a2h,-j+7T,-j s (470)

In order to calculate the mixed components we use the standard relation:
T", = ¢"'T,, = g“”f‘py + "7, + 6g”p7_‘pl, . 4.71)

Exercise 4.14 Compute the mixed components of the energy-momentum tensor.
Show that:

T% = —p(1 +9), (4.72)
% =(p+P)vi+a'q, (4.73)
T'o=—(p+P) (i —ho) —a'qi , (4.74)
T, =68 ;(P+0P+m+7;, (4.75)
where we have stipulated that § 7r1ja_2 =ml;.

In the following we shall mainly use, especially for photons and neutrinos, the
energy-momentum tensor computed from kinetic theory, i.e. Equation (3.41):

T S
' @m)? p°

/. (4.76)

in which the distribution function is also perturbed:
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f=f+F 4.77)
thus allowing to define a perturbed energy-momentum tensor as follows:

d’p p'p,
oTr, = | =2 P B g 4.78
(2m)3 p° (+78)

The momentum used here is the proper one which, recall, has the metric embedded
in its definition so that:

pl=pi, pP=0;p'p’, E=p", po=-E. (4.79)
These relations provide directly the mass-shell one E? = p* 4+ m? from g, P* P" =
—m?. Note that we are assuming go; = 0, also at perturbative level thanks to gauge
freedom, otherwise the relations above would be incorrect since the spatial metric
would not be g;; but g;; — goigo;/goo- See Landau and Lifschits (1975) for a nice

explanation of this fact.
Then, from the above definition of perturbed energy-momentum, we have:

d3
5T = — f (2:)’3 E(p)F = —6p, (4.80)

which makes sense, and is consistent with Eq. (4.72), because we are weighting the
particle energy with the perturbed distribution function. The mixed components are:

3

TP F ==+ P,
(4.81)

compatible with Egs. (4.73) and (4.74) since we are assuming ho; = 0 (and neglecting

already the heat fluxes). Note the multiplication by p + P. Physically the integral

gives the perturbed spatial momentum density, which can be decomposed in the

velocity flow times the inertial mass density, which is 5 + P in GR.

Finally:

6TY; =/ p piF =@+ P, 0T\ = —/
(2m)? (

_ [ @p p'p;
@n) E

5T'; F=48;6P+n';, (4.82)
from which we can define the perturbed pressure as the trace part:

d3 2
P 1L
27)3 3E

1
0P = 10V0T;; = (4.83)

and the anisotropic stress as the traceless part:
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. . . 1 ..
i i i <lm i i 2
7Tj—5Tj 5 5 6T, = f(z )3E (p pj—§(5 jp>_7:_ (4.84)

The evolution equations for the perturbations are given by the linearised Einstein
equations:
0G", =8rGéT", . (4.85)

Unfortunately, Eq.(4.85) is not sufficient to completely describe the behaviour of
both matter and metric quantities if the fluid components are more than one. See e.g.
Gorini et al. (2008). We shall make use of the perturbed Boltzmann equations for
each component of our cosmological model and we shall derive them in Chap. 5.

4.3 The Problem of the Gauge and Gauge Transformations

As we have mentioned in the previous section, a gauge is a map between the points
of the physical manifold and those of the background one which allows us to define
the difference between tensors defined on the two manifolds. Suppose we change
gauge froma Gtoa (_3 . Metric (4.3) then becomes:

—[1 + 291, x)] W; (1, X)

N A R 6% =0.
w; (17, X) 0ij[1 +20(n, x)] + Xi; (1, X)

Guv = 02(77) {

(4.86)
We have new hatted functions representing perturbations depending again on the

background coordinates, which we have fixed.

A similar map can be defined also on the single background manifold, so in
absence of perturbations, and it can be deceiving, in the sense that quantities similar
to perturbations might appear even if we are in the background manifold. Let us
rephrase this. The problem when considering fluctuations in GR is that we cannot
be sure, by only looking at a metric, that there are real fluctuations about a known
background or it is the metric which is written in a not very appropriate coordinate
system. For example, consider the following time transformation for the FLRW
metric:

dn = g(t,x)dt . (4.87)

Then, the FLRW metric becomes:

ds® = —a(t,x)*g(t, x)*dt* + a(t, x)*6;;dx"dx (4.88)
and recalling back t — 1 we get:

ds®> = —a(n, x)*g(n, x)’dn* + a(n, X)zdijdxidxj . (4.89)

Now the metric coefficients depend on the position so we may think that homogeneity
and isotropy are lost, but it was just a coordinate transformation. This is not the
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problem of the gauge, but is the general covariance typical of GR. As we show
above, it is not even necessarily related to perturbations but it is just a coordinate
transformation masking the metric in the form that we are used to see it. Computing
relativistic invariants or Killing vectors allows to determine if the above is the FLRW
metric or not.

The problem of the gauge is the dependence of the perturbations on the gauge.
In the following we will see how a gauge transformation manifests itself through a
change of coordinates and deal with the problem of the gauge by introducing gauge-
invariant variables. Loosely speaking, we will see that the gauge is the functional
dependence of the perturbative quantities on the coordinates, whereas the background
quantities maintain their functional form.

For a more complete treatment of the gauge problem, see for example Stewart
(1990), Mukhanov et al. (1992) and Malik and Matravers (2013).

4.3.1 Coordinates and Gauge Transformations

In order to understand how a gauge transformation changes the functional dependence
of the perturbative quantities we express the change from a gauge G to a gauge G as
the following infinitesimal coordinate transformation:

xt— xF =xt 4+ (x) (4.90)

where x* are the background coordinates and £/ is a generic vector field, the gauge
generator, which must be |£#| < 1 in order to preserve the smallness of the pertur-
bation. From a geometric point of view, we fix a point on the background manifold
and by changing gauge we change the corresponding point on the physical manifold.
This point has coordinates different from the first one and given by Eq. (4.90). The
gauge generator can be seen then as a vector field on the physical manifold and the
Lie derivative of the metric along ¢ tells us how the perturbative quantities change
their functional form.

Under a coordinate transformation, the metric tensor g,,,, as well as any other
tensor of the same rank, transforms in the following way:

0xr 0x7

G (x) = @@gw(x) ) 4.91)
which, using Eq. (4.90), can be cast as follows:
G () = (8%, 4+ 0,E7) (37, + D7) Gy (3) . (4.92)

Writing down Eq. (4.92) up to first order, one obtains:
G (X) = G (%) + Oa Gy ()" + € G (X) + 007 Gpu(x) (4.93)

where we have also expanded g, (X) about x using Eq. (4.90).
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Exercise 4.15 Show that Eq. (4.93) can be cast in the following form:

G (X) = Guv (%) + Oa Gy ()" + €7 g (X) + 00€7 gpu(x) (4.94)

i.e. prove that we can remove the hat from the metric when it is multiplied by &.
Then, cast the above equation as follows:

QW(X) = fA]/w(x) + Vu§/4 + v/l.fu . (4.95)

This equation shows how the functional form of the metric components, i.e. the
gauge, changes upon a coordinate transformation.

If Eq. (4.90) is an isometry, i.e. g, (x) = g, (x), one gets the Killing equation:
V& +VuE =0. (4.96)

Now use the perturbed FLRW metric (4.3) in Eq. (4.93).

Exercise 4.16 Show that at the order zero:

a(m) =a(n) (4.97)

i.e. the scale factor maintains its functional form, confirming the property of the
gauge, which maintains the functional form of the background quantities. Then,
show that at first-order the following transformation relations hold:

D= —HE =" | =w — ¢+ 8¢ (4.98)

N 1 R 2
¢=¢—HE — 53151 Xij = Xij — 0;G — 0i(; + §5ij51§l (4.99)

where (; = §;¢'. We have introduced ¢; in order not to make confusion with the
spatial part of &, which is & = a?8;¢' = a*¢;.

In the very same fashion we adopted for the metric, we can also find the transfor-
mation rules for the components of the energy-momentum tensor. That is, through
the same steps that we have just used for the metric, we can write:
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7,:‘pz/(x) = Tul/(x) - 8(YTIW,(X)§G - 8;,£pr”()€) - 81/§pT/)y (X) . (4100)

Exercise 4.17 Use the above transformation with 7}, given by Eqs. (4.68)—-(4.70).
Find that at zeroth order one has:

o

p(n) = p(n) () = P(n) 4.101)

i.e. the background density and pressure maintain their functional forms. Then, show
that at first order the following transformation relations hold:

Sp=0p—p€| |ti=v+0E] |ii=a (4.102)
5P =06P— P& (4.103)

Hint. In order to find these relations you have to use those for the metric quantities.
Moreover, one obtains §; = ¢; noticing that 5 + P is arbitrary. One the other hand,
we do not have a mathematical way to separate the transformations for § P and 7. We
do that by giving the physical argument by which 7 is related to dissipative processes
whereas J P is not.

In general, perturbations of quantities which are vanishing or constant in the back-
ground are automatically gauge-invariant and one can see this explicitly above for
the heat flux, the bulk viscosity and the anisotropic stress. This property is formalised
in the Stewart-Walker lemma (Stewart and Walker 1974). It stimulates for example
the use of the perturbed Weyl tensor (which is vanishing in FLRW metric) and the
quasi-Maxwellian equations (Hawking 1966; Jordan et al. 2009).

4.3.2 The Scalar-Vector-Tensor Decomposition

The scalar-vector-tensor (SVT) decomposition was introduced by Lifshitz in 1946
(Lifshitz 1946), who was the first to address cosmological perturbations. See also
Lifshitz and Khalatnikov (1963) and Ma and Bertschinger (1995), for a particularly
detailed account. It consists of the following procedure. We have already seen that
the perturbed metric can be written in terms of two scalars ¥ and ¢, a 3-vector w;
and a 3-tensor Y;;. However, we can “squeeze out” two more scalars from w; and
Xij and one more vector from x;;.
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Helmholtz theorem (see Sect. 12.3 for a brief reminder) states that, under certain
conditions of regularity, any spatial vector w; can be uniquely decomposed in its
longitudinal part plus its orthogonal contribution:

w = w! +w | (4.104)
which are respectively irrotational and solenoidal (divergenceless), namely:
dkgwl =0,  Fwt=0, (4.105)

where €7/* is the Levi-Civita symbol.’ By Stokes theorem, the irrotational part can be
written as the gradient of a scalar say w so that, finally, we can write w; as follows:

@100

where we have defined S; = wii, because it is simpler to write. Therefore, w is the
scalar part of w; and S; is the vector part of w;. Usually, when in cosmology one
talks about a vector perturbation one is referring to S;, i.e. to a vector which cannot
be written as a gradient of a scalar.

Similarly to the vector case, any spatial rank-2 tensor say ;; can be decomposed

in its longitudinal part x lHj plus its orthogonal part xfj plus the transverse contribution
Xt
— 1L T
Xij—Xij+Xij+X[j s (4.107)

defined as follows:
R =0, x5 =0, X =0. (4.108)
Basically, one builds a vector by taking the divergence of ;; and then applies

Helmbholtz theorem to it. This implies that the longitudinal and the orthogonal parts
can be further decomposed in the same spirit of Eq. (4.105) in the following way:

1 .
XIHJ = (8,0,- — §6ijV2> 2,u s Xi = ain + 8,»Aj s 8’A,» =0 s (4109)

where 11 is a scalar, A; is a divergenceless vector and recall that V2 = §"9,0,,. We
can thus write ;; in the following form:

1
Xij = (8,-8j—§5ijvz> 2/1+(9}A,+8,AJ+X;C (4110)

S_Reminder: €' =1 and it changes sign upon any odd permutation of its indices. It follows that
€l = 0 if two or more indices are equal.
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The transverse part X[-Tj cannot be decomposed in any scalar or divergenceless vector.
Therefore, it constitutes a tensor perturbation.

The SVT decomposition is a fundamental tool for the investigation of first order
perturbations because the three classes do not mix up and therefore they can be
independently analysed. The absence of mixing is due to the fact that any kind of
interaction term among the three categories would be of second order and therefore
negligible.

Let us see how each class of perturbations transforms. Apply Helmholtz theorem
also to the spatial part of £ as follows:

f=a, ¢=00+¢, @a=0), 4.111)

where o and 3 are scalars and € is a divergenceless vector. Now let us write the
transformations found in Eqs. (4.98) and (4.99) using the SVT decomposition:

~

Yp=v—Ha—a, (4.112)
O+ 8 =0w+S —0,f —€, +8a, (4113)

n 1
¢=¢—Ha— §v25 , (4114
010, — 26,2 ) 25+ 0,4 + A, + 5T = (8,0, — 16,772
ij_gijv p+0jAi +0;A; + x;; = ij_gijv H
2
+3jA,~ + 8iAj + XiTj — 28]8,-5 - 8je,- - 8,~ej + gdijvzﬁ . (4115)
We are now in the position of writing explicitly the transformation rules for each
class of perturbation.

Scalar Perturbations and Their Gauge-Invariant Combinations

By taking the divergence &' of Eq.(4.113) and twice the divergence 9’9’ of
Eq.(4.115), we eliminate all the vector and tensor contributions and are left with
the transformation equations for the scalar perturbations only:

b=y —Ha—do 4.116)
Vi =V (w-8+a), 4.117)
¢3=¢—Ha—%v25, (4.118)
V2Vi = V2V —f) . (4.119)

From the above transformations we obtain:
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b =1 —Ha—d (4.120)
b =w—f +o 4.121)
$=¢—Ha—%wﬁ (4.122)
fi=pn—p (4.123)

In principle, we should have extra functions in the second and fourth equations,
coming from the integration of V2 and V2V?, but these are spurious gauge modes
which can be set to zero without losing of generality.

The following combinations of scalar perturbations are gauge-invariant:

1 ) 1
wzw+gﬁw—yw] @:¢+H@Mﬁ”—§V% (4.124)

They are the famous Bardeen’s potentials (Bardeen 1980).

Exercise 4.18 Prove that the Bardeen potentials are gauge-invariant. Why are there
only two of them?

The same technique that we have just used for the metric perturbations can be
applied to the matter quantities in Eqgs. (4.102) and (4.103).

Exercise 4.19 Applying the SVT decomposition to v;:
v=0v+U, (©@U=0), (4.125)

show that, for scalar perturbations, one gets:

Sp=6p—pal = |[§=0+3H1+ P/pa (4.126)
@)
6P = 6P — P (4.128)

Note how a cosmological constant has gauge invariant perturbations.

As we did earlier for the geometric quantities, we can combine the above trans-
formations for matter in order to obtain gauge-invariant variables. The strategy is,
in general, to combine the transformations in order to eliminate « and 3. The result
is then manifestly gauge-invariant. Using matter quantities only, we can eliminate o
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from Eqs. (4.126) and (4.128), thus obtaining the following gauge-invariant pertur-
bation:

[_)/
F=6P— —bp (4.129)
p

This is the entropy perturbation. The ratio P /Jp is called effective speed of
sound, whereas the ratio P’/ is called adiabatic speed of sound. When the two
are equal, i.e. ' = 0 one finds dS = 0, i.e. one has adiabaticity.

The other gauge-invariant combinations are:

SpE) = pA =5p+ v SPE) =P + Py (4.130)

i.e. the gauge-invariant density, also called comoving-gauge density perturbation,
and pressure perturbations. The subscript m refers to “matter”, since it is also pos-
sible to build gauge-invariant perturbations of the density and pressure using metric
quantities. We are borrowing this notation from Bardeen (1980).

We can now think of combining the geometric and matter transformations, a total
of 7 relations, trying to eliminate « and /3 in order to create new gauge-invariant
variables.

Indeed, we can form the so-called comoving curvature perturbation

1
R=¢+Hv— gvzu (4.131)

also known as Lukash variable (Lukash 1980), and we can form the quantity:

op l_,
= — — =V 4.132
(=9¢+ 35+ 8) 3 Iz ( )

which was introduced first in Bardeen et al. (1983) but started to be exploited in
Wands et al. (2000). These R and ( are especially important in the framework of
inflation because they are conserved on large scales and for adiabatic perturbations,
as noticed in Bardeen (1980) (at least for R), and as we shall prove in Sect. 12.4.
Again, we can form gauge-invariant density, velocity and pressure perturbations:

5p§/gi) =6p+p (w—p) ’ v =y — (w— ) 5Pg(gi) =6P+ P (w—p)
(4.133)

In general, having 2 gauge variables « and § and 7 transformations, we can build 5
independent scalar gauge-invariant perturbations.
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Vector Perturbations and Their Gauge-Invariant Combinations

We can now eliminate the scalar contribution from Eq.(4.113) and consider the
divergence &’ of Eq. (4.115). In this way we shall find the transformations for vector
perturbations:

Si=8—¢ (4.134)

VZA; = VXA — ) . (4.135)

From the second equation, we can find the following transformation:

(4.136)

Itis possible to define a new gauge-invariant vector potential, which has the following

form:

Exercise 4.20 Prove that W; is gauge-invariant. Why is there only one gauge-
invariant vector perturbation?
Using the SVT decomposition of Eq.(4.125), show that from the matter sector
we just have:
U=, (4.138)

i.e. the vector contribution of v; is already gauge-invariant.

Tensor Perturbations

Since an infinitesimal gauge transformation, cf. Eq. (4.90), cannot be realised by any
rank-2 tensor, the following result is not unexpected:

8= (4.139)

i.e. that the transverse part of x;; is already gauge-invariant.
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Summary
We have thus seen that a generic perturbation of the metric can be split in:

e 4 scalar functions;

e 2 divergenceless 3-vectors, for a total of 4 independent components (2 each);

e A transverse, traceless spatial tensor of rank 2, X,Tj It has 2 independent compo-
nents.

The total number of independent components sums up to 10, as it should be.

Exercise 4.21 Why does X[Tj have two independent components only?

The above decomposition holds true not only for the metric but for any rank-2
symmetric tensor.

4.3.3 Gauges

Thanks to gauge freedom we can set any 4 components of the metric to zero. There
are two particularly useful choices: the synchronous gauge and the Newtonian gauge.

Synchronous gauge. This is realised by the choice:

~

p=0, w=0. (4.140)

Note that w; = 0 means that both the scalar and the vector part of w; are being set
to zero. Using the transformations found in the previous subsection, we find:

Yv—Ha—ao =0

w—0F+a=0 . (4.141)

Sl' — 6; =0
This must be interpreted as a system of equations for the unknowns «, 3 and ¢;, i.e.
from a generic gauge we want to know which transformations we have to perform
in order to go to the synchronous gauge. We have 4 equation for 4 unknowns, so we

expect to determine a single solution. However, the above equations are differential
and this implies the following:

a=1fdyap+ f(x
B=[dn(w+a)+g(x) . (4.142)

€ = fd’l] S,' +h,(X)
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Since we have only time derivatives, the integrations give rise to purely space-
dependent functions, which we have called f, g and & here, and which are spurious
gauge modes.

Newtonian gauge. This is realised by the choice:
w=0, A=0, X;=0. (4.143)

Using the transformations found in the previous subsection, we find:

w—0F+a=0
p—p=0 . (4.144)
A,'—G,':O

It easy to see that the second and the third equation are algebraic and determine /3
and ¢;. Substituting the solution for (3 into the first equation, we then find «.. There
is no integration to perform, therefore no spurious gauge mode appears.

An important fact that makes the conformal Newtonian gauge somewhat special is
that 7,/3 = Wand g?) = &, i.e. the metric perturbations become identical to the Bardeen
potentials. These lecture notes are based on the use of the Newtonian gauge.

Transformations Between the Two Gauges

It is useful to provide the transformation rules among the metric perturbations in the
two gauges, for those readers who might want to translate into the synchronous gauge
the results of these notes and comparing them with the huge literature in which this
gauge is employed. For the scalar case, using Egs. (4.120)—(4.123) and assuming that
the hatted quantities are the synchronous ones whereas the non-hatted perturbations
are the conformal Newtonian ones, we get:

0=1vy —Ha—a, (4.145)
0=0-0+a, (4.146)
o5 = oy — Ho — %Vzﬁ , (4.147)
ps = —p3. (4.148)

The second and the fourth equation completely specify the transformation in terms
of g, i.e. we have:

a=p=—u (4.149)

and the metric potentials are related by:

1
oy = ¢s — Hulg — Vs (4.150)

Yy = —Huly — i 3
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In the literature, see e.g. Ma and Bertschinger (1995), the Fourier transforms of ¢g
and pg are usually named 4 and 67, respectively.
For vector perturbations we have:

0=S5i —¢€, (4.151)
AL =0—¢, (4.152)

from which it is straightforward to obtain:
Siy = —Al . (4.153)

Of course, tensor perturbations are naturally gauge-invariant and thus have the same
functional form in the two gauges. This is also true for any tensor of rank equal or
higher than 2.

4.4 Normal Mode Decomposition

We are now in the position of writing down explicitly the Einstein equations, fixing a
gauge of our choice, which will be the Newtonian one. We expect these equations to
be linear second order partial differential equations, given the perturbation scheme
employed. Because of this, it is very convenient to express the perturbations as super-
positions of normal modes, i.e. the eigenmodes Q(k, x) of the Laplacian operator,
defined via the Helmholtz equation:

VoK, x) = —k*Q(K, X) . (4.154)

For flat spatial slicing, which is considered here, this normal mode decomposition
of course amounts to a Fourier transform, i.e.

0k, x) = e'** | (4.155)

and a given quantity X (1, X) is expressed as:

3
X(n.k) = f dx X(.x)e ™ * X(n,x) = / LK 0 (@156)
(2m)3

Consider for example the metric perturbations v, ¢, w; and x;;. For ¢ and ¢ we
simply have that:

d3k ~ ik-x d3 7 ik-x
Y, %) = / S P 0% = f S ke @S

and similar expressions also apply for dp and 6 P.
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Using its SVT decomposition in Eq. (4.106), we have for w; the following Fourier
transformation:

d’k . 4’k ~ o .
w; (n, X) = / @y Wi (1, K)e™*™ = / oy [0iw(n, k) + S: (0, K)]e'™*™ .

(4.158)
The Fourier transform of a partial spatial derivative is
dw(n, k) = ik (1, K) , (4.159)
and therefore we have:
(1. %) / LI i (1, k) “"X+f &k Si(n, kye™™ (4.160)
w;(n,X) =1i —— kiw(n,K)e i(m, Ke . .
n Qr n 2r)3 iln

So we see that the Fourier transforms of 1) or ¢ and w are not treated on an equal
footing, because w is multiplied by a k;. A similar argument goes also for v;.
Finally, doing the same for ;; in Eq. (4.110), one gets:

&’k oo\ ,- ikx
Xij(n,X) = o —kikj+§5ijk 2ii(n, K)e
+i | L RS HR | LIPS
l A 2 j i 9 i i 9 i7 9 Rl
(271_)3 J n i\ € (271_)3 Xz] n e
(4.161)

with a similar expansion holding true for 7';. We see that i is multiplied by a
factor k% and A; is multiplied by a factor k. Therefore, in order to properly compare
perturbations, par condicio is restored by “correcting” as follows:

1 A 1
k2o 2k

w

1 - N 3
—B. 0 V., & ——F;. (4.162)

| =

In this way, all scalar quantities are treated on the same footing. Let us see what
happens to the comoving gauge density perturbation:

A=5+3(1+13/p)%\7 (4.163)

Since H o 1/n, on sub-horizon scales, i.e. for kn > 1, the density contrast becomes
gauge-invariant. We present this fact in Fig.4.1, where we plot the evolution of the
modulus of the CDM density contrast §. as function of k and for z = 0, computed
with CLASS (Lesgourgues 2011) in the synchronous (solid line) and Newtonian
(dashed line) gauges.
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Fig. 4.1 Plot of the modulus of the CDM density contrast at z = 0 (today) as function of k, using
CLASS. The solid line is the result obtained using the synchronous gauge whereas the dashed one
is obtained using the Newtonian one. The initial conditions are adiabatic and normalised in order to
have R = 1. All the cosmological parameters have been set, as default, corresponding to the Planck
best fit of the ACDM model (Ade et al. 2016a)

The plots in Fig. 4.1 are drawn for z = 0, hence the value of the Hubble parameter
is the Hubble constant, Hy =3 x 10~ # Mpc~'. Indeed, when k > Hj the two
evolutions coincide.

Now we have to understand how to extract the scalar and vector part from a full
3-vector quantity. Let us reformulate the FT of w; as follows:

Wi (n,K) = —ik; B(n, k) + 8;(n, K) . (4.164)

We see that we can isolate the scalar part of the FT transform of a 3-vector perturbation
by contracting it with ik’. Indeed:

ikiw; (n, k) = B(n,K) , (4.165)

because k' S; = 0, since & S; = 0. The vector partis therefore obtained by subtracting
the scalar part:

5 = (51[ - 121'12,) b . (4.166)

We can easily check that this formula satisfies k'S =o0.
What about a tensorial quantity? For the traceless spatial metric perturbation in
Eq. (4.110), we can write:

~ o~ 1 -~ [ A~ [ A~
%= — <kikj - 55,-,) 2F — %kjF,- - %kiFj +50 (4.167)

Here the scalar contribution can be isolated by contracting with —3kiki /2. In fact:
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3 nin. -
— kR =2E . (4.168)

Exercise 4.22 Show that the vector contribution is obtained contracting once with
2ik' and using Eq. (4.168), i.e.

= 2i (61, - 121'12,-) K3 (4.169)
For the tensor part, show that:
PN A A 1 A A ArA
5= (0 = Rk ) (05 — ks ) Sam + 5O = BkpRE S . (4.170)

Verify that k' X = kJ Xi; = 0and ' X[, = 0. Recall that y;; is already traceless.

4.5 Einstein Equations for Scalar Perturbations

In this section we focus on scalar perturbations and employ the Newtonian gauge.
Our perturbed metric is then:

goo = —a(’[1+2¥ (10, %], g =0, gj=am?;[1+201n %] .
(4.171)
where we are employing the Bardeen potentials, exploiting the fact that w = p = 0.
In metric (4.171) W plays the role of the Newtonian potential and & is the spatial
curvature perturbation.

Exercise 4.23 Calculate from scratch the perturbed Einstein tensor G, from met-
ric (4.171), AND do it again using also Egs. (4.42)—(4.44). Show that:

a’6G% = —6HD' + 6H>W +2V*d , (4.172)
a’6G% = 28,(®' — HV), (4.173)

a*sG'; = [_2<1>” —4HD +2HY + 45w 21U+ V(@ + xy)} S
X a
—0'0;(®+ V) .
(4.174)

Note again that &' = 9; since it is the partial derivative with respect to comoving coor-
dinates and V? = §"9,0,, is the comoving Laplacian. Being comoving, it is always
accompanied by a factor 1/a?, since together they form the physical Laplacian.
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4.5.1 The Relativistic Poisson Equation
The 0-0 Einstein equation is the following:
— 3HD + 3H*W + V2D = 47Ga*6 T, . (4.175)

Using the perturbed energy momentum tensor component 67, as we can read from
Eq.(4.72), we have:

IHO — 3H>W — V20 = 471G a’Spi

(4.176)

where the total perturbed density is
dprot = 2501‘ = Zpidi , “4.177)

i.e. it is the sum of the perturbed densities of all the material components that con-
stitute our cosmological model, in the same way that we did for the background.
We start here to eliminate the bar over the background quantities. We shall con-
sider the ACDM as our standard cosmological model. Thus, we have to deal with 4
contributions:

1. Photons;
2. Neutrinos;
3. CDM;

4. Baryons.

Each of these has its own energy-momentum tensor and the total one, which enters
the right hand side of the Einstein equations, is their sum. The cosmological constant
only contributes at background level.

We have found above the relativistic Poisson equation. Indeed, if we consider
a =1, and hence H = 0, we recover the usual Newtonian Poisson equation (or
almost, since we have two potentials in GR). Written in terms of the density contrast,
using Eq. (4.72), the relativistic Poisson equation is the following:

3H®' — 3H*W — V2@ = 47Ga’® (pebe + pody + py0y + pudy) (4.178)

As one can see, Eq.(4.178) is a second order partial differential equation (PDE)
which is linear, because we are doing first-order perturbation theory and thus all the
perturbative variables appear with power 1. Because of this, as we anticipated, it is
very convenient to introduce the Fourier transform of the latter, thus transforming
Eq. (4.178) in a linear ordinary differential equation (ODE).

Hereafter, we shall constantly employ the Fourier transform, but drop the tilde
above the transformed quantities as it customary in cosmology because almost always
one deals directly with the Fourier modes rather than with the configuration space.
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Therefore, Eq. (4.178) Fourier-transformed and written in the conformal time is the
following:

3H®' — 3H*W + k°® = 4Ga® (pcde + pody + py0y + pidy) (4.179)

4.5.2 The Equation for the Anisotropic Stress

The next Einstein equation that we present is the traceless part of G’ ;, which we
know from Eq. (4.75) to be related to the anisotropic stress ;.

Exercise 4.24 From Eq.(4.174), calculate the trace and the traceless part of 6G' ;.
Show that:

a//

a*6G!; = =6 — 12H®' + 6HY + 12— W — 6H>W + 2V*(d + V) ,
a
(4.180)

and then

N , 1
a’dG'; — §(5'.,-5125G’, = - (alaj - galjvz) (D + W) . (4.181)

The Fourier transform of the latter can be written in the following form:
25 i Lo acnl 2 (1it g
aJGj—géjadG,:k kkj—gfsj (®+ V), (4.182)

where we have used k' = kk’ and k' is the unit vector denoting the direction of k.
The spatial traceless Einstein equation can thus be written as:

k? (kk — 15" ) (P + V) = 81Ga’r ; (4.183)
J 3 J - J .

since 7' ; is the spatial traceless part of the energy-momentum tensor, as we know
from Eq. (4.75). On the left hand side, we notice the same operator multiplying the
scalar contribution of y;; in Eq.(4.167). Hence, only the scalar contribution of 7' ;
would contribute on the right hand side. Indeed, contracting the above equation with
k:k’, as in Eq. (4.168), we obtain:

(@D + V) = 127Ga*kik! 7 (4.184)
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Our IQiIQJ' 7t ;j corresponds to the —(p + P)o used in Ma and Bertschinger (1995). We
leave this equation as it is for the moment. We shall see that k;k/ ' ; is sourced by
the quadrupole moments of the photon and neutrino distributions.

This equation tells us that @ = —W, i.e. there exists only one gravitational poten-
tial, unless a quadrupole moment of the energy content distribution is present. For
example, when CDM dominated the universe then ® = —W but this is not the case
in the early universe, because of neutrinos. Even when CDM or DE dominates but
the underlying theory of gravity is not GR one might have ® # —W.%

4.5.3 The Equation for the Velocity

The 0 — i Einstein equation can be written using Egs. (4.173) and (4.73) as follows:
0;(® — HV) = 4nGa?® (p+P)v;. (4.185)

Upon FT we get:
ikj(® — HY) =4nGa® (p+ P)v; , (4.186)

and now we must get the scalar part of this vectorial equation, contracting by ik, as
we showed in Eq. (4.165). Hence, we get:

k(—® + HW) = 47Ga? (p+ P) V (4.187)

Comparing with the notation employed in Ma and Bertschinger (1995), one has
0 = kV.Note that the (p + P) V in the above equation is the total one, hence making
explicit the various contributions one has:

4 4
k(—®' + HW¥) = 47Ga® (pch + Vi + gpq,vﬁ,/ + g,oyvy> (4.188)

where we have considered the usual equations of state for the various components,
ie. .=P,=0and P, =p,/3and P, = p, /3.

4.5.4 The Equation for the Pressure Perturbation

Using Eq.(4.180), we can immediately write down the last Einstein equation for
scalar perturbations:

%One can probe the value of ® + W via weak lensing, which we do not address in these notes. See
e.g. Dodelson (2017) for a treatise on gravitational lensing.
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k2
O+ 2HP — HY — QH + HHWY + ?(Q + W) = —47Ga*5P| (4.189)

Exercise 4.25 Use the previously derived transformations (4.150) from the Newto-
nian to the synchronous gauge and write there the Einstein equations.

4.6 Einstein Equations for Tensor Perturbations

Our perturbed FLRW metric, with tensor perturbations only, can be cast as follows:
goo=—a*, goi=0, gij = 612(5ij + h;Tj) , (4.190)

where hIT] is divergenceless and traceless.

Exercise 4.26 Start from metric (4.190) and calculate the perturbed Einstein tensor
dG",. Verify the calculations also using Eqgs. (4.42)—(4.44). Show that the only non
vanishing components are:

2a*6G'j = h; + 2Hh]; — V*h], (4.191)

Notice that the wave operator has appeared.

The calculation of the above exercise is pretty straightforward because the tensor
nature of the perturbation hITJ already suggests that it cannot contribute to Rgg, Ro;
and the Ricci scalar R (at first-order).

The tensor part of the Einstein equations is thus:

Bl + 2HR + KR = 167Ga’)

(4.192)

where 7'('5 is the tensorial part of the anisotropic stress, which can be computed from
the total as in Eq. (4.170):

~r A AA | IPIN P
wh = (9 = ) (75 = K78 ) o+ S, (0 ki) . @193)
In Fourier space, the divergenceless condition can be written down as:

léfh,.Tj =0. (4.194)
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Therefore, thj can be expanded with respect to a 2-dimensional basis {¢, €,} defined

on the 2-dimensional subspace orthogonal to k. The basis satisfies thus the condition:
Yiegikj =0, ~Alegiep;=0um, (4.195)

where «;; is the metric on the 2-dimensional subspace and a, b € {1, 2}. We can write
then h,Tj as follows:

hli(k) = (erier; — exier (k)i (K) + (erier; + erier ) () (k) . (4.196)

Note the dependence on k of the combinations of the 2-dimensional basis vectors.
In fact these depend on the orientation of k.

Substituting the above expansion into Eq.(4.192) and in absence of quadrupole
moments, /1 , satisfy then the equation:

B 4 2HE,  +Khy =0 (4.197)

which we will employ in order to investigate the GW production during inflation in
Sect. 8.4.

If we choose a Cartesian reference frame and k = 2, i.e. a propagation direction
of a gravitational wave along Z, then a natural choice is ¢; = X and é; = y and the
perturbed metric can be written as:

hyhy O
hl(k2) = | b =k 0] . (4.198)
00 0

Though this a convenient way of expressing hiTj(kﬁ), one usually prefers to use the
combinations:
hy Fihy, (4.199)

since these have helicity £2, see e.g. Weinberg (1972). In order to see this, we apply
a rotation about Z and calculate how hsz (k2) transforms.

Exercise 4.27 Apply the rotation:
cosf —sinf 0

R';(0) = | sin@ cosd 0|, (4.200)
0 0 1

about the Z axis to hl.Tj, i.e. compute the components:

hf, = R R/ ,h]; (4.201)
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and show that:

ﬁ+ = cos? Ohy + 2sinfcosOh, — sin? Oh, = cos20h, + sin260h, , (4.202)
hy = cos? Ohy — 2sin @ cos Oh — sin® Oh, = cos20h, — sin20h, . (4.203)

Hence, the aforementioned combinations 4, =+ ih, transform as:

hy +ihy = e (hy £ihy) (4.204)

and have thus helicity F2. Sometimes the sign could be a bit confusing depending
in which sense the rotation is performed. By convention, # > 0 denotes an anti-
clockwise rotation so a rotation of 6 about the Z axis corresponds to a —6 rotation
about the —Z axis, which is the line of sight and therefore the relevant direction
for the observer. So, the observed helicities have opposite sign with respect to the
propagating ones.

So, we write the total tensor perturbation as a sum over the helicities:

WL k2) =Y e (2 (. Kz ) | (4.205)
A=%2
where:
o A A . A 1
e11(2, £2) = —exn(z, £2) = Fien(Z, £2) = Fiey(Z, £2) = %’ (4.206)
and of course e3; = ¢;3 = 0. Therefore, from Eq. (4.205) we get:
hy(n, kz) ! h(n, kz, +2) + ! h(n, kz, —2) (4.207)
y KT) = —= s KT, - = , KZ, — ) .
+n ﬁ n \/E n
i i
hy(n, k2) = —=h(n, kz, +2) — —=h(n, kz, =2) , (4.208)
(n, kz) NG (n ) NG (n )
and inverting:
V2h(n. k2, +2) = hy (. k2) — ihy (. k2) . (4.209)
V2h(n, k2, =2) = ho(n, k2) + ihy (0, k3) . (4.210)
For k in a generic direction, we have that:
k) =Y ek, Vh(n, K, \) (4.211)

A=%2

where the polarisation tensor is defined as:
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eij(k, £2) = V2es jex; (4.212)
where the polarisation vectors are:

(e1 L iey);

€i,i(1€) = «/E

(4.213)

Of course ¢;; (12, A) has the same symmetry of hfj(n, k) and thus is traceless and
transverse, i.e. . .
ke (k,\) =0, (4.214)

Again, the two h(n, k, £2) satisfy the same Eq.(4.197) as for i .

When we will discuss about the effect of GW on photon propagation and CMB we
shall have then to deal with two directions: one is the GW direction & and the other
is the photon direction of propagation, p. In general a frame k = % is chosen in order
to simplify the calculations. But then, before taking the anti-Fourier transform and
obtaining the physical quantities in the real space one has to remember of performing
a rotation which brings k back in a generic direction. We shall see this in detail in
Chap. 10.

4.7 Einstein Equations for Vector Perturbations

Finally, we address vector perturbations. The vector-perturbed FLRW metric, in the
Newtonian gauge, has the following form:

go=—a*, gu=0, gij = 612(5ij + hi‘;) , (4.215)

where
hi;=0;A; +0;A; (4.216)

and A; is a divergenceless vector, i.e. 9; A" = 0.

Exercise 4.28 Repeat the very same calculations performed in the tensor case but
now for hl‘; Notice a very important difference: h l‘; is traceless but NOT divergence-
less. Compare the results with those found using Eqgs. (4.42)—(4.44). Show that the
non-vanishing components of the perturbed Einstein tensor are:

2a*0G% = -9} = —V*A], 4.217)
2a°6G'; = )] +2Hh!| = (0;A; + 0;A) + 2H(O;A; + 9 A .
(4.218)



4.7 Einstein Equations for Vector Perturbations 153
With the Laplacian missing, the last equation has no more the wave behaviour that
the corresponding tensor equation has. With no vector sources, show then that in the
early, radiation-dominated universe, for which H = 1/n, one has:

hl; o1/, (4.219)

and hence vector perturbations vanish, if not sourced.

Einstein equations are thus:

kF = —32nGa*(p + P)U; , (4.220)
(ikiFj +ik; F)' + 2MH(iki F; + ik, F)) = —32nGa’n; (4.221)

where U; is the vector part of v;, defined in Eq. (4.125), F; is defined in Eq. (4.162)
and 772; is the vector part of the anisotropic stress, defined as from Eq. (4.169):

7'('1-‘; =2 ((Sml' - iC\mi(\,> ]€Z7T1mi€\j + 2i (5mj - ]2”1121») iC\Iﬂ'lmic\,‘ . (4222)
Of course, we have that:
KF=0, Ku=0, Kirl=0. (4.223)

Contracting the second Einstein equation with i k’ leaves us with:

F/' +2HF, = 32rGa*ik’r); (4.224)

We choose, as in the tensor case, to align k to Z. Therefore, the divergenceless of A;
implies that '
ikkA; =0 = A3=0, (4.225)

and from Eq. (4.216) we have:
Bl = ikiA; +ik; A =—’§/2iF,-—%12,-E. (4.226)
So, h:‘; can be written as follows:

0 0 —iF /2
hi=1|0 0 —iFy2 | . (4.227)
—iF/2 —iF>/20
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Exercise 4.29 Applying the same rotation about Z as we did for tensor perturbations.
Show that:

F, = Fycosf — Fysinf , (4.228)
F, = Fysinf + F>cos0 . (4.229)
Hence we have:
Fi+iF=(F+iF)e’, (4.230)
Fi—iF = (F —iFy)e ™, (4.231)

and therefore the quantities:
Fr=Fh=xiF, (4.232)

are fields with helicity +1.
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Chapter 5 ®)
Perturbed Boltzmann Equations e

The Boltzmann equation plays a similar role for physicists and
astronomers: no one ever talks about it, but everyone is always
thinking about it

Scott Dodelson, Modern Cosmology

We derive in this chapter the perturbed Boltzmann equations for photons, massless
neutrinos, CDM and baryons. We shall use these in order to track the evolution of
small fluctuations in these components, and couple them to Einstein equations. For
deriving the hierarchy of temperature and polarisation for photons we follow mainly
Ma and Bertschinger (1995), Huand White (1997) and Tram and Lesgourgues (2013).
We shall focus most of the time on the photon perturbed Boltzmann equation which
is much more laborious than the others. This is because photons are massless and
interact, therefore we cannot truncate the hierarchy and a collisional term must be
taken into account. The latter comes from Thomson scattering, whose cross-section
depends also on the polarisation, thus further complicating the treatment of photons
fluctuations, which we nonetheless will bravely face.

5.1 General Form of the Perturbed Boltzmann Equation

Let us build in a general fashion the perturbed Boltzmann equation, in order to
understand first and to tackle separately afterwards the terms which constitute it.
As we did in Eq.(4.77), the distribution function f can be split in a background
contribution plus a perturbation:

fm.x,p)=f(n, p)+F@,x,p), (5.1)
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where we have left explicit the functional dependence in order to stress that, after
breaking homogeneity and isotropy, the perturbed distribution function depends on
7 variables. Covariance demands the total distribution function f to be a function of
the 4-position and of the 4-momentum:

f=ra"hper, Plh= %ﬂ , (5.2)

where ) is an affine parameter. However, the total number of independent variables
is not 8 but 7, due to the mass-shell relation g, P* P¥ = —m?2.

We choose these seven variables to be x*, the proper momentum modulus p and
the proper momentum direction p‘. Now, we are ready to write down the Liouville

operator with the above choice of coordinates in the phase space:

df _ ,0f  9f . Ofdp Of dp
—_— = P —_— —_— Pl ~ A A~ N 53
dX an + Ox! * Opd\ = Op' dA i
—— ——
Ist order 2nd order

where we have already put in evidence the fact that 9 f/0x’, 0 f/0p' and dp' /d\
are pure first-order quantities, thereby making the last term of second order and thus
negligible. Let us see in some more detail why.

The term O f/Ox' is of first order because it breaks homogeneity and the latter
can be broken only at first order. The same reasoning goes for d f/dp’, which breaks
isotropy. Finally, d p’ /d X is identically zero in the background cosmology, because
there is nothing that could deviate the path of a photon in a homogeneous and isotropic
space. Therefore, d p’ /d \ is a first-order quantity.

Dividing by P°, we can write the first-order perturbed Boltzmann equation as
follows:

df _0f 07 P ofdp 1

= = 4
dn On Ox' PO Opdn Poc[f] >4

So, we have to deal with 3 terms:

1. The velocity term P?/P°.
2. The force term dp/dn.
3. The collisional term C[ f].

The velocity term is the easiest one to compute because it must be at zeroth order,
being 0 f/0x' a first-order quantity, as we have just discussed. Therefore, as we
already showed in Chap. 3:
Pi D .
= Zp 5.5
po = gP (5.5)

which for photons and neutrinos simply becomes p'.
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The force term is made explicit through the geodesic equation and hence depends
on the metric perturbations. The only collisional term that we shall consider explicitly
is the one related to Thomson scattering and will be of interest just for photons and
free electrons.

5.1.1 On the Photon and Neutrino Perturbed Distributions

As we know, in the Hot Big Bang model the background distribution function for
photons and neutrinos are the BD and the FD ones:

_ 1 - 1

h=om T 17 (5.6)

s v =

with T, (1) o 1/a(n) (far from electron-positron annihilation) and 7, (n) o 1/a(n),
because of the thermal equilibrium and the cosmological principle. Their perturbed
distribution functions can be written in the same form, but with a perturbed temper-
ature:

71,(77’ X, P) = Tﬂ,(n) + 6T7(77’ X, P) s I/(T/v X, P) = Tu(ﬁ) + 6T1/(777 X, P) . (57)

So, let us write the distribution functions as follows:

-1 _ 14
f _exp|:T+6Ti|:|:1. (5.8)

Exercise 5.1 For 6T « T, show that:

~ Of 6T
=f—-p—— 59
f=r pap T (5.9
Hence: _
of 6T
=—p———, 5.10
F pap T (5.10)

the perturbed distribution function for neutrinos and photons can be physically inter-
preted as their relative temperature fluctuations.
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5.2 Force Term

We now deal with the force term, which originates from the geodesic equation. We
shall calculate it first for a perturbed metric a’h w With hg; = 0 and then specify the
result obtained for the various perturbation types: scalar, tensor and vector.

Let us write the mass-shell relation g, P* P¥ as follows:

—a*(1 = hoo)(P")* +a* (0 + hij) P' P! = —m? , (5.11)
and hence define the energy and proper momentum modulus as:

E* =d*(1 — hoo)(P*)?,  p* =d*(6;; + hij) P' P . (5.12)

Exercise 5.2 Determine d E /dn using the geodesic equation:

dp° 0 paps
— =-TI,P"P’. (5.13)

First show that:

d(hoo/2 pPopr
plho/2) I, ——a*(1 — o) - (5.14)

dE
= E —
" E

% dn
Working out the Christoffel symbol term:

=210, P PPa (1 — hop) = —2aa’ (1 = hoo) (PO)? + a*hyy (P*)? + 2a9hoo PO P!
—2ad’(6;; + hij)P' P/ — azhgj PP/,

(5.15)
Hence, using again the definitions of P? and of the proper momentum, get:

o PP’ hio 1 P’ 1 i
—T,, 1 —hy)=-HE+E— p'Ohog — H— — —h,.p'p’ .
o a*( o0) = —HE + 2+pp<91 00— Mo — ozhip'p

(5.16)
Collecting all the above found contributions, we have
dE p2 Al ]’l()() 1 P
= _HE O — — —h.p'pl, 5.17
an 7 PP o —sphypp (5.17)

and using the differentiated mass-shell relation EdE = pdp, we can write:
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dp NP e
=—Hp+Ep'O— — =h.p'p’ 5.18
dn ) 2 ijP (5.18)

As we can see, if we choose the synchronous gauge then iy = 0 and all the perturba-
tion types are elegantly taken into account in the last term. The Boltzmann equation
thus becomes:

pﬁi af E ., hoo L, .. \Of a
= —H —Pa———h--plp] =—CI[f], 5.19
E Ox! p( p 12 2°Y op E L/] ( )

'+
where we have already used the fact that the collisional term is a first-order quantity
and thus neglected its multiplication by hq. Separating the distribution function
in its background plus perturbed part f = f + F, the perturbed part of the above
Boltzmann equation can be written as:

ikup OF . ho P, .~ \Of a
Fad F—H kuE— — Zp . pipl )\ =L = ZC[F 5.20
Tz pap+<lu 5 T R MiPP ap E[] (5.20)
where we have defined
w=k-p (5.21)

This quantity plays a major role in the rest of these notes, so keep it in mind. Note that
the left hand side of the perturbed Boltzmann equation has an azimuthal dependence
possibly coming from /; j P’ p’. We shall see that for scalar perturbations no azimuthal
dependence appears.

5.2.1 Scalar Perturbations

Using metric (4.171), we can identify hoo = —2W¥ and h;; = 2®J;;. the proper
momentum modulus is defined as:

PP =a*(1+2d)5,; PP/, p =a(l+d)P", (5.22)

and £
P'==-(1-v). (5.23)
a

The velocity term up to first-order is thus the following:

dx* P'  p(l—-®)p
dn ~ PY E(1-—W)

Z%ﬁi(l—q>+qf), (5.24)
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but of course we have to neglect ¥ — ® in the Liouville operator since 9 f/9x' is of
first order.
From Eq. (5.18), we have:

dE p2 p2 .
— =—H— - =9 — pp'oV¥, 5.25
an E E pp (5.25)
and then:
dp / A
d—=—Hp—pd> — Ep'o;)V (5.26)
n

The first term on the right hand side of the above equation is of zeroth order and
is responsible for the cosmological redshift. The second takes into account the time
variation of the spatial curvature and the third is the gradient of the gravitational
potential along the direction of the photon.

Therefore, the perturbed Boltzmann equation with scalar perturbations has the
following general form:

P 5o F —mpL (p®' + Ep'0;9) or _ %C[f] (5.27)

f’
+ E op dp

The Fourier transform of the above Boltzmann equation can be cast as follows:

, . p 07 ’ . 5f a
F —F —Hp— — S +kuEV) — = — F 5.28
+lku P > (P LK ) ) EC[ ] ( )

5.2.2 Tensor Perturbations

From Eq. (4.190) we have that hgo = O and h;; = hiTj, transverse and traceless. From
Eq.(5.18), we have:

dE p2 p2 T aini dp Do roaioni
— =-H———hlp'p, —=—Hp—Zhlp'p, 5.29
dn E 2 PP dn P=otipp (5.29)

and the Fourier transform of the Boltzmann equation can be cast as follows:

., ..D OF p .. 0f a
;,E k T _ _—_h ! ]—:—C /T‘ 530
—HME Hp@p 2 ”ppap E 7] -30)

Ifwe choose k = 2, fromEq. (4.198) wehave hl, = —h}, = hyandh?, = h] = h,,
hence the contributions p' and 5> shall be selected, producing thus an azimuthal
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dependence. The particle direction unit vector can be written in spherical coordinates

as follows:
p=p=K1—=p2cosd, 1 —p?sine, 1) (5.31)

again, because we have fixed beforehand k= Z.

Exercise 5.3 Show that:
hl p'p7 = h, (1 — p?)cos2¢ + k' (1 — pi?) sin2¢ =
27T . — / .7/
235 [Y3(u, §) (B, — ik + Yy 2 (u, §) (W) + il)] =

4@ [Y2(i, SO\ = +2) + Y3 2(u, )I' (A = —2)] . (5.32)

So the metric contribution in the case of tensor perturbations carries a YZ“‘L2 (1, @)
proportionality, each coupled to the respective helicity of the GW.

5.2.3 Vector Perturbations

From Eq. (4.215) we have that hgo = 0 and h;; = hl‘;, traceless and with vanishing
double divergence. From Eq. (5.18), we have:

dE p2 p2 Vi oA dp D oviaini
ay =g gt P gy =Rk 63

and the Fourier transform of the Boltzmann equation can be cast in a form identical
to the tensor:

OF i OF
f/—i—iku%]-"—?-{p——ghv 5 5 9L

oy~ PG = ZCLF) (5.34)

In Eq.(4.227) we have defined h); = —i Fy/2 and h); = —i F»/2, hence again an
azimuthal dependence shall appear. In particular, using Eq. (5.31):

hY p' P/ = —iF{y/1 — p2pcos ¢ — i Fyy/1 — P pusing =
2w . 3 .
— 15 2 OGF + F) + Y (u 0)( Fy = F)] =

2
i R F + Y ] ($539)



164 5 Perturbed Boltzmann Equations

So the metric contribution in the case of tensor perturbations carries a Yzil(u, o)
proportionality. Again, this result holds true only for k=3

One might ask about a possible Y lil (e, @) contribution. This is absent because of
our choice hg; = 0.

5.3 The Perturbed Boltzmann Equation for CDM

We are going to consider only scalar perturbations sourcing the evolution of CDM
since, as we are going to see, we shall need only two equations: one for the density
contrast and the other for the fluid velocity. The former only has a scalar contri-
bution whereas the latter does have a vector contribution, but negligible, as vector
perturbations usually are.

Hence, the perturbed Boltzmann equation for CDM is Eq.(5.27) with the col-
lisional term vanishing. We have seen that the latter may be important, at least for
WIMPs, at energies of the order of tens of MeV, before kinetic decoupling. However,
we are not interested in epochs so primordial.

We are going to take moments of Eq.(5.27) and show that we can neglect all of
them except the first two, because CDM particles must be very massive, if thermally
produced. That is, we can treat CDM in the fluid approximation.

Recalling the definitions Eqgs. (4.80)—(4.84), multiply Eq. (5.27) with no C[F] by
E and integrate in the momentum space:

d’p OF dp. 8f
pE — @ pE=0. 5.36
e op’ emdap” -39

5p' + (p+ PO’ — ’H/

The integral multiplying 0; W is vanishing because f has no angular dependence and
thus when integrated with 5’ the result is zero.

Exercise 5.4 Show, integrating by parts, that:

2
e (27r)3 a H/ 27)3 <E+3—E) =3H(©Gp+0P) , (537)

and that

[ dp 8.f B
@)} dap (2 )3

2
< + ﬁ) =3d(p+P). (538)
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Thus the integrated perturbed Boltzmann equation becomes:

5p + (p+ P)ojv' +3HGp+0P)+3(p+ P)®' =0. (5.39)

Exercise 5.5 Show, using dp = pd, that:

! 51) !
5 +(1+w)kV+3H(6——w)5+3(1+w)<1> —0 (5.40)
p

where we have introduced the background equation of state

g
I

(5.41)

< |~

It is necessary to use the background conservation equation p’ = —3H(p + P) at
some point during the calculation.

Equation (5.40) is valid for any kind of fluid with pressure, though for CDM we
shall consider w = 0 and 6 P = 0.

Equation (5.40) is not enough for describing the behaviour of CDM because we
do not know how V evolves. In order to find an evolution equation for V we take the
first moment of Eq. (5.28). That is, we multiply it by pp’ and then integrate. There
are four contributions which we address separately. We already consider contraction
with ik; in order to single out the scalar contribution.

1. The first term is very straightforward:

- dp OF 0 _ / 2 ’
ik; 23 a—npp = 677[(/)-1— P)yV]i=pd+w)V' —=3Hp(1+w)“V +pw'V .
(5.42)
For CDM, we shall take w = 0.
2. The second one is:
~ d3p pﬁl . ~ A i An
— kik ———F—pp' = —kkik;6T" = —kOoP — kk; ;7" , 543
1/ amp’ E PP 1 I (5.43)

where we have already met kikym'! in Eq.(4.184). It corresponds to —(p + P)o of
Ma and Bertschinger (1995). For CDM we shall neglect these contributions because
they are of order p?/E? and hence negligible, being CDM cold.

3. The third integration is the following:

A d’p OF ,
_ ik 2p 5.44
! (2m)3 dp pp (>4
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Exercise 5.6 Integrate by parts and show that:

P &p OF ,.. . d? y
—ikiH (27:))351721)’=41k,-H/(2W1;3.7:pp’=4Hp(l+w)V. (5.45)

The similar integration performed with f p 5’ in the @' term is vanishing.

4. Finally, the fourth and last integration to be performed is the following:

d3P 5’fE Al A

kkik v | —— ==
) @niap

(5.46)

Since f does not depend on p', the angular integration yields a 6" /3. Hence, inte-
grating by parts, we arrive at the following result:

s o d’p Of : d’p p?
kk;k, W ZEppp=—k¥ | ——FE+ =) =—k¥Up( .
1 Gy ap PP P (27r)3f< + 3E) p(l+w)
(5.47)

We can finally put together the four contributions and the first moment of the per-
turbed Boltzmann equation for CDM is the following:

/ SP/§ kk; k!
vV — /pké— |

w
Vi+H1 = 3w)V —k¥ =0 548
THA=3wV A+ oV =T p(1+ w) (5.48)
This equation corresponds to the Euler equation.
Exercise 5.7 Find the above two equations starting now from:
V., 0T =0, (5.49)

i.e. using the fluid approximation directly, without passing through kinetic theory.

As we can appreciate, at each moment we take new variables appear, such as
V, 8P and Izilgﬂr”, and this demands to take further moments unless we decide to
truncate this procedure. This is possible if the particle velocity is very small, which
amounts to say a very large mass if the particle is in a thermal bath, as we showed in
Chap.3." This is the case for CDM, for which we shall use the truncated equations:

UIn Piattella et al. (2013, 2016) the CDM velocity dispersion is taken into account and the second
moment of the Boltzmann equation is computed.
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O, +kVe+ 30 =0 (5.50)

and

|V +HVe — k¥ =0 (5.51)

We shall employ the same technique of taking momenta of the Boltzmann equation
also for baryons (free electrons). We shall find the same results there as the ones
found here but with a source term in the equation for V, coming from the Thomson
collisional term which couples photons with free electrons.

Exercise 5.8 Find Eqgs. (5.50) and (5.51) in the synchronous gauge. Show that one
can exploit the residual gauge freedom in order to choose V.°" = 0. Therefore, in
the synchronous gauge CDM is described by a single equation only.

5.4 The Perturbed Boltzmann Equation for Massless
Neutrinos

We do not discuss massive neutrinos here, though at least one of their families does
have a mass. On the other hand, for sufficiently early times, e.g. before recombina-
tion, they certainly behave as relativistic particles. For a treatment of the Boltzmann
equation for massive neutrinos see Ma and Bertschinger (1995).

Specializing Eq. (5.20) for massless neutrinos, i.e. setting p = E and neglecting
the collisional term, we have:

. oF, ohoo 1,
F, +ikpF, — Hp% +p (lk/l,? — Ehgjp pf>

of,
op

0. (5.52)

In order to eliminate the partial derivative with respect to p, we multiply the above
equation by p and integrate it in the proper momentum modulus, using the definition:

dp p* R
/ 575 pFy = 4p,(MN (). k. p) . (5.53)

The scalar part of N'(7, Kk, p) corresponds to the F, /4 defined in Ma and Bertschinger
(1995).

We could have started tackling Eq. (5.52) by taking its moments as we did in the
previous section for CDM. However, since massless neutrinos are relativistic, we are
not able to truncate the procedure at some point because p/E = 1, i.e. p/E never
is a small parameter. For this reason it is more convenient to build a hierarchy from
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N, as we shall see in this section. For massive neutrinos we also need a hierarchy
because their mass is very small, see Ma and Bertschinger (1995).

Performing the dp integration and using the definition of Eq.(5.53) in the Boltz-
mann equation (5.52), we get:

h 1., ...
Using the background evolution of the density:
P, +4Hp, =0, (5.55)

we can finally cast the neutrino Boltzmann equation as follows:

hoo 1., ...
N+ ikpN — (iku% - Eh;jﬁlﬁf> =0 (5.56)

Any calculations we would do here for neutrinos shall be repeated almost step-by-step
later for photons. Indeed, the two Boltzmann equations are identical being the only
(huge) difference that for neutrinos we do not have a collisional term or polarisation.

5.4.1 Scalar Perturbations

For scalar perturbations the neutrino Boltzmann equation becomes:

NS 4 ikyNS + @ + ikp¥ =0 (5.57)

Inspecting Eq.(5.57) we note that it contains a differential operator which depends
just on y. Hence, if the initial condition on A/® is axisymmetric, i.e. also depends
only on i, at any time we have A® (1, Kk, y). This shall be our hypothesis.

We then expand N® (1, Kk, ) in Legendre polynomials, or partial waves, follow-
ing the convention of Ma and Bertschinger (1995):

NO@ k) =Y (=) @+ DN . )Pe() (5.58)

=0

1 ld
N0 = = [ TPk (5.59)

So, applying Eq. (5.59) to Boltzmann equation (5.57) we obtain the following:
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, ik d @ d 14 ld
N B [ s & [ R

( i)t (=)t (=i)*
(5.60)
Using the orthogonality relation of the Legendre polynomials:
fl PP () = ot (5.61)
T TR B '
the integrals of the above equation are easily computed as follows:
dp deo du de1
—Py = , Pe = 5.62
/,1 20+ 1 /,12“ 2041 (5-62)

Therefore, we must distinguish 3 cases: when only one of the above integrals con-
tributes or none of them does (for £ > 2). Moreover, we employ the following recur-
rence relation:

€+ DPey1(p) = 2+ DpPe(p) — €Pe-1 (1) (5.63)

which allows us to write:

ik du & _ kC+D s )
. 5.64
(—z)’/ PN = S N = 2z+ 1N (5.64)

Exercise 5.9 Show that the hierarchy of Boltzmann equations for neutrinos is the
following:

e+ DN +k [(ﬂ + DN - 13/\/,}5)1] =0 €=z2. 6
3-/\/1(5)/ + Zsz(S) _ kNO(S) — kW =1, (5.66)
j\/éS)’ +INS = -0 (¢ =0). (5.67)

This infinite set of equations is called hierarchy because the £ equation is sourced
by the £ + 1 and ¢ — 1 multipoles. Of course, it is not possible to solve numerically
an infinite number of equations so some truncation it is necessary at a certain £yy.

Using the definitions (5.53) and (5.59), the monopole N(;S) can be written as:

du [ dp p 1 d’p 0py
AN — / / _ 2 —=5,. (568
N 2n2 e’ =, ©-68)
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Hence 4]\/’0(5) =J,, i.e. the monopole is proportional to the density contrast.” In

Chap. 6 we shall see that indeed the primordial mode excited is just the monopole,
making thus reliable our assumption of axial symmetry. For the dipole \/; 5,

dp dppz}_ ikl dp 7 (py—f—Py) _4y
iy )

(S) !
4. =
My an3 P o 3 oo

Hence, 3V 5) = V. Finally, for the quadrupole:

du p p
NS = = / ki plhm P = 1/3)F,
) Fv 2py r )3 plk p ki p™ /3)Fv
= ——klkm (5T’m - 6[’"5]";1) = Im —(5.70)
2py Pv
Therefore, k;k,, mim = —4pVJ\f2(S) /3. Similar expressions hold true for photons.

The above equations can be compared with those in Ma and Bertschinger (1995)
by making the identification 4N;> = 4,,, 3kN > = 6, and 2N;> = g,.

Exercise 5.10 Show that Eq. (5.57) can be formally integrated as follows:

NSO, k, 1) = N, K, e m=m) — / " an(@ + ikpwyetnorm

i
(5.71)
where 7; is some initial conformal time.

This result is called line-of-sight integral (Seljak and Zaldarriaga 1996). It is
a simple formal integration but it is very effective for the numerical calculation of
the evolution of CMB anisotropies. We shall see thls in Chap. 10. Note that the
gravitational potentials ® and W couple only with J\/'0 1.2 via the Einstein equations.
Hence, a way of avoiding the truncation of the hierarchy of Boltzmann equation is to
solve Eq.(5.71) together with its integrals which give /\/0 1.2 See Weinberg (2006).
‘We now introduce the expansion of a plane wave into spherical harmonics:

00 14
M =dar Y ity oY) #)jetkr) (5.72)

(=0 m=—¢

where j, is a spherical Bessel function and Y;" is a spherical harmonic. The latter is
very often used in cosmology and especially in CMB physics because it is the natural
basis over which to expand quantities defined on the sphere (the celestial sphere, in
astronomy). Since they are extremely important for our work to come, Sect. 12.5 is
dedicated to them as a reminder.

2It is redundant to write N(;S) since the monopole has only the scalar contribution.
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Recalling that ;1 = k- p, we introduce in Eq.(5.71) the following plane wave
expansion:

00 v
TP — 4y "N (=) Y oYy () jekr) (5.73)
U=0m'=—t

where we have defined:

(574

Using the addition theorem for spherical harmonics, the above result can be written
as: .
IO =N (=) (20 + D Pe(p) je tkr) (5.75)
¢

where r = 1y — 1 and j,(kr) is a spherical Bessel function. Now, note that:

. d .
_ l‘kquelk#(n*no) — \Ifﬂe’k“("ﬂ’”) ] (5.76)
0

Therefore, Eq.(5.71) can be written as follows:

NO (o, X, ) =Y (=) € + 1Py (1)
4

[N“)(m,k, 1) je(kr;) — / ! dn <<I>’ - wi) je(kr)} . (5.77)
Ni d’l70

We shall see in Chap. 6 that at early times (7; — 0) the monopole contribution is
dominant, hence we may approximate N (1;, Kk, p1) &~ ./\/O(S) (n:, k) and thus write:

7o
N (0, k) = N3P (i, K) o (ko) — / dn[ @' jotkr) — Wj (k)] . (5.78)
0

Of course we cannot really set 77; = O since this is the cosmological singularity.
Such equation should be understood as ; — 0. Knowing the gravitational potentials
allows us to determine J\Q(S) without solving the hierarchy of Boltzmann equations.
The advantage is that ® and W are determined from the Einstein equations, which
couple only with A ,.

Exercise 5.11 Write the Boltzmann equation for neutrinos in the cases of tensor and
vector perturbations. It might be useful to first study those for photons in the next
section.
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5.5 The Perturbed Boltzmann Equation for Photons

The Boltzmann equation for photons has a collisional term, coming from Thomson
scattering among photons and free electrons. Thomson scattering is an excellent
approximation as long as the energy of the photon is much smaller than the electron
mass, i.e. hv < 511keV which corresponds to a redshift ~ 1010 (the same order as
the BBN one). So, as long as we deal with much smaller redshifts, our approximation
is fine. If not, then the Klein—Nishina cross-section should be taken into account.
The scales of cosmological interest today were well outside the particle horizon
for those large redshifts and we shall see that the evolution of perturbations on these
super-horizon regimes is somewhat peculiar. In order to be convinced of this, consider
ascale k today which, in order to be observationally interesting, must be much smaller
than the particle horizon, which is proportional to Hy. Thus k£ > Hj. At some time
in the past, this condition becomes k < H, since H diverges for 7 — 0. To be more
quantitative, using Friedmann equation in the radiation-dominated epoch one has:

k _ ka 100 &k
H  Ho/Sw (+2) Ho'

(5.79)

So, even a scale k = 100H,, which is today of order of 40 Mpc (already in the non-
linear regime of evolution) for redshifts larger than 10* was outside the horizon.

An important feature of Thomson scattering is that the photon energy remains
unchanged. This means that C[F, ] does not depend on the photon energy p. Hence,
as we did in the massless neutrino case, we can integrate the whole Boltzmann
equation with respect to p, and define:

dp p? o
/ T pF, = 4p, O, k. ) (5.80)

where © corresponds to F., /4 of Ma and Bertschinger (1995). The treatment of the
Boltzmann equation for photons is more complicated with respect to the neutrino
case because of the presence of a collisional term which depends on polarisation.
We have therefore to develop three Boltzmann equations: One for each of ®, Q and
U. The latter are the two Stokes parameters related to linear polarisation. ® is also
a Stokes parameter, related to the intensity of light, i.e. its energy density, and for
this reason it is the only parameter which couples to the metric. Thomson scattering
does not produces circular polarisation and thus V = 0. If the reader is not familiar
with polarisation of light and Stokes parameters, Sect. 12.7 offers a brief reminder.

In the next subsection we explicitly compute the collisional term for the Boltzmann
equation for photons without considering polarisation.
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5.5.1 Computing the Collisional Term Neglecting
Polarisation

Consider scattering among photons and free electrons:

e (q) +v(p) < e (@) +7(P) . (5.81)

where the the photon energy is unchanged, i.e. p = p’, but its direction has been
modified. The right hand side of Eq.(5.28) can be written as follows:

_ a B a d3q d3q/ d3p/ 5
Co =5 CH@I=7 / (2m)32E,(q) / ek ) ey ™M
2m)*6P(p+q—p —q)[p + E.(q) — p' — Ec(q)]

[fo(@HF, ) + Fod) f(P) = fo(@F, (@) — Fol@) £,(p)]
(5.82)

Evidently, the zeroth order term

L@ ) = @ f,(p) (5.83)

yields a vanishing integration because the energies do not change. Hence this colli-
sional term is a perturbative quantity.

At recombination ® is of order 107>, so the linear approximation is reasonable.
However, there is another term which we must take into account: the electron velocity
q/m,, which causes a Doppler shift in the CMB photons. Therefore, we should keep
track also of that when working on Eq. (5.82). In particular, being the electron non-
relativistic and in the thermal bath with photons, then g /m, ~ /T /m.,. For thermal
energies of ~1eV then g/m, ~ 1073, so it is a contribution that we definitely want
to take into account.

Let us start our task. Expand the electron energy as usual:

2
Ee(q)z\/qumZZmeJrq +on, (5.84)
2m,

and write Eq. (5.82) in the following way:

_am d3q dp'p'd*p’ NS q> , P+q-p)?
= (27r)3f amy M D P T T e
[fe@F®) + Fe@ f(P)) — fe(@)Fy () — Fel@ f(p)] .
(5.85)

Here, we have used the 3-momentum Dirac delta in order to eliminate the integration
with respect to q’ and at the denominator of the volume elements we have used just
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E, = m,, because we need to keep track only of terms of the first order in q/m,.
Indeed:

1 1 1= q*/(2m?)
E, me + % me 7

(5.86)

and the g2 /m? correction to the collisional term is totally negligible (it is something of

order 10~'2). We have also put in evidence the (p, p’) dependence of the probability
amplitude and used

fe@+q—p) = fo(q (5.87)

Physically, this happens because the electron mass-energy is so much larger than that
of the average photon (something like 6 orders of magnitude) that the latter is unable
to deviate the former from its path. It is like deviating a truck with a tennis ball.

More quantitatively, we can prove the goodness of the above approximation by
using the 4-momentum conservation:

pl+al=pl+q/. (5.88)

The zero component gives us the energy conservation. Since the photon energy E
does not change, so does not the electron energy E..

Exercise 5.12 In Eq. (5.88), put the photon 4-momenta on the same side and the
electron ones on the other side and square. Show that:

E*(1 —cosa,) = g*(1 —cosa) , (5.89)

where o, is the angle between the photon directions and c, is the angle between the
electron directions.

Being in a thermal bath, the photon energy is of order E ~ T, whereas the electron
momentum is of order g ~ /m,T. Therefore:

T
— ({1 —cosa,) ~1—cosa, . (5.90)

Since T <« m, (because the electron is non-relativistic) one can see that a, ~

/T /m,,i.e. the electron is only slightly deviated upon the scattering.
The electron final energy can be expanded as follows:

+_/2 2 (n—1n _ /)2
(Pta-p)y ¢ _a4-®-p) ®-P)

2m, 2m, m, 2m,

, (5.91)

and using this expansion in the energy Dirac delta in Eq. (5.85) we obtain:
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b [p —p+ M} , (5.92)

e

where we have neglected the (p — p’)?/m. contribution, because |p — p’| is at most
2p and the typical energy of the photon is that of the thermal bath, i.e. T < m,.
The Dirac delta can be formally Taylor-expanded as follows:

pPy+——=—-(p-p). (93

5[p_p,+q.(p—p)}:5(p_ (g/p)q

e

and the collisional term (5.85) is cast as follows:

_ an d3q f dp/p/dZ /| (A A/)|2
T am2p | (2n)d (2m)3
’ a0 -p /
X [5(p—p)+%i~(p—p)} X
p me

x [ fe(@F, () + Fol@) £, (P) = fel@F (@) — Fo(@ fo(p)] . (5.94)

Exercise 5.13 Show that, exploiting the two Dirac deltas, we obtain:

Coy = 3;2 B / &*p'IM(p, PP [F, () — F ()]
aneve P 2 (p p) ~
m/ dp'd®p'|M(p, p") ®-p)[/(P) - f(»] .
(5.95)
where 5 2
_ q ; _ q
e = / (27‘()3 Sfe(@) NeMeVp = / (271_)3 F.(q)q . (5.96)

Note that we have assumed that v, = v, = vy, i.e. the velocity of the electron
fluid to be equal to that of the proton one and then we have called it baryon fluid
velocity. This is justified by the fact that Coulomb scattering tightly couples electrons
and protons.

For Thomson scattering we have that (see Sect. 12.8):

/ PIM(p, pPHI* = 32n’m2or /dzﬁ’|/\/l(ﬁ,ﬁ’)|2ﬁ’=0, (5.97)

where the latter equation simply establishes the fact that Thomson scattering has not a
a priori preferred direction. Therefore, integrating by parts the Dirac delta derivative,
we get:
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Coy =T Fo(pp) +

A/ A A A/ a_” / A
fdzp IM(p, pF,(pp) + ,,LT Vo P,

327 2 2 ap
(5.98)
where we have introduced the optical depth:
o
T(n) = / dny'n,ora, T =-—n.ora (5.99)
U

As we did for neutrinos, since | M|? does not depend on p, we can multiply the full
Boltzmann equation by p and integrate in the modulus of the proper momentum.
The Boltzmann equation for photons thus becomes:

hoo 1., ... dp p?
4p, <®/+iku®—iku%+§h§jp’p1> :/%p Cor . (5.100)

and substituting the collisional term of Eq. (5.98) we find:

/ h 1 oAl
O +iku® —ikpy— + hjpp/_7'®+

) / 2pIMp, PIPOB) =T h - v -

(5.101)
The term containing the Thomson scattering amplitude can be split as follows:

ane 2 A o d“p
G 2/dp\M| o) = —rf =

3222

2 A7

O + o= /dzﬁ’lM’F@(ﬁ’) :

(5.102)
The last contribution of the above equation has the following form:

3265:;;12/ PIMPOG) = —15 Z ' (p)fd2p Y3 (pO(p) .
(5.103)

We now introduce the contribution from polarisation. We work out the collisional
term in Sect. 12.8.

m——2

5.5.2 Full Boltzmann Equation Including Polarisation

The original derivation of the Thomson scattering matrix can be found in Chan-
drasekhar (1960). The theoretical framework for the CMB polarisation can be found
e.g. in Kosowsky (1996), but also in Weinberg (2008). Here we write already the
final equation that we are going to analyse, following Hu and White (1997) and Tram
and Lesgourgues (2013), and derive the collisional term in Sect. 12.8.

Following Tram and Lesgourgues (2013), the three combined Boltzmann equa-
tions for ®, Q and U can be written as:
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o © N f P =PV
<a—+lk,u) O |- Q
K ivu iu
_lkuhoo zh;jﬁl ~j
+ 0 =
0

, o2 [ Yo YO — \/gem*Q’ - \/gzs'"*iU
T 1em 2 A1 A~/
—T0 2 b /d P —Jeyye +3emQ + 38U | ()
m==2| 38"(p) —V6Y}™*® + 3™ Q + 3B™iU
(5.104)
where we have used the definition:
EM =LY+ L1, B" =,Y" — LY, (5.105)

where 1, Y," are the spin-2 weighted spherical harmonics. Their explicit formis given
in Tables5.1 and 5.2.

Inspecting the above trio of Boltzmann equations in Eq. (5.104), one can see that
iU and B" Q/E™ satisfy the same Boltzmann equation. Hence, since they have the
same initial condition (which is zero, as we shall see in Chap.6), we just need a
single polarisation hierarchy. This is the principal result of Tram and Lesgourgues
(2013), which contributes to make the CLASS code faster. Choosing the Q one, we
have thus for the temperature fluctuation:

Table 5.1 Explicit functional form of the spin-0 and spin-2 spherical harmonics. Note that the spin-
2 spherical harmonics can be obtained by the spin-2 by spatial inversion, i.e. 2Y}"(p) = 2Y5"(—p).
In these notes, we omit the Condon—Shortley phase

m Yy 2y

0 %\/E(Scoszﬁ— 1) 3\/gs1n20

+1 ;\/;sm9005 PeEio }T\Esm (1 F cos Beti?
+2 i\/gsm fet2i? %\/%(1 T cos 0)2e29

Table 5.2 Explicit functional form of £” and B
m gem B™

0 ;75_ sinZ 9 0

+1 f%,/;sin&:osﬁeii‘D %,/%sin@eiiﬂb

+2 %\/g(l + cos? f)e*2i9 —%\/%cos fet2id




178 5 Perturbed Boltzmann Equations

9 . , ’p . ohoo 1
<a—n+1k,u)®—7' [@—/?(9(1)/)—1%%] —zkuT—FEhle pl=

2
_T_/ mg A 2 A1 mx _ § mx _ §(Bm*)2 N
lom;Yz (P)/dp|:yz © \E 0—\/5 2|
(5.106)

and for polarisation:

O kw0 —r0 =
(5 +4) 070 =

2
T, 3 mg A 2 A7 ms _\/g ms _ 3(Bm*)2 N
EEZ\& (p)/dp [Y2 O VF e e 2|

(5.107)

Note that on the left hand side of Eq. (5.106) the dependence on the photon direction

~

p enters through ;¢ = k - p and through hi; p' p’, which also depends on y for scalar
perturbations, cf. Eq.(5.28), and on x and and the azimuthal angle ¢ for tensor and
vector perturbations if k= Z, cf. Egs.(5.32) and (5.35). Instead, on the right hand
side of Eq. (5.106) the dependence on the photon direction is Y3"(p).

In order to match the angular dependences on the two sides, making the equation
easier to manipulate, and also in order to easily express the metric contribution for
tensor and vector perturbations, it is convenient to set k= Z. In order to recall this,
we define:

Opk2) = Qk2) . (5.108)

As we shall see in Chap. 10, before performing the anti-Fourier transform in order to
recover the physical quantities in the real space, we shall have to apply first a spatial
rotation in order to recover a generic direction for k. This rotation compensates if one
computes straightaway the angular power spectra, since they are rotational-invariant
quantities. In this case one can use at once the results of the equations of this section.

Choosing then a frame in which k=2, comparing Y;" (i, ¢) with Eqgs. (5.32) and
(5.35) allows us to see that the m = 0 contribution of the sum on the right hand side
of Eq. (5.106) couples to scalar perturbations only, the m = =2 contributions couple
to tensor perturbations and the m = =1 to vector perturbations.

Note that for scalar perturbations one has that U = 0 in the reference frame k= Z,
since B° = 0.

Unless differently stated, in the following the functional dependences of ® and
©®p are on 7, k = kZ and p and ¢. The metric quantities do not depend on x4 and ¢.
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5.5.3 Scalar Perturbations

For scalar perturbations we have that:

h 1 o
- iku¥ + o hy PP = ik (5.109)
(P-ve)¥ =—ipVy , (5.110)
since recall that the scalar part of vy, is Vt()s) = —i IQVb. Note that, as in the case of

neutrinos, since no azimuthal dependence appears in the differential equation, it is
natural to assume axial symmetry in ©, i.e. @) (n, kZ, p).

As we shall see in Chap. 10, the scalar contribution ©® is the one which dominates
the CMB temperature fluctuations because it is sourced by scalar perturbations in the
metric, which are the strongest since they can grow (they are compressional modes).

The same goes for @f) (n, kz, p), which is not sourced by metric fluctuations and
therefore its angular dependence is less constrained. Nonetheless, we assume that
the scalar part also depends only on p. Note the dependence onk = kZ as a reminder
that k = Z.

Exercise 5.14 Perform the integration in d¢’ for the m = 0 contribution of
Eqgs. (5.106) and (5.107) and using the results of Tables 5.1 and 5.2 show that:

) dy
(8—77 + iku) v — [@<S> — / 7"@)“) W) + iqu} + @ 4 ikp¥ =

/ d /
5P [ [P - a - Poel] i
(5.111)

and
9 . ) )
(8—n+lk,u>®P —T/®P =

—%[1 —Pz(u)]/ %“ [—7)2(9(5) + —7?2)@;;”] (') . (5.112)

Recall now the partial wave expansions already used for the neutrino distribution:

1 Vdu
@<S>=—/ — PO (), O%F =
4 (_l)e 4 ) Z(/J’) (//(') Pl

1
(=0)*

1
d
f PO
- (5.113)
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Exercise 5.15 Show that the Boltzmann equations for the scalar contribution to the
photon temperature and polarisation are:

, 1
O +ikp®S + @ + ikpv = —7' [@g” —0Y —iuv, — EPZ(“)H]

(5.114)
0% +ikuel = -7 [—@5;” + %[1 - Pz(u)]n]
(5.115)
where IT is defined as follows:
Mn=06Y+6% +6e% (5.116)

The anisotropic nature of Thomson scattering and polarisation were neglected by
Peebles and Yu (1970) whereas the former only was included by Wilson and Silk
(1981). Polarisation was considered in Bond and Efstathiou (1984).

The above two equations are usually expanded in Legendre polynomials, as we
did for the neutrino equation. Using then Eq. (5.113) applied to Eq. (5.114), we obtain
the following equation:

’ ik Vdu ol Vdu kv (ldp
oW 4 | /_7;®<S)=_ /_ _/_
CrGy L o), 2 Pt L
oy [!dp iV ['d n ('d
| ©o (8) b p K
- Up, 0 Hop——— | Lpp,|.
’ [(—i)f L 2T Ty L PR T L 2
(5.117)

Using the orthogonality relation of the Legendre polynomials, cf. Eq.(5.61), the
integrals of the above equation are easily computed as follows:

Ly deo Vdp de1 Vdp 0
P = Py = — Lpp, = .
/_. 2 T 2k /_ Hie /_, Y

(5.118)

Therefore, we must distinguish among 4 cases, i.e. when one of the above inte-
grals contributes or none of them does (for £ > 2). We shall make use again of the
recurrence relation of Eq. (5.63), which allows us to write:
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Qe+ 10 +k [(e +1He® —

o ]=rer+ne, =2

o+
(5.119)
The equation for the quadrupole £ = 2:
1008 4 2k (3@§S) - 2@5“) = 1070 — 7 (5.120)
The equation for the dipole £ = 1:
30 4k (2@5” - @3”) = kW + 7/ (3@5” - Vb) (5.121)
Finally, the equation for the monopole £ = 0:
oF + ke = —¢’ (5.122)

For the polarisation equation the steps to be performed are the same. Therefore:

(S
0% +

©2(=i)!

k(€ +1) ket )
20 +1

I1 Ydu
T |: pe T 20—t ), 2 ¢

So, the equation for £ > 2 is the following:

Pet+1) — WGP(/@U =

I Ld
/ 7“7%732(”)]. (5.123)

-1

Qe+ 1O +k [(e + 1O, -

Ny =Te+1eR . =2

The equation for the dipole £ = 1:

(5.124)
The equation for the quadrupole £ = 2:
1006 +2k (305 - 201 = 1070 - 11 (5.125)
305 +k (200 - o)) =370 (5.126)
Finally, the equation for the monopole £ = 0:
20 +2k0%) =270 — 7' (5.127)
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In order to compare with Ma and Bertschinger (1995), one has to make the identifi-
cation 40" = 6., 3k®Y = ¢,,20%" = o, and kV;, = 6.

Note that the monopole and the dipole are thus related to the density contrast
and to the photon fluid velocity, hence they are gauge-dependent. In particular, the
monopole can be reabsorbed into the determination of the background temperature
whereas the dipole by a suitable boost. On the other hand, the quadrupole is related to
the anisotropic stress, so it is gauge-invariant as well as the higher-order multipoles.

5.5.4 Tensor Perturbations

We derive in this section the hierarchy of equations describing the evolution of
fluctuations in the photon distribution caused by tensor perturbations, i.e. by GW.
Consider the tensor contribution of Eq. (5.106). Using Eq. (5.32) we have:

) ' "
(— + iky) D — 70D 4 (1 — P cos2¢ + =(1 — p*)sin2¢p =

on 2 2
2

7 . . /3 3(B™)? o | o

_ m 4220 | yrre™ — _(c/-m*@(T) _ 12 oD ",
10 P b (P)/ p |: 2 ) P 2 Em P (»)
(5.128)

whereas for the polarisation part:

2 . T) T
<5_7I + lku) ol — e\l =

2
T 3 em o | yms 3 o 3 (B™)? .
o \/;5 /dzp’ [Y;’ ®<T>—\/;5m On' =5 am O | )
m=-2

(5.129)

Note that in Eq. (5.106) the monopole term [dp © /4 is a pure scalar and therefore
does not provide any tensor contribution. The scalar product vy, - p has a scalar
contribution, used in the previous subsection, which is i 1 V4, and it has also a vector
contribution which can be written as:

(vp- )V = Ub1 sin 6 cos ¢ + sz sin 6 sin ¢ , (5.130)

where we have used Eq. (5.31) and the fact that k; Ug = 0 because of the vector nature
of Uli and the choice of having K =kie. k= Z. S0, vy, - p does have an azimuthal
dependence, but not in the form of ¢'2? and thus cannot contribute to the tensor
Boltzmann equation (it contributes to the vector one).
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Mimicking the azimuthal dependence produced by tensor perturbations in the
metric, we can split the tensor contribution to the temperature anisotropy as follows,
following Polnarev (1985) and Crittenden et al. (1993):

OD (1, ¢) = O ()(1 — ) cos 26 + O () (1 — %) sin 2¢

—4fZ®<T)<u>Y2(u,¢> (5.13D)

A=%2

where we have reproduced the sum over the helicities of Eq. (5.32), and similarly for
the polarisation field:

O (1. 9) = OF L (W)(1 + (%) c0s 26 + O () (1 + 41) sin 2

\/7 f D OR(EN . ¢) | (5.132)

A==%2

So we have to select m = =£2 in sum on the right hand side of Eq.(5.106), and we
get:

6 . (T) h/
(({9—774—11(/;—7")@A —1—7A =

/

10

3 (BA*)Z
2 5/\*

d*p' [YQ*@WYZ 5”@335” - @}Tjsk] (p) . (5.133)

whereas for the polarisation part:
0
<a_n ik f) O =

5(8/\*)2
2 5/\*

7_/

10

d2p' [W@myA EA*@);T;EA— @}T;EA] (p), (5.134)

where A = 32 and the equations are identical for the two choices. Let us work out
the right hand sides.

Exercise 5.16 With the help of Tables 5.1 and 5.2 show that the integral on the right
hand sides becomes:

7_/

15
~ 10 [ 4» <z>—[ — 20" — (1 + 6>+ )@m] . (5.135)
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Let us introduce an expansion in Legendre polynomials for @E\T) (p) and @;,T!)A(u)
similar to that in Eq. (5.113):

1
(=0)*

ld 1 1
o) = =7 [ FPwew. ol = = [ FrweRw.
—1 j—

(5.136)

Exercise 5.17 Rewrite the contributions (1 — z%)? and (1 + 6% + p*) in terms of
Legendre polynomials, and show that:

37" (d
—% 2’”‘[ —Palp) — Pz(u)+ %(u)] o
d
e 2”[ Pal) + Pz(u)+ %(u)]@‘,f; (5.137)

Hence, using Eq. (5.136), we can write the tensor Boltzmann equation for photons
as follows (Crittenden et al. 1993):

B o1
— tikp—7)0" +-n, =
(877 o T) A2
A3, ey 1oy 3 0 6. 3. m
-7 [709,\4"'5@”"' OG))\O 0®P/\4+7®P)\,2_§®P)\.0 (5.138)

and for polarisation:
9 . Y o™
< ; +iku T)@P)\ =
3

3 6 3
[706({: +ief+ 10@)(“ — 25 Opa T 5O, - 5@55;,0} .(5.139)

The same equations hold true also for ®( ). and 952 .- The combination of terms
between square brackets in the above equatlons is sometimes dubbed as W in the
literature. Since for us W is already used as one of the Bardeen potentials, in Chap. 10
we shall use another notation.

5.5.5 Vector Perturbations

For completeness, we present here the Boltzmann equation for photons sourced by
vector perturbations in the metric, though we shall not use it. Using Eqgs. (5.35) and
(5.130), we can write:
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0 T 27
— tikp—7)OY) — —— [ (Y Uy + ¥, U
(87}+l K T) cosf 15( 2l + 1, Uos)

i 27 1 —1
—Y s FL YD =

2
_1% iz Yy (p) [ &p [Yg"*@m - \Eem*@;v’ - ;“Zm) (”] () .
" (5.140)
where
Upr =Up £iUp, (5.141)

and for the polarisation:

0
(an—i-lk,u—T)@fuv):

2
T 3 | s 3 3 (B"™)? .
W [ [Yz o - [emoy - T8 o 3
m=-2

(5.142)

Introduce the vector contribution to temperature anisotropy as follows:
Y (u, i e\ wy,? 5.143
(. ¢) = COSQ,/ 2 (WY; (. ¢) (5.143)

where the factor 1/ cos 6 is due to the fact that in Eq. (5.130) only a sin § appears and
thus it is not proportional to Yzil. Similarly, for the polarisation field:

0} (1, ¢) = —\/g > O IWE . ) (5.144)

A=%1

The vector Boltzmann equation for the temperature can then be written as:

9 . Na | 1
<8_n+lkﬂ_7->®>‘ +lTUb“—§F)\,U,=

ir 2o v Eoon 3 e (V) 3B
ay /d ’|:Y2 O 1+ JEORE N + S ee
(5.145)

and for polarisation:
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2 . N\ o)
(8_77+lk'u_7)®”’\ =

L I ISV O Mg 4 3BT e
T d°p |:Y (2 % Y + S O, & 2 e 0, & ,
(5.146)
With the help of Table 5.1 we have then to work out the integral:
T’ )
- dud¢ [u(l — i) + (1 = uHeR)] | (5.147)
which, written in Legendre polynomial, becomes:
37" [d .
e Pl () — —7)3(#) e\
4 2
37'/ d/,é %)
- - — O, . 5.148
ol AR |: =Po(p) — 772(#) 35734(,10} PA ( )

Hence, using the usual Legendre expansion, we can write the vector Boltzmann
equation for photons as follows:

a . 74 . 1 ’
(8_77 +ikp — T/M> @g\ )+ i7 Uy — EFA =
3 6 3

3
wmo( 0 + S0l - o), + 2 @;V;2+5@<,,V;0).<5.149)

and for polarisation:
9 . , )
(=) ol =

3
7

3eom 3om_6om W L 3om
— (IOO“ + 10@ _3SOP’\4+ OPM+§®M_O . (5.150)
We end here our treatment of vector modes, dealing just with the scalar and tensor

ones from now on.

5.6 Boltzmann Equation for Baryons

As baryons, we refer here generically to electrons and protons, neglecting helium
nuclei. The latter can be straightforwardly included, as we are going to comment
throughout the derivation. Electrons and protons interact via Coulomb scattering:
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e+p<e+p, (5.151)

and in turn recall that electrons are also coupled to photons via Thomson scattering.
Electrons also interact with Helium nuclei via Coulomb scattering. We assume the
interactions to be so efficient that:

0 =6, =0, Ve =V, =Vp. (5.152)

In other words, we do not expect to have more electrons here and more protons there,

thereby generating cosmic dipoles. So, baryons together form the so-called baryonic

plasma. Baryons are heavy and non-relativistic in the epochs of interest and thus

there is no exchange of energy via Thomson scattering with photons. For this reason

we expect that their density contrast is governed by an equation similar to Eq. (5.50).
We can check this by considering the Boltzmann equation for electrons:

dF.(n, %, q)

d77 = <Cep)QQ’q’ + <ce7>pp’q’ s (5.153)

where (c.,) 004 i the collisional term relative to Coulomb scattering:

e(q) + p(Q) < e(@) + p(Q) , (5.154)

whereas (c.) ppq 18 the collisional term relative to Thomson scattering:

e(q) +(p) < e(q) +(p) . (5.155)
For protons, the Boltzmann equation is similar:

d b 9
—ﬁggﬂyzu@mﬂ, (5.156)

the only difference being that we neglect their interaction with photons, since the
Thomson cross-section goes as o< 1/m? and therefore it is 10° less important for
protons rather than for electrons. A Boltzmann equation for Helium nuclei is similar
to the one for protons. The brackets mean integration in the phase space:

_ [ da [ &q [ FQ
o= [ s [ [ Gt G157

whereas the integrands are similar to those in Eq. (5.82).

_ a 2m*6* g +p —q' — PHOIMPLLG) () — f(@) £ (P)]
"~ E(g) 8E(p)E(q)(p)E.(q") '

Cery

(5.158)
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with a similar expression, but with different | M 2, for Cep- Note the a/E,(q) factor
in the above definition of ¢, that we have left in evidence in order to recall that it
comes comes from changing the affine parameter derivative for the conformal time
derivative in the Boltzmann equation, cf. Eq. (5.27).

An important approximation that we are making is the following: we are consid-
ering all the electron ionised (hence the name baryonic plasma). This is fine before
recombination, of course, but it does not work after. After recombination, electrons
and protons (and also helium) can be considered altogether as collisionless baryons.
Therefore, their evolution is governed by equations identical to the ones we have
developed earlier for CDM.

We are going to exploit again the fact that electrons and protons are non-
relativistic, as we did for CDM, and take moments of the perturbed Boltzmann
equations.

The calculations of the integrals of Egs.(5.153) and (5.156) multiplied by the
respective energies follow the same steps that we have used for Eqgs.(5.40) and
(5.48):

d’q dF, 5P,
B =4 1 DkV, +3 —w, )6, +301 eCD/,
(27T)3 dn e+( + w,) +H<5pe w) +3(1 + w,)
(5.159)
d3q dfp , 5P[’ ,
—(271_)3 dn =5p+(1+w,,)kV,,+3H <%—w,,) (5p+3(1+wp)cb A
(5.160)

These integrations are equal to the corresponding ones of the collisional terms, which
are very simple and are the following:

d?s d3
(2_71_()13[<Cep)QQ’q’ + (ce"/>pp’q’] =0, %(Cep)gq/q =0, (5.161)
i.e. vanishing because the scattering processes do not change the number of baryons
but only reshuffle their momenta. Mathematically, this can be proved by noticing
that | M|? is symmetric with respect to the change of initial and final momenta.

Therefore, using the conditions stated earlier in Eq.(5.152), the zero-moment
equations that we find for electrons and protons are identical if we set w, = w, = 0
and no effective speeds of sound. Neglecting these, we obtain an equation similar to
Eq. (5.50), which we found for CDM:

8 +kVo+30" =0 (5.162)

where, again, kV;, = 6} in the notation of Ma and Bertschinger (1995).
Taking care of the first moments of the perturbed Boltzmann equations for elec-
trons and protons, as we did for Eq. (5.48), leaves us with:
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o [ dq dF, ,

it (ZW‘;qq dne = pe(V/ +HV. — kW) , (5.163)
A [ d*Q _.dF
ik | G QO 5 = nVy Y, — kW) (5.164)

where we have already neglected pressure and effective speed of sound. The first
moments of the Boltzmann equations are thus:

d*q 44’ df.(n, %, @ d’q 44’
/ q 99" dfe(n.x. q _/ 999 11,y 000 + (Cor) ppa] s (5.165)

@m? E. dyp ] @ndE.
d*Q 00'df,(n.x,Q [ d’°Q Q0'
@2n)?’ E, dn ) @en)? E,

(Cep)aqor - (5.166)

Consider the sum of the two above Liouville operator, and using V, = V, = V;, we
can write:

(pe + pp)(Vy + HVp — kW) =
o[ da o [ 4Q
ik; Wq [{cep)0org + (Cen) pprg’] + iki WQ (Ceplgqror - (5.167)
We write the sum of the background energies as

Pe+ pp = NeMe + Npmy, = Nph, + Npt, X npM, = pyp , (5.168)

since the proton mass is much larger than the electron one, and hence

~

/ iki i i i
Vb +HW — k¥ = E[(cep(q +0 ))QQ’q’q + (Ce')q )pp/qq’] . (5.169)

Now we have to calculate the terms on the right hand side. The first one is:
; ; dSq d3q/ d%Q d3Q/ ; ;
@2m)*tg + 0 — ¢’ = QNIMPLfe(@) [o(Q) — fe(@) £,(Q)]

2,2
Smemp

(5.170)

which is vanishing because g’ + Q' is the total initial 3-momentum, so it is equal to
the final one ¢” 4+ Q" because it is conserved. Another way to see this is noticing that
also (¢' + Q")|M|? is symmetric with respect to the change of the initial momenta
with the final ones and this implies that the integration is zero. Physically, being
conserved the total 3-momentum is unaffected by the scattering.
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The only survivor is the second term on the right hand side, which comes from
Thomson scattering. By 3-momentum conservation we can write:

(Cew(qi + pi)>pp’qq’ =0 = <Cevqi)pp’qq’ = _<Cevpi)pp’qq’ . (5171)

That is, we have changed the average with respect to the photon momentum. We
have then:

i i du dp p
Vb/ + HVb — k\p = —E<C37/j,p>pp/qq/ = —— / 27T2

(5.172)
Part of the right hand side has already been calculated for photons, when we integrated
over the modulus p and defined © (7, k, 1). This integration gives a 4p., contribution

and leaves us with the same collisional term of Eq. (5.114) integrated over d /2 and
without the polarisation contribution:

4it'p, (1 d 1
V) +HVy — kW = ﬂ/ ., [@‘” O —iuVy — EPZ(H)®§5>]
-1

Pb 2
(5.173)
Performing the du integration and introducing the dipole ®§S), we obtain:
/ _ 47'p, (8)
Vi Ve — ko = = (v -30") (5.174)

This equation can be also obtained exploiting momentum conservation for the two-
fluid system baryonic plasma plus photons and using Eq. (5.48). In fact, momentum
is not conserved individually for baryons and photon, but of course it is for the
photon-baryon fluid. Let us write then Eq. (5.48) for the latter:

, 4 , k ang 4k
po (Vo + HVp — kW) + 30Ve =300 — Kk " — 3 mY =0,
(5.175)
where we have neglected pressure and anisotropic stress for baryons, being them

non-relativistic. Now, Egs. (5.68), (5.69) and (5.70) hold true also for photons. So
we have:

4 3 ..
400 =46,, 40 = SR 408 = —2—k,km7r’;". (5.176)
Py

Exercise 5.18 Using the above definitions and Eq. (5.121) obtain Eq. (5.174).
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We have thus obtained all the relevant equations which describe small fluctuations
in the components of the universe. In Chap. 6 we shall tackle the issue of which initial
conditions employ to our set of differential equations.

If we compare the above Eq.(5.174) with the corresponding one in Ma and
Bertschinger (1995) we shall notice in this reference an extra term k*c26,, coming
from the fact that the authors did not neglect the effective speed of sound contribution
for baryons, cf. Eq. (5.48).
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Chapter 6 ®)
Initial Conditions St

Finirai per trovarla la Via... se prima hai il coraggio di perderti
(You will eventually find your Way... if you have first the courage
of lose yourself)

Tiziano Terzani, Un altro giro di giostra

In Chaps. 4 and 5 we have derived the evolution equations for small fluctuations about
the homogeneous and isotropic FLRW background. These equations are differential
and so, in order to have a well-posed Cauchy problem, we need to know which initial
conditions to use. This is the topic of this chapter, where we shall be concerned with
scalar perturbations only. Many papers in the literature are concerned about initial
conditions in cosmology, but we shall mainly refer to Ma and Bertschinger (1995),
Bucher et al. (2000).

We shall discuss primordial modes for scalar perturbations only, leaving the tensor
one in Chap. 8, when we shall discuss of inflation. For this reason in this Chapter we
drop the superscript (S).

6.1 Initial Conditions

We start by summarizing here the relevant evolution equations that we have found
in Chaps. 4 and 5. For the photon temperature fluctuations, Egs. (5.119)—(5.122):

QU+ DO+ k[ + 1O —LO ] =72+ 1O, . (£>2), (6.1
2
100 + 2k <3®3 - §Vv’) = 1070, — 7'M, (6.2)

/ 5‘ /
V +k (2@2 - Z’) =kV+7(V, - W), (63)

.4
8+ 3kV, = —40' . (64)
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where we have used4®( = 6, and30; = V.. For the polarisation field, Eqs. (5.124)—
(5.127):

20+ 1)Op, + k[ 4+ DOpi1y — Ope—| =T 2L+ 1DOp;, (£ >2),

(6.5)
10@;,2 + 2k B3Op3; —20p)) = 10T’®p2 — 7' s
(6.6)
305, +k(20p; — Opg) =37'Op; ,
(6.7)
2@;)0 +2k®p; = 27”@})0 — 7',
(6.8)
with
[I=0,+0Op,+ Opg . (6.9)
For neutrinos, Egs. (5.65)—(5.67):
20+ DN, +k[(6 + DNyt — N1 ] =0, (€ >1), (6.10)
oy
Vlj+2kN2—kI:k\I/ , (6.11)
! 4 !
o, + ng = —49, (6.12)
where we have used 4N, = §, and 3N = V,,.
For CDM, Egs. (5.50) and (5.51):
i+ kVe+30' =0, V. +HV.—k¥V=0. (6.13)
For baryons, Eqgs. (5.162) and (5.174):
/ ’ / 47JPW
Oy +kVy +30"' =0, Vo + HW — k¥ = B (Vb—VW), (6.14)
b

Finally, we consider the Einstein equations (4.179) and (4.184):

3H (P — HW) + k*® = 4nGa® (pd + pudy + py 6, + pu6y) . (6.15)
(@ + W) = =321Ga* (p,©, + p,N2) . (6.16)

where we have expressed the photons and neutrinos anisotropic stresses in terms of
their quadrupole moments.

Now we have to understand when to set our initial conditions. These should be
values for the above quantities Oy, N, d¢, O, Ve, Vb, ® and W at a certain initial
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instant. This instant cannot be n = 0, i.e. the Big Bang, evidently, because it is a
singularity, and so it should be some small 7; > 0.

Now, any scale k, being 1 growing, shall pass from a n <« 1/k regime called
super-horizon evolution, to a n ~ 1/k regime called horizon crossing, finally to a
1 >> 1/k called sub-horizon evolution. The mentioned horizon is the particle one,
since recall from Eq.(2.137) that:

t dl/ 7 .
Xp(1) =/0 o) =/0 dinp =n, (6.17)

i.e. the conformal time represents the comoving distance travelled by a photon since
the Big Bang.

Therefore, the initial values for the perturbative quantities are set when kn <
1 and are also called primordial modes for the scales of observational interest
today because are deep into the radiation-dominated epoch. For this reason, we shall
frequently use the result a o« 7.

6.2 Evolution Equations in the k1) < 1 Limit

All the equations that we shall use here are valid only at early times, in the radiation-
dominated epoch, and on very large scales, i.e. kn < 1.

What one does is basically an expansion with respect to kn of the perturbative
variables. Let us see what happens for the case of the photon monopole Eq. (6.4),
just to fix the ideas. Suppose that we have the following expansions:

o0 o0 o0
5, = Z S k)", V= Z VO k', @ = Z O™ (kn)" . (6.18)
n=0 n=0

n=0

Insert them into Eq. (6.4), and find:

0 1 4 - 1
> (Sf/”)n(kn)"g + 3k D Vil =43 <1><">n(kn)"5 : (6.19)
n=0 n=0 n=0
This equation can be cast as follows:
o0 4 o0 (o]
> 6Wn(kn)" + 3 D VO Ut = =43 dWn(kn)" . (6.20)
n=0 n=0 n=0

So, we see that V) couples with §{" and ") in the expansion. In other words, V,,
is of order (kn)d, and (kn)®P, hence is subdominant with respect to J, and ®. This
means that, at the lowest order, Eq. (6.4) becomes:
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0, = —4/ (6.21)

This procedure is equivalent to neglecting a contribution proportional to k with
respect to a time derivative.

Exercise 6.1 Apply the same reasoning which brought us to Eq. (6.21) to the neutri-
nos monopole and to CDM and baryons density contrasts, showing that at the lowest
order of approximation we have:

§ = —4d/ (6.22)

v

§ = -3 (6.23)

C

5, = -39’ (6.24)

Integrating the above equations for the monopoles, we get:

5, = —4d +4C, (6.25)

'y
0, =—-4d+C, , (6.26)
O =30+ C,, (6.27)
op = -3+ Cy , (6.28)

where we have introduced 4 integration constants. Cast the above equations as fol-
lows:

5, = —4® +4C, (6.29)
5, =0,+S, . (6.30)
3
b= 20, + 5. (6.31)
3
0= 30, +Sh. (6.32)

for a reason that will be clearer later. We have defined:
S, =C,—-4C,, S.=C.—3C,, Sy = Cp, —3C, (6.33)
and these are called density isocurvature modes or entropy modes. Be careful that

the C’s and thus the S’s are not actually constants, but functions of k. Hereafter we
will call inappropriately as “constants” those quantities which are time-independent.
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6.2.1 Multipoles in the k) < 1 Limit

From the hierarchy of the equations for photons we can see that each multipole ®,
enters the differential equation for ®,;; multiplied by k. This means that @, ~
(kn)®y, i.e. each multipole is subdominant with respect the previous one. This is also
true for @ p, and for Ny and it is an important fact that we shall employ afterwards.

Applying the limit k) < 1 to the photon equations we get, at the dominant order:

QU+ 1)O, — k@ =T 2L+ 1Oy, £>2, (6.34)
4
100 — 2kV, =7/ (98; = ©pg = Op2) (6.35)
/ 6“ /
Vi—ky =kv+7 (V, = W) . (6.36)

Similarly, for the polarization field:

Q0+ 1)0,, —kOpy_1y =7 20+ DOp,,  £>2, (6.37)
100/, — 4k@py = 7/ (9O py — Opg — ©3) |, (6.38)

30, —kOpy =375 , (6.39)

20, =7 (Opy — Opy — O) . (6.40)

Here comes a very useful approximation, based on the fact that:

2o, (6.41)

— 7 =n,ora xa”
That is, the optical depth time derivative, which is the photon-electron interaction
rate, diverges for 7 — 0 as 1/5?. This is logical, since the universe becomes denser
the more we go backwards in time and so more interactions take place. This is also
called tight-coupling and we will use it as an approximation closer to recombination
in Chap. 10.
But then, in order to prevent the perturbations from diverging, the quantities
multiplying 7/ must vanish for n — 0, i.e.:

O =0p =0, €>2, (6.42)
90, — Opg — Opr =0, (6.43)
90py — Opg— Oy =0, (6.44)
V,=Vy, ©p =0, (6.45)

Opp=0Opr+06,. (6.46)
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Exercise 6.2 Combine the above equations and show that:

Oy =0Bpy =0py=0 (6.47)

Hence, the coupling between electrons and photons is so efficient that it washes out
the quadrupole and higher moments of the temperature fluctuations and all the polar-
isation moments. Moreover, it tightly couples photons and baryons in a single fluid
with velocity V, = V.

The kn < 1 neutrino equations are the same as the photon ones, but with no
interaction terms:

20+ DN] — kN1 =0, L>2, (6.48)
oy
V) — kZ =kW . (6.49)
Again, we can see that V,, ~ (kn)d,, Ny ~ (k77)25,,, and so on. Nothing can make the
multipoles of the neutrino temperature to vanish, as Thomson scattering for photons,
therefore we need initial conditions for all of them.

Exercise 6.3 Suppose that:
Ne = colkn)” (6.50)

at the lowest order, where ¢, is some constant (in this instance a true constant, a
number). From Eq. (6.48) show that:

1
= _ 6.51
Ce 2£+lcl 1, (6.51)
and thus:
Ny = Ky >2 (6.52)
YR b = :

Therefore, once we know the initial condition on /N, we can determine the initial
conditions for all the subsequent multipoles from the above equation. But, what about
the initial condition on V,,?

Exercise 6.4 Combining Egs. (6.21), (6.22), (6.36) and (6.49) show that:

v/i=v]. (6.53)
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This does not necessarily means that V., = V,,, but in general:
V’y =V, + qv » (654)

where ¢, is at most a linear function of 7 and is the neutrino velocity isocurvature
mode or relative neutrino heat flux.

6.2.2 CDM and Baryons Velocity Equations

Consider now the velocity equations for CDM and baryons. At the lowest order in
kn they become:

nVi+ Ve = (kpW¥ , (6.55)
, B ant'p,
nVy + Vo = (kn)W + 3 W=V . (6.56)

First of all, 7’p,/py o 1/a* o 1/n?. Thus, in order for V4 not to diverge one has to
have V., = V;, consistently with what we have found earlier for photons. With this
condition holding true, the equation for V;, is similar to the one for V.:

NV, + Ve = (k)W (6.57)
V4 Vo = (kpW . (6.58)

From these equations we can conclude that V, and V;, are subdominant with respect
to W.

6.2.3 The kn < 1 Limit of the Einstein Equations

Noting that:
3H? 3
2prot 2pt0l7]2 7

AnGa® = (6.59)

where py s the total energy density, the generalised Poisson equation can be written
as:
2 — 20+ 20kn)*d = Lrg 4+ Ps, 1 Loy P (6.60)
Prot Prot Prot Prot

Neglect now (k7)? and define the density fraction R; = p;/p for each component,
such that:
R, +R,+R.+R,=1. (6.61)
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Using the solutions found for the monopoles, we arrive at:

3 3
2nd —2W = —4d (RW +R,+ ZRC + ZRb> +4RyCy + RyCy + RcCc + R Cy, .
(6.62)
Note that

3 3
4(R7+R,,+ZRC+ZRb> =3+R,+R,, (6.63)

and since we are deep into the radiation dominated epoch, photons and neutrinos
dominate and thus:
R,+R, ~1. (6.64)

Exercise 6.5 Show that R, is constant at early times and its value is:

p Nex(1/9)@/1D)YP
B Pv +P~, B 1+ Neff(7/8)(4/11)4/3

R, = 0.4089 , (6.65)

the last number coming from choosing Neg = 3.046.

Equation (6.62) can be thus written as follows:

2n®" + 3+ Ry + R)P® -2V =3B+ Ry + R,)Cy + RSy + RcSc + RpSp | (6.66)

where we have also introduced the density isocurvature modes.
Since ®, = Oforkn < 1, the Einstein equation for the anisotropic stress becomes:

K (® 4+ W) = —12R, N, (6.67)

This equation tells us that, consistently, A5 ~ (kn)zéy, since ® ~ §,. However,
because of that factor (kn)z, we have to keep track of the time-evolution of N>,
which is of the same order. From the neutrino equations that we have derived earlier
it is not difficult to obtain that, upon differentiating Eq. (6.67):

8
2P(® 4+ W) + K2 (D + W) = —12R, N, = —gRDkV,, ) (6.68)
Differentiate again, and obtain:
8
23 (D 4+ W) + 42D + V') + K> (@7 + W) = —gRVkV,j =

8 5
——RE(V+Z). (669
5 ( + 4> (6.69)
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Now the k? can be simplified and differentiating again, one obtains:

8
6(P' 4+ W) + 6n(®” + W) + > (@ + W) = —5R (¥ —@)| (6.70)

where we used 6/, = —4®’ and the fact that R, is constant when radiation dominates.
We have obtained a closed equation for ® and W, despite of the fact that it is of
third order. Combining it with the generalised Poisson equation, one can obtain an
equation of fourth order for ® or W only.
Now we solve the equations found in this section in 5 cases, i.e. when only one
of the 5 constants is different from zero.

6.3 The Adiabatic Primordial Mode

The adiabatic mode is defined by S, = S = Sy = g, = 0. Only C,, # 0. With this
condition, we have for the density contrasts:

1 1 1 1
b= =0y = ~0, = -0, = —®+ C, 6.71
3¢ 3T 47T g +6 ©.71)

As for the gravitational potentials, Eq. (6.66) becomes:
nd +2& - v =2C,, (6.72)

and we have to combine this together with Eq. (6.70) in order to obtain a fourth order
equation for @ or W. The result is, for ®:

2 2
P e + 127 D" + 4 (9 + §R1,> nd®" +8 (3 + gR,,) ' =0. (6.73)

This equation can be solved exactly, recalling that R, is constant. The fact that only
derivatives of ® appear already tells us that & = constant is a solution and indeed it
is the growing mode that we are going to consider. The other 3 independent solutions
of the above equation are:

syl /1R 1
D oxn T2 5, D x —. (6.74)
n

Hence, these are decaying modes, the first two even complex if R, > 5/32, and we
neglect them.
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Since C, and ® are constant, then from Eq. (6.72) we deduce that W is also
constant. In order to determine their values in terms of C, we have to solve the
system of Egs. (6.72) and (6.69):

20 — ¥ =2C,, (6.75)
4
P+ =R, (V-—d+C,) . (6.76)
which allows us to establish:
2C.,(5+2R, 10C, 2
o= 200OFT2R) 106 (14 2R ] 677)
15+ 4R, 15+ 4R, 5

We shall later show in Chap. 8 how the inflationary mechanism is able to establish a
value for C,. Note how the presence of neutrinos via R, prevents & = —W.
The C, that we are using here corresponds to the —2C of Ma and Bertschinger
(1995) and in order to obtain the result of Bucheretal. (2000) one has tosetC,, = —1 A
From Eq.(6.71) we can write:

20C,

P p—— ' 6.78
77 1544R, (6.78)

Using Eq. (6.67), the primordial mode of the neutrino quadrupole moment is:

_k2n2(q> + lI/) _ k2n2
2R, 30

N, = ] (6.79)

What about the velocities? We have just seen that & ~ (kn)0 so if also V., ~ V,, ~
(kn)?, then Egs. (6.57) and (6.58) become, at the lowest order:

nVi+Ve=0, (6.80)
nVi4+V,=0. (6.81)

The solutions are V. o« V;, o 1/n. These solutions are not admissible because they
diverge for  — 0. This means that V, o« V}, ~ (kn), at the lowest order. Substituting
this ansatz again in Egs. (6.57) and (6.58) it is easy to find:

_ kv

Ve= Vo= (6.82)

I'There must be a typo in Eq.28 of Bucher et al. (2000), since the gravitational potentials appear
to be equal but they cannot be because of the presence of neutrinos and the quadrupole moment of
their distribution.
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Since g, = 0, then V,, = V,, and recalling that V., = V;,, we have for the velocities
primordial modes:

V,=V,=Vy=V. = —— (6.83)

All the above modes depend on the same unique constant C.,, which is the primordial
perturbation, in the sense that its non-vanishing generates the fluctuations for all the
matter components.

Exercise 6.6 Compare the solutions that we have found for the adiabatic mode with
those of Refs. Ma and Bertschinger (1995), Bucher et al. (2000).

6.3.1 Why “Adiabatic”?

Now we are going to understand the reason for the adjective “adiabatic”. From the
thermodynamical relation:

TdS =dU + pdV , (6.84)
we can write: Tds 4P
= dpo = Py (6.85)
Ryt
Recast this as follows:
TdS ot + P
Vv = pedc + P40y + pody + pudy — %(5% + 0n, + dny + ony) .
“ (6.86)
Using:
one d 4 én., 4 6n,
e R A P (6.87)
Ne Ny 3 n, 3 ny

we finally have:

TdS Prot + Prot 3 Prot + Prot 3
— = —ne———— 0. — =0 — np———— op — =0,
v <pc ne "~ ) ( c 4 'y) + <pb np " ) ( b 4 />

(py _ %nl/plot + Ptot) (51/ . 5W’) )

Ntot
(6.88)
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Therefore, 0./3 = d,/4 = 6,/4 = d0/3,ie. Sc = S, = S, =0, implies dS = 0 and
hence adiabaticity. When one of S, S, Sy and g, is different from zero we have isocur-
vature modes, respectively divided into isocurvature neutrino density, isocurva-
ture CDM, isocurvature baryons and isocurvature neutrino velocity. However,
it might be more appropriate to call them entropy perturbations, on the basis of
Eq. (6.88).

The name “isocurvature” comes from the fact that when these modes are present it
is possible to have R = 0 or ( = 0, from Egs. (4.131) and (4.132). In the Newtonian
gauge, we have:

RA/(SA,, + R,6, + R.0. + Ry6y

R=o , =0
+ Hvor C + 3+R'y+R1/

(6.89)

Some care must be used when computing vy, in the above formula for R since
it is the total one but it is not the sum of the single components’ v’s. This happens
because the SVT decomposition is made not directly on v; but rather on the perturbed
energy-momentum tensor §7°; and the latter is, from Eq. (4.73):

0T (t0t) = (prov + Po)vi (tot) . (6.90)
Hence, vy is defined through a weighted average with weight p 4+ P, i.e.

' P.)v,
Viot = M , 6.91)

Prot T Prot
which, in our 4-components model, gives:

4R, vy +4R,v, + 3R.vc + 3Rpuy

= . 6.92
Vot 3t R, +R, ( )
Now, using the relation v = —V /k and the condition found in Eq. (6.83), one can
finally write:
4R, V., +4R,V, + 3R V. + 3RV, v
R—o_ 0t TR AW _ g ¥ (6.93)
kn3+ R, + R)) 2

One finds the same result for ¢, when substituting Eq. (6.66) in (6.89) (and considering
the constant mode). Hence, we have that:

v
R=(C=0-—=C,

> =G (6.94)

Hence, the C, is related to the curvature perturbations and we have also proved that
these are equal and constant on large scales for adiabatic perturbations. We shall
prove this important result again in Sect. 12.4.
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6.4 The Neutrino Density Isocurvature Primordial Mode

Neglect CDM and baryons in Eq. (6.89).

Exercise 6.7 Since R, . — 0 at early times, use Eq. (6.30) in order to find:

RI/SI/
(=C+ . (6.95)

If S, = 0 we recover the adiabatic case. In order to make ¢ = 0, we need 4C,, =
—R,S,. Therefore, the density contrasts are related as follows:

1.1 1 1 S, R,S,
b= —fp=—0, =6, -~ =—D— (6.96)
373 4 4 4 4

In order to determine the gravitational potentials, from Eq. (6.66) we have:
nd +20 —-¥ =0, (6.97)
and combining it with Eq. (6.70) one finds the very same Eq. (6.73) for ® that we

obtained in the adiabatic case. Hence, we choose the constant @ solution, which
allows us to establish:

R2S,

U =20, =
15+ 4R,

(6.98)

In order to obtain the same results of Bucher et al. (2000) one has to set R, S, = —1.
Using Eq. (6.67), the initial condition on the neutrino quadrupole moment is:

@+ e

N = 12R, 4R,

(6.99)

Since g, = 0, then V,, = V, and the initial conditions on the velocities are again:

Vv =vi=v =" _ e 6.100
v— Vy = Vb= —T—T) ( )
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6.5 The CDM and Baryons Isocurvature Primordial Modes

The treatment for CDM or baryons isocurvature modes is the same, therefore we
present explicitly the CDM case only. Suppose that only S, #~ 0, then we have for (:

RS

6.101
(== (6.101)
Since we are deep into the radiation-dominated epoch:
Ro=Lo w2y —Qua . (6.102)
Pt Prot,0

Then R, goes to zero and so thus (, denoting thus correctly an isocurvature mode.
The density contrasts are related as follows:

[« 2]

5, 8 O.—S.
Sy _ % _ ) (6.103)
4 4 3 3

and all of them vanishes for n — 0, except d. = S., which sources all the perturba-
tions. Equation (6.66) tells us that:

2n® —2W +4® = RS, , (6.104)
and using Eq. (6.102), we write:

nd — W+ 20 = S. Q7 , (6.105)
where we have incorporated the factor 1/2 and the proportionality constant of a o<
into S. This can be done, of course, without losing generality since S is itself a
constant. Now, since the right hand side of the above equation depends linearly on
1, and ® — 0 for n — 0, the only possibility is that the gravitational potentials are
linearly dependent on the time. Using the ansatz:

O=dy, W=y, (6.106)

Equations (6.105) and (6.69) become:

30 — ¥ = S.Qe (6.107)
_ _ 4 _ _
3(P 4+ W) = _gR, (v -9) . (6.108)

Solving this system of two equations, we find the CDM isocurvature modes:
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15+ 4R,)S.Q 4R, — 15)S.Q 15+ 4R,
=( + )c c0 lIlz( )c c0 P =_y +

3 ’

4(15+2R)) 4(15+2R,) 15— 4R,
(6.109)
Again as we expected, the absence of neutrinos causes & = —W since there is no

other source of anisotropic stress. Using Eq. (6.67), the primordial mode of the
neutrino quadrupole moment is:

k2772(q) + \IJ) k2773
Ny = — =— S.Q 6.110
: 12R, 6(15 +2R,) <" (6.110)
Again for the velocities:
kW
VV=V7:Vb=VC=7 (6.111)

The isocurvature modes for baryons have exactly the same form, just change 2
with Q.

6.6 The Neutrino Velocity Isocurvature Primordial Mode

These modes are problematic in the conformal Newtonian gauge because they diverge
for 7 — 0. On the other hand, they are well-defined in the synchronous gauge Bucher
et al. (2000). Let us see what is the problem. When we set C, = S, = S, = S, =0,
we can straightforwardly find:

5, 8, O Oy
o, D _%_%_ 4 6.112
¢ 4- 47373 (6.112)

and Eq. (6.66) becomes:
nd® +2® —-Wv=0. (6.113)
Here a constant mode seems to be viable, just as in the case of the neutrino density

isocurvature mode. However, we need here also Eq. (6.69), which has the following
form, taking into account §,, = —4®:

8
2D + W) + 4@ + V) + n2(d" + V) = —R(U-@) . (6114)

If we choose the constant mode, we get:
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20 =V, (6.115)

4
P+ =R (V-0) . (6.116)

From this system we clearly see that the only solution is the trivial one. Therefore,
from Eq. (6.113) one sees that we are left with the only following possibility:

= W= 6.117)

= | B
= | €

which is problematic in the limit  — 0.
Substituting this ansatz into the generalised Poisson equation we can easily deter-
mine that:
o=, (6.118)

i.e. the two gravitational potentials are equal. Substituting this result into Eq. (6.68),

one obtains: 4
k&):—gRl,VV, (6.119)

From the dipole neutrino and the dipole photon equations we can readily establish
that:
Vv, =V =0, (6.120)

i.e. V, and V, are constant and their difference is indeed our neutrino velocity isocur-
vature mode ¢g,,. Thus:

4
k=R, (V,—q)) - (6.121)

We can determine V., in terms of & considering the tight coupling with baryons,
which implies V., = V;, and the baryon velocity Eq.(6.58), which now is:

nVe+ Vo =kn¥ = k® . (6.122)
The right hand side is a constant and so V}, must be. In particular:
Vo =k®=V,. (6.123)
This relation, inserted into Eq. (6.121), gives:
kd = %‘RV (k®—q)) . (6.124)

Finally, we have for the potentials:
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4R,q, 1
P=¥YV=——"— (6.125)
5—4R, kn
and for the velocities:
VeV =V, = vy (6.126)
T T 5 4R, '

The neutrino velocity and quadrupole moment are:

k2772(¢> + W) 2knq,
V,=q,—V, = — = 6.127
Ao 3R =36 4R (6.127)

6.7 Planck Constraints on Isocurvature Modes

In Ade et al. (2016a,c) the isocurvature mode are constrained through the Planck
data. These tests are related also to inflation, since this is a mechanism of production
of primordial fluctuations, as we shall see later in Chap. 8. In particular, the most
successful and simple inflationary models are those based on a single scalar field and
they predict adiabatic initial perturbations. If other fields are present, then isocurva-
ture modes can be produced. Depending on the mechanism of production, adiabatic
and isocurvature modes can be correlated. In Ade et al. (2016a) for example the
totally correlated case:

S = sen(a). | —4 ¢ (6.128)
1— o
is considered, where
R
Sm = Se + R%’Sb : (6.129)

C

is the total matter isocurvature mode. The fact that Sy, is proportional to { means
that the totally-correlated case is being considered (because of this the modes are
described by the same parameters and hence put in the above form of proportionality).
The constraint found on « is:

a = 0.0003709015 (6.130)

at 95% CL, using also polarisation data. A much more detailed analysis, including
possible correlations, is performed in Ade et al. (2016¢) with the result

|Qtnon—adi| < 1.9%, 4.0%, 2.9% (6.131)
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for CDM, neutrino density and neutrino velocity isocurvature modes respectively. In
the above equation, ayen—adi 1S the non-adiabatic contribution to the CMB temperature
power spectrum. How the different primordial modes affect the latter will be shown
in Chap. 10.
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Chapter 7 ®)
Stochastic Properties of Cosmological oo
Perturbations

The more the universe seems comprehensible, the more it also
seems pointless
Steven Weinberg, The first three minutes

The attentive reader must have noticed that, in fact, we have given no actual initial
conditions on cosmological perturbations in Chap.6. What we have done is to give
the form of the primordial modes and show how, in the 5 different cases that we
investigated, all scalar perturbations are sourced by a single scalar potential. For
example, in the adiabatic case we showed in Eq. (6.77) how ® (k) is related to C,, (k),
which we proved to be equal to ((k) and R(k).

Note the following important point: all the evolution equations that we derived
for the perturbations, i.e. all the evolution equations for photons, neutrinos, CDM
and baryons, plus Einstein equations, depend only on the modulus k& and not on k.
This means that only the initial conditions depend on the latter. We could solve the
evolution equation for some initial condition in which R(7;, k) = 1, i.e. normalised
to unity, and then the result will depend only on k: R(n, k). This is usually called
transfer function. Multiplying it by the true initial condition R(7);, k) we obtain the
correct result. Of course, this reasoning applies to any perturbation, not only R.

In this chapter we discuss a very important point of cosmology, both from the
viewpoint of theory and especially from the observational one: the stochastic nature
of cosmological perturbations, embedded in the stochastic character of the initial
conditions. This means that R(7;, K) shall be regarded as a random variable.

This chapter mainly follows Weinberg (2008) and Lyth and Liddle (2009).
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7.1 Stochastic Cosmological Perturbations and Power
Spectrum

First of all, what do cosmological perturbations have to do with statistics? After all,
we have derived differential equations describing the evolutions of the perturbative
variables and, provided that we are able to solve them, we should determine such
variables exactly with no room for randomness.

Consider the following point: the set of differential equations that we have found
are ODE which only describe the time evolution of the perturbative variables, with
their spatial (or scale) dependences to be provided as initial conditions. For exam-
ple, focus on the CDM density contrast 6. (7, X), for which the evolution equations
Eqgs. (5.50) and (5.51) are the simplest:

o0 +kVe+30' =0, Vi+HV.—k¥=0. (7.1)

These equations depend only on &, therefore the k-dependence comes from the initial
condition, which indeed we know in the adiabatic case from Eq. (6.78) to be:

15
dc (k) = m((k) : (7.2)

Do we have such initial conditions, i.e. do we know the scale dependence of the pri-
mordial curvature perturbation? Not exactly. According to our current understanding,
the universe had a quantum origin which we are not yet able to describe in detail
because of the lack of a quantum theory of gravity and also because we have no
experiments penetrating the trans-Planckian scales, allowing us at least to see what
is happening there.

The evolution equations which we had found start to be valid well after the Planck
scale, when gravity is safely classical. However, the initial conditions that we use
are coming from a quantum phase and as such they carry a probabilistic feature.
For example, we shall investigate the inflationary paradigm and we shall see that it
provides a prediction not on ( (k) itself but rather on its probability distribution. In
particular, if it is a Gaussian one hence all the information is contained in its variance,
which is called power spectrum.

There is also another important point which stresses how useful is to treat cos-
mological perturbations as random variables. Observationally, it is impossible to
determine (7, x) for any given time because we receive signals from our past light-
cone only. It is impossible thus to recover the initial  (x) from what we observe. Even
if we would be able to concoct a theory predicting the initial {(x), we would not be
able to fully test it since we cannot determine J (7, X) completely from observation.

Moreover, determining exactly §(n, x) is an awful lot of information. For example,
it would mean that we are able to predict the position of a certain galaxy at a certain
time. Though this might be interesting to some extent, we are rather more concerned
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with averaged quantities, such as the average distance among galaxies, because these
contain information on gravity and the expanding universe.

Hence, promoting (or rather demoting) §(, x) to a random variable, we are then
able to infer informations about its expectation value, variance or other high-order
correlators from the observation limited to our past light-cone. This allows us to make
contact with the descriptive statistics that we are able to make on the distribution
of structures in the sky.

7.2 Random Fields

A function G(x) is a random field if its values are random variables for any x and
distribution functions

Fl,z,...,n(glv 927 L) gn) = F[G(Xl) < 919 G(Xz) < 927 ML) G(Xn) < gn] ’ (73)

exist for any n. We denote with capital G the random field, so it has x dependence,
and with g a certain value that it can assume at a given x among all the possible
ones which form the ensemble. The subscripts in g, ¢», . . . , g, refer to the different
points Xj, Xy, ..., X, in which the random field is evaluated.

In particular, at a given point X; some probability density functional exists:

pi(gdg , (7.4)

describing how probable is for G to assume a certain value g; in X;. In terms of the
distribution function, p(g;) is defined as:

dFi(g1)

pi(g1) = do (7.5)

Since F is a cumulative probability then Fj(—o0) = 0 and Fj(co) = 1. In cosmol-
ogy, G(x) is a perturbative quantity, such as the density contrast §(x).

As usual, an expectation value of the random field is defined via an ensemble
average:

(G(x1)) E/lepl(gl)dgl (7.6)

where 2 denotes the ensemble.
In general, one has:

pi(q1) # p2(92) (7.7)

i.e. the probability distribution of the values which G may assume in X, is in general
different from the one of the values which G may assume in x,. When this does not
happen, i.e. the probability of the realisation is translationally invariant, the random
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field is said to be statistically homogeneous. For a statistically homogeneous random
field then Eq. (7.6) is independent of x

(G) E/Qgp(g)dg (7.8)

Now we can think of more complicated and richer configurations of the random field
G asking for example what is the probability of G(x;) and G (x;) being g; and g,
respectively. This is given by

p12(g1, 92)dg1dga (7.9)

which can be written again as a derivative of the distribution function F,. In general:

p12(91, 92) # p1(g) p2(92) » (7.10)

unless the realisations are independent, in which case the random process is said to
be Poissonian. The 2-dimensional probability density allows us to define the 2-point
correlation function as follows:

E(X1,x2) = (G(x1)G(x2)) = / 9192P12(91, g2)dg1d g2 (7.11)
Q

In a similar fashion, one can define N-point correlation functions as

EM(xy, X2, ..., xXn) = (G(x)G(X2) ... G(Xn))

E/glgz-..gzvpn...zv(gl,gz,...,gN)dgldgz..-gN. (7.12)
Q

The order of the points matters, i.e. in general pjo._y 7# p21..ny for example, and we
are using the same ensemble €2 for each point.

Exercise 7.1 If the random field is statistically homogeneous, show that the 2-point
correlation function has the following property:

(X1, X2) = (X1 — X2) . (7.13)

Given a rotation matrix R, define xg; = RX;. The random field is statistically
isotropic if
pi(g1) = Pri(gr1) VR, (7.14)

i.e. the probability of the realisation is rotationally invariant.
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Exercise 7.2 If the random field is statistically homogeneous and statistically
isotropic, show that the 2-point correlation function has the following property:

E(Xp,X2) = (X1 —x2) = &(r12) (7.15)

where r1, = |x; — Xp|. That is, the 2-point correlation function depends only on the
distance between the two points.

Following the standard definition that we learn in the first course of statistics, the
ensemble variance of the random field is defined as:

o’ (X1, %) = (G(x1)G (%)) — (G(x1))(G(x2)) (7.16)

Therefore, if the random field is statistically homogeneous and isotropic, we get:

0% (rn) = £(rp) — (G)? (7.17)

where recall that (G)? does not depend on the position. Note that if random process
is Poissonian, i.e. p12(g1, g2) = p1(g1) p2(g2), then the variance is zero, since:

E(r) = (G)*. (7.18)

If G is a variable representing the distribution of galaxies, we do not expect it to
be a Poissonian random variable because gravity turns the odds for the galaxies to
be closer to each other rather than farther. Hence, we attribute deviations from the
Poissonian behaviour to gravity and for this reason it is very important to study the
2-point correlation function.

In observational cosmology we are able to compute just a spatial average of the
field G (x), since we have just a single realisation, i.e. our universe. So, consider the
spatial average on a given volume V:

G

1 3
vad X G(x) . (7.19)

What can we say about X = G — (G)? We use this as an estimator of the error which
we are making by exchanging the ensemble average with the spatial one.

Exercise 7.3 Show that:
1
(X) = 7/ &x (Gx)) — (G) =0, (7.20)
1%

and the variance is:
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L 3 2
(X°) = 2 a’xy | dx(G(x1)G(x2)) — (G)” . (7.21)
\%4 |4

Assuming statistical homogeneity we can then obtain

(X?) = % /V &x, /V Pxs £(x1 — x2) — (G)? . (7122)

We see that for a Poissonian process this variance is vanishing. In fact, if the galaxies
are randomly distributed, any volume is a good sample of the realisation.
The above integral can be written as

(X% = %/ d’r £(r) — (G)? . (7.23)
|4

In Sect.7.8 we show that this variance goes to zero if V — oo, a fact known as
ergodic theorem and based on a couple of reasonable assumptions. On the other
hand, in practice the volume is finite and thus (X?) is in general different from zero.
In cosmology, itis called cosmic variance. Assuming statistical isotropy in the above
integral and using a spherical volume for convenience, we can write:

R
(X% = 2 / dr r’¢(r) — (G)*. (7.24)
R3 Jo
This is almost all we need to know about random fields in order to apply them to
cosmology, at least from the theoretical point of view. How to compute correlators
from the observational data is another issue which is not addressed in these notes.
Note that in the above description of a random field G we have used the configura-
tion space whereas we have mostly used Fourier-transformed quantities representing
our cosmological perturbations. We assume that the FT of a random field is also a
random field, and all the above described properties apply.
Observationally, we are able to probe a realisation in a certain finite volume, say
a box of volume L3. Hence, the FT is defined here as a Fourier series:

1 ik,-x
G = > Gye (7.25)
where the coefficients are given by:
G, = f d’x G(x)e ™™, (7.26)

and the wavenumbers are quantised, because of the periodic boundary conditions
that we must impose, which are equivalent to ask that G vanishes on the sides of the
box:
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2
k, = —n, 7.27
n (7.27)

where n is a generic vector whose components are integers.
If the side of the box goes to infinity, we recover the usual FT, i.e.

3
G(x) = / Ak GK)**, Gk = / d’x G(x)e *x (7.28)
(2m)3

Note that if G (x) is a real field, then G(—k) = G*(k), because of the following:

Exercise 7.4 Compare:

_ &k~ ik-x * _ d’k ok —ik-x
Gx) = / ) Gk)e™™ , G*(x) —/ Iy G*(K)e . (7.29)

(

The two expressions are equal if G(x) is real. Therefore, show that G(—k) = G*(k).

The relation G(—k) = G*(k), is called reality condition and we shall exploit it
in the following Chapters for the predictions on the observed spectra.

7.3 Power Spectrum and Gaussian Random Fields
Consider the 2-point correlation function for the Fourier transform of G (x):
(GK)G*(K)) = / d’x / X (G(x)G (x))e FXKx (7.30)
Assume statistical homogeneity. Then:
(GK)G*(K)) = / d’x / PXEG (X — x)e kXK X (7.31)
and changing variable from x’ to z = X' — x we get:
(GK)G*(K)) = / d’x eI kTKIx / d’z 6 (2)e* (7.32)

Now, using the representation of the Dirac delta we get

] (GK)G*(K)) = 2m)*0P (k — k) Pg () \ (7.33)
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with the power spectrum defined as:

P (k) = / d’x €6 (x)e kX (7.34)

i.e. as the FT of the 2-point correlation function. If also statistical isotropy is assumed,
one has:

o0 1
Pg (k) = 2w / dr r? £6(r) f du e (7.35)
-1

0

where u is the cosine of the angle between k and x, which we have used as variable
in the integration. Because of statistical isotropy then the power spectrum depends
only on the modulus of k. Performing the u integration, one gets:

P (k) = 4 / S dr i () Sin]ffr) . (7.36)
0

7.3.1 Definition of a Gaussian Random Field

Now we define a Gaussian random field, from the point of view of its Fourier
components first. FT Gaussian random fields are defined by uncorrelated modes,
i.e. precisely by Eq.(7.33). So, we have proved that Gaussianity implies statistical
homogeneity. Moreover, Gaussian random field are characterised by the fact that the
expectation value and all the correlators of odd order are vanishing, i.e.

(GK)) = (Gk)G(k)G(ks)) =---=0. (7.37)

All the correlators of even order can be written in terms of the second-order cor-
relators, i.e. the power spectrum, which thus contains all the information about the
random field. For example, the 4-point correlator is:

(G (k)G (k2)G(k3)G(ky)) = (G(k1)G (k2)) (G (k3)G (Ky))
+{G (k)G (k3)) (G (k)G (ky)) + (G(k)G(ka)) (G(ka)G(k3)) . (7.38)
Since all the Fourier modes are uncorrelated, their superposition is Gaussian-

distributed by virtue of the central limit theorem and hence the reason why they
are called Gaussian perturbations. So the g¢’s are distributed as a Gaussian:

e=9'/2 (7.39)

p(g) = NS
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where we are assuming a vanishing expectation value and the variance has been
defined in Eq.(7.16). We have used g here instead of G(x) because of statistical
homogeneity.

7.3.2 Estimator of the Power Spectrum and Cosmic Variance

Theoretically, we shall provide predictions on Pg (k) whereas observationally we
determine £ (r), so it is more appropriate to invert the above FT. So, starting from
Eq.(7.11), we have:

5 r G G d k d k/ ,
G( ) < (X) (x I)> (2 )3 ( )3 (G(k)(; (k )e —iK'- (x I)>

We have included the Fourier modes in the average in order to investigate the differ-
ence between doing the spatial average or the ensemble one.

Doing the ensemble average. Using Eq.(7.33) in Eq.(7.40), the average must be
carried on the G’s:

d’k xil
6= | G0 / d’K PG (k)6 (k — K)e* >~k 0 (7.41)
™
and gives us:
d’k —ikr
S = | GozPake™". (7.42)

Note that, since & is dimensionless, then Pg (k) has dimension of a volume. Working
out the angular integration, we get:

dk kZ —ikru
&) = [ GosPo® / du e (7.43)
where again u is the cosine of the angle between k and r. Integrating for the last
time, we get:
®  k2Pg(k) sin(k
£6(r) = / a Lo ®) sintkr) (7.44)
0 27'('2 kr

It is customary then to define a dimensionless power spectrum as

3 Pg (k)

2 —
A =73

(7.45)

so that Eq. (7.44) becomes:
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sin(kr)

o (7.46)

* dk
EG(r) = / - AG (k)
0

Doing the spatial average. Suppose that none of the quantities in the integrand of
Eq.(7.40) is a stochastic variable and that (. . . ) is a spatial average, which is the one
relevant from the point of view of observation. We must rewrite g (r) as follows:

3 1 3 1 % ik, -X—iK,,-(X+r) = 27
fG(r)ZV/“/d X;WGnGme r ) Gn:G(kn), kn:Tn’
(7.47)

where we have used the Fourier series expansion because we are in a finite volume,
that we have chosen to be a cube of side L and hence V = L>. This volume can be
thought as the survey volume. Note that the summation over n and m is intended as
a sum over the three components of n and m since we cannot use statistical isotropy
now. The spatial integration gives:

1

= dPx @k x — 5 (7.48)
A%

Exercise 7.5 Show in one dimension, for simplicity, that:

(7.49)

l /L/Z . gith—tas _ 2 sin[(k, — ky,)L /2]

LJ 1p (kn — k)L
Since k is quantised, the difference k, — k,, is always a multiple of 27 /L, thereby
making the sine to vanish. The only exception is when the difference is zero, i.e. for
n=nm.

So, we have for the correlation function:
~ 1 .
§o(r) = 5 1GPe™ T, (7.50)

from which we infer the power spectrum as:

G ?

P, =Pk, = %

(7.51)
Since the survey volume is finite we saw that the smallest wavenumber that we

can build is 27r/L and the smallest cell in the wavenumber space has thus volume
Qm/L)>.
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Exercise 7.6 Prove that the number of independent modes between k and k + dk
isl:
dk

- (7.52)

s

2 L ’ 1 3

From this number of independent modes, we then know that the cosmic variance
of the power spectrum is:

opk) 1 1
P(k) N rPkL)?’

(7.53)

where we have defined r; = dk/k as the resolution of the survey. If we assume
infinite resolution then we have to derive again the above result since the dimension
is reduced by one.

Exercise 7.7 Show that the number of independent modes on the sphere of radius
k in the wavenumber space are:

2 2
Ny = 47k? (£> D ) (7.54)

27 T

In this case, one gets:
k 1 1
or®) ~ (7.55)
P (k) Ny kL

for the cosmic variance, which is the result obtained in Weinberg (2008).
These formulae for the cosmic variance tell us that the latter is negligible if the
scale probed is much smaller that the dimension L of the survey, i.e. kL > 1.

7.4 Non-Gaussian Perturbations

For non-Gaussian perturbations the odd-order correlators are non-vanishing. For
example:

(G (k)G (k)G (k3)) = 2m)* 0P (ki + ko + Kk3) Bg (ki ka, k3) | (7.56)

where Bg (k1, k2, k3) is called bispectrum and can be rewritten as:

IThis calculation is essentially identical to the one which leads to the definition of the Fermi
momentum of a gas of fermions, which might be more familiar to the reader. See e.g. Huang (1987)
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Bg(ki, ky, k3) = Bg(ki, ko, k3) [P (ki, ko) + Pg(ka, k3) + Pg(ki, k3)]
(7.57)

i.e. in terms of a purely FT of a 3-point correlation function, called reduced bispec-
trum, multiplied by all the possible combinations of the FT transforms of the 2-point
correlation functions (i.e. the PS). This formula can be obtained using the following
expansion:

G(x)=Gg(x) + fvr (G&(x) — (GE (X)) + ..., (7.58)

where (Gé X)) = aé. This expansion is called local type non-Gaussianity and is
based on the fact that the square of a Gaussian random field G (x) is not Gaussian.
The amount of non-Gaussianity is indicated by the free parameter fy, which Planck
has constrained to be (Ade et al. 2016):

| fve=25+57] (68% CL, statistical) (7.59)

The huge relative error shows how difficult is to extract this kind of information
and at the same time how Gaussianity (fyr = 0) is fully consistent with data. Note
that we are talking here of primordial non-Gaussianity. In the structure formation
process, non-Gaussianity naturally arises in the non-linear regime of evolution.

7.5 Matter Power Spectrum, Transfer Function
and Stochastic Initial Conditions

All the formula derived in the previous section can be in principle directly adapted
to the matter density contrast field 6(7, k)% but how do we deal with the time depen-
dence of the latter? In principle, one just needs to substitute G (x) for d(7, x), where
we are leaving on purpose the time-dependence. We then have:

(% dk sin kr ) K Ps(n, k)
&(m, V)—/O TA(;(”’ ”)T , A5(777”)— T , (7.60)
and, from Eq. (7.33) we have
(6, k)" (n, K)) = 2m)*6 (k — K) Ps(1, k) . (7.61)

In the above equation we have assumed Gaussianity in the initial conditions. In the
linear case the modes evolve independently and hence Gaussianity is preserved, for
this reason the above equation is valid even if it is considered at any time 7.

2We drop here the subscript of § in order to keep a light notation. The treatment can be in principle
applied to any ¢, but the most interested case is that for matter, i.e. CDM plus baryons.
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As we have anticipated, the stochastic character of § (77, k) is due just to its initial
value (k). Hence, it is customary to write:

Ps(n, k) = T*(n, k) Ps(k) (7.62)

where T (7, k) is the transfer function and Ps(k) is the primordial power spectrum,
i.e.

(6(k)o*(K)) = 2m)* 6P (k — K) Ps (k) , (7.63)

where J (K) is the initial condition of §. The primordial power spectrum is a prediction
of inflation that we shall compute in Chap.8 whereas the transfer function is the
solution of the evolution equations that we have found in Chaps.4 and 5, with the
primordial modes found in Chap.6 as initial conditions. These are characterised
by constants multiplied by a function of k, which becomes our stochastic initial
condition. We call this a(k) for scalar modes and (3(k, A) for tensor modes, borrowing
the notation used in Weinberg (2008). Also, in the rest of these notes we shall drop
the explicit use of the transfer function T (1, k), by adopting the renormalisation:

6(n. k) — ak)d(m. k), O@.k, p) > ak)O®@.k, p), (7.64)

e.g. for the density contrast and for ®, when it shall be necessary.

Let us see a practical example of how to calculate 72(n, k) and its normalised
initial conditions. Consider adiabaticity. Then, all perturbations are sourced by
a(k) = ((k) = R(k) = C, (k). If we normalise the initial condition C., (k) = 1, then
we have from Eq. (6.71) and the subsequent ones:

1 1 1 1 10 2
= b= 0= -Gy =—®+1, W= d=-w(1+ZR,).
cT 3T Y v + 15+ 4R, <+5 )

3 4
(7.65)

With this collection of initial conditions we can compute the transfer functions for
each variable, square them and propagate the primordial power spectrum forward to
any time. Hence, for matter, we can write:

2
Ps(n, k) = T?(, k) Ps(k) = T (1, k) ( ) Pk . (7.66)

15+4R,

Finally, a comment on the following. Note that in Eq. (7.63) we have the product of
two §’s in (d(k)d*(k’)). Is not this of second order and thus negligible? Locally it is,
but the ensemble average can be seen as a spatial average, cf. Eq. (7.47), and thus we
have a vanishing quantity integrated over an infinite volume giving a finite result.
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7.6 CMB Power Spectra

CMB photons do not come from a localised source but from the whole celestial
sphere and from a finite distance, the last scattering surface, which corresponds to
a redshift of z ~ 1100. Hence, one usually approaches the CMB power spectrum
differently from the matter one (this coming from the observation of galaxies).

The relative fluctuation in the temperature §7 /T is the same © that we defined
in Eq.(5.80) if we suppose that the perturbed distribution function ¥, does not
depend on the photon energy p. Since this assumption is justified by the fact that
Thomson scattering with electrons is the relevant physical process generating ®
and in Thomson scattering the energy of the photon is unchanged, we shall use
0T/T = ©.

Note that ® = ©(n, x, p), but from the point of view of observation, we are
just interested in temperature fluctuations here and today, i.e. for n = 1y and x = Xo,
where the latter is the position of our laboratory (i.e. Earth). Moreover, photons travel
on the light-cone (they come from our past light-cone) and from the fixed distance
to the last-scattering surface. Hence:

X, =—(o—n)p =—rip, (7.67)

where 7 is the present conformal time, 7, the recombination one and r, = 19 — 7,
is the comoving distance to recombination. Only photons satisfying this relation can
be detected because their momentum is in the “correct” direction (i.e. towards us)
and they free stream only after recombination. Therefore, of the 6 variables upon
which @ (7, X, p) in principle depends only 2 are observationally relevant, since we
observe

© (10, X0, 11) (7.68)

where 7 = — p are indeed coordinates on the celestial sphere. The direction to the
photon towards us is p, so our line of sight unit vector has the opposite sign.

Now we omit the (779, Xo) dependence of ®. Itis customary to expand a function on
the sphere in spherical harmonics Y;" (6, ¢). Hence, for our temperature fluctuation
we have?:

[ee) 4
O =Y Y arm¥/"®. 9 (7.69)

(=0 m=—¢

where we have written 72 = (sin 6 cos ¢, sin 6 sin ¢, cos #) (i.e. employed spherical
coordinates) and Y;" (6, ¢) are the spherical harmonics. Recall that these are revised
in some detail in Sect. 12.5.

In these notes we adopt a normalisation which guarantees orthormality, i.e.

3The expansion is usually considered for AT, the temperature fluctuation. In this case, the ar ¢,,’s
carry dimensions of temperature. The only difference between the coefficients of the two expansions
is a factor Ty, i.e. the temperature of the CMB.
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/ d*i Y)Y (R) = S0 O - (7.70)

Note that the spherical harmonics Y;" are in general complex* and so the ag,,, must
also be such, in order for ® (6, ¢) to be real.

Exercise 7.8 According to our conventions established in Sect. 12.5 show that
Yy =Y, "#n), (7.71)
and hence, in order for ® (71) to be real, show that:
af.om = AT.0.~m (7.72)

which is a reality condition for the coefficients ar g,.

Note that the expansion (7.69) can be done at each point of spacetime, but then the
angular dependence changes because the (¢, ¢) measured from one point in space
correspond to different celestial coordinates as seen from another spot in space.

The expansion of Eq. (7.69) can be inverted as follows:

ar.om = f d*a Y (R)OR) , (7.73)

and the ay,,’s are promoted to stochastic variable, just as ® is. Again, it is the initial
conditions for cosmological perturbations which are actual stochastic variables for
which inflation predicts a power spectrum, so we shall introduce a transfer function.

For Gaussian perturbations, the expectation value and variance of the ar 4, ’s are:

(ar,m) =0 | {ar.n7 ) = SeeOum Crre | (7.74)

and the Crr¢ = (lar m |2) form the CMB power spectrum. Introducing the Fourier
transform, we have:

&’k [ &K
@em?* ) @m)?

oK% / d*h Y™ () Ok, i) / d* YN RHO* K, 7))
(7.75)

The ensemble average acts on the temperature fluctuations, which we renormalise to
some primordial mode a(k):

Crre=(

Ok, )O*K, 1)) = (ak)a"(K))Ok, n)O"(K',1') . (7.76)

4The notation Yy, usually denotes spherical harmonics in the real form, obtained by combining ¥;"
in a suitable way in order to trade the imaginary exponential exp(im¢) for a sine or cosine function
of ma.
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We should have perhaps written Tg(k, 71), stressing the introduction of a transfer
function, but we have decided to keep a simple notation.

For scalar perturbations we saw that, assuming axially symmetric initial condi-
tions, the dependence is only on k - p = p = —k - it and we have used the multipole
expansion in Eq. (5.113), which can be easily inverted as follows:

Ok, ) =Y (=)' 2L+ P (O} (k) . (7.77)
4

The evolution of the multipoles ®2s) (n, k) until 1y (today) is given by the hierarchy
of Egs. (5.119)—(5.122) which in fact depend only on the modulus k.
Assuming adiabatic Gaussian perturbations, i.e. a(k) = R(k) and

(RKR*(K)) = 27)*6P (k —K) Pr (k) , (7.78)

we have from Eq. (7.75):

d3k A m A A/ mon~
Cire= / WI(@ES)(no,k)IZPR(k) / d*i Y™ () / 4R YR

Z(—i)f’(ze’ + )Py (1) Zi”’(zz” + DPu () . (7.79)
v 4

Note that a similar result can be obtained from Eq.(7.75) if we perform as spatial
average, i.e. an average over Xy, as we saw in the case of the three-dimensional power
spectrum. In this case the square modulus |® (k, 1) |> appears, as our estimator of the
angular power spectrum.

Recall that the Legendre polynomial is proportional to ¥ and thus from the
orthogonality of the spherical harmonics and the addition theorem we get:

4

Y™ (k)6 . (7.80
2Z+1l()u (7.80)

/ d*i P (u) Y™ (7)) = / d*h Py (—k - A)Y[™ (7)) =

Hence we have:

2 dk
=2 [ak K16 . P PRk =47 [ 168 a0 bR AR G| (78D

s

where we have used:
/ kY )P =1. (7.82)

We shall discuss the tensor contribution to the CMB TT spectrum in Chap. 10.

Not only temperature anisotropies are measurable in the CMB sky, but also
polarisation ones. Hence, we have more correlation functions and spectra than the
temperature-temperature (TT) one. As we discussed in Chap. 5, Thomson scattering
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provides only linear polarisation, which is described by the two Stokes parameters
Q and U. It is customary to use the combinations Q £ iU since these have helicity
2, i.e. under a rotation of an angle 6 in the polarisation plane they transform as:

(0 +iU) — (0 +iU) . (7.83)
Similar quantities were defined for gravitational waves. Now, O =+ i U represent fields

of helicity 2 on the sphere and as such they can be expanded in spin 2-weighted
spherical harmonics:

Q+i)@) =) Z ap.m Y (R) (7.84)
(=2 m=—
£
(Q —il)®A) = Z D A 2V (7.85)
=2 m=—¢{

The spin-weighted spherical harmonics do not satisfy simple reality conditions as
the spin-0 ones (the usual spherical harmonics) do, i.e. ¥;"* = Y, ™, and therefore it
is convenient to use the following combinations of ap ¢

agom = —@pom+apy /2,  apem =i(@pm —ap, ,)/2.  (7.86)

These satisfy reality conditions and have the following properties under spatial inver-
sion: ag ¢, gains a factor (— 1)¢, as the ay,, of the temperature-temperature correla-
tion, whereas ap ¢, gain an extra —1 factor.

If we assume thus stochastic initial conditions which are invariant under spa-
tial inversion, the only four spectra that we can build from CMB temperature and
polarisation measurement are thus:

’ (ar.ema% p) = 600 0mm Crr 0 ‘ ’ (T omaE.em) = 000 Omm CTE 0 ‘ (7.87)

’ (ag,emg ) = 00t Omm CEE.C ‘ ’ (aB.ma pp) = 000 Omm Chp e ‘ (7.88)

Note that there is no dependence on m in the power spectra. This is again due to
statistical isotropy. Violation of the latter is related to the so-called CMB anomalies.
These are unexpected features in the CMB sky, such as the axis of evil and the large
cold spot in the southern hemisphere (Schwarz et al. 2016). The explanation of these
anomalies is an open issue of modern cosmology.

Statistical isotropy is motivated by the Copernican principle and predicted by
many inflationary theories.’

3 According to the Copernican principle we do not occupy a special position in the universe. There-
fore, its average properties that we are able to determine should be the same as those determined
by any other observer.
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7.6.1 Cosmic Variance of Angular Power Spectra

In this section we compute the cosmic variance of the angular power spectra. The
result can be applied to any field defined on the sphere and for Gaussian perturbations,
which are characterised by a correlation function which depends only on the angular
separation and thus the power spectrum is C,, depending only on £.

In order to compute the cosmic variance, let us do first an estimate. Our objective is
to determine C, observationally, in order to compare it with our theoretical prediction.
In order to do that, we probe (anay,,) for different values of m, which are 2¢ 4 1.
Hence, we have 2¢ + 1 possible sampling of C, for any given £ and a sampling error

AC X V20 + 1. (7.89)

The relative error associated to the sampling, i.e. the cosmic variance, is thus:

AC, 1
(o = X .
T2+ 2+

Now, let us make a more precise calculation following (Weinberg 2008). Consider
the temperature-temperature correlation function, as an example:

(7.90)

(OMWO@)) = Y (amarn) Y WYY @) =Y CY @Y, " @), (191)

tmt'm’ tm

where cos§ = i - n’ and we have performed the ensemble average assuming Gaus-
sian perturbations. The —m of the second spherical harmonics comes from the reality
condition by which aj,, = as .

Using the addition theorem of the spherical harmonics, we can do the sum over
m in the above formula and obtain:

2wl
N =S"C
yy Pe-1') ; ¢

20+ 1
4

™

CO) = (OMO®)) =) C, Pi(cos b) .
l

(7.92)
So we have explicitly proved that for Gaussian perturbations the correlation function
depends only on the angle between the two directions. Inverting this relation using
the orthonormality of the Legendre polynomials, we get:

1
Cy = 4—/d2ﬁ d*n Py - (O M)OW)) , (7.93)
T

which is Eq. (7.75), without introducing the FT, which we do not need here.

The integral is of course on the whole sky. These are the theoretical C,’s, and the
average is the ensemble one. Observationally, the only average that we can do is the
angular one, i.e.
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1
= / d*h A7 PG - )OO @) . (7.94)

Exercise 7.9 Show that, substituting the spherical harmonics expansions, we have:

Cgbsz Z / d*i d* Po(i - #Yapy Y M (Wap Y (7))

LML’M

2£+1Z Apm@e,—p - (7.95)

Here it appears more clearly that for each value of £ we have 2¢ + 1 possible
realisations and thus we expect that the counting error is 4/2¢ + 1. We can calculate
this exactly, and the cosmic variance is the following ensemble average:

C( _ Cobs 2 (Cobs> 1
L =(—) )=1-2""L cov?y 7.96
(TQ: << Cg > > Ce + C2 ( ? > ( )

Of course, the ensemble average of (Cj 9bs) is Cy, just look at the integral which defines
it, and the ensemble average of C; is Cy, since it is already averaged. Therefore, let
us focus on

1
Z(almai,—maém’aﬁ,—m’) . (797)

2
Cobs —
(™) 26+ 1) &=

Since the perturbations are Gaussian, this 4-point correlator can be split into the
following sum, by Eq. (7.38):

<a£ma(f, —maZm’a(Z,—m’> = (a(imai,—m) (a(im’a(f, —m’) + (aimaém’> <a€,—ma(i,—m’>
+ (aﬁmai,—m/) (aim’a(f,—m> .
(7.98)

Using Eq.(7.74), we finally get:

= 7.
CTET (7.99)

as expected.
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7.7 Power Spectrum for Tensor Perturbations

When we compute the power spectrum for GW, using the decomposition of helicities
of Eq.(4.211), we get:

(W OhLr . KD)) = > eijk. Nep,, (', Xy (h(p. k. MR (, K, V)
AN =42
(7.100)
the stochastic behaviour being carried by the initial condition on % (7, k, \), which
we then renormalise as:

h(n, k, ) = B&k, Nh(n, k) ‘ (7.101)

Since the evolution equation for tensor perturbations depends only on k and does not
depend on the helicity A, we incorporate the latter in the stochastic initial condition.

Asking translational invariance (Gaussian perturbations) and rotational invari-
ance, we have:

(B, NB* K, \)) = 271) Py (k)6 (k —K') . (7.102)

Therefore, in the ensemble average of (th] (n, k)thnf(n, k’)) it appears the sum over
the helicities:

Mijmk) = Y eij(k, Nejy, (k. N) . (7.103)
A=%2

We can make this sum explicit as follows. Consider the fact that IT;; ;,, (12) is a tensor
which depends on k. In order to have the correct combination ij, Im of indices it
must be a combination of the only independent tensors that are around, i.e. J;; and

k. In order to have the correct combination ij, /m of indices, we can combine two
d;j, one ¢;; and two k,, or four k,,. So we can put forward the following ansatz:

L im (k) = A58 + Simbj1) + B:ijOim

+C3ijkiky + Dpkik; + E itk ik + 6 jmbiks + Simk iy 4 8 j1kikon)
+Flikjkiky . (7.104)
where we have grouped together all the terms which must be symmetrised in order

to respect the symmetry of IT;; ;,, (k), which is symmetric in ij and in /m separately.
The coefficient introduced above are, in principle, complex.

Exercise 7.10 Contract the above ansatz for IT;; (12), with l%i, with &' and with
6", Since the result must be zero, show that have the following conditions on the
coefficients:
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A=-B=C=D=—-E=F. (7.105)

Thus, we can write:

i im (k) = A8 jm + im0t — 81j0um
+0iikikm + Oumkik; — Sk jhny — O jumkiky — Simk iy — & jtkikyn

A A

thkik k) . (7.106)

Now, since H;kj’ Im (IE) = Iy ij (12), i.e. complex conjugation amounts to exchange the
couple ij with /m, it is not difficult to conclude that A is a real number. In order to
determine which number, consider the normalisation used in Eq. (4.206). If we set

k = Z in our improved ansatz above and choose i = j =1 =m = 1, we get:

My k) = 2611(12,/\)671(12,)\)= 1=A. (7.107)
A=£2

Therefore, we can conclude that:

i im (k) = 80 + i1 — 01 Oim
+0ijkikm + Oimkik; — Gk ik — 8jmkiky — Gimk ki — & jikiky
tkikjkik, . (7.108)

7.8 Ergodic Theorem

Following Weinberg (2008), here we briefly presents the ergodic theorem, which
allows us to exchange ensemble and spatial average under certain conditions.

Consider arandom variable G (x) in a D-dimensional Euclidean space and assume
statistical homogeneity, i.e.

(Gx1DG(Xx2)...G(x,)) =(Gx1 +2)G(x2+2)...G(X, +12)), (7.109)

i.e. when we calculate the correlator, the result does not change upon translation of
the fields.

Also, let us make the following reasonable assumption. When we calculate a
correlator where a certain amount of points are very far from another set, then the
correlator breaks. That is:
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(G +wGx+w)...Gy1 —wG(y2—w)...)
oo (G +WGEX +w) ... ) (G(y1 —w)G(y2 —w)...)
= (Gx)NG(x2) ... (GyDG(y2)...),

i.e., if we think of a simple 2-point correlation function, the points become uncorre-
lated on a large distance and so it is like having independent ensembles, which is the
key in order to exchange the spatial average with the ensemble one. In the last line
of the above equation we have used statistical homogeneity.

Now define what in some sense is closely related to the cosmic variance:

2
UR(X15X29 ) =

2
<|:</ dPINR ()G (x; +2)G(x; + 7). ) —(G(x1)G(xp) - ..)] > ,
(7.110)

where the integral is a spatial average about a point z, recall that the dimension of
the space is D, and the window function or filter is for example:

1 2 2
el 7.111
VTR D

which, as it can be checked, is normalised to unity, i.e. f dPz Ng(z) = 1, the inte-
gration being over all the space. This function is basically a filter and its form is
not important as long it is almost constant for |z — zy|*> < R? and decays rapidly for
|z — zp|? > RZ. It introduces a scale R which is the limiting one until which we are
able to do a spatial average and so we want to check how this variance depends on
R. We can think of R as the size of a survey, for example.

The ergodic theorem states that

NR(Z) =

oRr(X1,%X2,...)~R?  forR— o00. (7.112)

In order to prove it, expand the square in the variance:
0% = <f dDzNR(z>/dDwNR(w)<G<xl +2)Gx +2) - — (GENGX)...)
x (G +W)GX,+wW)--- — (GG (X2)...))) . (7.113)

We can incorporate the ensemble average into the integral because of [ dPz
Ng(z) = 1. Now apply the average and use statistic homogeneity:

0% = /dDzNR(z)/dDwNR(w)((G(xl +2)Gx242)...Gx1 +W)G(x2 +W)...)

—(GxDG(x2)...)%) . (7.114)
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Now change integration variables:
u=(z—w)/2, v=(z+w)/2, (7.115)

and, remembering to take into account the Jacobian of the transformation, which is
2D and the expression we have adopted for the window function:

D
0%3 :< 22) /dDV/dDu e—\u-Q—v—zo|2/R2—|v—u—zo\2/R2
TR

{(Gxj+u+v)Gx+u+vVv)..Gx +v—u)GXxX+v—u)...)—
(Gx1G(x2)...)7) .
(7.116)

Now, the v in the fields is always summed to the coordinate so we can use again
statistic homogeneity and eliminate v from the average, getting:

D
e (2) o fanaemis o
TR2

(G +wWGx +uw)...Gx —wWG (X —w)...) — (GEDG(X)...)%) .
(7.117)

The integration in v can be immediately performed, being a Gaussian integral equal

to (m/2)P/2RP:
2 \P? 2 g
m () [
T

(GX; + WG (X2 +1)...Gx; —W)G(X —u)...) — (G(x1)G(x2)...)?) .
(7.118)

Note that z, is no more present, as it should be because of statistical homogeneity.
The term between parenthesis goes to zero for large |u|, on the basis of the hypothesis
made at the beginning of our discussion, therefore the |u| integral is finite and above
all, its value does not depend on R because the difference among the ensemble
averages does not depend on our choice of R. Then, we can conclude that:

or = O(R™P/?) (7.119)
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Chapter 8 )
Inflation Becit

And if inflation is wrong, then God missed a good trick. But, of
course, we’ve come across a lot of other good tricks that nature
has decided not to use

Jim Peebles, interview at Princeton (1994)

We dedicate this chapter to inflation, a model of the primordial universe in which an
almost constant H provides a scale factor a growing exponentially with the cosmic
time. Inflation is able to solve some puzzles related to background cosmology and
also to provide a testable prediction of the power spectrum of primordial fluctuations.
Among the first pioneering works on inflation there are Starobinsky (1979), Guth
(1981), Linde (1982) and Albrecht and Steinhardt (1982).

An alternative to inflation which has risen some interest is the so-called bouncing
cosmology in which the universe is eternal and whose evolution is characterised by
a contracting phase followed by an expanding one, through a bouncing phase whose
physical details are governed by quantum cosmology. See Novello and Bergliaffa
(2008) and Brandenberger and Peter (2017) for recent reviews on the subject which,
though interesting, we shall not tackle here.

8.1 The Flatness Problem

Recall the definition of the curvature density parameter that we gave in Eq. (2.69):

K

QU =m0

(8.1)

and of its observed value coming from the latest Planck data (Ade et al. 2016b):
Qko = 0.0008 00039 - (8.2)
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at the 95% confidence level. It is with a lot of confidence, much larger that 95%, that
we can conclude that:

Qko| < 1. (8.3)
But then notice the following:
|Q|—_L—_L%—|Q |H_02<L02 (8.4)
K= Ha? | | H2a2 H2a2| ™ " B T O H2a '

where we have used ap = 1. Now, how does the function on the right hand side scale?
When a — 0, since radiation dominates, we have that:

H; 250 8.5
H2a2~a—> . (8.5)

That is, the more in the past we go the closer to zero Qk gets. And closer means
really closer. Indeed:

Exercise 8.1 Show that at the radiation-matter equivalence, i.e. at 7 = 104, Qx <
10~*. Show that at BBN, i.e. at z = 10'°, Qx < 10~'°. Then show that the Planck
time corresponds roughly to z = 102, and then there we have Qg < 107%.

The Planck time is the farthest we can extrapolate our classical theory and 10~
is something really close to zero. What is the problem here? The problem is that if
by some reason Qg ~ 107 at the Planck era, then today Q2xo would be ten times
larger and in complete disagreement with observation. In order to match what we
observe today, Q2 has to be determined at the Planck scale with a precision of 60
significative digits! This is an example of fine-tuning.

Fine tunings might not be actual problems for theories, in the same sense that
falsified predictions rule out wrong theories, but denote something ad hoc, unnatural
and therefore something that we would like to explain in another way if possible.

As for the flatness problem the very simple idea put forward in Guth (1981) is
the following. Regard Eq.(8.1). If H is constant, then Qg o< 1/a?. Thus, if before
the radiation-dominated era the very early universe experienced a phase in which H
is constant, this could explain why Qk is so small to begin with, without recurring
to any fine-tuning. This primordial phase with H constant, or almost constant, is
inflation.

Inflation must take place in a primordial phase of evolution, prior to radiation
domination, in order not to spoil the successful predictions of the Hot Big Bang
model.
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Exercise 8.2 Show that a constant H implies that:
H = constant = a e’ | (8.6)

i.e. an exponential growth with time of the scale factor.

Let us see quantitatively how inflation can solve the flatness problem. Suppose
that

K
_a|zH|.2 — o), (8.7)

1 1
at the beginning of the inflationary phase, to which we refer with a subscript i. That
is, at the beginning of inflation the spatial curvature might be a relevant fraction of
the total energy density content of the universe.
Now, at the end of inflation, which we denote with a subscript /, the scale factor
a has grown of a factor ¢ . The number N is called e-folds number. Then we have:

KL _ 1K oy o
_ = e ~ e . 88
T ZH? (8:5)

Therefore, today we have that:

Kl K| (arHi\® oy (arHr\’
k0l = 77 = () ~e N ) (8.9)
0 111 0 0

In order to have |Qg¢| < 1, we need

arH;
<eV
Hy

(8.10)

In order to estimate the ratio on the left hand side, let us suppose that inflation ends
into the radiation-dominated epoch, so that:

H} ~ H}Qu/aj , (8.11)

| H
a; ~ Q! 7(1) . (8.12)

and thus:
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We have then:

N /4 [ Hi a ()" "
€ >Qyg =0 | —) =g (8.13)
Ho % 0.037 h eV

where p; is the energy scale at which inflation ends, but since H is constant during
the inflationary phase, then p; is energy density scale of inflation fout court.

Certainly we do not want to spoil BBN, therefore p; must be larger than 1 MeV*.
With this constraint we get N > 17. Choosing the Planck scale, one gets N > 68
and choosing the GUT energy scale one gets N > 62.

8.2 The Horizon Problem

The horizon problem is an issue that appears when we calculate the angular size of
the particle horizon at recombination and notice that it is only a small portion of the
CMB sky. Then, how is it possible that the latter is so isotropic if no causal process
could have provided the conditions to be so?

Let us again consider this issue more quantitatively. The proper particle-horizon
distance is the following:

tdr ¢ dd
dy ZQ(I)/(; m =a/(; W . (8.14)

In an universe dominated by matter and radiation the above expression becomes:

¢ da’ 2a
dy = a - (,/sz atQ —\/Q). 8.15
H /0 oo T~ HoStmo mo 10 10 (8.15)

Now, recall that the angular diameter distance has the following form:

odr ' dd
day = a(t)/; m Za/; W . (8.16)

Again, in an universe dominated by matter and radiation the above expression
becomes:

! da’ 2a
dy = a - (Q+Q—Qa+sz).
(8.17)

The ratio dy /da represents the angular radius of the particle horizon at a given scale
factor. From the above calculations we obtain:

du N Qmoa + o — /210
dy /0 + 200 — v/ Qo + 20

(8.18)
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This ratio tends to zero for @ — 0 and at recombination it is equal to:
dy 3
— (drec = 107°) = 0.018 (8.19)
da

which corresponds to about 1° in the CMB sky. Therefore, we have roughly
47/(0.018)% &~ 10* causally disconnected regions in the sky.

Another way to see this problem is to compare dy with the radius of the universe,
say R, which is proportional to the scale factor a, and calculating thus the number
of causally disconnected regions, i.e.:

i3_ R QmoHoR;
da  2a; (VQmoa + 2o — Vo)

where R; is some initial radius of the universe corresponding to an initial scale factor
aj.

N,

cdr

(8.20)

Exercise 8.3 Typically one assumes that Nyg, ~ 10° at the Planck scale, i.e. of the
order or larger than the observed number of particles in the universe. See e.g. Linde
(2017) for a recent discussion on the issue of the initial conditions of the universe.

Given N4 ~ 10%° ata = 10732 determine then HyR; /a; in Eq. (8.20) and deduce
the value of N 4 at recombination. Show that, again, Neg, & 10%.

So, the particle horizon at recombination is a very small fraction of the CMB sky.
If no causal process could have taken place beyond 1 degree then what did cause the
high isotropy of the CMB temperature?

This issue can be solved in pretty much the same way as we did for the flatness
problem. Assume an initial inflationary phase such that:

Hi(t—t;

a(t) = a;e ) = qe M=) (8.21)

Then, the proper particle-horizon distance that we have calculated in Eq.(8.15)
acquires the following contribution for very small times:

o Hi(t—1)
dy ~a [ dt , (8.22)
t ar

i

which we actually put equal to the same dy because we know that it has to dominate
it in order to solve the horizon problem. Therefore:

1 eHl(ll—l) a
dy ~ a/ dt = e =1. (8.23)
: ar arH;

i

Since da & a/H, for small scale factors, we can conclude that:
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dHN Hy N

— e, (8.24)
dA ay H]
and so, in order to have dy > da, we obtain the condition:
H,
AT _ N (8.25)
Hy

which is the same as in Eq.(8.10). The same solution for two different problems
seems to be a good sign and a good point in favour of inflation.

Usually a third problem concerning standard cosmology goes along with the above
two and it is the one related to the abundance of unwanted relics, such as magnetic
monopoles, which are produced via some symmetry breaking mechanism in the
very early universe and are not observed today. We do not treat this issue here, see
Weinberg (2013) for more details, but it is clear that inflation provides a mechanism
for diluting these unwanted relics beyond the possibility of observation.

We now discuss how inflation can be realised.

8.3 Single Scalar Field Slow-Roll Inflation

We present here the possibility of implementing inflation via a single canonical scalar
field ¢, called inflaton, which is subject to some potential V () with the property
that the scalar field initially rolls slowly down it attaining its minimum after the end
of inflation. This kind of behaviour is called slow-roll inflation and it proves to be
very successful. We now see in some detail how the inflationary phase occurs.

The Lagrangian of a canonical scalar field is:

1
L= Eg“”ausoausa +V(p), (8.26)

where the plus sign might be deceiving (we are used in Lagrangian mechanics to a
difference between the kinetic term and the potential one) if we do not recall that the
signature in use is (—, +, +, +).

The energy-momentum tensor of a canonical scalar field has the following form:

7 (0% 1 na
T = g™ 0,p0sp — 0% |:§g’ OOy + V(cp):| , (8.27)

where V() is some potential. In the background FLRW metric ds* = —dt> +
a(t)*6;;dx'dx’, the scalar field has to depend only on 7, and thus the energy density
and pressure are:
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- 1% =tp4y p= iy =ty 8.28
Py = o—2<p+ (), o =30,T"i=3¢ (o) . (8.28)

Exercise 8.4 Derive the Klein—-Gordon equation for  using the continuity equation.
Show that:
p+3Hp+V,=0, (8.29)

where V , = dV /dp. Show that in the conformal time

¢ +2HY +a’V,=0. (8.30)

Now, Friedmann and the acceleration equations for this scalar field as the unique
content of the universe are written as:

871G |1 7} 8TG
Hz:WT[z“"z”(@}’ =P -ve]. @3

Exercise 8.5 Show that the acceleration equation can be written in the following
form: )
H = —47G¢* . (8.32)

In order to have an accelerated phase of expansion we need that H varies slowly,
i.e. H ~ 0, but how much slowly? Since the only time scale present in the problem
is 1/ H itself, we need that )

1 <1 (8.33)
H? ' ’

because this is the only dimensionless combination possible with H. It means that,
during an expansion time 1/H, the relative variation of H is much less than unity.
Using Friedmann equation and the expression for H we can write the above condition

which is our first slow-roll condition. When the kinetic term of the scalar field is
negligible with respect to the potential one, one has from Eq. (8.28):

P, ~ —p, ~ —V () ~ constant . (8.35)

That is, the scalar field potential, when it dominates over the kinetic term, behaves
as a cosmological constant.
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Note that condition (8.34) does not really demand the potential V (¢) to be flat,
as for example the Coleman—Weinberg (Erick, not Steven) potential (Coleman and
Weinberg 1973) used in the “new” inflationary scenario (Albrecht and Steinhardt
1982). What counts is the kinetic term to be very small compared with the potential
one and this can be achieved even for V (¢) o ©? or * potentials. We shall see this
in more detail later.

The condition given in Eq. (8.33) is usually reformulated in term of a parameter
€, called slow-roll parameter and defined as the ratio in Eq. (8.33), i.e.

_ H _d (1 (8.36)
‘ETm T a\u :

and it is the derivative of the Hubble radius. For an exactly exponential expansion H
is constant (de Sitter space), and thus € = 0. The slow-roll condition is thus realised
by demanding that || < 1. During the radiation-dominated epoch, a o +/f and thus
I/H =2t and e = 2.

Exercise 8.6 The minimal requirement for inflation is that it must produce an accel-
eration, i.e. @ > 0. For the limiting case in which we have ¢ = 0, show that e = 1.

InFig. 8.1 the dashed lines represents generic physical scales \P™$ o a/k growing
proportionally to the scale factor and exiting the Hubble radius during inflation, since
1/H stays almost constant (it is really constant in the figure), and re-entering after
inflation ends, during the radiation-dominated epoch. Of course, the last scale to
exit is also the first one to re-enter, whereas the observable scale which first exits the
horizon, is the one which re-enters the horizon today. According to the normalisation
used in Fig. 8.1, this scale is a and exited the horizon when:

Hy
xit — 55 - 8.37
Aexit H, ( )

Using Eq. (8.13), we can thus write down the maximum number of e-folds to which
we could have access observationally as:

a arH, 14
N =10 [ L) =1n (222 = [ 22 . (8.38)
Aexit Hy 0.037 h eV

For the energy scale of GUT, i.e. 10'° GeV, one gets Nmax =~ 61. Note that this is not
the duration of inflation. It can last much longer, e.g. N & 145 as computed in Bolliet
et al. (2017), but we can observationally probe only the last 61 e-folds (depending
on the energy scale of inflation).

We shall see later that when a perturbative scale crosses the Hubble horizon during
inflation, it gets a specific value which remains constant during it super-horizon
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Fig. 8.1 The solid line represents the evolution of the Hubble radius 1/ H, normalised to the present
one 1/Hy for the ACDM model. The dashed lines represents different scales, which grow as a,
exiting the Hubble radius and then re-entering again during the radiation-dominated epoch. The
dotted line represents the Planck scale. We have chosen inflation to end ata = 1072, corresponding
to the GUT scale 10'6 GeV

evolution and then serves as initial condition when re-entering the horizon during
the radiation-dominated epoch.

In Fig. 8.1 there is also a horizontal dotted line. This represents the Planck scale.
Note that scales which re-enter the horizon after the end of inflation, and are thus
observable by us for example in the CMB, were smaller than the Planck scale. Since
we do not know how gravitation behaves on such smaller scales, the above is known
as Trans-Planckian problem. See e.g. Brandenberger and Martin (2013) for a recent
review on the subject.

8.3.1 More Slow-Roll Parameters

It is not only important that the inflaton slow-rolls, but also that it does so for a
sufficiently long time in order to provide at least N = 60 e-folds. In order to make
this claim more quantitative, let us investigate how ¢ varies by computing its time-
derivative. Using the definition (8.36) we get:

. _2H* H
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and from Eq. (8.32) we get:

¢ =2He* + @ga =2He — 2H—90. —2HE 4267 (8.40)
H? H%*p %
Let us write this expression as:
€ =2He(e—1n), (8.41)
where _
n= —%g (8.42)

is our second slow-roll parameter, not to be confused with the conformal time. The
smallness of 7) then guarantees that € varies slowly. Indeed, < 1 gives us, from the
KG equation (8.29) the condition

3H ~ —V,, (8.43)

Considering €, 7 < 1 as first-order quantities, the time-derivative ¢ is thus a second-
order quantity, cf. Eq.(8.41).

Nothing prevents us from considering now the time-derivative of 7 and then to
define a third slow-roll parameter «, of which we could consider again the time-
derivative, defining a fourth slow-roll parameter 3 and so on, constructing a hierarchy
of slow-roll parameters. This was done in Liddle et al. (1994), but we limit ourselves
here to € and 7, upon which the predictions on the scalar and tensor spectral indices
depend, as we shall see. It must be stressed, on the other hand, that future observation
might be able to constrain with great precision the runnings of the spectral indices,
which depend on the higher-order slow-roll parameters, see Muiioz et al. (2017).

Since it is the scalar field that triggers the inflationary phase, it is useful to express
e and 7 in terms of quantities related to the scalar field itself, i.e. the potential V ()
and its derivatives. This can be done as follows. Combining the definition of € in
Eq. (8.36) with Friedmann equation and Eq. (8.32), one gets:

3.2 3.2 2\ 2
WP 2V 2v

where we are implementing the slow-roll condition (8.34). Using now Eq. (8.43), we

find:

1 (V,\?

~ 2 = 8.45
‘ 167TG<V> v (843)
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at the lowest order in ¢?>/2V. In this equation we have defined ey as a quantity
describing the steepness of the inflaton potential.

Since 7 depends on the second time derivative of the scalar field, we expect it
to depend on the second derivative of the potential, i.e. V ,,, in the slow-roll limit.
Using Eq. (8.43) and the above definition (8.42), we can write:

Ve +3H

e (8.46)

Now, recalling the definition of € and that, at the lowest order in the slow-roll approx-
imation, 3H? ~ 87GV, we can conclude that:

1
"8G

ny (8.47)

View
V

It exists thus a hierarchy of slow-roll parameters based on the derivative of the Hubble
factor and another one based on those of the potential. They of course can be put in
relation, as we did above for the first two slow-roll parameters.

So, in order to have €y, ny < 1 and thus trigger inflation not necessarily V has
to be constant but rather its first and second derivatives must be much smaller than
the value of V itself.

We can relate the number of e-folds to the slow-roll parameter € as follows.
Recalling that the number of e-folds is N = In a, we can immediately write that:

. L
N=H = AN = / Hdt , (8.48)
il

where #; < f, are two generic instants during the inflationary phase. Changing vari-
able in favor of the inflaton field, we can write:

Y2 H
ANy = / —dy, (8.49)
®1 ¥

where ¢ = ¢(t;) and ¢, = ¢(2). Using the slow-roll conditions presented earlier

one has: )
Yy
AN, = SWG/ —dp . (8.50)

2 »

Since V/V,, is almost constant and very large during inflation (its square is propor-
tional to 1/€), we can pull it out of the integral and approximate the above equation

as:
8TGV V or— 2

(pr—¢) = —5—, (8.51)

AN =~
Vo Vo My
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where we have introduced the Planck mass Mp instead of 1/4/87G. In order to
produce a large N it might be possible that |¢; — 2| > Mpy, but this not necessarily
leads to a trans-Planckian problem because the energy scale of inflation is V (¢), not
the field itself, and so it is the potential which has to be smaller than the Planck scale
in order for a classical treatment to be valid. This can be achieved, for example, if
there is a sufficiently small coupling constant.

Using Eq. (8.45), we can write in general that:

1 Ay
V2e Mp;
Suppose that ¢; and ¢, are the value of the inflaton field for which the wavenumbers

corresponding to the CMB multipole £ = 1 and £ = 100 exit the horizon. Since, as
we are going to see in Chap. 10, £ « k, then:

AN (8.52)

AN =1n100=4.6. (8.53)

The above formula then gives a bound between the variation of the inflaton field and
€, based on the observable scales of the CMB. Such bound is known as Lyth bound
(Lyth 1997). See also Di Marco (2017) for a recent perspective on the Lyth bound.

8.3.2 Reheating

When €y and ny cease to be very small and attain values of order unity, inflation
ends. Close to the minimum say ¢ the inflaton potential can be expanded in the
following way:

Vip) = Vo + % Violopy (0 = 00)? 4o & %mi«o 90’ (854
where V) = V (y¢) is the minimum of the potential which we assume to be very small,
in fact negligible, in order not to generate an important vacuum energy contribution
(which dominates only at late times). We have also introduced the inflaton mass as
it is customary, i.e. as the second derivative of the potential evaluated at .

The above approximated potential is the one of a harmonic oscillator with proper
frequency m,, and so we expect the inflaton to perform oscillations about the min-
imum, damped by the Hubble flow H but not only. Since inflation needs to end
and there the radiation-dominated epoch must start, we need to couple the inflaton
to other matter fields in order for the inflaton to lose energy in favour of the latter.

Phenomenologically, one can write:

pm +3Hpm(1 +wm) = Tpy, (8.56)



8.3 Single Scalar Field Slow-Roll Inflation 247

where I" is some scattering rate governing the decay of the inflaton and with M
we refer to matter in general which has to be relativistic in order to give rise to a
radiation-dominated epoch and thus wy; ~ 1/3.

Therefore, the inflaton oscillations are also damped by the presence of I". This final
phase of inflation, transiting to the radiation-dominated epoch is called reheating.

Exercise 8.7 Assuming w,, constant, show that:

(l) 3(1+w,,) t ) )
po(t) = po(tr) [Z(;’)} exp (— /l di'T(t )) , (8.57)

where #; is the time at which inflation ends.

With this formal solution, we can find another formal one for the matter part.

Exercise 8.8 Assuming wy; = 1/3, show that:

3(14+wy,) t t
ettt [ arria) = exp <— / dt”l“(t”)) .
a 173 154
(8.58)

pm(t) =

From the above equation one sees that the energy density of the matter fields is
zero at the end of inflation, then it rises more or less abruptly (depending on I") and
then finally decreases again as 1/a* after the inflation has given up all its energy.
Now, assume I' to be constant and w, = 0, for simplicity. We get for the matter
density:
po(tNTa(t;)?

pu(t) = a0

/ dr'a(t'yexp[-T'(t' —11)] . (8.59)

Integrating once by parts and considering the limit I'(r — #;) > 1, i.e. a very large
decay rate, we get:
po(tpa(ty)*

pu(t) = a0

) (8.60)

i.e. the decay takes place so rapidly that all the energy of the inflaton is passed to the
matter.

If, on the other hand, I'(r — #;) < 1, i.e. a very small decay rate, we can approx-
imate the matter density as:

- po(tnTal(t)? /t ;o
pu(t) =~ —a(t)4 ; dt'a(t’) , (8.61)
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and since I' is so small, the inflaton is still dominating the dynamics giving thus for
the scale factor
a®) = a()(t/m)*? (8.62)

because we have chosen w,, = 0. Integrating, we have thus:

3,y
pu(t) ~ §W [/t =1], (8.63)

and the maximum is attained at f,. /f; = (8/3)3/° and its value is:

r
max (1) = 0.139——p, (1) . 8.64
PM max (1) H(t,)p”’(l) (8.64)

Hence, in this case the energy density of matter is much smaller than that of the
inflaton. Most of the latter is still spent driving the expansion of the universe instead
of generating matter, because of the small T.

We have seen how to produce an inflationary phase and how to quantify it, through
the slow-roll parameters. Now we are going to see what inflation has to say about
quantum fluctuations. We hypothesise that before inflation the universe was quantum
and quantum fluctuations were turned into classical ones by inflation itself, though
we do not address the details of the quantum-to-classical transition of the primordial
fluctuations. About the latter topic, see e.g. Kiefer and Polarski (2009).

8.4 Production of Gravitational Waves During Inflation

We are going to quantize the equation that we found for the evolution of gravitational
waves, i.e. from Eq. (4.191):

i +2Hh] —Vh] =0, (8.65)
where recall that thj is traceless and transverse, i.e.

hl;=0, &hl;=0, (8.66)
and no source term 7/, appears in the GW equation since this is vanishing for a
scalar field. This can be understood intuitively, since the inflaton ¢ is a scalar and
thus unable of producing a tensor perturbation. Mathematically, just look Eq. (8.117)
and realise that no anisotropic stresses appear in the §7"; of a scalar field, since this
is diagonal.
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The above Eq.(8.65) has no source term, is gauge-invariant and paves the way
for a similar treatment that we shall do for scalar perturbations. For this reason we
tackle the tensor ones first.

The Fourier transform of the above equation is Eq. (4.197), which we write here
in the following compact form:

B+ 2Hh +k*h =0, (8.67)

where h(n, k) represents either 4,  or (A = £2). Since the above equation only
contains the modulus ., only the initial condition on 4 shall have a dependence on
k, cf. Eq.(7.101).

It shall be useful to cast Eq.(8.67) in the form of a harmonic oscillator one with
no damping term by defining:

ah = Pan (8.68)
=_"4 )
g V327G 2

The normalisation comes in order to give g dimensions of a mass. Indeed, % is
dimensionless and +/87G = 1/Mp,. This is necessary in order to give the correct
dimensionality, a cube length or inverse cube mass, to the power spectrum.

A very direct way to see that +/327G is the correct normalisation is e.g. to look
to Mukhanov’s calculations in Mukhanov et al. (1992). He finds the action which
gives Eq. (8.65) by perturbing up to the second order a f(R) action about a generic
FLRW background. In the Einstein-Hilbert case f(R) = R and for a spatially flat
FLRW background one has:

5,8 a? (h”’kh”’,- - 8lhTik0’th,~> dx . (8.69)

1
T 647G

In Mukhanov et al. (1992) the corresponding second order action for the scalar field
is also found and the factor outside the integral is 1/2. Hence, in order to properly
compare tensor and scalar fluctuations we must rescale the former as:

Ti .
Ti h'';

P — .
T /3G

(8.70)

Exercise 8.9 Use Eq.(8.68) into Eq. (8.67) in order to find:

"
g+ <k2 ~ a—) -0 (8.71)
a
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The GW wave can be written as:

hlm.x) = /‘P—k [h(n k)e™*a(k, Ne;; (k, \)
ij\'l = (2m)3 ’ ’ LA

(e a6, ey (6, V)] (8.72)

where the sum is over the helicity of the GW and ¢;; (12, M) is the polarisation tensor
defined in Sect.4.6. We have put the initial dependence on k of the GW in a(k, \)
and its complex conjugate, which is introduced in order to guarantee that thJ (n, x)
is real.

Now, we assume the initial state of the GW field to be a quantum one on very small
scales k > aH. Thus, we promote hiTj and a to operators and impose the canonical
commutation relations:

[ak, N, ak, \N)]=0, [ak, N, a" K, \)]=@2m) 6P k—-K)d\ .
(8.73)
which tell us that a”(k, \) creates a graviton of momentum-energy k and helicity )\,
whereas a(k, \) destroys it.
The quantum state of the universe during inflation is the vacuum |0), which by
definition is annihilated by a(k, A\). The expectation value on the vacuum:

(Olh];(n. Xk}, (0, x)|0) , (8.74)

is what shall define our primordial spectrum. Two comments are in order here. First of
all, we could choose another quantum state for the universe which is not necessarily
the vacuum one. Second, the above is a vacuum expectation value which we expect to
become an ensemble average over classical random fields well outside the horizon.

Exercise 8.10 Compute the vacuum expectation value in Eq. (8.74) using the plane-
wave expansion (8.72) and the commutation relations (8.73). Show that:

, d’k e (x—x! N
(Olh]; (1, X)h,, (0, x)|0) = / G e )™ O (k) (8.75)

where . . .
Wi (k) = Y eij(k, Nej, (k. N (8.76)
A=%2

is the sum over the helicities, defined in Eq. (7.10.3).

Comparing the result found in the exercise with Eq.(7.42) it is quite straightfor-
ward to see that the tensor quantum perturbations are Gaussian with power spectrum:
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2
Py(n, k) o< |h(n, K|, (8.77)

hence we need to solve Eq. (8.67), orrather Eq. (8.71), in order to determine |z (1), k) 2.
Inspect Eq. (8.71). There are two regimes of interest. The first is for very short
wavelength, i.e. k> > a”/a, for which the equation becomes:

g +kg=0, (k*>d/a), (8.78)

which is the usual harmonic oscillator equation. This means that the details of the
inflationary evolution, encoded in a(1), are not important on very small scales. This
was not unexpected since on very small scales the expansion of the universe is
irrelevant. Moreover, from the QFT point of view, we can then look at the quantisation
as that of a free field in Minkowski space and thus determine:

1 —ikn * 1 ikn 2 ”
g(n, k) = «/_Z_ke . g (k)= ﬁe , (k“>ad"/a), (8.79)

where the normalisation 1/+/2k comes from the quantisation procedure in Minkowski
space. We can take this solution as the “initial condition” in solving Eq. (8.71) there-
fore addressing only those modes which satisfy the condition k? > a”/a during the
inflationary epoch.

The second regime of evolution is given by the condition k> < |a”/al, i.e. for
very long wavelength, for which Eq. (8.71) becomes:

"

g - %g =0, (K <lda"/al . (8.80)

This equation has the following formal solution:

n d -
g, k) = C1(k)a + Ca(k)a / T:)Z . K< a"/al), (8.81)
which contains the solution
g h
== = constant , 8.82
a V327G ( )

representing thus the constant value that & reaches outside the horizon and that
will eventually become the initial condition at the re-entering, during the radiation-
dominated epoch.

Let us try to be more quantitative.

Exercise 8.11 Assume that during inflation H = a’/a? is a constant say H,, i.e.
consider a de Sitter space. Show that:
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1
Han

a(n) =— (8.83)

Since the scale factor and H, are positive, then 7 is negative during inflation.
With the solution of Eq.(8.83), which we could take valid also in the case of
slowly varying H, show that the condition used in Eq.(8.80) can be written as:

k* <« |a"/a| = 2H3a* . (8.84)
This is a condition for the physical wavenumber k/a to be much smaller than the
Hubble factor, i.e. it is a condition for super-Hubble scales. In general |a” /a| oc 1/1?,
for dimensional reasons, hence the condition in Eq. (8.80) can also be understood as:

kn<1, (8.85)

which means super-horizon scales, since 7 is the comoving particle horizon.

In this approximation then Eq. (8.71) becomes:

" k2 2 =0
g+ (K- 5 )e=0. (8.86)

Exercise 8.12 Show that the solution of Eq. (8.86) can be written as:

Ci(k)
n

gn, k) = [kn cos(kn) — sin(kn)] + % [kn sin(kn) + cos(kn)] . (8.87)

Now, let us select the exp(—ikn) mode. Show that in this case the solution becomes:

9, k) = Cy(k)ke ™™ <1 - kl_n> . (8.88)

Now suppose an initial condition in 17 = »;, such that:
,_a 2
K> — =, = knl>1, (8.89)

Uh

so that we can do the matching with Eq. (8.79) and obtain:

. 1 .
c1<k)ke"k”‘=ﬁ€"k"‘v = Gk = kg > 1) . (8.90)

1
V2k

and so we can write:
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e—ikn i
k) = 1——, k|n; 1). 8.91
g(n, k) «/2_k< kn) (kImi| > 1) (8.91)

Using now Eq. (8.68), we get for the power spectrum:

paoniy = 227G p g L 167G (L 167G o
B = T ao U T e) T A 7))

and the dimensionless one, according to the definition of Eq. (7.45), is:

BP.k)  87G . H
= Hy [14+ &n)] = 52
272 2 7r2M1§l

Ar(n, k) =

[1+&EnH] . 8.93)

and recall that this result is valid only for those scales for which k|n;| > 1.

This spectrum depends on time, so which 1 should we choose? We have seen,
through the discussion culminating in Eq. (8.84), that when a scale k exits the horizon,
its corresponding (7, k) becomes constant. Its value will be the initial condition dur-
ing the radiation-dominated epoch, when the scale re-enters the horizon. Therefore,

for kn — 0 we have:
2

AZ(n, k) = (8.94)

A

2072
= Mp,
which does not depend on the scale k anymore, i.e. it is a scale-invariant power
spectrum. The only caveat is that this spectrum is valid only for those scales for
which k|n;| > 1, i.e. scales which exit the horizon:

al Hint > 1, = 07>k, (8.95)

well after 7);. Recall that 7 is negative during inflation, so the above condition makes
sense.

Note that for a constant H, the slow-roll parameter ¢ is vanishing. In order to
describe the inflationary phase more realistically, we should consider a small but
non-vanishing e. In this case H varies and a k-dependence is gained by the power
spectrum.

Let us write the definition of € in Eq. (8.36), but using the conformal time:

ez(%)/ézl—Z—;. (8.96)

Exercise 8.13 Solve the above differential equation for { assuming a constant .
Show that: |

H=———.
(I—en

(8.97)
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From this solution, it is not difficult to show that:

a’ 1 1 2 + 3¢
—=H+H = ~ ,
Pl s v

(8.98)

where in the last approximation we have considered ¢ < 1, as it should be during
inflation, and kept € to first order.
Substituting into Eq. (8.71), we get then:

243
St (kz B :2 f)gzo, (8.99)

which can be solved exactly, giving as general solution a combination of Hankel
functions:

g(n, k) = C1(k) /= HD (—kn) + Ca(k)/—nHP (k) , v = ? 3+ 4e,

(8.100)
where the minus sign must be introduced in order to account for the factthatn < 0. We
have chosen to express the solution in terms of the Hankel functions since it is easier
to see which one of them matches the initial condition of Eq. (8.79). Indeed, consider
the asymptotic expansion, cf. Abramowitz and Stegun (1972), of H" (—kn):

2 o .
H (ko ~ | [ — e T k> ) (8.101)

Hence, this is the right behavior at very small scales for g and the integration constant

must be:
Ci(k) = ?e"”/w/“ , (8.102)

i.e. indeed a (complex) constant, since it bears no dependence from k. The solution
we look for is then:

‘ : 3
g, k) = “/TEe'”/””/‘&/—nH;“(—kn) , v= ‘/7_ 3+ 4e, (8.103)
and the power spectrum is thus:
Py(n, k) = ———1g(n, b)|* = %lHﬁ”(—kmF : (8.104)
Mpla(ﬁ) MPla(n)
For kn — 0, i.e. on very large scales, one has that
r k 7"
HO (ke ~ —i - (%) L El— 0, (8105
T



8.4 Production of Gravitational Waves During Inflation 255

and hence the dimensionless power spectrum becomes:
B nr@)? (kinl\ >
A, k) = ———— | —— , kln| — 0) . 8.106
1 (11 k) omza \ 2 (klnl — 0) ( )
Considering e at first order in the exponent of k|| and negligible elsewhere, we can
write:
Kl w)* (klnl\
A k) = ——— | —= =———— (kln) > . 8.107
i b =25 (3 e (8.107)
Now, the power spectrum is no more scale-invariant but gained a small k-dependence:
apower law with exponent —2e. The latter is usually named as tensor spectral index
and denoted as ny. We shall see a little more detail about it later.
On large scales, & is time-independent and so its power spectrum is. Hence, we
can choose any convenient value of n when to evaluate Ai. It is customary to use
the time 7, at which a given scale k crosses the horizon, i.e.

k=Hm , (8.108)

because the details of the k-dependence of the power spectrum depend on the infla-
tionary model but, as we saw in Eqs.(8.78) and (8.80), they manifest themselves
only at horizon-crossing.

Using Eq.(8.97), the horizon crossing condition gives the following relation
between |n| and k:

k=Hmp) = (8.109)

(I —elml’

which at fist order in € gives:
klmi |l =1+¢€. (8.110)

Using again Eq. (8.97), we can write the power spectrum evaluated at horizon crossing
as:

1 Hp)?
Ar(k) = ——5 — 8.111
1 (k) M @050 ( )
which is usually put as:
HZ
Aj (k) = —— , (8.112)
T Mpy [ —apy

i.e. it has the same form as the one in the de Sitter case, computed in Eq. (8.94), but
allows for a time-dependent Hubble factor.

It is very interesting to notice that if we could directly measure the gravitational
waves background, we would be able to determine the energy scale of inflation,
ie. H.
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8.5 Production of Scalar Perturbations During Inflation

Consider our FLRW metric perturbed with scalar perturbations only and written in
the conformal Newtonian gauge, i.e.

ds* =am)?[— (1 +2¥)dn* + (14 2®) §;dx'dx'] . (8.113)

Accordingly, consider also perturbations of our inflaton field:

[ =) + (0, | (8.114)

Exercise 8.14 Using Eqs.(8.27) and (8.114), write down the perturbed energy-
momentum tensor. Show that:

1 _r 1 -7 ’ 1 =
T% = —55¢7 = V(©) = =6 + WG — Vobp , (8.115)
a a a
1
T% = ——@ 000 . (8.116)
a

N VA R B

The perturbed contribution in the above expressions is grouped to the right. Note
the following important fact: 77; is diagonal and thus no anisotropic stresses can
be sourced by a single scalar field. We already know from Eq. (4.184) that this fact
implies W = —®.

Exercise 8.15 Obtain the perturbed Klein—Gordon equation. Start from:

v, T, =0, (8.118)

and then put ¥ = 0. Show that:
59" +2HQ + (K + Vypa®) 0 = 20V ja® — 49'F (8.119)
where we have already used the conformal time and ¥ = —&. Compare this equation

with the corresponding one found by Mukhanov and co-authors in Mukhanov et al.
(1992). It is also useful to consider that found in Weinberg (2008) and recover the
above one by transforming from the cosmic time to the conformal one.

Unfortunately, the contributions V ,,a?, 2@V ,a? and 4®'3’ make life more dif-
ficult. Indeed, if they were absent, we would get the following equation:
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5" + 2HSY + k25 =0, (8.120)

which is formally identical to Eq. (8.67), and therefore all the calculations performed
for the GW case would follow in the same fashion.

Even if we could neglect V ,, in Eq.(8.119) during the slow-roll phase, there
would be no a priori reason to neglect the whole right hand side of Eq.(8.119).
Moreover, we do not really want to follow the evolution of d¢p, for at least two
reasons. First, the inflaton supposedly decays into ordinary matter during reheating,
and we do not want to address this problem. Second, as we saw in Eq. (6.94), what we
really need is to know R or ¢ on very large scales when radiation starts to dominate.

Let us work with R. It turns out that R is conserved (i.e. is a constant) on large
scales and for adiabatic perturbations. We have already seen this in Chap. 6 and we
show this in detail again in Chap. 12.

It turns out that, as it happened for /2, when inflation brings a scale k outside the
horizon, its corresponding R (7, k) attains a constant value which shall serve as initial
condition during the radiation-dominated epoch. There shall be a crucial difference
with respect to the case of GW, which we shall meet shortly.

Exercise 8.16 Express v in Eq.(4.131) in terms of the inflaton field velocity poten-
tial. From Eq. (4.73) we know that:
51,6 _ 27 @
TO(\P)[ — (ﬁlp + Ptp) Uiy = a_zvity . (8.121)

Using Eq. (8.116), show that:

, 0:6
o = 222 (8.122)
o
Thus, writing
v = 9@ (8.123)

we can identify the velocity potential of the inflation field (we drop the superscript
(» NOW) as:
d¢p

v=—— (8.124)
4
Hence, using the result of the exercise, we can write:
H
R=o— T/&p. (8.125)
4

We need to find an evolution equation for R. In principle, combining the above
expression with the Klein—Gordon equation (8.119) we can eliminate §¢. Then, ®
can be dealt with via the use of the Einstein equations, which are:
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IH(D + HP) + 12D = 47G (@/W +oF? 4 maz&p) , (8.126)
O + HO = —47GF oy , (8.127)
"+ 3HP + QH + H)® = —47G (gf)/&p/ + o2 - V¢a2590> .(8.128)

obtained combining Eq. (4.179) with Eq.(8.115), Eq. (4.185) with Egs. (8.123) and
(8.124), Eq. (4.189) with Eq. (8.117). All with ® = —W, of course.

Though in principle possible, it is a mountain of calculations which we can at
least limit by choosing a different gauge. In particular, following Weinberg (2008),
let us consider the following gauge:

ds? = —a*(1 + E)dn* + 2a*F ;dndx’ + a*(1 + A)d;;dx'dx’ , ¢ =0,
(8.129)
i.e. a gauge in which the perturbed scalar field (which we denote with a hat, in the
new gauge) is zero. Thus in this gauge

R=1, (8.130)

A
2
and so our objective is to find a closed equation for A. The price to pay in order to put
the perturbed scalar field equal to zero is to introduce one more scalar perturbation
in the metric. Now, let us calculate the energy-momentum tensor in the new gauge.

Exercise 8.17 Using Eqgs.(8.27) and (8.129), write down the perturbed energy-
momentum tensor. Show that:

~ 1 /
T% =—=0—-E)@> - V(p), (8.131)
2a?
0 i 1 =2
T ,~=0, TOZ_ZF’i(p 5 (8132)
a
i i 1 =2
T, =6 27’2(1 —E)pr—V(p| . (8.133)

The above is a pretty simple energy-momentum tensor and indeed we now are
going to exploit its simplicity. First of all, since ¢ 79 = 0, we have from Eq.(4.43)
that:

—HE+A =0, (8.134)

i.e. a simple algebraic relation between two of the three scalar potentials.
The second relation that we are going to us is the continuity equation.
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Exercise 8.18 Compute the continuity equation V, 7"y = 0 using the energy-
momentum tensor given in Egs.(8.131)—(8.133). Compute from the metric in
Eq. (8.129) the only necessary Christoffel symbol:

. . A
Ff)j =Hd; + 7511' . (8.135)
Then show that:
az E 2 ’ ' 2 / 2 3 ’
5 a_z(H -H)| +H" —H) VF~I—3HE—§A =0, (8.136)

where we have used the relation H> — H' = 471G 5.

As last relation, we shall use 6 R;; computed from the metric in Eq. (8.129). So,
using Eq. (4.34), we have:
1 H

ORij = —EE.U -3

E'6;j — QH* + H)EG; — %(vma,-_,- + A
+%A”5ij + gmm,- i+ QH? +H)AG;
—HV?Fb;; — F/, — 2HF; . (8.137)
Through the Einstein equations, we know that:
T

(SR,'J' =81G ((5T,J — a2A§,-j5 -

5T
azé,»j7> : (8.138)

where T and 6T are the background and perturbed trace, respectively, of the energy-
momentum tensor.

Exercise 8.19 Calculate the right hand side of the above equation. Show that:

SRij = 87Ga*As;V = QH* + H)AS;; . (8.139)

Extracting thus only the part of § R;; which is proportional to J;;, we finally get:

1 1 5
- gE — QH> +H)E — EVZA + A"+ SHA - HV2F = 0. (8.140)
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Exercise 8.20 Combine Egs. (8.134), (8.136) and (8.140), eliminating E and F and
thus finding the following equation for RR:

ﬂ (H2 _ H/)/

2
R// _R/ H2 _ H/
tH [ R

:|—|—k272=0. (8.141)

Show that this equation can be written in a more compact form as:

R'425R 4R =0 (8.142)
Z

with

ap
= — . 8.143
Z 7 ( )

Equation (8.142) is called Mukhanov-Sasaki equation, cf. Mukhanov (1985)
and Sasaki (1986). Notice that this equation has the very same structure as Eq. (8.67)
if one makes the change a — z. Therefore, a similar analysis applies and a constant
solution for R is allowed when:

<12/l (8.144)

which is a similar, but not identical, condition as k> < |a” /a|. In fact, note that:

=7\ 2 =2

3

22 () 22 i a2 (8.145)
H 8nG (P22 + Va?) 47G

where we have used Eq.(8.44), written in the conformal time. The above relation
between z and a is exact and it calls into play the slow roll parameter e.

Now, the procedure that we need in order to obtain the power spectrum for R is
the same as the one used for 2. We promote R to a quantum field and compute its
vacuum expectation value, which will become the power spectrum itself. The vac-
uum expectation value is computed first by solving the Mukhanov-Sasaki equation,
choosing the correct Minkowski behaviour at large k.

Finally, we can use the same result of Eq.(8.112), remembering to divide by
the 327G factor that we have introduced in order to give dimensionality to 4, and
multiplying by a?/z*> = 47 G /e, in order to recover the 27’ /z factor in front of R/,
instead of 27H.

Thus, we can finally write down the scalar power spectrum as:

H? H?

e — 8.146
4M1%16k3 k=aH ( )

Pr
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This is the most important result of this chapter, since it provides a prediction which
can be (and indeed is) tested observationally. Using Eq.(6.94), one can relate this
power spectrum to those of the other quantities which become relevant at horizon
re-entering during the radiation-dominated epoch. For example, using Eq. (6.77), we
can write that:

, _ 46 +2R)

b= G5TaR )0k (8.147)

In general, ® is not constant on large scales during inflation, but it is indeed constant
on large scales during radiation domination, as we saw in Chap. 6. The above thus
constitutes the initial condition, on the power spectrum, at horizon re-entering.

Now, let us perform a calculation similar to that in the previous section, culminated
in Eq.(8.112).

Exercise 8.21 Employing Eq. (8.41) written in the conformal time, show that:

/

Z;:'H(l—i—e—n). (8.148)

Afterwards, assume € and 7 to be constant. Then, use Eq.(8.97) and recast the
Mukhanov-Sasaki equation as follows:

R R +kKR=0, (8.149)

2(1 4+2e¢—mn)

T
where we are now employing 7 as conformal time, in order to avoid confusion with
the second slow-roll parameter 7). Finally, show that the above equation can be written

as:
2+ 66— 3
@R) + <k2 - y) (ZR)=0. (8.150)
T

This equation has the same form as Eq. (8.99), and hence a similar analysis applies.
In particular, its solution is of the form:

(TR(T, k) = C1(k)/—THV (=kT) + Co(k)/—THP (—kT) , (8.151)

with order

3
V:%_ 348e—4n. (8.152)

Exercise 8.22 Following the same steps that we saw in the tensor case, show that:

1 —4e+21
—— (k|7]) (8.153)

A% (T, k) = ———
R0 8m2MZe a*t
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For the scalar case a different k-dependence of the spectrum appears, involving the
second slow-roll parameter. The combination —4e¢ + 27 is the first order expression
of the scalar spectral index. Evaluating the above spectrum at horizon crossing, we
get the result already shown in Eq. (8.146).

8.6 Spectral Indices

It is customary to cast the dimensionless scalar and tensor power spectra as follows:

i Pr (k) H? <k>"5(")‘l
A=A = = =Ag| — . (8.154
s R 272 87T2M1%16 —a ] § ks ( )
KPy(k)  2H? <k>”““
A2 =2A2 = — =Ar [ — . (8.153)
’ " T 7T2M1§1 k=aH ! ks

where the general k-dependence (given by the specific model of inflation) is embed-
ded in ng(k) and ny(k), which are known as scalar spectral index and tensor
spectral index.

We have introduced here the pivot scale k., which is usually taken to be
0.002 Mpc~! or 0.05 Mpc™! (Ade et al. 2016a) and the factor 2 in A7 = 2A? takes
into account the two polarisations of the GW. The spectral amplitudes As and A7,
of which only the first is constrained by observation since we do not detect yet the
primordial GW background, are related to the energy scale of inflation.

Since the spectral indices are not necessarily constant, the spectra can be written
in the following more general form:

A2 1 d k1 d? k2 k
lnS=|:n5—l+ e In — + s (ln ) +.--|In—, (8.156)
Ag ks

2dInk ke  6d(Ink)2 U ke
A2 1dny . k k
In—-L = -~ In—+--- |In— . (8.157
. ["T“L2011111<111c,kJr ]nk* 8.157)

The derivative of the spectral index with respect to Ink is called running of the
spectral index. We do not consider runnings in detail here, for simplicity, and Planck
has not constrained them very tightly, as we shall see. However, they (at least the
first one) will probably become of great interest in future CMB experiments (Mufioz
et al. 2017).

From the above Eq. (8.156) at first order, it is straightforward to write:

d1n A2 d1n A2
ng—1=2"22s 0, _4NAT (8.158)
dInk dink
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For the tensor case:
2k af (8.159)
nr=2— — .
"7 %H dk

aH=k

Recall that H does not depend on the scale in general, being it a background quantity,
but it is the evaluation at a H = k that makes H depending on k. This is because
different scales cross the horizon at different times during inflation. In particular,
recall from Eq. (8.83) that:

¢ d 1 [4d 1
y = _“z_f_“z__, (8.160)
o Ha® H J, a? Ha
since H is almost constant during inflation. Now, when we evaluate aH = k, we
have that n = —1/k. Therefore, we obtain for the tensor spectral index:
k dH d 1 dH
np =22 41 —2— 2 (8.161)
H dn dk| g kH dn |,y

By definition of ¢, cf. Eq.(8.36), we know that:

dH
— = —aH’, (8.162)

dn
so that we can finally determine:

nr = —2€ (8163)

which is the result already derived in Eq. (8.107).
For the scalar spectral index is pretty much the same calculation:

dIn(H? dl
ng— 1= AMU/O = g &€ . (8.164)
dink |, 5_4 dInk|, _,
We can deal with the last term as follows:
dl k  d 1
ne _te 4 = —¢ (8.165)
dinkl,py € dklyoy ke |ayy
Using Eq.(8.41) one has:
€ =2aHe(e —1), (8.166)

and the scalar spectral index is thus written as:

ns — 1= —4e +2n = —6ey + 2y | (8.167)
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again in agreement with the result found in Eq. (8.153).
Finally, define the tensor-to-scalar ratio:

AZ(k) A
= g( D AT e —8ny (8.168)
Ak As

Ty

It is customary (Ade et al. 2016a) to use r in order to express the energy scale of
Inflation at the time when the pivot scale exits the Hubble radius. From Eq. (8.155)
we have: s

™M
H? = T”Azr(k*). (8.169)

Using the definition of r, and Eq.(8.154), one gets:

2M2 2M2
B = P A2k = DR A (8.170)
2 2
from which:
3riME
V, = 2L P, A (8.171)

8.7 Observational Results

In Ade et al. (2016a) one can find recent constraints on the inflationary parameters.
They slightly change with respect to the different datasets considered. We report here
the spectral index and its running and running of the running at 68% CL.:

ng = 0.9586 + 0.0056 , (8.172)
d
S 0,009 +0.010 (8.173)
dInk
d2n5
NS 0.025+0.013, (8.174)
d(Ink)?

using the pivot scale k, = 0.05 Mpc~!. For the scalar amplitude at 68% CL.:
In(10"°Ag) = 3.094 £ 0.034 . (8.175)

For the tensor-to-scalar ratio:
roonz < 0.10, (8.176)

at 95% confidence level. From these numbers, we can write the energy scale of
Inflation at the time when the pivot scale exits the Hubble radius as follows:
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Fig. 8.2 This is Fig. 12 of Ade et al. (2016a) and shows the marginalised joint 68% and 95% CL
regions for ng and r at k = 0.002 Mpc~! from Planck compared to the theoretical predictions of
selected inflationary models. Note that the marginalised joint 68 and 95% CL regions have been
obtained by assuming dng/dInk = 0

4 r

, 8.177
0.10 ( )

V. = (1.88 x 10" GeV)

and therefore obtain an upper bound, which corresponds to GUT energy scale.

In Fig. 8.2 we borrow (with permission, of course) Fig. 12 of Ade et al. (2016a)
showing the constraints on some inflationary models in the parameter space ng vs.
r. Note here that N, is the number of e-folds to the end of inflation, which is lim-
ited in the range 50—60 because the observed scales, in particular the pivot one
k = 0.002 Mpc~' must have had time to leave the horizon and then to re-enter.

8.8 Examples of Models of Inflation

We conclude this Chapter presenting some important models of inflations, some of
those in Fig. 8.2, limiting ourselves to the class of single field models. There is a huge
number of inflationary models, in Martin et al. (2014) 193 of them are analysed, and
it seems that data favour the simplest category of single field slow-roll inflation that
we have presented in this chapter. See also Tsujikawa (2014) for a very nice review
on many inflationary models.
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8.8.1 General Power Law Potential

A very simple model of inflation consists in an inflaton field described by the poten-
tial: N
L ¥
Vip) = i—, (8.178)
n

from which one can easily determine the slow-roll parameters from Eqgs. (8.45) and
(8.47):

n? nlegl nn—1) _ n(n — 1)M1§l

V= 16rG 2 - 16mp? ’ = 8tGp? 8wyl

(8.179)

In order for these parameters to be very small and thus trigger inflation, one has to
have ¢ > Mp; and note that this condition does not depend on the coupling. We
can put the predictions on the spectral indices as functions of the number of e-folds
to the end of inflation by defining the value of the field at which inflation ends as

evips) =1
For the general power law potential, this condition becomes:

n2 n

— =1 = = .
167rGg0§c i J16rG

(8.180)

The number of e-folds to the end of inflation can be obtained exactly from Eq. (8.50):

N_87TG i d 4G ([, n? 8.181)
T LYY T P T denG ) '

from which the initial value of the field is:

o = 4::0 (N - %) : (8.182)

From this, the slow-roll parameters can be written as:

. n _2n-1
4N +n’ nv_4N+n

) (8.183)

€y

and the scalar spectral index and the tensor-to-scalar ratio are the following:

2(n+2) 16n 8n
_——, r=166\/=—— (1—1’[5‘).
4N +n 4N +n n+2
(8.184)

ns — 1= —6ey +2ny =

If we substitute Eq. (8.182) into Eq. (8.178), we get:

V(p) ~ A\ INM M (8.185)
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In order for the classical treatment to be valid, we need V() < My, and hence:

4—n
MP]

A K n/2=1pNn/2 "

(8.186)

Forn = 4 and N = 60 we have \y < 1077,

8.8.2 The Starobinsky Model

The Starobinsky model is actually a f (R) model, hence a modification of GR, whose
action is

M2
S = 7m/d4xJ—_gf(R) , (8.187)

where f(R) is a generic function of the Ricci scalar. When f(R) = R we recover
GR. The above action can be recast as follows:

/d4x\/_|: LoR — V(<p)i| (8.188)

i.e. as a non-minimally coupled scalar-tensor theory, where the scalar field ¢ and
its potential are defined as:

_ oy df M3, (L df
p= MPld_R ., Vip) = - (Rd—R — f) (8.189)

This kind of theory has a non-minimal coupling because of the term ¢ R (the minimal
coupling to geometry occurs just with ./—g). The action written as in Eq. (8.188)
is also said to be in the Jordan frame and corresponds to the Brans—Dicke theory
(Brans and Dicke 1961) with a special choice for its free parameter (i.e. w = 0).

Exercise 8.23 Performing the conformal transformation

. df @
v = w = T YGuv » 8.190
9u ng; Mplg; ( )
show that:
1
/d“x./ [ PlR Q’“’aux&,x—U(X)} , (8.191)

where R is the Ricci scalar computed from g, and:
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VM3 M3 df 3 7
U= Pl Pl R— — , = \/jM In — . 8.192
2 = 2apare \Rag 77 X =y Ml (3.192)

Note that, in order for the above definition of y to make sense, df/dR > 0.

The action § is said to be in the Einstein frame. Thus, any f(R) theory can be
reformulated as a scalar-tensor theory, the scalar field being ¢ = Mpdf/dR. The
f(R) theories have been intensively studied in the past decades, see the comprehen-
sive reviews Sotiriou and Faraoni (2010) and De Felice and Tsujikawa (2010).

Since any f(R) can be conformally mapped in GR plus a canonical scalar field,
it seems natural to investigate how this kind of modified gravity accounts for infla-
tion. Indeed, probably the most successful application of a f(R) theory is in the
inflationary paradigm, as we are going to show in a moment.

Now it is y in action (8.191) which plays the role of the inflaton. The Starobinsky
model (Starobinsky 1979) is given by a quadratic R? correction to the usual Einstein-
Hilbert term in the action for gravity:

R2
R R+ —. 8.193
f(R) =R+ = (8.193)
Then, one can easily calculate from Eq. (8.192):

3IMEM?R? R + 3M2
= IR i ok f MpiIn ———— . (8.194)

Exercise 8.24 Invert the above relation for x(R), obtaining thus a R(x), and sub-
stitute it into the expression for U (), obtaining thus the expression for the inflaton
potential in the Starobinsky model:

3 2
U0 = MM (1 _ e_m"/M"‘) (8.195)

In Fig. 8.3 we plot the Starobinsky potential U () as function of the scalar field
x- The most important feature is the plateau at large values of the field which is the
ideal feature for a slow-roll evolution of the inflaton field.

The slow-roll parameters are easily calculated from Egs.(8.45), (8.47) and
(8.195):

: == . (8.196
(1 — e=v273x/Mn)? =3 (1 — e=v273x/Mn)? (8.190)

4 e 2V23x/Mp 4 2223/ My _ p—/2/3x/Mp
€y = =
3
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Fig. 8.3 Plot of the Starobinsky potential, in Eq. (8.195)

The number of e-folds to the end of inflation is obtained by solving the following

integral:
f /X dx T M 1) ~ 3 VXM (8.197)
X MP] 4

so that we can write the slow-roll parameters as:

12 3 9—4N 1

WETaN = TN

~ : 8.198
(4N —3)2  4N? (8.198)

€y =

where we have kept the dominant contributions for large N. The scalar spectral
index and the tensor-to-scalar ratio are thus written, using Eqs. (8.167) and (8.168),

as follows: 5 1

Substituting N = 50 and 60, the predictions obtained are in excellent agreement with
the Planck constraints shown in Fig. 8.2, making thus the Starobinsky model quite
successful.
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Chapter 9 ®)
Evolution of Perturbations Geda

On peut braver les lois humaines, mais non résister aux lois
naturelles
(One can challenge human laws, but not the natural ones)

Jules Verne, Vingt mille lieues sous le mers

In this Chapter we solve exactly some of the equations that we found in Chap.4,
using some approximations. In particular, we can distinguish 4 cases of evolution:

1. On super-horizon scales,

2. In the matter-dominated epoch,

3. In the radiation-dominated epoch,
4. Deep inside the horizon,

for which it is possible to perform analytic calculations and thus gain a clearer
physical insight.

Our scope is to understand the shape of the matter power spectrum, plotted in
Fig.9.1 from the analysis of the SDSS DRS (Data Release 5) performed in Percival
et al. (2007). Since we already know the form of the primordial power spectrum,
cf. Eq. (8.154), the above task amounts to determine the matter, CDM plus baryons,
transfer function.

It must be noted that the data points in Fig. 9.1 are derived from the observation of
the distribution of galaxies in the sky and hence provide information on the galaxy
density contrast 6, which is in general a biased tracer of the underlying distribution
of matter in the sense that the galaxy correlation function is not equal to the total matter
correlation function (Kaiser 1984). At low redshift this bias is usually considered as
a constant

0g = bom , 9.1)

with d;,, being the matter density contrast (baryonic plus CDM), but for larger redshift
it might be a function of redshift and of the wavenumber, i.e. b = b(k, z).
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Fig. 9.1 Matter power spectrum, from Percival et al. (2007)

Beyond the cosmic variance affecting in a relevant way any large-scale observa-
tion, the determination of the power spectrum is also afflicted by another noise, which
is called shot noise and is due to the fact that J, is given by a discrete distribution
(that of galaxies) tracing a continuous one (that of the underlying matter).

Finally, spectra such as that in Fig. 9.1 are 3-d, in the sense that they are computed
from the spatial distribution of galaxies. While determining the angular positions on
the celestial sphere is not complicated, the only direct measure of distance that we
have is the redshift. It is possible, of course, to transform the redshift into an actual
distance (a proper distance, for example) through the cosmological model that we
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want to test, but determining redshift is time-consuming, especially if it is done via
spectroscopy, and introduces extra errors due to peculiar motions and to photometry
(if z is determined photometrically). Hence, it is perhaps more convenient to work
with a 2-d power spectrum, the angular one w(#), since angular positions on the
celestial sphere are easily, precisely and rapidly determined.

9.1 Evolution on Super-Horizon Scales

A given comoving wavenumber k is super-horizon at a certain conformal time 7, if

0

Since usually H o 1/7, the above condition amounts to:

©3)

which can be rewritten for the physical scale as follows:

k
p < H 94)

The super-horizon regime is the same one that we used in Chap. 6 when we investi-
gated the primordial modes. The main difference with what we are going to see here
is that we do not limit ourselves to the radiation-dominated epoch, but investigate
what happens through radiation-matter equality and also through matter-DE equality.
Thus, the above conditions can be written as follows in the epochs of interest:

1
k<<H=7—] = k1, 9.5)
during the radiation-dominated epoch (for which a « 1),
2
k<<H:5 = kn<kK2, (9.6)

during the matter-dominated epoch (for which a o 7?) and

Hy

k<<H=—s
L+ Hp(mo —n)

9.7)

for the A-dominated era. This is similar to the inflationary phase, but with > 0,
hence the above expression for the conformal Hubble factor.
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We use Egs. (6.21)—(6.24):

8 =40, 8, =40, 5 =-3d, & =-39, (9.8)

the Poisson equation, written using Eq. (6.59) as follows:

3 k2 3
20— HY) + =
3 (O M) e =g

(e + podo + pydy + pudy) , (99)
where we put in evidence the k?/H? factor that we are going to neglect, and the
anisotropic stress equation (4.184):

K (® + W) = —=320Ga’p, N> . (9.10)

We could use again Eq.(6.59) in order to put in evidence the k*/H? term on the
left, but it is not necessary because the neutrino quadrupole is of the same order and
thus we need to perform differentiations as we did in Chap. 6 in order to get a closed
equation for the potentials.

Note that we have neglected the photon quadrupole contribution. It is an approxi-
mation motivated by the fact that before recombination the tight coupling with elec-
trons washes out ®,, whereas after radiation-matter equality R, becomes rapidly
(o< 1/a oc 1/1%) negligible.

When matter dominates, also R, is negligible, so we expect the potentials to
become equal. Since our objective here is to perform an analytic calculation, we
assume already ® = —W. This is incorrect, strictly speaking, when considering the
radiation-matter domination transition but it is fine when considering the matter-DE
one. Therefore, let us rewrite Eq.(9.9) as follows:

3 2
3H (P +HP) = ?
tot

(pebe + pudo + py 0y + pu0y) 9.11)

This equation holds true also in presence of DE, provided that the latter does not
cluster (e.g. itis A).

9.1.1 Evolution Through Radiation-Matter Equality

In presence of radiation and matter only, Friedmann equation can be written as

follows:
_ 87 Ga?

3

) G 1
H (Pm + pr) = 3 Pm 1+ v 9.12)
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where we have grouped together the species which evolve in the same way and
indicated them with a subscript r, i.e. radiation (photons and neutrinos) and with a
subscript m, i.e. matter (CDM and baryons). We have also employed the definition:

_Pm _ 4

=—, (9.13)
Pr Aeq
where acq is the equivalence scale factor.
Exercise 9.1 Assume adiabaticity, i.e.
3 3
(5(; = (5b = Z(S’7 = Z&, = (5m . (914)
Rewrite Eq. (9.11) using y as independent variable. Show that:
do 443
) 9.15)

— Y P= — .
Yy 6+

Exercise 9.2 We are looking now for a closed equation for ®. Therefore, differen-
tiate Eq. (9.15) with respect to y and use 6;, = —3®’ in order to find:

d’®  (Ty +8)By+4) +2ydd 1 o
dy? 2y(y+ DBy +4) dy y(y+1DGy+4)

=0 (9.16)

Exercise 9.3 Quite unexpectedly, the above Eq.(9.16) can be solve exactly. Indeed,
use the following transformation (Kodama and Sasaki 1984):

Y@
u= , 9.17)
I+y
and show that
d2u+|: 2+ 3 3 :|du_0 ©.18)
dy? y 20v+1) 3y+4]dy '
Exercise 9.4 Integrate once Eq.(9.18) and show that:
du 3
lnd—=C1+21ny—Eln(y+1)+ln(3y+4), (9.19)
y

where C| is an integration constant. By exponentiating and integrating again show
that:
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D Yo y'@y+4
Y :A/dy(y+) (9.20)
0

Ty YAty

where A is an integration constant related to C; and assume that y3® — O0fory — 0.

Exercise 9.5 Solve the above integration and show that:

®
D(y) = 10;3 (16‘/1+y+9y3+2y2—8y— 16) , 9.21)

where ®p is the primordial gravitational potential, which we introduced in Eq. (6.77)
in place of C, = R = (. Show that ®(y — 0) = Pp.

From the above solution we see that for y — oo (which here means deep into the
matter-dominated epoch) the gravitational potential drops of 10%, i.e.

9
o — ECDP , fory — oco. (9.22)

In Fig. 9.2 we display the evolution of ®/®p as function of y, as given by Eq. (9.22).
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Y

Fig. 9.2 Evolution of the gravitational potential ® on super-horizon scales (k = 0) through
radiation-matter equality. From Eq.(9.22)
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It can be shown that & is constant on super-horizon scales for any background
evolution with w # —1 constant and for adiabatic perturbations (Mukhanov et al.
1992).

Exercise 9.6 Setting ® = —\W, combine Eq.(4.179) with Eq.(4.189) and use
Eq.4.129. Show that:

O +3H (1 +c2y) & + [2H + H* (1 +3c2) ] @ + K>y ® = —4nGa’T .
(9.23)
where we have defined c2; = P’/ as the adiabatic speed of sound. Show that this
equation can be cast as follows:

6//
u’ + <k2 2 _ 5) u=—a*(p+ P)~'°T (9.24)
where i
o
P S L G S (9.25)
4nG(p+ P)'/? a\p+P

It is clear that the above transformation cannot treat the cosmological constant,
for which P = —p. Nevertheless, it is interesting to see that Eq.(9.24) has a form
similar to Eq.(8.71) and hence, for k = 0 and I' = 0 (adiabatic perturbations) its
general solution is:

dn

u = C19+C20f ok (9.26)

Exercise 9.7 Consider a single fluid model P = wp, with w constant and different
from —1. Show, from solving the Friedmann equation, that:

a = (n/no)* ", 9.27)

where w # —1/3 (in this case the solution grows exponentially with the conformal

time). Show then that:
0 [ dn 4 (9.28)
02 H’ '

and thus show, using Eq. (9.25), that ® is constant.

Hence the 9/10 drop of ® between the radiation-dominated era and the matter-
dominated one can be extended to any kind of adiabatic fluid with w # —1 constant,
using the constancy of R on large scales. See e.g. Mukhanov (2005). Indeed, from
(12.33) we have



280 9 Evolution of Perturbations

' — HY 2H'O + D

R=b+H— =
T G+ P HEE

(9.29)

Now, assume that w changes from a constant value w; to another constant value w .
For each of the two cases ® is a constant, ®; and ® ;, respectively. Then, taking
advantage of the constancy of R, we can say that:

o422 g 2 % (9.30)
314w T T 314w, '
i.e 513 !
by = o2 oW WS 9.31)
S5+3ws 1+ w;

with which we can easily check the result of Eq.(9.22).

9.1.2 Evolution in the A-Dominated Epoch

As already mentioned, we cannot use the above formulae for the case of greatest
interest, which is for w = —1, i.e. the cosmological constant. In this case, we have
to start directly from Eq.(9.23). Since P = —p and constant, then P’ = 0 and thus
Cad = 0.

Exercise 9.8 Using Eq.(9.7) into Eq. (9.23) with ¢, = 0 and I" = 0, show that:

3H, - 3H? B
1L+ Hp(no—mn) (14 Hx(no — ]

4

0. (9.32)

Note that 77 does not go to infinity, but to a maximum value 1, = 19 — 1/H, for
which the scale factor diverges. Moreover, note that this equation, and its solution,
are valid also for small scales because for c,g = 0 the k-dependence is suppressed.

Exercise 9.9 Find the relation between the cosmic time ¢ and the conformal time
using Eq. (9.7) and show that 7o, = 19 — 1/H 4 corresponds to an infinite 7.

Exercise 9.10 Change variable to the scale factor in Eq.(9.32), and show that:

d’® 54 3

a2 Tddd T2

®=0. (9.33)

Solve this equation, using a power-law ansatz, and show that:
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&=Cia '+ Cra?. (9.34)

Hence, when A dominates, ® is not constant on super-horizon scales but vanishes
rapidly, as @ oc 1/a or ® o< 1 + H,(no — 7).

9.1.3 Evolution Through Matter-DE Equality

In order to study the transition between the matter-dominated epoch and the DE-
dominated one, we consider Eq.(9.11) neglecting radiation:

3H? pm
2prot

3H (O +HO) = O (9.35)

where we have already considered adiabatic perturbations. Now, let us introduce the
following variable:

X

px  plajay)3Arw g\ T ©9.36)
Pm B ﬁ(a/ax)_3 B Ay ' '

where p, is a DE component with equation of state w,, which we assume constant,
and a, is the scale factor at matter-DE equivalence, for which both the densities are
equal to p. Note that w, < —1/3, in order to have a useful DE (it has to produce an
accelerated expansion) and recall that, in order for Eq. (9.35) to be valid, DE must
not cluster.

Exercise 9.11 Following the same steps which brought us to Eq. (9.16), find a closed
equation for @, using x as independent variable. Show that:

d*’® 6w, (x+1)—2x—-5dd 1 ®
dx? 6w, x(x +1) dx  Bwex(x+1)

=0. (9.37)

This equation can be cast as a hypergeometric equation and thus solved exactly
(Piattella et al. 2014). Only one of the two independent solutions is well-behaved for
x — 0, i.e. is a constant:

6w,

5
(9.38)

P ox 2wy + 5 1 ——,1

4w, (1 + x) 1 5
— " F _
3w, 6w,

i _-x> —>x—0 —

The integration constant has to be picked in order to match with 9®p/10.
In Fig.9.3 we display the evolution of ®, computed for w, = —1.5, —1, —0.5
from Eq. (9.38).
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Fig. 9.3 Evolution of the gravitational potential ® on super-horizon scales (k = 0) through matter-
DE equality, from Eq.(9.38). The solid line represents the cosmological constant case wy = —1,
the dashed line w, = —1.5 and the dash-dotted one w, = —0.5

In Fig.9.4 we display the evolution of the potentials ® (solid line) and —W
(dashed-line) for the ACDM model with adiabatic initial condition using CLASS.
The wavenumber chosen here is k = 10~*Mpc~!, which corresponds to a scale
larger than the horizon today and hence which spent the whole evolution outside the
horizon. Note how the two potentials display a difference at early times, due to the
presence of neutrinos, which are of course taken into account in CLASS.

The investigation of the evolution of scales larger than the horizon today is not
very useful because they are not observable. However, the scales that we do observe
today were outside the horizon in the past. We shall see in the next section that in the
matter-dominated regime the gravitational potential @ is constant at all scales, even
through horizon-crossing, and thus it is interesting to know the behaviour of super-
horizon modes (the same behaviour is not shared by the density contrast). The same
does not happen when radiation dominates, but instead the gravitational potential
decays and oscillates rapidly for those scales which enter the horizon.

Since the behaviour in the radiation-dominated and in the matter-dominated epoch
is so dramatically different, it is useful to introduce the so-called equivalence wave
number, i.e. the wavenumber corresponding to a scale which enters the horizon at
the equivalence epoch, and thus defined as:

keq = Hoq - (9.39)
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Fig. 9.4 Evolution of the potentials ® (solid line) and —W (dashed-line) for the ACDM model
with adiabatic initial condition using CLASS. The wavenumber chosen here is k = 10~ Mpc~!

Neglecting DE, Friedmann equation in presence of radiation and matter is written as

follows:

e
H? = ‘7; ~(pm + pr)a’ = Hi (Qmoa™" + Qua ™) ,

(9.40)

and from this we can establish that, at equivalence, the conformal Hubble parameter

has the following expression:

167G PRO
ng N 2H7Quo(1 + 2e) = kgq ’
eq

or, using the matter density parameter:

167G
= PO 2 Qo1+ 2eg) = K2,
deq

from which it is clear that:
Qm()

QrO )

1+Zeq=

Using the observed values for the density parameters, we have that:

(9.41)

(9.42)

(9.43)
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V2 Hy Qo

~ 0.014 h Mpc™! (9.44)
Vo

keq =

The behaviour of super-horizon modes is especially important in CMB physics.
Indeed, in Chap. 10 we shall see that for a given multipole ¢ the CMB temperature
correlation spectrum C, is determined mostly by those wavenumbers which satisfy:

k(o — 14) = kry  kno , (9.45)

where 7 is the present conformal time, 7, is the one corresponding to recombination
and r, = 19 — 1, is the comoving distance to recombination. The last approximation
is motivated by the fact that, using CLASS and the ACDM model, 7, ~ 3 x 10> Mpc
whereas 79 &~ 10* Mpc.

The above expression can be manipulated as follows:

o 1
L~ kn— =~ kn—,
" Va

where 1) is a generic past conformal time in the matter-dominated epoch and, for this
reason, we have used a 172. So, e.g. at radiation-matter equality, i.e. a ~ 1074, the
super-horizon scales k7 < 1 contribute to the monopoles £ < 100 and at recombi-
nation a, ~ 1073, ¢ < 30.

(9.46)

9.2 The Matter-Dominated Epoch

Let us now neglect completely radiation. Being no photon and neutrino quadrupoles,
then ® = —W and since matter dominates, 6 Py, = 0.
Equation (4.189) then provides us straightaway with a closed equation for ®:
" +3HO +2H'® + H*® = —47Ga’5 Py =0, (9.47)

which can be solved exactly since, being a o 7%, we have:

6
'+ - =0. (9.48)
n
The general solution is:
Ok, n) = Ak) + B(k)(kn)~> = Ak) + B(k)a>? (9.49)

where A(k), B(k) and é(k) are functions of k, being the latter equal to B times the
proportionality factor between the conformal time and the scale factor, which are
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related by a o 7)>. We have kept a k7 dependence above because it is dimensionless,
as &, A and B are.

Now, let us neglect the decaying mode (k7)™ since it disappears very fast. The
important result here is that the gravitational potential is constant at all scales, through
horizon crossing, during matter domination. We shall see a very different behaviour
when radiation dominates.

Hence, provided that we are deep into the matter-dominated epoch, at large scales,
when k7 < 1, we can match the results for @ of this section and the previous one
and see that:

9
Alk < 1/m) = E(DP(]() o (0> 7eg) - (9.50)

So, the gravitational potential @, for those scales which enter the horizon during the
matter dominated epoch, is a constant with value:

9
k) = Eq)p(k) , (kNeqg < 1) 9.51)

The condition k7eq < 1, which corresponds to k < keq guarantees that the mode was
outside the horizon at equivalence and hence that it entered during matter domination.
Considering the generalised Poisson equation with & constant, we have:

3 2
3H2D + k2D = %&n , (9.52)

where 6., is the density contrast of matter, which we define here as:
Om = (1 — Q)¢ + 200 (9.53)

which comes from the fact that, being in the matter-dominated epoch, py; o< a3 and
Qco + Qo = 1 (of course we keep on considering a spatially flat universe).

‘We must be careful that even in the matter-dominated epoch, but before recombi-
nation, for those modes inside the horizon we can have that §. >> J;, because baryons
are tightly coupled to photons and thus d, cannot grow, whereas CDM fluctuations
can. For these modes, soon after recombination, d, becomes equal to ¢, or, in other
words, baryons fall into the potential wells of CDM. We shall see this in more detail
later. For large scales, those which enter the horizon after recombination, we have
dc = Op = Oy (assuming, as usual, adiabaticity).

For the moment, let us focus on the evolution for d,. It follows immediately that:

2 2,2
bk, ) = 2A(k) (1 N k_) _ 9<I>§<k> (1 . k1727

3H?2 ) o (k<ke). (9.54)

Therefore, 0, is constant on super-horizon scales, but when a scale crosses the
horizon it starts to grow as § o 1> o a, as the plot in Fig.9.5 shows. Note that the
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Fig. 9.5 Evolution of the matter density contrast dy, normalised to the primordial potential, in the
matter-dominated era. From Eq. (9.54)

first equality holds true at any scales, but the second one only for k < keq, because
only in this regime we are allowed to use Eq.(9.50).

The power spectrum at any time during the matter dominated epoch can thus be
put immediately in relation with the primordial one:

81 K2\’
Pytk.m) = 52 (1 + 7) Po(k) ., (k < keg) - (9.55)

For ng = 1 the primordial power spectrum goes as Py o 1/k3, cf. Eq.(8.154), and
thus the above matter one grows linearly with k& (when k7 > 1). From the above
equation we can read off the matter transfer function, i.e.:

2,2
Tstkom) = o (U <k < keg) - (9.56)
512
From this solution we can infer that the larger k is, i.e. the smaller the scale under
consideration is, the more it grows. This scenario is called bottom-up because smaller
scales becomes non-linear before the larger ones. In other words, first small structures
form and then these can merge in order to form larger structures. The bottom-up
scenario is the contrary of the top-down scenario (Zeldovich 1984) by which first
the largest structures form and then fragmentise in order to form the smaller ones.
In Eq. (9.56) we can appreciate that the k-dependence and the 1 one are separate.
The latter is proportional to n? oc a and is usually called growth factor. The separa-
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tion of the k and 1 dependences takes place because matter has vanishing adiabatic

speed of sound and the k-dependence of the equation governing d,, comes in multi-

plied by the gravitational potential, which is a constant (during matter domination).
We can see this in detail, by combining Egs. (5.40) and (5.48).

Exercise 9.12 Combine Egs.(5.40) and 5.48 after putting to zero w, 6 P and the
anisotropic stresses, which are indeed vanishing for CDM and also for baryons, after
recombination. Show that:

S+ HO = —k*W — 30" — 3HD' 9.57)

In the above equation, the k-dependence enters only through k>W and then, in the
matter-dominated epoch we have that:

5+ Mo, =K, (9.58)

with @ constant (if we neglect already the decaying mode).

Exercise 9.13 Check that the solution of the above equation is the same as Eq. (9.54).

The transfer function that we have determined in this section is valid for small
values of k, i.e. k < keq = 0.014 2 Mpc~!, which correspond to very large scales
which we do not actually observe or for which the errors and the cosmic variance
are too large. Indeed, in Fig.9.1 there are data points only for scales larger than
keq. It is necessary therefore to understand how matter fluctuations behave during
radiation-domination.

9.2.1 Baryons Falling into the CDM Potential Wells

We offer here a simple calculation which should convey the idea of how important
CDM is for structure formation. This is often stated otherwise as the fact that after
recombination, baryons fall into the gravitational potential wells of CDM.

As we anticipated earlier, before recombination baryons were tight-coupled to
photons in the early-times plasma and, when they decouple and their over-densities
are free to grow, in general we have d, < J. for those modes which were well inside
the horizon during recombination.

Let us see this more quantitatively. In the same fashion by which we obtained
Eq.(9.58), we can write the following coupled equations for CDM and baryons:
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8! +HS. = k*® , (9.59)
5+ Mo, = kK0, (9.60)
of which the baryonic one is valid only after recombination. These equations are

coupled since & is determined by both the components. Indeed, from the Poisson
equation we have that:

3H? 3H?
GH> +kH® = 3 (pcde + puop) = T6m , 9.61)

tot
Now, the two Egs. (9.59) and (9.60) have solutions (neglecting the decaying mode):

k27’]2 k2772
dc(k,m) = Cyi(k) + TA(k) . Op(k,m) = Cak) + TA(k) , (9.62)

where we have used the constant potential solution for the potential, in Eq. (9.49) (also
here neglecting the decaying mode). Using this solution in Eq. (9.53) and comparing
with Eq. (9.54), we can conclude that:

Ci(k) + Qo[ Ca(k) — Ci (k)] = 2A(K) . (9.63)

For large scales k1) < 1 we already know that §. = J,, = J,,, because of adiabaticity,
and hence C; = C, = 2A.

For small scales, at recombination d, >> J because baryons were tightly coupled
to photons and thus ¢, could not grow. This, combined with the crucial fact that
Qpo = 0.04 is small, makes &, (and the gravitational potential) dominated by 0.
Hence, again 6. = §;, soon after recombination, the detailed transient coming from
the decaying modes that we have neglected.

In other words, baryons fall in the potential wells already created by CDM. Without
CDM, 4, would grow proportionally to a, by a factor 10* by today, being of order
1072, This is way too small in order for account of the structures that we observe.

In Fig.9.6 we plot the evolution of §. (solid line) and &, (dashed line) for k =
1 Mpc~! computed with CLASS. Note the oscillations in d,, which are related to
the baryon acoustic oscillations (BAO) of the matter power spectrum, cf. the small
box inside Fig.9.1, but are not the same thing. The oscillations in the plot of Fig.9.6
are function of the time (scale factor) evolution, whereas those in the matter power
spectrum of Fig. 9.1 are function of the wavenumber k.

The oscillations of Fig.9.6 are caused by the tight coupling of baryons with
photons before recombination, when structure formation is impossible. On the other
hand, CDM can grow even when radiation dominates and thus, for the chosen scale
k = 1Mpc~', the ratio d./6y is of about 3 orders of magnitude.

In Fig.9.7 we plot again the evolution of . (solid line) and &y, (dashed line) for
k = 1 Mpc~' computed with CLASS, but this time with a negligible amount of CDM
(Qe0h? = 107%). Note how 6, grows six orders of magnitude less today than in the
standard case.
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Fig. 9.6 Evolution of §. (solid line) and &y, (dashed line) for k = 1 Mpc~! computed with CLASS
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Fig. 9.7 Evolution of & (solid line) and d, (dashed line) for k = 1 Mpc~! computed with CLASS
with a negligible amount of CDM (Q¢oh? = 107%)
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9.3 The Radiation-Dominated Epoch

Consider now the case of full radiation dominance and neglect J. and d, as source
of the gravitational potentials. Moreover, assume adiabaticity, so that §, = 6, = J;
and neglect the neutrino anisotropic stress, so that ® = —W.

Since we are deep into the radiation-dominated epoch, then w = cid =1/3 and
thus from Eq. (9.23) we can immediately write:

1 4 / k2
O 4o D=0, 9.64)
0

where we have used a o 7. Defining
u=odny, (9.65)

the above equation becomes

2 k2 2
W4+ =u+|—=——-—=)u=0. (9.66)
n 309

This is a Bessel equation with solutions j, (kn/+/3) and n; (kn/~/3), i.e. the spherical
Bessel functions of order 1. Since ;| diverges for kn — 0, we discard it as unphysical.

Recovering the gravitational potential ® and using the fact that (Abramowitz and
Stegun 1972)

sinx cosx

Jix) = 2 Ty (9.67)
and sinx — x cosx 1
fm = =5 059
we can write
® = 30, 50K1/V3) = hn/v/3) costhkn/v/3) 0.69)

(kn/~/3)3

This solution shows that as soon as a mode k of the gravitational potential enters the
horizon, it rapidly decays as 1/1° or 1/a® while oscillating.

In Eq.(9.69) we plot the evolution of the gravitational potential, according to
Eq.(9.69). Note how & starts to decay right after kn) > 1, i.e. after horizon crossing.

The goodness of the solution (9.69) plotted in Fig. 9.8 can be appreciated in Fig. 9.9
where both ® (solid line) and —W (dashed line) are plotted. Outside the horizon the
two potentials are constant with a difference due to the neutrino fraction R,,. As soon
as they enter the horizon they rapidly decay to zero.

Now, recall Eq.(9.57) that we derived for the matter density contrast. It can be
used in the radiation-dominated epoch, but only for CDM:
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Fig. 9.8 Evolution of the gravitational potential ® deep into the radiation-dominated era. From
Eq.(9.69)

k =10 h/Mpc

Fig. 9.9 Evolution of the gravitational potentials ® (solid line) and —W (dashed line) deep into
the radiation-dominated era computed with CLASS for the ACDM model and k = 10Mpc~'.
Adiabatic perturbations have been used and the initial values have been normalised to that of
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1 3
Sl 4+ =0l =k*® —30" — =~ . (9.70)
n n
Using Eq. (9.64), we can write
" 1 / 2 9 l
0+ —6,=2k"d+ - = S(k,n) . (9.71)
Ui n

As stated at the beginning of the section, we are so deep into the radiation-dominated
epoch that the matter density contrast does not contribute to the gravitational potential
but only feels it.

Using Eq. (9.69) with x = kn as new independent variable, the function S(x) has
the following form:

S() 9 [(27x — 2x3) cos (x/ﬁ) +43 (5)62 - 27) sin (x/ﬁ)]

kzcbp - x3

. (9.72)

and the equation for . becomes:

() o) 1)

dx \ dx x*
(9.73)
The homogeneous part of this equation has a simple solution:
Ohom = C1 + CaInx (9.74)

i.e. a constant C times a logarithmic contribution. A particular solution is obtained
by integrating twice the right-hand side, thus obtaining:

9dp [—x3Ci (x/ﬁ) + ﬁ (x2 — 3) sin (x/\/g) + 3x cos (x/\/g)]

5part = 3 s
(9.75)
where Ci(z) is the cosine integral function, defined as
. - cost
¥4

The above is a particular solution, therefore the integration constants which stem
from the indefinite integration can be incorporated in C;. The general solution for d.
is then:

9Dp [—x3Ci (x/ﬁ) +/3 (x2 = 3)sin (x/ﬁ) +3xcos (x/ﬁ)]

0c=C1+Crlnx + 3

X

(9.77)
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For x — 0, we can expand the above solution as follows:

2 11;(3) + O (.xz) ’

(9.78)

6(x >0 =Ci+ CrIn(x) + Dp [—9ln(x) —9v+6+

where 7y is the Euler constant.
Since In x is divergent for x — 0 and we do not want J. to diverge, we have to
ask:
C, =9%p . (9.79)

Moreover, we know that d.(x — 0) = 3®p/2 when we choose adiabatic initial con-
ditions (and neglect neutrinos), cf. Egs.(6.71) and (6.77), thus:

9
Ci=—®p[-2y+1+ ()] . (9.80)

We plot the evolution of . through horizon-crossing in Fig.9.10.

For x > 1, deep inside the horizon, we can neglect the contribution .y to the
solution for §, since it decays rapidly. Thus, we can write the density contrast as
follows:

k =10 h/Mpc
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Fig. 9.10 Evolution of ¢, deep into the radiation-dominated era computed from Egs. (9.77), (9.79)
and (9.80) (solid line) compared with the numerical calculation performed with CLASS for k =
10Mpc~! (dashed line). Note the semi-logarithmic scale employed
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9
Oc = —EQDP [27+ 14+ 1In(3)] +9PpInx = ADp In(Bkn) , (9.81)
where
1 In(3)
A=9, B =exp 7—5— > ~ 0.62 . (9.82)

9.4 Deep Inside The Horizon

The last domain in which it is possible to analytically solve the equations for the
perturbations is when k >> H, i.e. deep inside the horizon. We shall neglect baryons
in this calculation (this is imprecise and we shall see why numerically) and assume
® = —W (which is a good approximation, on the basis of the results of the previous
section).

The relevant equations are thus the following ones:

S+ kV. = -3, (9.83)
V. +HV. = —k® , (9.84)
K® = 4rGa’ped. . (9.85)

In the latter equation we have neglected all the potential terms except for the one
accompanied by k%> and we have also neglected radiation perturbations. It is not
evident why should we neglect p, 0, with respect p.d. even when p; >> p. deep into
the radiation-dominated epoch. Neglecting dy, at least, is justified by the fact that
before recombination it behaves as the fluctuation in radiation and afterwards as that
in CDM, while being €2}, always subdominant.

An explanation of why we can neglect p,d, is offered by Weinberg who shows
that new modes appear (dubbed fast) which rapidly decay and oscillate (Weinberg
2002). He also takes into account baryons at first order in Q2.

Exercise 9.14 Use again the variable y = a/a.q and manipulate the three equations
above in order to obtain a single second-order equation for d:

d*6. 243y dé. 3 s o
dy> " 2y(y+Ddy 2y(y+1)

(9.86)

This equation is known as Mészaros equation (Meszaros 1974). A solution can
be found at once, multiplying by 2y(y + 1):

2y( +1)d25“ +2d5° +3 do 36.=0 (9.87)
y( e o T c=0. .
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A linear ansatz 6. o< y kills the second derivative and the last two terms on the left
hand side. Therefore, the simple solution we looked for is:

2
Di(y)=y+ 3 (9.88)

This is also the growing mode. For y <« 1, i.e. before matter-radiation equality, §
is practically constant, whereas for y > 1 we have the known growth linear with
respect to the scale factor.

In order to find the other independent solution say D,, we can use the Wronskian:

W(y) = Dl_y - —D2 . (989)

Exercise 9.15 Show that the Wronskian satisfies the simple first-order differential

equation:
aw 2+ 3y

— =W, (9.90)
dy 2y(y+ 1D
from which one gets
1
W= —'—. 991
yWi+y

Exercise 9.16 From the very definition of the Wronskian in Eq. (9.89), write a first-
order equation also for D,, which is the following:

(y+2/3)2i< D )= L (9.92)
ay\y+253) " 315y

Integrate it and show that the result is:

9 9 Vy+1+1
Dy=2\T+y= 2 (y+2/3)n (ﬁ> ©.93)

This mode grows logarithmically when y < 1, recovering the logarithmic solu-
tion of the previous section. It decays as 1/y>/2 for y > 1.
The complete solution for ¢, on small scales £ >> H and through radiation-matter
equality is then:
dc(k,a) = Cy(k)D1(a) + Ca(k) D (a) . (9.94)

The dependence of C; and C, from k can be established by matching this solution
with the one of the previous section in Eq.(9.81).
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9.5 Matching and CDM Transfer Function

As we discussed earlier and as it is clear from Fig.9.1 the today observed scales in
the matter power spectrum are those for which k > kg, i.e. those which entered the
horizon before matter equality.

In the last two section we have obtained exact solution for d. deep into the
radiation-dominated epoch for all scales and through radiation-matter equality at
very small scales. There is then the possibility of matching the two solutions on very
small scales and thus obtain in this regime the CDM transfer function until today.

Consider the following two solutions found in the previous sections, i.e.

Oc(k,m) = ADp(k) In(Bkn) , (9.95)
dc(k,a) = Cy(k)Di(a) + C2(k) Da(a) , (9.96)

which are valid on very small scales, i.e. ki) >> 1. The purpose is to find the functional
forms of C; (k) and C, (k).

Using Eqgs. (9.40) and (9.41), one can approximate the Hubble parameter deep
into the radiation era as follows:

Heqlleq
H~ ——, (9.97)
ﬁa
and solving using the conformal time, one has:
Heqeq
a=—="n. (9.98)
N

The proportionality constant is the correct one which gives H = 1 /1 when substituted
in the approximated formula for .

We can thus write the logarithmic solution for ., deep into the radiation-
dominated era, as follows:

(9.99)

b.(k, a) = Adp(k) In (Bk V24 ) .

eqdeq

Introducing y = a/aeq, the equivalence wavenumber keq = Heq and the rescaled
wavenumber:

V2k kS0 k

keq  HoSQmo  0.052 Qo h2 Mpc !

K (9.100)

one has:
bc(k,a) = ADp(k) In (Bkry) . (9.101)



9.5 Matching and CDM Transfer Function 297

Recall that this solution is valid deep into the radiation-dominated epoch, thus y < 1.
At the same time, it holds true only on very small scales, i.e. k7 >> 1. Using the above
formulae, this means:

2 2
kn = k V2 _ V2 —rky> 1. (9.102)
Heqleq keqeq

Therefore, if we want to match radiation-domination solution with the solution of
the Mészaros equation, we need to choose a suitable y,, at which performing the
junction of the two solutions such that 1/x < y,, < 1.

Asking the equality of the two solutions and their derivatives at y,, implies to
solve the following system:

AdpIn(Bry,) = Ci (Vm +2/3) + C2Ds(y) (9.103)
Adp dD,
=C +C, — . (9.104)
Y dy ly=y,

Exercise 9.17 Solve the above system and take the dominant contribution for y,, —
0 (because the junction condition has to be imposed for y,, < 1). Show that:

3 3 2
Ci=5A%pIn (4Bre™?) ,  Cr= 74P (9.105)

Therefore, the solution for . valid at all time and at small scales is the following:

Oc(k, y) = —A<I>p In (4\/_356‘73) (y+2/3)+ Ad>pD2(y) (k>1).
(9.106)
We can project this solution at late times, when matter dominates and thus neglect
the decaying mode D, and write:

(@ deg k> keg) (9.107)

42Be 3k
Sk, a) = —A(I)pln( v/2Be ) a
aeq

€q

Note again the separated dependence from k and from the scale factor, being the
growth function D(a) = a. This allows us to write the transfer function for CDM as
follows, using Eq. (9.42) in order to eliminate deg:

Ts5(k) =

AkZ, | <4ﬁBe‘3k
n

2Hg Qmo keq ) D(a), (a> e, k> keq) (9.108)
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Recall that the factor 3®p /2 is the adiabatic initial condition on d. and thus enters the
primordial power spectrum. The above transfer function can be generalised including
DE, if the latter does not cluster. If it is the case, as for the cosmological constant,
its effect enters only the growth factor and in k¢4 since, being another component
and having the fixed total ;9 + Qmo + 2 = 1, the relative amount of radiation and
matter has to change (usually the amount of radiation is fixed) and thus k.4 changes.

We can also determine the transfer function for the gravitational potential ® at
late times. From Eq. (9.85) we have that:

3HZ Qo

K ® = 47Ga’ plm =
2a

Om (9.109)
where we have included baryons, since we are considering late times and we have
seen that after recombination §, = J.. We are neglecting any DE contribution in the
expansion of the universe and considering a radiation plus matter model. Hence,
Qo ~ 1.

‘We thus have for the gravitational potential, combining Eqs. (9.107) and (9.109):

4/2Be 3k

(k) 9Ak§q¢ (k)1
= — n
8k2 ' o

) o k> ke (9.110)

The transfer function for the gravitational potential is usually normalised to 9®p /10
and therefore:

4k

SAKZ <4ﬁ3e3k

To(h) = ——<In . ) o k> ke ©.111)
eq

Exercise 9.18 Using Q0> = 4.15 x 107 in Eq. (9.44) and defining

Mpc
=kX ——, 9.112
q X Qe ( )
show that we can cast the above transfer function in the following form:
In (2.40q)
To(k) = —= 9.113
v ) = < 570’ 9.113)

See also Weinberg (2008), p.310.

We have written the transfer function as in Eq.(9.113) because it is simpler to
compare it with the numerical fit of Bardeen, Bond, Kaiser and Szalay (BBKS) of
the exact transfer function (Bardeen et al. 1986), which is the following:
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In (1 + 2.34 _
Tpks (k) = (quq) [143.89¢ + (16.29)> + (5.479)* + (6.719)*]* ,
(9.114)
and see that for large ¢ it goes as In(2.34¢)/(3.96¢)2, which is in good agreement
with our analytic estimate (9.113).
Given the transfer function T, d,, can be written, from Eq. (9.109), as:

2 2

2
e Op (k) To (K)o = —5——
5HEQmo

6 kv == —k q> = —
m(k, @) 3HZ o 5HZ 2o

Pp(k)To (k) D(a) .

(9.115)
In the last equality we have recovered the growth factor D(a) in order to provide a
more general formula. From this solution we can obtain the power spectrum for dy,
starting from the primordial one for &, i.e.

4

Pyk.a) = ———
s(k, a) 25HIQZ,

Po (k) T2 (k)D*(a) . (9.116)

Using Eq.6.94, with ® = —W since we are neglecting neutrinos, ®p = 2R /3 and
thus the primordial power spectrum of & can be traded with the R one, and we get:

4

Psk.a) = —
s(k, a) 25HIQZ,

Pr(k)T:(k)D*(a) . (9.117)

From Eq. (8.154), we can write the explicit dependence of the primordial power
spectrum of k as follows:

Ps(k, a) 87k A AN T2(k)D*(a) (9.118)
,a) = ———F——— — a .
’ »5HIQ2, k&, @

The power spectrum Ps(k, a) can be determined through the observation of the
distribution of galaxies in the sky. Therefore, through the above formula we can probe
many quantities of great interest such as the primordial tilt of the power spectrum.

Now, let us make a plot of the power spectrum today (z = 0) using CLASS and
fixing all the parameters to the ACDM best fit values except for 2,0, which we let
free. We show in Fig.9.11 the shape of the matter power spectrum for Q90 = 0.1
(blue) and 2,90 = 0.3 (yellow), 2,0 = 0.7 (green) and Q2,0 = 0.99 (red).

The first interesting feature of the power spectrum is that it has a maximum. This
maximum takes place roughly at k.q for the following reason: entering the horizon
at equivalence is the best time to do that in order for a matter fluctuation to grow
more. In fact, as we have seen, scales that entered the horizon earlier (i.e. k > k) are
suppressed because radiation is dominating and that 6 grows logarithmically during
this epoch, cf. Eq.(9.77). These are the scales of great observational interest, as can
be appreciated from Fig.9.1.
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Fig.9.11 Matter power spectra for (left to right, in case no colours are available) Qo = 0.1 (blue),
Qmo = 0.3 (yellow), Qmo = 0.7 (green) and Q10 = 0.99 (red)

On the other hand, the scales that entered after the equivalence grow proportionally
to a, cf. Eq.(9.54). Evidently, the scale which entered at equivalence has had more
time to grow than all the others, hence the the maximum or turnover in the power
spectrum.

The second interesting feature of the power spectrum is that its maximum is shifted
to the left when we reduce €210. This means that the equivalence wavenumber kg is
smaller when €2, is smaller and this can be immediately seen from Eq. (9.44) if we
fix Qr().

Remarkably, observation favours the line for 2,0 = 0.3 of Fig.9.11, as can also
be seen from Fig. 9.1. Since the radiation content is very well established from CMB
observation (and our knowledge of neutrinos) as well as the spatial flatness of the
universe (from the CMB, we shall see this in Chap. 10), and its age (at least a lower
bound) and Hj are also well-determined, the only way to make the total is to add a
further component, which clearly is DE. The important point here is that the necessity
for DE can already be seen by analysing the large scale structure of the universe
(together with CMB) and this was realised well before type la supernovae started to
be used as standard candles (Maddox et al. 1990; Efstathiou et al. 1990).

For completeness, in Fig.9.12 we plot with CLASS the matter power spectrum at
z = 0 for the ACDM model, with different choices of the initial conditions.

The transfer function thus tells us how the shape of the primordial power spectrum
is changed through the cosmological evolution and through the analytic estimates
that we have done in this Chapter we understood that the k-dependence is set up
during radiation-domination.

However, we have made two important assumptions in our calculations: we have
neglected baryons and neutrino anisotropic stress (we have taken into account neu-
trinos from the point of view of the background expansion). If we aim to precise
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Fig. 9.12 Matter power spectra for different initial conditions: Adiabatic (blue), Baryon Isocurva-
ture (yellow), CDM Isocurvature (green), Neutrino density Isocurvature (red), and Neutrino velocity
Isocurvature (purple)
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Fig. 9.13 Left Panel. Evolution of BBKS transfer function of Eq.(9.114) (solid line) compared
with the numerical computation of CLASS, using Qmo = 0.95 (which means negligible DE). Right
Panel. Ratio between the numerical result and the BBKS transfer function

predictions, and we have to in order to keep the pace with the increasing sophis-
tication of the observational techniques, we must take into account them. A more
precise fitting formula (to numerical calculations performed with CMBFAST) taking
into account baryons and neutrino anisotropic stress is given by Eisenstein and Hu
(1998).

In Fig.9.13 we compare the BBKS transfer function with the numerical calcula-
tion of CLASS, adopting Q2,0 = 0.95 while leaving all the remaining cosmological
parameters as in the ACDM model, except for 2,4 which is adjusted to the value
Q4 = 1.632908 x 1073 in order to match the correct budget of energy density. So,
in practice, we are neglecting DE.

As can be appreciated from the plots, the BBKS transfer function overestimates of
about 5% the correct transfer function for scales k = 0.1 h Mpc~!, see also Dodelson
(2003), p.208. The reason is that baryons behave like radiation before decoupling,
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Fig. 9.14 Left Panel. Ratio between the numerical result computed with CLASS assuming the
ACDM model, and the BBKS transfer function with SZmoh2 = 0.12038. Right Panel. Ratio between
the numerical result computed with CLASS assuming the ACDM model, and the BBKS transfer
function with Q0 = 1

because of their tight coupling due to Thomson scattering. Therefore, they contribute
further to thwart scales entering the horizon before the equivalence.

InFig.9.14 we display the ratio between the numerical transfer function computed
with CLASS for the ACDM model and the BBKS transfer function in two cases. In
the left panel, the same matter density parameter of the ACDM model is used for
both the transfer functions. In the right panel, we used the BBKS transfer function
with Q0 = 1.

The latter choice was made in order to reproduce the plot of Dodelson (2003),
p-208 and thus to show the very large correction due to the cosmological constant
which, if not taken into account, leads to a 80% error at the scale k = 0.1h Mpc_l.

When A is taken into account properly, the BBKS transfer function still overesti-
mates the correct transfer function of at least a 10% on small scales, which implies an
imprecision of 1% in the power spectrum (since this depends on the squared transfer
function). Moreover, as it is obvious since it does not include baryons, the BBKS
cannot describe the BAO, which appear as oscillations in the transfer function at
about k = 0.1 Mpc~! in Fig.9.14.

9.6 The Transfer Function for Tensor Perturbations

Treating the evolution of tensor perturbations, which we have done in the context
of inflation in Chap. 8 is much easier than for scalar modes because of two reasons.
The first is that CDM and baryons are very non-relativistic and so do not possess
anisotropic stress, which would source GW. The second reason is that, though photons
and neutrinos do have anisotropic stresses this are always very small so that it is a
good approximation to neglect them.

Therefore, what we have to do is to recover the calculations of Sect. 8.4 and solve
Eq. (8.67) with a ‘H given in the radiation- and matter-dominated epoch. As we
already know, on very large scales, meaning k> < a”/a, h is a constant (we shall
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call it hp) and this holds true for whatever background expansion we choose. We
used this fact in order to determine the primordial power spectrum and in the present
section we use it again to determine the initial value for solving Eq. (8.67).

Using Eqgs. (9.40) and (9.41), we can write the conformal Hubble parameter as

follows:
1
H = Mty (9.119)

V2y

where we have introduced again y = py,/p: as new independent variable.

Exercise 9.19 Cast Eq.(8.67) using y as independent variable and the above form
of the conformal Hubble factor. Show that:

+Kh=0 (9.120)
2 y

d*h [1 2(0+y)]dh
1 - -~ )=
( er)dy2 +[ + }dy

using also Eq. (9.100).

The above equation cannot be solved analytically, but we can find an exact solution
in the same four instances that we worked out for scalar perturbations. On super-
horizon scales we already know that 4 = hp irrespective of the background evolution
(this is relevant only for the decaying mode), so we skip this case.

9.6.1 Radiation-Dominated Epoch

In this case, we consider y < 1 in Eq. (9.120):

d*h  2dh 5
—_—+ —— h=0, 9.121
e + v D + K ( )
which can be rewritten as: 5
d~(khy)
hy =0, 9.122
d(ny)? + khy ( )

and hence is a harmonic oscillator equation for the quantity xhy with respect to the
variable ky, with unitary frequency. Hence, the solution for £ is:

sin(ky) . Cz(k)cos(/@y) ’ 9.123)
Ky Ky

h(k,y) = Ci(k)
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where as usual C| and C, are generic k-dependent functions. For y — 0, or equiv-
alently on very large scales ky — 0 only the sine tends to a finite result and hence
we must put C; to zero:

sin(ky)
Ky

h(k,y) = hp(k) = hp(k) jo(Ky) - (9.124)

Equivalently, putting H = 1/7 into the original equation (8.67) one finds:
" 2 / 2
h'+-h"+kh=0, (9.125)
Ui

and so: .
sin(kn)

kn

h(k,n) = hp(k) = hp(k) jo(kn) , (9.126)

since, indeed, ky = kn when radiation dominates, cf. Eq.(9.102).

9.6.2 Matter-Dominated Epoch

In this case, we consider y > 1 in Eq.(9.120):

d’h  5dh
yd—yz+55+1‘€2h207 (9127)

or, using Eq. (8.67) with H = 2/n:

" 4 ’ 27
h'+—-h+kh=0. (9.128)
n

This equation can be cast in the form of a Bessel equation.

Exercise 9.20 Introduce the new function:
h = glkn)<, (9.129)
where « is a number to be determined. Then, show that:

79" + Qo+ 4ng + glk*n’ + o’ +3a] = 0. (4-130)

Then, we recover the form of the Bessel function for « = —3/2, for which the
order is 3/2 and hence:
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2kn .
g o< J3pp(kn) = 711(1677) , (9.131)

where we have introduced the spherical Bessel function and neglected the one of
second kind, since it diverges for knn — 0. The GW amplitude thus evolves as:

Ji(kn) [sin(kn) cos(kn) ]
h(k,n) = C;(k =C(k — 9.132
(k,m) 1(k) kn 1(k) )’ )2 ( )
In the limit kn — 0O:
sin(kn)  cos(kn) 1
7oK — @ — 3 (9.133)
hence we can write:
sin(kn)  cos(kn) i|
h(k,n) = 3hp(k — , 9.134
(k. 1) = 3hs( )[ “ ) (9.134)

but this is valid only for those modes which enters the horizon well deep into the
matter-dominated epoch. Using the definition of x in Eq.(9.100) and the fact that,
deep in the matter-dominated epoch we have that:

2 He
H="=-"22 (9.135)
n N2y
we can conclude that:
kn =2ky , (9.136)

and thus the solution for A (k, y) is:

hk, y) = 3hp (k) |:sin(2mﬁ) B cos(2mﬁ)i|
ORI TP SRR oy o

which again is valid only for those modes x,/y < 1 and hence, since y > 1, then
k < 1, i.e. modes which entered the horizon well deep into the matter-dominated
epoch.

(9.137)

9.6.3 Deep Inside The Horizon

In the case k > H we work directly on Eq. (8.67) and, following Weinberg (2008),
we introduce a new variable d
x= / ) (9.138)
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with the purpose of eliminating the first-order derivative, and obtain thus the follow-
ing equation:
@Jrk? *h=0. (9.139)
dx? '

The latter is not analytically solvable for a generic a(x) but it is possible to find an
approximated, WKB solution. Indeed, if a(x) is approximately constant, the above
equation becomes that of a harmonic oscillator and the solution is simply:

h(k, x) oc eika® (9.140)

Taking into account the x dependence of a, we can use the following ansatz:

h(k,x) = A(x)exp (iik/azdx> , (9.141)

and substitute it back into Eq. (9.139), obtaining:

dZ

da
T 2—(:tzka2) +A (:l:2zkad—> +ka*A=0. (9.142)
X

Equating the imaginary part to zero, we have then:

94 2 4 ag (9.143)
_a a— = N .
dx dx
for which the solution is:
A(x) x 1/a(x) . (9.144)

Hence, the approximated WKB solution for the GW is:

1 1
h(k,n) o< —exp (:I:ik/a%lx) = —exp (Likn) . (9.145)
a a

Note that this solution is valid for any background expansion, since we have made
no assumptions on the latter. Moreover, note the oscillatory behaviour exp (ikn)
with amplitude damped with a factor 1/a. Recall from Weinberg (1972) that the
energy-momentum tensor of a GW is:

PuPv

o G(|h+| + hu ) (9.146)

<t;w> =
where #,,,, is the gravitational pseudo-tensor, the average on itis on a sufficiently large
region of spacetime such that the oscillatory terms gives a constant result and p,, is
the physical momentum p,, = dx,,/d X of the GW (of the graviton). We now that in
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a FLRW metric for a massless particle po = p o 1/a and hence (o) o< 1/a* as we
expected for the energy density of a relativistic species.

Now, we can match the above WKB solution (for y < 1) with the one we found in
Eq.(9.126) (for large ky), where we use y instead of 1 because it is straightforward
then to project the matching at late times. It is the same procedure we employed in
order to find the transfer function for CDM. So, we have:

Ci(k
1®) Ginsy) = hp ) Sm(“y ). (9.147)
Ydeq
and thus
Aeq Aeq HyQumo Ho/ 20
Cik) = hp(k = hp(k = hp(k) ——— . 9.148
1(k) = hp( ) (k) ——— PNom p(k) k ( )
So, the solution for small scales is:
Hy/Q
ik, m) = hp(k) =" sin(kn) (9.149)
ka(n)

Note that this solution is valid for any content of the universe, since there is no
more a y dependence appearing (any content after radiation-domination, since we
have matched there the solutions). Close to the present time 7y we can set as usual
a(no) = 1 and then the gravitational wave solution for small scales is then:

hik, 1) = hp (k) T0Y/Sho ;{QO sin [kno + k(t — 10)] (9.150)

for ¢ close to ty and where we have used dn = dt/a(t) close to present time. This GW
profile is very different from those detected by LIGO for the merging of black holes,
the first in Abbott et al. (2016), and from the spectacular event GW170817 of the
merging of two neutron stars detected both by LIGO and VIRGO (Abbott et al. 2017)
and whose electromagnetic counterpart was also seen as a short gamma-ray burst
(GRB) (Abbott et al. 2017). The main characteristics of these profiles is their growth
in frequency and amplitude for times close to the merging one. The cosmological GW
profile is a simple sine function (for very small scales), with an amplitude containing
cosmological information of great relevance such as the primordial amplitude, which
we have seen to be related to the energy scale of inflation.
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Chapter 10 ®)
Anisotropies in the Cosmic Microwave e
Background

Long the realm of armchair philosophers, the study of the
origins and evolution of the universe became a physical science
with falsifiable theories

Wayne Hu, PhD Thesis

In this chapter we attack the hierarchy of Boltzmann equations that we have found
for photons and present an approximate, semi-analytic solution which will allow
us to understand the temperature correlation in the CMB sky and its relation with
the cosmological parameters. Our scope is to understand the features of the angular,
temperature-temperature power spectrum in Fig. 10.1.

Note that in this plot the definition

L4 1D)Crry

DZTT = 2

) (10.1)
is used. We shall see the reason for the £(£ + 1) normalisation, whereas the Crr¢’s
are given in Eq. (7.81) as functions of the multipole moments of the temperature
distribution and the primordial power spectrum for scalar perturbations.

In Fig. 10.1 we can also see data points up to £ ~ 2500. What can we say from
this number about the angular sensitivity of Planck? It can be roughly computed as
follows. For a given £,,x how many realisations of a,,, do we have?

Exercise 10.1 For each £ we have 2¢ 4 1 possible values of m, thus show that:

Zmax
Nppo = D 2L+ 1) = (bax + 1)*. (10.2)
=0
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Fig. 10.1 CMB TT
spectrum. Figure taken from
Ade et al. (2016). The red
solid line is the best fit &
ACDM model =

S

/1

{
The full sky has:
2 _ 4 2 o 2
47 rad” = — (180 deg)” ~ 41000 deg” . (10.3)
s

If an experiment has sensitivity of 7 deg, then we can have at most
4 2
—(180/7)" ~ 842 , (10.4)
0

pieces of independent information and therefore we can determine as many dagy,.
This gives €. ~ 28 and it was the sensitivity of CoBE. For Planck, the angular
sensitivity was of 5 arcmin, which corresponds to

4 2 6
—(180 x 60/5)° ~ 10” , (10.5)
™

pieces of independent information and then to £,,x = 2436.

In this chapter we omit the superscript S referring to the scalar perturbations
contribution to ®, since most of the time we shall discuss of it. We shall only use T
in order to distinguish the tensor contribution.

10.1 Free-Streaming

It is convenient to start neglecting the collisional term in the Boltzmann equation and
considering thus the phase of photon free-streaming. The following discussion is
similar to the one in Sect. 5.4. Consider Eq. (5.27) for photons and with no collisional
term. Using the definition of ® in Eq. (5.80), we can write for scalar perturbations:
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o dx' 9
—+—— ] (O4+V) =V -9 10.6
(87; dn 8x’> ( ) (10.6)
As we know from Boltzmann equation, the differential operator on the left hand side
is a convective derivative, i.e. a derivative along the photon path:

d
—O+V) =V — P, (10.7)
dn

whose inversion is the basis of the line-of-sight integration approach to CMB
anisotropies (Seljak and Zaldarriaga 1996), which is an alternative to attacking the
hierarchy of coupled Boltzmann equations (which still must be attacked but can be
truncated at much lower £’s) as it was done e.g. in Ma and Bertschinger (1995). We
shall see this technique in some detail in Sect. 10.5.

For time-independent potentials, as they are in the matter-dominated epoch, the
collisionless Boltzmann equation for photons tells us that ® + W is constant along
the photons paths, i.e. along our past light-cone, since recombination.

Recall that the scalar-perturbed metric that we are using is given in Eq. (4.171):

ds? = —a*()(1 + 2W)dn* + a*(n) (1 + 2®)5;;dx'dx’ . (10.8)

Inside a potential well, W is negative. In order to be convinced of this one has just to
think about the Newtonian limit and realise that 2W is the Newtonian gravitational
potential, hence negative. So, since ® + W stays constant, we have that:

®(77*7 X*, ﬁ) + \II(T]*, X*) = ®(770’ X01 ﬁ) + \I](no» XO) . (10'9)

where on the left hand side we have chosen the quantities at recombination whereas
on the right hand side we have chosen the present time. Note that x¢, is where our
laboratory (the CMB experiment) is, i.e. Earth, and as such is fixed. Therefore, since
we can only detect photons on our past light-cone, and those from CMB comes from
a fixed comoving distance r, = 1y — 7., we have that:

X =X0— 1P . (10.10)

Note that p is the photon direction and so it is opposite to the direction of the line of
sight i = — p. So, the only independent variables are 2, the components of p. They
become just a single one, u, because of the way in which we factorise the azimuthal
dependence (and assuming axial symmetry).

The potential W ()9, Xp) is usually neglected, or incorporated in the potential at
recombination, since itis not detectable. As itis well known, classically only potential
differences are physically meaningful. The above equation then tells us that:

O (1), Xo — 1P, P) + W (1, Xo — 1. p) = O (1o, Xo, P) (10.11)
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i.e. the observed temperature fluctuation (on the right hand side) accounts for the
energy loss due to climbing out the potential well or falling down a potential hill.
This is the so-called Sachs-Wolfe effect (Sachs and Wolfe 1967). Writing the above
equation in Fourier modes, we have:

d’k
(2m)?

K 00k, )+ Wi, k)] 80D
271_)3 k9 ’ *9

(10.12)
We can set now xy = 0, without losing of generality, and manifest the dependences
as k and p, the former since we normalise to the scalar primordial mode «(k), cf.
Eq. (7.64), and the latter since we are considering axisymmetric scalar perturbations.
Hence we have for the Fourier modes:

O, k, ple’*® = / (

O (0, k, 11) = [O (s, k, 1) + W (1, k)] k1 (10.13)

Using the partial wave expansion, we get:

1 ! diu’ —ikpr,
Otk = =7 [ LRG0 k) + ¥l (10.14)
=" J

and using the relation:

Ld 4
/ 7” Po(pye 0 = (i)t jig (kry) (10.15)
-1

which can be obtained by inverting the expansion of Eq. (5.75), we can write:

O (1o, k) = W (1)s, k) je(kry) +

1
d )
/ —Zupe(u)(@(m,k,,u)e_’k’”*. (10.16)
—1

(=)’
Using again the partial wave expansion, we can write the above formula as:

O (10, k) = W (1), k) je(kr)

1 : la :
ey Y (=) QU+ DO (., k) / 7’“‘%(u>w<u>e—"‘“'*. (10.17)
- v -1

We shall see later that, because of tight-coupling, the monopole and the dipole con-
tribute the most at recombination. Hence, we can write, truncating the summation at
¢ =1:

301 k) [1dp
(=t Jo 2

—ikpry

O¢(no, k) = (O + W) (14, k) je(kry) + Pe (1) e

(10.18)
The integral can be performed as follows:
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Je (kry)

(10.19)
The same technique can be used, in principle, to calculate the integral for any ¢’: for
each power of 1 one gains a derivative of the spherical Bessel function. Recalling
the formula (Abramowitz and Stegun 1972)%:

L m , d Vdp , d
Zp —ikpry — =p —ikypr -
/_1 g Peliwme Fatr) /_, y Pelwe T d (k)

dj V4
jux) = jo—1(x) —

1
7 Je(x) (10.20)
X X

we can write:

O¢(1o, k) = (B9 + W) (1), k) je(kry)
41
+301 (1), k) [jz_l(kr*) s j[(kl"*)] : (10.21)

*

So, the spherical Bessel functions that we have mentioned in Chap. 9 start to appear.
‘We have obtained the above free-streaming solution neglecting the potentials deriva-
tives in Eq. (10.7). Taking them into account is not difficult, since an additional piece
containing the integration of the potential derivatives would appear in Eq. (10.13):

. 0 .
MWKWZWW%W+W%@V%M+/dMW—WMMfWWW.

" (10.22)

The exponential factor in the integral comes from the Fourier transform of the poten-
tials and from considering:

X=Xo— (10— NP, (10.23)

at any given time 7 along the photon trajectory (this is the “line of sight”, in practice).
Performing again the expansion in partial waves, we get:

O (10, k) = (B¢ + W) (1, k) je(kry)

. 4+1 .
+301 (14, k) |:JIZ—1 (kry) — Je (kr*)}
7o
+/ dn [V'(n, k) — ®'(n, k)] je(kr) , (10.24)
where
r=mn—1n. (10.25)

As we are going to see, the first two terms of the above formula contains the primary
anisotropies of the CMB, which are the acoustic oscillations and the Doppler
effect. The W (,, k) contribution in the first term is, as we have already anticipated,

I'The website http://functions.wolfram.com is also very useful.
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Fig. 10.2 Evolution of the 0.012 [T
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the Sachs-Wolfe effect. The last term is the Integrated Sachs-Wolfe (ISW) effect
(Sachs and Wolfe 1967) and contributes only when the gravitational potentials are
time-varying. This happens, as we have seen in Chap.9, when radiation and DE are
relevant. For this reason the ISW effect is usually separated in the early-times one,
due to a small presence of radiation still at decoupling, and in the late-times one, due
to DE.

Once we know all the contributions of the above formula, we can use Eq. (7.81)
and provide the prediction on the C “TST’ ¢ spectrum.

The presence of the spherical Bessel function is interesting for two reasons, which
we display in Fig. 10.2 for the arbitrary choice ¢ = 10.

We have chosen to plot the squared spherical Bessel function because it is the
relevant window function when computing the C,’s, as we shall see briefly. First, the
maximum value is attained roughly when x & £ and for x < ¢ the spherical Bessel
function is practically vanishing. Therefore, for a given multipole ¢ the scale which
contribute most for the observed anisotropy is:

L
k ~ . (10.26)
o — 7T«

We have anticipated this already in Chap. 9. The second reason of interest is that the
spherical Bessel function goes to zero for large x. This means that scales such that
kr, > 1 do not contribute to the observed anisotropy. Physically, this is an effect due
to the free-streaming phase for which, on very small scales, hot and cold photons
mix up destroying thus the anisotropy.

We have thus seen that the predicted anisotropy today is given by formula
Eq. (10.24). We have now to justify the fact of considering only the monopole and
the dipole at recombination. We shall commence in the next section discussing very
large scales.

In principle, Eq. (10.24) has the very same form for neutrinos, but with an initial
conformal time 7; which is well anterior to 7., since neutrinos do not interact and
therefore they only free-stream (at least for temperatures of the primordial plasma
below 1 MeV).
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10.2 Anisotropies on Large Scales

On large scales, i.e. kn < 1, the relevant equations are those of Chap. 6, which we
report here:

=40, 5, =40, § =-30, § =30, (10.27)

i.e. only the monopoles are relevant. Since we want to describe CMB, let us focus
on the photon density contrast, which can be written as:

0y (k,m) =400k, n) , (10.28)

introducing the monopole of the temperature fluctuation. The equation O = —&’
can be immediately integrated, obtaining:

Ook,n) = =Pk, n) + C, (k) . (10.29)

For the adiabatic primordial mode, the only which we are going to consider, we know
from Eq. (6.94) that C, (k) = ®p(k) — Wp(k)/2 and thus:

1
Oolk, ) = =@ (k. n) + Pp(k) — SWp(k) . (10.30)

As we know from Chap. 9, we can consider the gravitational potentials to be equal in
modulus and on large scales ® (k, 1) is independent of time and since recombination
N« > Neq takes place well after radiation-matter equality, we know that ® (k, 1) =
9Pp(k)/10, i.e. the value of the gravitational potential drops of 10% in passing
through radiation-matter domination. Therefore:

3 2 2
O (k, n,) = g%(k) = §q>(k, M) = —gq’(k, M) - (10.31)

As we saw earlier in Eq. (10.24), the observed anisotropy is not ®g(k, n,) but
®o(k, ny) + W (k, n.), because of the gravitational redshift. Again, this is the Sachs-
Wolfe effect, amounting to a shift in the photons frequency when they decouple from
the baryonic plasma depending whether they are in a well or hill of the gravitational
potential. So, we have from Eq. (10.31) that:

1
(O + W) (k, ) = §W(k, M) - (10.32)

On the other hand, for §. we know that

5ok, 1) = —30(k, 1) + @ , (10.33)
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again assuming adiabatic primordial modes. Using again ® (k, n,) = 9®p(k)/10, we
get:
Oc(k, my) = 2@ (k, my) = —2W (k, 1) . (10.34)

The fluctuations in CDM contribute more in generating the potential wells than
photons, a factor 2 against a factor —2/3. Combining the two equations:

Oc(k, s
(@0 + W)k, 1) = —% (1035)

This result tells us that on large scales colder spots represent larger overdensities, a
counter-intuitive result. One expects hotter photons the deeper the well is and in fact
this is the case with just ®¢(k, 1), since we have:

5C(kv 7}*)

10.36
3 ( )

2

i.e. the larger the CDM overdensity, the larger the well and ®y(k, 7)) are. However,
photons’ response to the gravitational potential is only a factor —2/3 whereas the
gravitational redshift adds a W contribution, changing thus the sign of the observed
anisotropy. In the limit of §. — —1, one gets (®y + W) (k, ,) — 1/6, so cosmic
voids correspond to hot spots!

The results found here are valid only on large scales, i.e. for k7, < 1, scales much
larger than the horizon at recombination, which has an angular size of approxima-
tively 1 degree. Moreover, they also depend on the choice of initial conditions. We
have opted for the adiabatic ones, as usual.

Exercise 10.2 Reproduce the above argument for the other primordial modes.

Let us use the theoretical prediction on the C%T, ¢ givenin Eq. (7.81) together with
the first contribution only from Eq. (10.24). The latter approximation is justified
by the fact that we are considering large scales, hence the dipole contribution is
negligible and the ISW effect is vanishing because the potentials are constant. Since:

1 1 3 1
(O + W)k, ny) = Wk, n) = =3Pk, n) = ——Pp(k) = —-R(K) ,
3 3 10 5
(10.37)
the transfer function is just the constant —1/5 (recall that we are neglecting the
neutrino fraction R,) and thus the angular power spectrum is:

cs (SW)—4—7r OO%AZ (k) j2 (kno) (10.38)
TT.¢ —250 X ~rK)Jg(KTo) .
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since 7, < 1. Note that k7, < k1o and we have seen in Fig. 10.2 that the spherical
Bessel function contributes the most about kny &~ £. Thus, for small ¢, i.e. large
angular scales, kny is small and k7, is very small, where in fact | (®¢ + V) (k, 77*)|2
is constant. In other words, the above approximation is valid for small ¢, typically
£ < 30.

In the above integral we can look at jz2 (kno) as a very peaked window function
and approximate it as:

4 *® dk
Cir. (SW) ~ gA%(E/no) /0 - j2keno) . (10.39)

Using the result:

dx , 1
|, S0 = 00

LE+DC (SW) 1,
: ~ — AL (L)) - 10.41
o 5 = (£/10) ( )

we have then:

Hence, for a scale-invariant spectrum ng = 1 the combination £(£ + l)CiT, ((SW)is
constant and it is called Sachs-Wolfe plateau. This also explains why CMB power
spectra are usually presented with the £(¢ + 1) normalisation, as in Fig. 10.1.

If ng # 1, then £(€ + l)C‘Tqm (SW) is proportional to £7s~!, i.e. the primordial
tilt in the power spectrum leaves its mark in a tilted plateau for small £.

10.3 Tight-Coupling and Acoustic Oscillations

We have seen that in order to determine the prediction on the present time Cr7 ,’s
we need to know what happens at recombination. We devote this section to such
purpose, showing that the monopole and the dipole contribute the most.

Let us recover here the hierarchy of Boltzmann equations for the ®,’s (not taking
into account polarisation) that we have derived in Chap. 5:

2+ DO, +k[(L + 1Oy — O, 1= 2L+ DT'O,, (£ >2), (1042)
100} 42k 303 —20;) = 107’0, — 7'T1, (10.43)

30! 4+ k20, — Og) = kW + 7' (30, — Vi) , (10.44)

O + kO, = —d', (10.45)

where recall that 6, = 40¢ and 30, = V,,. The best way to deal with these equations
is to solve them numerically by using Boltzmann codes such as CAMB or CLASS,
but in this way the physics behind the C77 ,’s remains hidden or unclear. For this
reason we attack these equations in an approximate fashion, but analytically.
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We take the limit —7" >> H, which is called tight-coupling (TC) approximation.
This limit physically means that the Thomson scattering rate between photons and
electrons is much larger than the Hubble rate until recombination and then drops
abruptly since the free electron fraction X, goes to zero very rapidly, as we have
seen when studying thermal history in Chap. 3. We shall first consider the case of
sudden recombination, where all the photons last scatter at the same time. It is a
fair approximation, though unrealistic.

Exercise 10.3 From the definition of the optical depth:
o
T = / dn' n.ora , (10.46)
"

show that 7 oc 1/7)° when matter dominates and 7 oc 1/7 when radiation dominates.

We can be more quantitative and write:

— 7 =n,01ra = nyora = &JTa , (10.47)
my

where we have used the definition of 7 and assumed to be in an epoch before recom-
bination, so that we can approximate n, with ny, since all the electrons are free.

Exercise 10.4 Introducing the baryon density parameter and using my, = 1 GeV, the
mass of the proton, show that:

Quoh?
— 7/~ 146 x 10710220 571 (10.48)
a

Now we need to compare this scattering rate with the Hubble rate, in order to check
the goodness of the TC approximation. Assuming matter-domination and using the
conformal time Friedmann equation (this because 7’ is derived with respect to the
conformal time), we have:

H = Ho/SQmoa"? ~ 3.33 x 10781/ Qo a V?s7! . (10.49)

Therefore, the ratio: ,
—7 Quoh
T 0.044 2032 (10.50)

H A% Qmﬂhz

diverges for a — 0 as expected (though the formula should be generalised to the
case of radiation-domination), so if it is sufficiently big at recombination then the
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TC approximation would be reliable. Substituting the Planck values Qyoh* = 0.022
and Qmoh? = 0.12 one gets at recombination, i.e. for a = 1073:

/

- ~ 107 . (10.51)

This means that the scattering rate is much larger than the Hubble rate even at
recombination as long as there are free electrons around and thus we are going to
use the tight-coupling approximation with reliability.

Let us see in detail how the TC limit works. Let us compare in the hierarchy
for £ > 2 the terms @2 and k©, with 7' ®,, which have all the same dimensions of
inverse time. There are two physical time scales in our problem, one is given by the
expansion rate and the other by the scattering rate, hence

O, x HO,, T'0; , (10.52)

from a dimensional analysis. However, the mode for which ®; o 7'®, implies that
®, occexp 7 and hence diverges at early times, which is unacceptable for a small
fluctuation. We then dismiss this mode as unphysical and take into account just that
for which ®, &« H®,, which is small compared to 7'®,.

Now, let us inspect the ratio

_7'/

k

(10.53)

This is the number of collisions which take place on a scale 1/ k. Hence, this number
is very large, provided that we consider sufficiently large scales, i.e. small k. If the
scale is too small, i.e. large k, then the TC approximation does not work well and
we must take into account the multipole moments for £ > 2. We will see this when
investigating the diffusion damping or Silk damping effect.

From the above analysis, for sufficiently large scales we can conclude then that
®, ~ Ofor ¢ > 2. Sufficiently large means much larger than the mean free path —1 /7’
which is approximately of the order of 10 Mpc at recombination. This number can
be computed from Eq. (10.48) and is a comoving scale; the physical one is divided
by a factor a thousand and so it is 10 kpc.

Finally, note that ®, ~ 7'/ k®,_;. Therefore, considering smaller and smaller
scales makes necessary to include higher and higher order multipoles.

Eliminating all the multipoles £ > 2, the relevant equations are just the following
two:

Oy + kO = -9, (10.54)
30 —kOy=k¥ +7 (30, — V) , (10.55)
i.e. the TC approximation allows us to treat photons as a fluid until recombination.

Note the coupling to baryons via the baryon velocity V;,. Thus, we need also the
equations for baryons:
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o +kVy = =30, (10.56)

/
Vi + HVy =k\II+%(Vb—3®1), (10.57)

where we have introduced R = 3py,/4p,, i.e. the baryon density to photon density
ratio. This number can be cast as:

3Q
R = 220

~0

a ~ 600a , (10.58)

using the usual values and it grows from zero at early times to R, =~ 0.6 at recombi-
nation. So it is small, but not that negligible. Let us rewrite the velocity equation for
baryons in the following way:

R
Vo =30 + = (Vo + HV, — kW) . (10.59)

We can solve this equation via successive approximation, exploiting the fact that
R < 1 before recombination. That is, assume the expansion:

Vo= VO + RV + RZVE 4. (10.60)
The solution for R = 0 simply gives Vb(o) = 30;, which we have used in Chap. 6
in order to investigate the primordial modes. This solution is reliable well before
recombination, say at a = 1077 for example, because R ~ 6 x 1073 there, but it is

not satisfactory at recombination and we shall take into account the first order in R
in the above expansion.

10.3.1 The Acoustic Peaks for R = 0

Let us start with the simple case of R = 0, which amounts to neglect baryons.

Exercise 10.5 Combine the photon Egs. (10.54)—(10.55) with the zeroth-order TC
condition V;, = 30, and find the following second-order equation for ®:

k2 KW
@g+?®0:_7—<1>”. (10.61)

We have here already the first fundamental piece of physics of the CMB. This is
the equation of motion of a driven harmonic oscillator where instead of the position
we have the monopole of the temperature fluctuation and the driving force is given
by the gravitational potential. This equation describe acoustic oscillations of the
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baryon-photon fluid until recombination. After recombination we expect to observe
these fluctuations in the Crr ,’s, using the free-streaming formula (10.24), and in
fact we do, cf. Fig. 10.1.

Note that these oscillations are in the baryon-photon fluid and therefore affect also
baryons. We therefore expect to see oscillations in the baryon distribution after recom-
bination, called baryon acoustic oscillations (BAO), and detected by Eisenstein and
collaborators in 2005 (Eisenstein et al. 2005). The BAO are the manifestation of a
special length, the sound horizon at recombination, in the correlation function of
galaxies which appears as a bump, i.e. an excess probability. In the Fourier space,
i.e. for the power spectrum, a given scale is represented with various oscillations.
We have already encountered BAO in Chap. 9. BAO and weak gravitational lensing
are among the main observables on which current and future experiments (such as
Euclid and LSST) are based.

Exercise 10.6 Combine Eqgs. (10.56) and (10.57) and the TC condition V;, = 30,
and find the following equation for y:

5, =30 . (10.62)

Hence, the same oscillatory solution of ®¢ holds true for dy,.

Now, consider the fact that close to recombination CDM is already dominating
and thus the potentials are equal and constant at all scales. We get:

, K2 KW
Of+ 300 =—-——" (10.63)

This equation can be put in the following form:

k2
(O + W) + ?(@0 +9)=0, (10.64)

where we have used the constancy of W. Note how the observed temperature fluctu-
ation, used in Eq. (10.24), has appeared. The solution is:

(®p + V)(n, k) = A(k) sin (%) + B(k) cos <%) , (10.65)

with the driving potential, i.e. CDM, providing just an offset for the oscillations. At
recombination we have

(®¢ + ¥)(n4, k) = A(k) sin (%) + B(k) cos (%) , (10.66)
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with peaks and valleys in the temperature fluctuations given by this combination of
sine and cosine, therefore dependent on the functions A (k) and B(k). Inserting these
formula into Eq. (10.24) in order to compute the ®, (1, k) (the anisotropies today)
and then into Eq. (7.81) in order to compute the Crr ,’s, we are able to explain the
acoustic oscillations feature of the CMB TT spectrum, of Fig. 10.1.
The functions A(k) and B(k) are determined by the initial condition, i.e. for
kns

V3

Hence, if we choose adiabatic modes, we must put A(k) = 0. So, considering dif-
ferent initial conditions changes the position of the acoustic peaks and observation
allows to test the choice made. As we saw in Chap. 6, Planck limits the presence of
isocurvature modes to a few percent. With A(k) = 0, i.e. for adiabatic perturbations,
using the large-scale solution that we found in Eq. (10.37), we have:

(O + W) (kn, L 1) ~ Alk)—= + B(k) . (10.67)

(B¢ + V)0, k) = —éR(k)T(k) cos (f;%‘) , (10.68)

where T (k) is the transfer function of ®¢ + . We did not calculate it in Chap. 9,
but it can be shown that it is limited to a range 0.4-2, approximately. See Mukhanov
(2005).

The extrema of the effective temperature fluctuations are thus given by:

kn,
V3

where the odd values provide peaks, corresponding to the highest temperature fluc-
tuations and thus to scales at which photons are maximally compressed and hot,
whereas the even values provide throats, corresponding to the lowest temperature
fluctuations and thus to scales at which photons are maximally rarefied and cold.
In the spectrum, cf. Fig. 10.1, only peaks appear because of the quadratic nature of
the Crr¢’s as functions of the ®,’s, but it should be clear that the first and the third
peaks are compressional.

From Egs. (10.54) and (10.68), we can determine easily the dipole contribution:

=nr, (=12...), (10.69)

Or(ns, k) = —60(7/1*’ i = —Sj/gR(k)T(k) sin (li;%*) , (10.70)

where we are still continuing in keeping the potentials constant. Substituting this
equation and Eq. (10.68) into Eq. (10.24) and then into Eq. (7.81) in order to compute
the angular power spectrum, we get:
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~dk kn. kn. \ djetkno) |’
Crre= 2_5 TAR(k) [Cos (ﬁ) Je(kno) + +/3sin (ﬁ) d(kno)(1i|0 7

where the derivative of the spherical Bessel function is given in Eq. (10.20). We have
put 7' (k) = 1 here for simplicity.

We can manipulate analytically this integral following the technique used in
Mukhanov (2004, 2005). In these references, baryon loading and diffusion damping
are taken into account but here we just tackle a simpler case.

The idea is to avoid the oscillatory nature of the Bessel function and of the trigono-
metric ones (which are also problematic from a numerical perspective) by approxi-
mating j,(x) as follows, for large ¢:

) 0, x<?,
e = m cos [\/x2 — 02 — farccos(£/x) — 77/4] , (x>0,

(10.72)
This approximation is identical either for j, (x) and for j,_ (x), since we are assuming
£ to be large. Hence, when we deal with the derivative of the spherical Bessel function
in Eq. (10.71), we can factorise a jz2 (x) and we can approximate the squared cosine
coming from the above approximation with its average, i.e. a factor 1/2. We thus
have the following integration:

27TA2 dk kns l kn)s 2
Crre= / [ q(—) +«/§(1 - —) sin (—)] ,
¢/mo k2nov/ (kno)? — €2 NG ko V3
(10.73)
where we have already assumed a scale-invariant spectrum, for simplicity. Using

now the variable

k
x =0 (10.74)
¢
we can write:
2 27TA2/ [ (Cor) + V3" Lsin e )T (10.75)
cos (Lox sin (£ox , .
TT,t = 1 xZ\/xZ— 0. 0.

where note the appearance of the factor £ on the left hand side and we have defined
the quantity:

0= . (10.76)
V3o
Now, developing the square and using the trigonometric formulae:
2 1+ cos2« . 1 —cos2« . .
cos QZT’ sin a:T, 2sin v cos o = sin 2« ,
(10.77)

we can write:
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= T <
TTe = 25 1 xzvxz —1
24 3(x — 1)2 2 _3(x —1)? 3x —1
x°+3(x ) n ad (x ) cos (2Lox) + w sin (2€ox) | .
2x2 2x2 X

(10.78)

Now, let us treat separately the three integrands. The first, non-oscillatory one is
simplest one:

N =

x24+3(x = 1)2 _ 3( 7r) ’ (10.79)

/‘X’ dx {
1 x24/x2 =1 2x2

4
but also the less interesting. The oscillatory ones can be dealt with following
Mukhanov (2005). Define:

0_/00 dx x*—=3@x—1)?
l_1 Jx—1 2x*/x+1

then solving the problem in Mukhanov (2005, p. 383), we can use the formula:

cos (20ox) | (10.80)

*©  dx T
/1 mf(x) cos(bx) ~ f(l)\/;cos(b +m/4), (10.81)

for large values of b and a slowly varying f(x). A similar result holds true also for
the sine function. Using this formula we have then:

1 Fs

0= —— |—cosRlo+m/4), (10.82)
1 Zﬁ 200 0 /

whereas for the integral containing the sine:

® dx Bx-1)
1 Vx—1x3/x+1

since f (1) = 0 here. The contribution O, comes from the cross product between the
monopole and the dipole terms and it is usually neglected in the calculations. We
have explicitly shown why here. Gathering the N and O, contributions, we plot the
sum N + O in Fig. 10.3.

In order to make this plot, we have used a o 772, since we are in the matter-
dominated epoch, and thus we have evaluated p as follows:

0, = sin (2€0x) ~ 0, (10.83)

_ e ! _
T B Btz /3000

~ (0.0183 . (10.84)
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The agreement between the plots of Figs. 10.1 and 10.3 is poor but at least we have
understood how the acoustic oscillations free-stream until today and are seen in the
CMB TT power spectrum. There are several feature missing in Fig. 10.3: there are
too many peaks, their relative height diminishes too slowly and the overall trend does
not decay as in Fig. 10.1. The reason is that we have neglected baryons and diffusion
damping, which we are going to tackle in the next sections.

10.3.2 Baryon Loading

The oscillations in Eq. (10.64) take place with frequency k/~/3, i.e. as if the speed
of sound was 1/+/3, i.e. the speed of sound of a pure photon fluid. We have been too
radical in assuming V;, = 30, in the equation for baryons. In fact we saw that this
assumption is equivalent to say that R = 0, i.e. the baryon density is negligible with
respect to the photon one. That is why photons do not feel baryons at all and baryons
fluctuations oscillate in the same way as photons do.

We now take into account R up to first-order. If we consider Vb(o) = 30, substi-
tuted in Eq. (10.59) we get up to order R:

R
Vb =30, + — (30] +3HO, —kV) . (10.85)
T

Exercise 10.7 Combine the above equation and Egs. (10.54)—(10.55) in order to
find the following second-order equation for ®:

SN
0T 773

R
O +H o/
ot T

R
— - H——@ . 10.86
R °+3(1+R) H1+R ( )
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Now the speed of sound, i.e. the quantity multiplying k2, has been reduced:

2 1

The extrema of the temperature fluctuation at recombination are now expected to be
slightly changed, since:

ks
J3(1+R)

is now the condition defining them. Moreover, baryons are also responsible for the
damping term HR®;/(1 + R), hence we also expect the extrema to have less and less
amplitude. These features translate, once free-streamed,? in a relative suppression of
the second peak with respect to the first one, as seen in Fig. 10.1.

This effect is due to the baryon loading and it is also called baryon drag. Physi-
cally, baryons are heavy and prevent the oscillations in ® to be symmetric, favouring
compression over rarefaction. Since R « a, then we have that:

=nr, (m=12,...), (10.88)

R =HR. (10.89)

Let us write Eq. (10.86) in the following form:

d? R d k2 d
— e — 4RO+ D)= — [ —— — ) . 10.90
(dn2+1+Rdn+ c3>( 0+ ®) 3<1+R ) (10.90)

The above equation cannot be solved analytically, but we can use a semi-analytic
approximation, provided by Hu and Sugiyama (1996). Let us employ the WKB
method and use the following ansatz:

(Og + @) (1, k) = A(n)e'B™H) | (10.91)

where A(n) and B(n, k) are functions to be determined via Eq. (10.90).

Exercise 10.8 Substitute this ansatz into the homogenous part of Eq. (10.90) and
find the following couple of equations, by separately equating the real and imaginary
parts to zero:

R/
—AB + A"+ H—RA/ + kA =0, (10.92)
RI
2B'A’ + AB" + H—RAB/ =0. (10.93)

2To “free-stream” means to calculate the C77 ¢’s weighting the solution at recombination with the
spherical Bessel function of Eq. (10.24).
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In the first equation, let us neglect the second and the third term with respect to the
first one. That is, the oscillations provide almost at any time (except at the extrema)
a much larger derivative than that of the amplitude or R. Then, the first equation is
readily solved as:

"
B(n, k) = k/ cs()dn' = krg(n) (10.94)
0

where in the last step we have defined the sound horizon, i.e. the conformal distance
travelled by a sound wave propagating in the baryon photon fluid. When evaluated
at recombination, r;(n;) = 150 Mpc and this scale is fundamental for BAO, making
them standard rulers.

Exercise 10.9 Determine now A(n). Show that the above equations, together with
the found solution for B(n, k), can be cast as:

A__LFK (10.95)
A 41+R’ '
which gives:
Am) =1+ R)~V*, (10.96)

The general, approximate, solution of the homogeneous equation is then:

(©o + P)(n, k) = [C (k) sin(krs) + D(k) cos(kry)] (10.97)

(1+R)/A

The condition |A’|, R" < | B’|, which was employed in order to find the above solu-
tion, can be checked as follows:

R’ k
R« , 10.98
4(1 + R)/4 J3(1+R) ( )
which essentially amounts to say that:
k> R, (10.99)

i.e. the solution found is good on sufficiently small scales. Since R" = HR ~ R/n,
we must have that ki > R. Since R is pretty small, being at most R, =~ 0.6 at
recombination, this condition means any scale at early times, but sub-horizon scales
at recombination.
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Equation (10.97) gives us the general solution of the homogeneous part of
Eq. (10.90). In order to find the general solution of the full equation we need to
find a particular solution of Eq. (10.90). This can be obtained via Green’s functions
method, which we recall in Chap. 12. Let us define, in order to keep a more compact
notation, the independent solutions of the homogeneous equation that we have just
found in Eq. (10.97) as follows:

cos(kry) . (10.100)

Si(n, k) = sin(kry) , So(n, k) =

1 1
(1+ R4 (I+ R4

Taking into account the non-homogeneous term, the general solution of Eq. (10.90)

is:

- |G,
(10.101)

k2 n ) CD("],)
(©0 + @) (1. k) = C(k)S; + D(K)S, + ?/ d [
0

1+R

where G (7, n7') is the Green’s function.

Exercise 10.10 As done in Chap. 12, cf. Eq. (12.121), determine the Green’s func-

o 601y = S50 - WS:() 10102,
using the homogeneous solution. Show that:
Gan. 1) = 1 ~1|_ = 31n[krs(v7z/’)(n—/)krs(n)] ’ (10.103)
and |
W) = —m . (10.104)

We are omitting the k-dependence for simplicity.

With the above results we can write:
(®g+ D)(n, k) = C(k)S| + D(k)S,

/ |: ) \Il(n/)] V 1+ R(1y)sin[krs(n) — krg(n)] . (10.105)

14+ R(@)
For the primordial modes, in the limit kn — 0, one gets at the dominant order:

(@9 + ®)(0, k) = D(k) . (10.106)
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Hence, it is the adiabatic mode which multiplies the cosine. Since sine and cosine
have a /2 phase difference, the effect of different initial conditions is to change the
scales for which the effective temperature fluctuations is maximum or minimum and
hence the positions of the peaks in the Cyr ¢’s.

In the adiabatic case, we have:

(@0 + BY(1, k) = (@ + B (0, ky K]

0 + m, - 0 + 5 (1 + R)l/4
EoTe | /

+ﬁ/o & [1 kYO )} VT Rsinlkr, () — kr)] | (10.107)

This is the semi-analytic (semi because the integral has to be performed numerically)
formula of Hu and Sugiyama (1996).

The above solution (10.107) can also be used for baryons. Indeed, combining
Eqg. (10.56) with Eq. (10.85) and then with Eq. (10.54) we get:

! / 3R 4 " / / k2\Il
5b=3®0+7 O, + o +H(®0+<I>)+T . (10.108)
Eliminating the second derivative by means of the differential equation (10.90), we
have:

& =30, + [-k*©0 + 3H(©) + @] . (10.109)

Sy

Just to make a rough estimative, let us neglect the second contribution (which is
divided by 7' anyway which is much larger than H and also than k, for suitable
scales) and use the homogeneous part of Eq. (10.107). It is straightforward then to
integrate d; and obtain at recombination:

(10.110)

O (1), k) o cos[krg(n,)] = cos |:27Trx()7\7*)i| .

So the scale r;(n,) &~ 150 Mpc is relevant for baryons, too. Indeed, at about this scale
the matter power spectrum display the BAO feature, as we saw in Chap. 9.

10.4 Diffusion Damping

In order to understand what happens to the Cr7 ,’s when £ grows larger and larger we
need to take into account smaller and smaller scales, because of the relation £ ~ k).
As discussed earlier, for larger and larger k the ratio —7’/k becomes smaller and
smaller and so the TC approximation must be relaxed.
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In this section then we investigate what happens to the temperature fluctuations
when the quadrupole moment ®, is taken into account. Since this analysis accounts
for the behavior of very small scales which entered the horizon deep into the radiation-
dominated epoch, we can neglect the gravitational potentials since these, as we saw
in Chap. 9, rapidly decay.

Moreover, being deep into the radiation-dominated epoch, we can also neglect R
and thus take 30, = V4. Neglecting also polarisation, we have the following set of
three equations for ®g, ®; and O;:

O+ kO =0, (10.111)
30 +2k0, — kO =0, (10.112)
100, — 4k0; = 970, . (10.113)

In the last equation we can neglect ®), with respect 7'®,, as we already did earlier,

and then find:
4k

©2="50

o, . (10.114)

The minus sign might ring some alarm, but recall that 7" is always negative by
definition.

Exercise 10.11 Combine the above condition with the remaining equations in order
to find a closed equation for ®:

, 8k2\ ., K
O+ | 577 ) @+ 580 =0 (10.115)

This is the equation for an harmonic oscillator that we have already found earlier
in Eq. (10.64), only that now there appears a damping term which is relevant on small
scales, i.e. when k ~ —7’. Baryons also provide a damping term, cf. Eq. (10.86), but
they are irrelevant in the present case since we set R = 0.

This damping term here depends on ®, and is time-dependent. Let us consider it
constant and assume a solution of the type ®¢ o< exp(iwn). Substituting this ansatz
in the equation, we find:

5 82\ K2
—w (= )iv+==0. (10.116)
277

The frequency must have an imaginary part, which accounts for the damping, thus
let us stipulate:
w=wp+iws, (10.117)
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Exercise 10.12 Substitute this ansatz in the equation and find:

k 4 (10.118)
WRp = — , wy = ——— . .
R V3 ! 277!
Hence, we can write the general solution for ® as:
Op o ek1/V3 =k K (10.119)

where we have introduced the comoving diffusion length, the Silk length, as

o= L4 10.120
Silk_a=_277./' (10. )

What does the diffusion length physically represent? It is the comoving distance
travelled by a photon in a time 7, but taking into account the collisions which it is
suffering, i.e. its diffusion. Let us see this in some more detail.

Since —7’ is the scattering rate, i.e. how many collisions take place per unit
conformal time, then —1/7’ is the average conformal time between 2 consecutive
collisions, which for a photon is also the average comoving distance between two
collision, i.e. the mean free path.

Now, we have:

Agite & —% X AMFPT] (10.121)

where we have used the comoving mean free path, Ayrp. Now, multiply and divide
by Amrp and take the square root:

Asilk X Amep, | ! , (10.122)
AMFP

Under the square root we have the comoving distance 7 divided by the photon comov-
ing mean free path. This gives us the average number of collision N which the photons
experience up to the time 7 and hence:

Asitk & VN Ayvep » (10.123)

which is the typical relation for diffusion. Below this scales Agj all fluctuations are
suppressed because photons cannot agglomerate since they escape away. This effect
is known as Silk damping (Silk 1967). Therefore, the behaviour of the C;’s for large
I’s, as seen in Fig. 10.1, is also decaying, though not exactly as in the above solution
since this has to be free-streamed first.
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We can do a more detailed calculation of the damping scale as follows. Let us
neglect the gravitational potential and the £ > 3 multipoles as before, but let us deal
with more care of baryons and take into account polarisation. From Eq. (10.59) we
have: R

Vo =301+ — (Vg + HV) (10.124)
T
and the six equations for the monopole, dipole and quadrupole of the temperature
fluctuations and polarisation:

O+ kO =0, (10.125)

30 +2kO, — kO) = 7'(30; — V), (10.126)

100, — 4k®; =970, — 7'Opg — 7'Op, , (10.127)
205 +2k@p; = T'Opg — 7' Opy — 7’03, (10.128)
30p, +2kOpy —kOpg =37'Op, , (10.129)

100, —4k®p; = 97'Op; — 7' Opg — 7’0, . (10.130)

Now, assuming a solution of the type exp(i [ wdn) for all the above 7 variables and
also assuming that w >> H, we have:

30,

Vb = —. 9
1+ Riwn,

(10.131)

where we have defined 1. = —1/7’ as the the average conformal time between 2
consecutive collisions. We have thus a closed system for ©g, ®, ®,, ©pg, Op; and
@pzi

iwBy+ kO =0, (10.132)

—k®y + 3iw®, <1 + —) +2k®, =0, (10.133)
1 4+ Riwn,

—4kn.©1 + (10iwn, +9)0; —Opy — Opy =0, (10.134)

-0+ Qiwne + 1)Opo + 2kn.Op; — Opy =0, (10.135)

—k®po + 3(iwn. + 1)Op; + 2kn.Op; =0, (10.136)

-0, — Opg — 4kn.Op; + (10iwn. +9)BOp, =0. (10.137)

We have already arranged the variables in order for the system matrix to appear
clearly. The determinant of this matrix, in order to have a non trivial solution, must
be zero. Considering the limit wn, < 1, and keeping the first-order only in w7, we
get:

2 2i

k
3 W14+ R)+ 30 [37k* — 285(1 + R)w” + 15w R*] = 0. (10.138)
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In order to solve for w, let us again employ the smallness of wn,. and stipulate that:
w=wy+ w, (10.139)

where dw is a small correction. From the above equation is then straightforward to
obtain:

k2
— —wi(1+R) =0,

3
(10.140)
2
—2wodw(l + R) + %wom [37k* — 285(1 + R)wj + 15wgR*] = 0.
(10.141)
The first equation gives the result that we have already encountered:
k2
W= =k (10.142)
3(1+R) )
which, substituted in the second equation, gives us:
ink* [16  R?
= |2 (10.143)
6(1+R) |15 1+R

This result was obtained for the first time by Kaiser (1983). See also the derivation
of Weinberg (2008).
Therefore, the evolution of the multipoles is proportional to the following factor:

exp (i / w d??) = oikrm o=k K (10.144)

where

1 A 16 R
= Ay (=t —— (10.145)
k2 o erA+R)\15 1+R

From the best fit values of the parameter of the ACDM model we have:

] dsix = 0.0066 Mpc \ (10.146)
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10.5 Line-of-Sight Integration

The approximate solutions found earlier are based on the TC limit, which allows us
to take into account just the monopole and the dipole until recombination and then
to better understand the physics behind the CMB anisotropies. On the other hand,
observation demands more precise calculations to be compared with and therefore,
at the end, numerical computation and codes such as CLASS are needed. Even so,
there is a more efficient way of computing predictions on the CMB anisotropies than
dealing directly with the hierarchy of Boltzmann equation and that is to formally
integrate along the photon past light-cone according to a semi-analytic technique
called line-of-sight integration, due to Seljak and Zaldarriaga (1996), and which
was the basis for the CMBFAST code.?
Recall the photon Boltzmann equations (5.114) and (5.115):

1
O +iku® = - —ikpv — 7' |:®0 -0 —iuV, — EPQ(M)H:| ,
(10.147)
1
®/p +ikp®p = —7' |:_®P + 5[1 - Pz(u)]l'l} ,
(10.148)

where [T = ©, + ®p, + O pg. Let us rewrite them as follows:

O + (ikp—1)0 = —&" —ikpv — 7’ [@0 —ipVp — %Pg(u)n] =S, k, pn),
(10.149)

/

Op + (k= T)Op = =211 = Py(u)I1 = Sp (. k. 1)
(10.150)

where we have introduced two source functions on the right hand sides. Note that
the dependence in on k and not on k = kZ because we are considering the equations
for the transfer functions. Afterwards, before performing the anti-Fourier transform,
we must rotate back & in a generic direction.

Let us write the left hand sides as follows:

. d .
O + (ikp— )0 = e_’k’”H'Td— (© ety (10.151)
U

with a similar expression for ® p. Substituting these into the Boltzmann equations
and integrating formally from a certain initial 77, — O to today 7y, we get:

3https://lambda.gsfc.nasa.gov/toolbox/tb_cmbfast_ov.cfm.
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7]
@(no)e—T(Uo) — @(ni)eikﬂ(ﬁi—’710)—7'(71,‘) +/ ’ dn eiku(ﬂ—'}o)—7'(71)8(777 k, ),

i
(10.152)
@P(no)eff(no) — @P(ni)eikﬂ(mfna)ff(m) + frm dn eik#(n*no)*f(ﬂ)sp .k, 1),
!
(10.153)
Now recall the definition of the optical depth:
"o

T= f dn n.ora . (10.154)

n

It is clear then that 7(n9) = 0 and, since 1; — 0 is deep into the radiation-dominated
epoch, then 7 o 1/ is very large and we can neglect exp[—7(7;)]. Therefore, we
are left with

o .
O, k, 1) = / dn e* =TSk, ) (10.155)
0
Tlo .
Op (1o, k, ) = / dn e =T Sy (0 ke, 1) (10.156)
0

where we have already implemented the limit 77; — 0. Now we calculate the ®;’s
inverting the Legendre expansion as done in Eq. (5.113) and obtain:

1 du 7o " ’
®¢ (10, k) = (—i)f /1 7 PZ(M)A d77 ¢ ”(’]_'70)_7(”)8(/(, AR
(10.157)
1 'd o o
Oreln. k) = 7 / 1 7“ A /O dn TS (e, )
(10.158)

The source terms have p-dependent contributions (up to %) that we can handle
integrating by parts. Take for example the —ikp\W contribution of S(k, 7, p). Let Iy
be its integral, which can be rewritten as follows:

Tl n
Iy = _/ ’ dn iku\yeiku(n—no)—f(n) - _/ ’ dn \pe—f(n)i [eiku(n—no)]
d b
0 0

(10.159)
and now it is easy to integrate by parts and obtain:
X . 7o . d
Iy = — \pe*T(n)elku(U*Tio)h)m +/ dn etknn=mo) —_ [\pe*T(n)] . (10.160)
0 dn
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The first contribution gives —W (7o), i.e. the gravitational potential evaluated at
present time. This is just an undetectable offset that we incorporate into the defi-
nition of ®, (1, k), as the observed anisotropy, like we did at the beginning of this
chapter when dealing with the free-streaming solution.

Exercise 10.13 Take care of the term containing z2, in P, (x). Show that:

o ) 1 o ) d?
/ dn T'uzl'le’k“("*”f))”(n) — _k_2/ dn glk#(nfno)d_772 [T/HefT(n)] )
0 0
(10.161)

Combining all the terms treated with integration by parts, we get:
1 Ly 0 .
@( (k9 770) = Y / i 'P[(,u,)/ df,] elk#(ﬁ—ﬁ())
(_l) —1 2 0

T "Voe ™\ 3
|:— (Cb/ + 780 + T4 )eiT + <\I—feff -z ze ) -2 (T/HET),C| ,

(10.162)

3 'a o e (n— P 1 o\
®Pl(k77]0)=_wv/;17ﬂtpl(u)\/(; dT] elkﬂ(ﬂ 70) |:7- Ile T+k7(7/ne T)/] ]

(10.163)
Using now the relation of Eq. (10.15), we can cast the above equations as:
o
©¢ (10, k) 2/ dn S(n, k) jelk(no —m] (10.164)
0
o
Ope(o, k) = / dn Sp(n, k) je[k(mo — )] . (10.165)
0
with

3l 1 3
S, k)y=W —d)e " +yg (®o +—+ ‘I/) + %(ng)/ + — (gID" ,

4 4k>
(10.166)
— 3 3 "
Sp(n, k) = ZgH + ) gln)”™
(10.167)

where we have introduced the visibility function:

(10168
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Fig. 10.4 Visibility function
g as function of the redshift
from the numerical
calculation performed with 1074 -
CLASS for the standard
model
g9
107
107!0 .

0.01 0.10 1 10 100 1000

Exercise 10.14 Show that the visibility function is normalised to unity, i.e.

o
/ dngn) =1. (10.169)
0

The visibility function represents the Poissonian probability that a photon is last
scattered at a time 7). It is very peaked at a time that we define as the one of recom-
bination, i.e. at = 7, because for > 7, it is basically zero, since 7/ = 0. Before
recombination, in the radiation-dominated epoch, we saw that —7" o 1/n? and thus
7 o 1/nand g oc exp(—1/m) /1?2, i.e. it goes to zero exponentially fast.

In Fig. 10.4 we plot the numerical calculation of the visibility function performed
with CLASS for the standard model. Note the peak at about z = 1000, which has
always been our reference for the recombination redshift. Note also another peak
at about z = 10, representing the epoch of reionisation. Until now we have used
the peakedness of the visibility function as if it were a Dirac delta 6(n — ), i.e.
we have made the sudden recombination approximation. From Fig. 10.4 we can
appreciate that it is a good approximation (mind the logarithmic scale there). As
usual, in cosmology but not only, the calculations get more and more complicated
and impossible to do analytically the more precision we demand.

Inserting the source terms (10.166) and (10.167) in the expressions for ®; (o, k)
and ® py(no, k) in the expression of ®, and integrating by parts, we get:

o I
O (k, 10) =f d779<@0+‘p+z) Jelk(mo — )]
0

o o 2
A / 3¢gI1 d- .
— dn=— —j, [k(ny — dn——j; [k(ny —
fo U dn”[ (o —m]1+ Te dnzﬂ[ (o —m]1

7o
+/ dne T (V' — @) j, [k(no — )] ,
0
(10.170)
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’n dn _JE[: 170_77 ] ‘in__f«‘f [‘i 770_77 ] N
®PE K 0 4 0 4l52 dnz

Assuming the visibility function to be a Dirac delta § (n — 7,), i.e. the sudden recom-
bination mentioned earlier, and neglecting I, we recover formula (10.24). Note that
neglecting I'T no polarisation is present. Indeed, from the above equation we see that a
non-zero quadrupole moment of the photon distribution at recombination is essential
in order to have polarisation.

The above equations still need the Boltzmann hierarchy in order to be integrated,
but just up to £ = 4 (because ®, and ®4 moments are contained in the equation for
©%) and hence are much more convenient from the computational point of view.

The partial wave expansion of ® given in Eq. (7.77):

Ok, 1) = Y (=)' QL+ PO (k) , (10.172)
l

and that we have used in the above calculations is valid as long as k = 2. Now we
have to rotate it in a general direction before performing the Fourier anti-transform.
The task is simple because the temperature fluctuation is a scalar. Therefore:

O, k- p) =Y (=) QL+ )Pk - p)Oy(k) . (10.173)
4

The same is not true for ® p, since the Stokes parameters are not scalars.
Using the definition of ar g, given in Eq. (7.73) we can then write:

A N . a’k AL
a.gm = f PR YR Y (=D L+ 1) / Gy ek Pao®: k)
!

(10.174)
The integration is over d#, hence we must change p — i = —p in the Legendre
polynomial. This gives an extra (—1)* factor, due to the parity of the Legendre
polynomials, and then using the addition theorem we obtain:

d*k ik
S _ 2A ymEk A Y4
az.om —fd Ay, *<n);, (2e+1>/ 3T

y
> oy @6k . (10.175)

m=—0

Now the integration over the whole solid angle can be performed and the orthonor-
mality of the spherical harmonics can be employed, obtaining thus:
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S gt d*k A . .
ar g = 4m WY‘Z (k)a(k)©, (k) (10.176)

This formula, together with Eq. (10.170) allows us to explicitly calculate the scalar
contribution to the ar ¢, s. Earlier, we have focused on the Cyr (’s only, for which
the calculations are simpler because there is no need of performing a spatial rotation,
but we need to know the explicit form of the ar ¢»,’s in order to compute the TE
correlation spectrum of Eq. (7.87).

10.6 Finite Thickness Effect and Reionization

In this section we discuss two more effects that influence the CMB spectrum, namely
the finite thickness effect and the reionisation. The first one is related to the fact that
the visibility function ¢ in Fig. 10.4 is very peaked but it is not a Dirac delta. In
other words, CMB photons do not last scatter all at once at 7, but during a finite
amount of time say Arn,. This is the finite thickness effect. Physically, on scales
smaller than the thickness An, we expect fluctuations to be washed out because they
are averaged over a finite amount of time. This is similar to what is called Landau
damping (although the latter arises from a spread in frequency and not in time). It
may seem that Landau damping is a small effect, but actually is of the same order of
Silk damping and therefore it must be taken into account.

Let us take advantage of this investigation and derive the form of the visibility
function here. The question is: what is the probability that a photon last scatter during
some sufficiently small interval between the instants 77 and 7 + An? The time interval
An is sufficiently small so that only one collision can take place into it. The attentive
reader has noticed that this is the same requirement we make when we derive the
Poisson distribution, cf. Chap. 12, which in fact rules the statistics of e.g. scattering
process.

So, we divide the time interval 79 — 7 in many, i.e. N = (n9 — 1)/ An, intervals
and write the probability as:

A A A A
AP =1 [1— 77“1— 77]...[1— 1 } (10.177)
ne(1) N (1) Ne(12) e (1n)
where recall that . = —1/7' is the average time between two consecutive collisions

and it is time-dependent. We have chosen the time interval A7 small enough in order
for An/n. to be the probability of having one scattering during its duration and
hence 1 — An/n,. being that of having no scattering. Now, in the limit Ap — 0 we
can write:

d m 4
dP = L exp <—/ _77) = —7'exp[—T(m]dn=g(pdn,  (10.178)
Ne n c
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i.e. the visibility function defined in Eq. (10.168) appears. As we have anticipated,
the maximum of the visibility function occurs in a time that we dub 7,, i.e. the
recombination time if we make the assumption of sudden recombination. From the
condition for the extrema of a function:

g =—7"e+ ()T =0, (10.179)

we get:
— 7" =()?, (10.180)

as the condition which defines 7. Therefore, employing the definition of the optical
depth, we get:
(n.ora), = —(n.ora)? (10.181)

where the derivative is evaluated at 7, as well as the function on the right hand side.
Now, let us write the free-electron number density as n, = X,ny, i.e. introducing
the free-electron fraction and the baryon number density and recall from Boltzmann
equation, cf. Chap. 3, that:

4

1.44 x 10*
Z

HX, . (10.182)

Evaluating the above equation at 7, and combining it with the extrema condition for
the visibility function, we get:

1.44 x 10* K
Xe(m) ¥ ——————Hm) = ———HM0.) (10.183)
Zx(Npora) (npora)

and from this we get the recombination redshift z, =~ 1050.
Let us approximate the visibility function by expanding it about its maximum:

1
g(m) = exp[ln(—7") — 7] ~ exp I:—E[T —In(—m)]l(n — n*)2i| , (10.184)

i.e. we have a Gaussian function. Now we determine the second derivative, and hence
the variance of the distribution by using Boltzmann equation and employing the fol-
lowing approximation: we consider only the first derivative of X, to be different from
zero. All the other quantities are approximately constant indeed since recombination
takes place quite rapidly. So, we can write:

AN )'d !
(T/ _ T_> - (—anea'Ta . M) . (10.185)

mX.ora /,

Now, within our approximation X,/ X, is constant, and thus:
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7_// /
(H - —) = —(mpX,ora), = (mX,0ra)? = K*H(n.)* . (10.186)

Hence the visibility function can be approximated as a Gaussian function:

KH*
V27

1
g(n) ~ [—E(KH*)Z(n - 77*)2] : (10.187)

with variance 1/(KH,).

When we substitute this approximation of the visibility function in the line-of-
sight integrals of Eqgs. (10.170) and (10.171) we can extract the spherical Bessel
functions as j;[k(ny — 1.)], since 1y is much larger than any conformal time about
recombination, and the other integrals are oscillating functions of kr,(n), as we saw
in Eq. (10.107). We can approximate this about 7, as follows:

kry (1) + (10.188)

K 1 k
er():k/‘d’—% — =) .
TR T ATER SBaxry
Hence, we have finally a conformal time Gaussian integral of the following type:

Ood _l 20 )2
- dnexp 2(KH*) (M —n)" +

[e¢]

k
\/ﬁ(n - m)] . (10.189)

Now, using the formula for the Gaussian integral:

00
f efax2+bxdx — ﬁeb2/4a , (10190)

we can conclude that the ®,’s get an additional damping factor of the following
form:

k2
=P [_6(1 + R*)(KH*)2:| J (10.191)

so a new damping scale appears:

1 1

A7 ndan = =
~ 6(1+ R)(KH,)?

Landau k2
Landau

(10.192)

which, following Weinberg (2008), we call Landau damping scale. For the ACDM
model best fit parameters we have:

di andau =~ 0.0048 Mpc (10.193)
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Now let us turn to reionisation. At a redshift of about 10 hydrogen gets ionised again
by the ultraviolet radiation of the first structures. Hence, the free-electron fraction
grows again increasing the probability of a CMB photon to be scattered again, cf.
the extra bump in the visibility function in Fig. 10.4. Following the calculation done
above in order to obtain the visibility function, we know that the probability for a
photon not to be scattered from reionisation until today is:

exp[_T(nreion)] s (10194)

and of course the one for being scattered is 1 minus the above quantity, which we
compute now:

o d Zreion dZ 10 195
reion) = e = N . .
T (Treion) / 1 neora UT[0 A oH ( )

Tlreion

For the free-electron number density we can write:

3H 3
n. = 0.88n,X, = 0.88 Quo(1 +2)7, (10.196)
8mmy,

where the factor 0.88 is due to the fact that not all the baryons are electrons or
protons, but there are also neutrons in Helium nuclei. Assuming matter-domination
and instantaneous reionisation, i.e.

H? = HEQmo(1 4+ 2)° (10.197)
and X, = 1 for z < Zyejon, We get:

Qpoh? AP
\/m reion °

Hence, the probability for a CMB photon not to be scattered for reionisation taking
place at redshift z.ion = 10 is about 0.99, i.e. very high. Those photons which are
scattered are mixed up, hence the correlation in their temperature is destroyed. So, the
effect of reionisation on the Cr7 ,’s is simply to weigh them by a factor exp(—27yeion),
the factor 2 appearing because the spectrum is a quadratic function of the temperature
fluctuations.

T (Zreion) ~ 0.04 (10.198)

10.7 Cosmological Parameters Determination

In this section we discuss how the CMB TT spectrum, i.e. the Crr ¢’s, are sensitive to
the cosmological parameters. We have learned in this chapter about many quantities
which are of relevance in forming the shape of the spectrum but we have not actually
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derived an analytic, approximated formula in order to see this explicitly. These can be
found in Mukhanov (2005) and Weinberg (2008). Here instead we plot with CLASS
various spectra for varying parameters and discuss the physics behind the changes.

Note that, for the standard A model, 6 of the overall parameters are usually left
free and constrained by observation:

The amplitude of the primordial power spectrum: Ag;

The primordial tilt: ng;

The baryonic abundance: Quoh?:

The CDM abundance: Q.0h?;

The reionization epoch: Ziejon;

The sound horizon at recombination: r¢(7,), which is related to the Hubble
constant value Hy.

IO

The other parameters can be derived by these ones. In particular, the amount of
radiation is already well known by measuring the CMB temperature and so the
amount of A and curvature is determined via the positions of the peaks, which
depend on r¢(7,), which in turn depends on the baryon content.

In Figs. 10.5 and 10.6 we start to show the numerical calculation of CMB TT
power spectrum decomposed in the contributions discussed in this chapter. See also
Wands et al. (2016). We consider the ACDM as fiducial model.

In Fig. 10.7 we show what happens to CMB TT the spectrum for Quh? =
0.010, 0.014, 0.018, 0.022, 0.026, 0.030, 0.034. Taking the first peak height as ref-
erence, the larger the value of Quoh? is, the higher the peak is. When we vary one
of the density parameters, since their sum must be equal to one that means that also
something else must vary. In this case we have chosen to vary 2, .

Why so? We have seen that baryons loading makes compression favoured over
rarefaction and hence the first and the third peaks are higher for higher values of

5000 [ ]
[ ] —— Total
4000 [ ] awW
e i ]
= 3000 | 4 — early ISW
E, F 4
8 2000 [ N ] — late ISW
1 — Doppler
1000 | NS ] "
t /\/\/\ ] —— Polarisation
ok . . . ; 1 : .
5 10 50 100 500 1000

14

Fig. 10.5 Total CMB TT power spectrum (blue line) computed with CLASS and decomposed
in the physically different contributions: Sachs-Wolfe effect (yellow line), early-times ISW effect
(green line), late-times ISW effect (red line), Doppler effect (purple line), and polarisation (brown
line)
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Fig. 10.6 Same as Fig. 10.5 but in logarithmic scale, in order to better distinguish the weakest
contributions
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Fig. 10.7 CMB TT power spectrum computed with CLASS and varying Qy0h%. From the lowest
first peak to the highest: Qpo/> = 0.010, 0.014, 0.018, 0.022, 0.026, 0.030, 0.034

Quoh?, but the second one is lower. In other words, the peaks relative height is very
sensitive to the baryon content. The position of the first peak does not change much
because it is most sensitive to the spatial curvature and this has been fixed to zero.
Finally, the curves for larger Quoh?, as we commented, have less Q, and therefore
less ISW effect. For these reason they are slightly lower for small £.

In Fig. 10.8 we show what happens to CMB TT the spectrum for Q.oh’> =
0.09, 0.10, 0.11, 0.12, 0.13, 0.14, 0.15. Taking the first peak height as reference, the
larger the value of Q. is, the lower the peak is. This behaviour is the opposite of
the one that we found by varying Qu0h>. Mostly CDM intervenes through the SW
effect since it dominates the gravitational potential W at recombination. The first
peak is affected more because it corresponds to large scales, basically the horizon at
recombination, and there the transfer function is approximately unit, meaning that
—W is as large as possible. The subsequent peaks correspond to scales which entered
the horizon much earlier and therefore the CDM influence there is weak.
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Fig. 10.8 CMB TT power spectrum computed with CLASS and varying Q.oh2. From the highest
first peak to the lowest: Qcohz =0.09,0.10,0.11,0.12,0.13, 0.14, 0.15
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Fig. 10.9 CMB TT power spectrum computed with CLASS and varying Tiejon. From the highest
first peak to the lowest: 7ejon = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7

In this case also we have chosen to vary €2, in order to keep the total density
budget. Indeed, the more CDM, the less A and the less ISW effect, as expected.

In Fig. 10.9 we show what happens to CMB TT the spectrum for Tijon =
0.1,0.2,0.3,0.4,0.5,0.6, 0.7. As we have commented in the previous section, the
overall effect of reionisation is simple because it happens very lately: a damping of
the order exp(—27eion) for multipoles larger than a certain £..;,, Which we infer to
be about 10 from the plots in Fig. 10.9.

From Fig. 10.10 we can appreciate how the CMB TT power spectrum is affected
by the spatial geometry of the universe. From the leftmost spectrum to the rightmost
one Qgo = —0.2, —0.1, 0, 0.1, 0.2. Hence, the position of the first peak is of great
importance in order to determine whether our universe is closed or open. Note that
the flat case is a limiting value which we cannot determine observationally, because
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Fig. 10.10 CMB TT power spectrum computed with CLASS and varying Qko. From the left to
the right: Qo = —0.2, -0.1,0,0.1,0.2

of the experimental error; we can only conclude that observation is consistent with
Qo = 0, i.e. this value is not ruled out.

As we saw in Eq. (10.107), the length scale associated to the acoustic peaks is the
sound horizon at recombination:

s
ro(n) = / cydn | (10.199)
0

where the speed of sound of the baryon-photon plasma is given by Eq. (10.87):

) 1 40
= = . (10.200)
31+R)  3(4Q40 + 3Qu0a)
The physical sound horizon is given by:
. °° cs(2)
PP (z,) = f cs(t)dt = / dz—-—"—, 10.201
s (24) ; () T ( )

i.e. integrating the lookback time. We need the physical quantity in order to relate it
with the angular-diameter distance to recombination:

Zx dZ

da(zs) = , 10.202
MW=k 1o (10209
and thus estimate the multipole corresponding to the first peak:
1 da(z«
g~ — = DR (10.203)

01t rfhys(z*)
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Let us approximate the physical sound horizon by assuming ¢, constant and a matter-
dominated universe. We have thus:

2cy 1
= (10.204)

Cs /O" dz
Ho/Qmo J-, I+ 2)5/2 3Ho/Qmo 1+ Z*)3/2 '

and for the angular-diameter distance we also assume a matter plus A universe:

rPYs(z,) &

1 Z d
da(z.) = f ‘ . (10.205)
Ho(1+2z) Jo  /Quo(1 +2)3 + (1 — Qo)
Exercise 10.15 Show that dj (z,) can be approximated as:
da(zy) 2 9 —203 ) (10.206)
) ~ — . .
AT T HO + 20 %m0 mo
Hence, we have:
Lise ~ 0.74\/1 4+ z,.,(9 — 2§2I3n0) ~ 220, (10.207)

which clearly shows how the position of the first peak changes as function of the
total matter content.

In Fig. 10.11 we show how the initial conditions dramatically affect the CMB
TT power spectrum and how the adiabatic ones are favoured by observation (when
comparing with the data points of Fig. 10.1).

5000 |
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Baryon Isocurvature
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—— Neutrino velocity Isocurvature
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¢

Fig. 10.11 CMB TT power spectrum computed with CLASS and varying initial conditions: adia-
batic (blue line), baryon isocurvature (yellow line), CDM isocurvature (green line), neutrino density
isocurvature (red line), neutrino velocity isocurvature (purple line)
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10.8 Tensor Contribution to the CMB TT Correlation

Tensor perturbations also contribute to generate temperature anisotropies, as we see
in Eq. (5.138), which we report here after renormalising to the primordial mode
Bk, M), cf. Eq. (7.101):

a+'k 10D m, k )+h/T

- l — T , K, _— =

817 H n.k, 5
3

3.0 1) 1) T , 6 ) 3 .M
[70@)4 +- @ +1o® O + 20 - <6l

= —T/ST(n, k), (10.208)
0
(a +ikp — T> O (. k) =78T(n. k), (10.209)
n
The label A representing the two possible states of helicity is absent because of the
renormalisation with G(k, A). It represents the fact that the evolution of the two

helicities is the same.
The line-of-sight solutions of the above equations are the following:

o .
®(T)(n0a k’ #) — f d77 elk#(ﬁ*ﬂf))*T [_h/T/2 _ T/ST(U, k)] , (10210)
0

o
0 (o, k, 1) = / dn R =T ST &y - (10.211)
0

We now focus on ©) (1, k, 11). Defining:
S"my=e 7 [-h"2-7S"(n. 0] . (10.212)

and using Eqgs. (5.131) and (5.32), the tensor contribution to the temperature fluctu-
ation is made up of the sum of the following two contributions:

o .
INGE Y /%Y;(ﬁ)/ dn ST (1, kye~inkr (10.213)
0

where r (1) = 1y — 1 and where we stress that the result holds true for k = % since
this was the condition under which we derived the Boltzmann equation for photons.
We cannot yet sum over A because we have to include G(k, ) first. For this reason,
we shall work on f)(kz, p).

In order to investigate temperature fluctuations in the sky, we need to anti-
transform ©") (k, p) in order to employ the usual expansion:

®<T)(ﬁ)=za;€myg’(ﬁ), ar om = /d2 Y ()@ () . (10.214)
tm



10.8 Tensor Contribution to the CMB TT Correlation 349

So, let us proceed as follows. We trade p for the line-of-sight 7 = —p and use the
expansion of a plane wave in spherical harmonics:

pikiikr _ Zil‘Y{W*(IG)YLA/I(ﬁ)jL(k”) , (10.215)
LM

in Eq. (10.213).

Exercise 10.16 First of all, since k= Z then show that:

2L +1

YM* (k) = YM*(2) = dmo ol

(10.216)

i.e. for = 0 (representing the Z direction) the spherical harmonics are non-vanishing
only if M = 0.

Therefore, we can write:
2

kA, n =
fakz, i) NG

7o
Y?(ﬁ)ZiL«/ZL—i- 1Y£(ﬁ)/ dn ST(n, k) jo(kr) . (10.217)
L 0

The idea is now to perform a rotation in order to put kina generic direction. But then
also 7 rotates and therefore we need to know how a spherical harmonics behaves
under rotations. In order to deal with just one spherical harmonic we take advantage
of the following decomposition:

Y2)Y[(h) = —S(ZZ: DS s
-

L2 L L2L R
(0 +2 ;2) (0 00 ) Y2 (R), (10.218)

where we have employed the Wigner 3 j-symbols, which are coefficients appear-
ing in the quantum theory of angular momentum, when we combine two angular
momenta and we want to write the state of total angular momentum as a linear com-
bination on the basis of the tensor product of the two combined angular momenta.
They are an alternative to the (perhaps more commonly used) Clebsch-Gordan coef-
ficient See e.g. Landau and Lifshits (1991) and Weinberg (2015).

This expansion allows us to deal with just one spherical harmonics. Now we take
advantage of the properties of the spherical harmonics under spatial rotation, i.e.
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€
Y (Ri) = Y Dy (R™HY[" () (10.219)

m'=—{

where the D( ) are the elements of the Wigner D-matrix. See Landau and Lifshits
(1991) for more detail. The above R is a generic rotation. Of course, we are interested
in a R (k) rotation which brings & in a generic direction. Hence, we can write:

2L +1 :
Ak, ) = ZL + Z«/ZL/ (8?3)

(é (2) %) ) Z D[RV (n)/ dn ST (n, k) jutkr) . (10.220)

Here we have dubbed Rn the original line of sight and 7 the resulting one after the
rotation.

Now we can perform the Fourier anti-transform. Let us multiply f\(k, 7) by
B(k, A) and Y,"*(7) and integrate over d*# in order to obtain the a; oS- We obtain:

2L +1
a@Tm,ﬁ:ZiL——}_\/Zﬁ—f-l(L 2 €>
L

V3r 0 +2F2
L2¢ d’k . ™ .
(0 0 o) Gy Dikal ROIA . £2) fo dn $™(n, k) ju(kr) . (10.221)

We have used here the orthonormality relation of the spherical harmonics and distin-
guished the contributions from different helicities. Of course ay, = arm. +2 + Aom,—2-

It is now time to compute the 3j symbols and to perform the summation over
L. A general formula for those was obtained in Racah (1942), but we can read
their expression from Landau and Lifshits (1991). We then have the only following
non-vanishing occurrences:

€20\ _ e Qe+ 1)

<000)_( b \/<2e—1><2z+1><2e+3)’ (10222
£4+22¢0Y\ e 30+ DL +2)
( 0 00)‘( b \/2(2£+1)(2z+3)(2z+5)’ (10.223)

€=220Y _ v 366 — 1)
( 0 00>_( b \/2(25—3)(23_1)(2g+1)- (10.224)

In particular, there is no contribution coming from L = ¢ % 1. The other three rele-
vant (i.e. not considering those for L = ¢ £ 1 which are non-vanishing in this case)
symbols are:
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€2 0N, Ly 36— 1)L +2)
<0 +2 :F2> =D /2(2z—1)(2z+1)(2z+3)’ (10.225)

e+22 ¢\ _, 1 -1y
( 0 :|:2:F2)_( b 2\/(2e+1)(2z+3)(2£+5)’ (10:226)

=22 ¢\_, 1 e+ DHeEe+2)
( 0 i2:F2>_( D 2\/(25—3)(25-1)(2{5“)’ (10.227)

Exercise 10.17 Derive the above expressions for the relevant Wigner 3 symbols
given in Landau and Lifshits (1991) and put them in Eq. (10.221). Show that:

QE+DE+2) [ d’k

_ ® ~ o T
Fansr = =i g [ e Dl RGN5k, ) [ dn sT b
[ Je—2(kr) 2je(kr) N Jea(kr) ]
QE—DRL+1) " 2—D2e+3) T 2+ D2E+3) ]

(10.228)

Recall thatr =r(n) =19 — 1.

Exercise 10.18 Show that, using the recurrence relation (Abramowitz and Stegun
1972):
Jex)  Jem1(x) + Jey1 (%)
x 20+1

, (10.229)

we can write:

N Y [ 4%k
arem =~ (0 —2)! gi:z (2n)

1o
f dn 8" (n, k)
0

D\ [R(K)1B(K, )

Je(kr)
(kr)?

. (10.230)

The Wigner D-matrix can be related to the spin-weighted spherical harmonics as

follows:
A 41 o 41 S
D, (k) =‘/2£+1i2Y€ k) =,/2£—+1¢2Y5 k) , (10.231)
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so we have:

al , = —i
fom 26 —2)! (@m)3 (kr)?

3 70 .
T [ S [ sTo 0 A
A=£2 0

(10.232)

This is our main result of this section. It is not surprising that Y, é"*(lg) eventually
appeared, being GW a spin-2 field.
In order to compute the tensor contribution to the Crr ¢’s, we perform the ensem-
ble average:
(@7 om@1 o) = C11. 4000 O - (10.233)

Exercise 10.19 Assuming Gaussian perturbations, using Eq. (7.102) and the orthog-
onality property of the Wigner D-matrices or the spin-weighted spherical harmonics:

/ &’k DY LIRKIDE L, (R(K)] = S0t Smm’ (10.234)

47
2041

show that:

o T Je(kr) |?
fo dn ST (n, k) e ? (10.235)

T (£ +2)! /00 dk
0

— “rR 2
TTE™ 40 —2)! Pl

Note that a factor 2 arises because of the two polarisation states.
The above result was originally obtained in Abbott and Wise (1984) (though not
exactly in the same way and final form).

The main difficulty we faced in computing the a;y +m Was the spatial rotation which
brought kina generic direction. This can be avoided if we calculate straightaway

CJr., because it is rotationally invariant. Note that no correlation exists between
scalar and tensor modes. In fact if we compute:

(AT @) 5 (10.236)

we would get zero, mathematically because of the integral:
/ d*k LY (k)Y (k) =0, (10.237)

between a spin-2 spherical harmonic and a spin-0 one. Physically, because we know
that at the linear order scalar and tensor perturbations do not couple.
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We can again approximate this angular power spectrum for large values of £ as
follows. First, ST (n, k) contains the derivative of &, which is maximum when a mode
enters the horizon, for kn =~ 1, being almost zero elsewhere. Therefore, assuming
instantaneous recombination, we can write:

(10.238)

_ [} 2
I, , = (€ —Dtl+DHl+2) / %Ai(k) Ji (k1)
0

4m (kno)*

Defining the new variable x = kny and introducing the primordial tensor power
spectrum we get:

(€ —DeL+DH+2) /wdx (TS 2
0

Cilry X o JEx) . (10.239)

The integral can be performed exactly:

/OO dx s = VT P[1 — (nr —4)/2IC[(ng — 4)/2 + £]
0

T2 @4 —np)C[1/2 — (ny —4)/2IT[€ +2 — (np —4)/2]
(10.240)

but in the case of ny = 0, a scale-invariant primordial tensor spectrum, we get:

e+ 1Cty, 0L+ 1)
2 -+

(10.241)

The behaviour of the tensor contribution to the TT power spectrum is thus very
different from the one coming from scalar perturbations. In Figs. 10.12 and 10.13 we
display the numerical calculations done with CLASS of the total (solid line), scalar
(dashed line) and tensor (dotted line) angular power spectra.
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Fig. 10.12 Numerical calculations done with CLASS of the total (solid line), scalar (dashed line)
and tensor (dotted line) angular power spectra
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Fig. 10.13 Same as Fig. 10.12 but using a logarithmic scale

The tensor contribution is practically irrelevant on very small angular scale (i.e.
large ¢) and on large angular scales they can be as large as 10% of the total. Typically
then one can give upper limits on CJ.1. ,/ C3. , for small multipoles (¢ = 2 or £ = 10)
and this ratio is proportional to A7 /Ag and therefore on the parameter r, the tensor-
to-scalar ratio. From Eq. (8.176) we saw that r < 0.1. In order to determine this
constraint one has also to use polarisation data since with these we are able to
disentangle the Agexp(—2Teion) dependence coming from the scalar contribution
only to the temperature power spectrum.

10.9 Polarisation

In this section we address CMB polarisation. Recall that before recombination polar-
isation is also erased because of tight-coupling. Polarisation is generated thanks to
the fact that recombination does not take place instantaneously, so the finite-thickness
effect is indeed important. Moreover, since Thomson scattering is axially-symmetric,
circular polarisation is not produced.

In Sect. 12.7 we recall the main terminology regarding polarisation and in partic-
ular the Stokes parameters.

10.9.1 Scalar Perturbations Contribution to Polarisation

Now, let us focus on scalar perturbations only and write down from Eq. (5.115) the
line of sight solution for the combination Q + iU. Since we have chosen a reference
frame in which k = Z, there is no U polarisation. This can be also seen from the fact
that B° = 0. Hence, we shall again perform a rotation in order to compute the ap_¢,.
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We have called ® p the Stokes parameter Q in the k= z frame. So, let us work
on its line-of-sight solution.

Exercise 10.20 Show that:

3 /8 o .
Op(kz, h) = 5,/1_7572@@) f dn e " S (0, k) (10.242)
0
where we have defined a new source term:

S5, k) = g, k) . (10.243)

‘We could have written _, Yzo(ﬁ) instead of 2Y2° (n), since they are equal. However,
we are going to deal with Q + iU first. The above equation can written as:

NN ISR L .
Opk, ) =/ 252Y7(5) Y i V2L + 1Y) / dn Sp(n, k)ju(kr) ,
L 0
(10.244)

where again r = 19 — 7 and we have used the well-known-by-now expansion of a
plane wave into spherical harmonics plus the fact that k = Z.
Now, as in Eq. (10.218) we can write the product of spherical harmonics as

follows:
. . 5Q2L +1
Wiyl = [ EEED S A
47 T

L2 L\(L2L R
<0 5 +2> (0 00 ) Y@ (10.245)

and thus obtain:
S A 3 L L 2L
(Q+iU) (n)=‘/§2L:z (2L+1);\/2L/+1 PR
L2L N
<00 o)zzyzn’(”)/
m’

where we have already considered the rotation which brings kina generic direction.
Now, from the expansion:

d’k AP 0
(zﬂ)sznL/J(k)Mk) /0 dn Spn.kjrkr) . (10.246)

(Q+iU) (R) =Y a}, 2" @), (10.247)
tm
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we are able to calculate the coefficients afh +m Dy taking advantage of the orthonor-
mality of the spin-2 spherical harmonics. We can therefore write:

[3 —. L2¢
a3 o = 8721L(2L+1)\/2€+1<0_22>
L

L2¢ d’k N o .
<0 0 0) (27T)3fo3>(k)a(k)/o dn Sp(n, k) jutkry . (10.248)

Remarkably, the sum over L can be performed in the very same way we did for the
“;, o> Since the 3 j symbols are the same. Therefore, we have:

Qe+ 1)(+2)! [ &k

S _ ©
aP,Km - W(Z _ 2)' (277')3 Dmo(k)a(k)
" s Je(kr)
/0 dn S0, 0 (10.249)

and using

DY k) = ‘/2£+1 - ()—,/%HY’"*(k) (10.250)

we can write:

S _ (E + 2)' d3k mx / J@(kr)
aP,Zm - 4 (e _ 2)' (271_)3 Y (k)Oé(k) d77 SP (777 k) (k )2
(10.251)

The expansion for (Q — iU)3 (/1) can be obtained by complex conjugation, i.e.

(Q —iU)@R) =) _ap  2Y/ () = Y _ap p 2Y, " (R)
tm

tm

=Y ap,_p 2¥/' ). (10252)

There is no reality condition here holding true for the ap ¢, as the one holding true
for the ar ¢, because Q + iU is not real and is not a scalar. It is thus convenient to
define the following combinations:

ag.em = —(apem +apy _,,)/2, apem =i(@pem —ap, /2,  (10.253)

because the first has parity (—1)¢ whereas the second (—1)‘*!. Thus Q £ iU can be
expanded as:
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(QxiU)(h) = Z(—awm Fiapm) Y () . (10.254)

tm

Now, if we compute a3*, , we obtain:
P.im

s _ 3= (£+2)! A -
Grm =TTy (6—2)! @ Do)
s Je(kr)
/0 dn Sp(n, k) G (10.255)

since a(k)* = a(—K) because of the reality condition of the power spectrum. Chang-
ing the integration variable to k and using the parity of the spherical harmonic:

Y, " (—k) = (=) y; ™) (10.256)

we can finally conclude that:
Aoy = ADo - (10.257)

and therefore scalar perturbations only affect the E-mode, i.e.
s s s
ag em = —4p em > ag em = 0. (10258)
This means that, if the B-mode was detected, it would be a clear indication of the
existence of primordial gravitational waves.

From Eq. (10.251) we can then obtain the scalar contribution to the EE spectrum.
Assuming adiabatic Gaussian perturbations:

Jetkr) [P
/O d SP(U’ k) (k )2

Using instead Eq. (10.176) we can compute the cross-correlation TE multipole coef-
ficients:

£+ 2)! o (kr)
Cree = 41/(5—2)v R®e(k)/ dn S5, k)J(‘@kr)r2 (10.260)

10.9.2 Tensor Perturbations Contribution to Polarisation

(10.259)

9 (E—I—Z)!/dk s
c., =——""2 [ ZA
EEL ™ 6ar (0 —2)1 ) kR

Let us now calculate the contribution to CMB polarisation coming from tensor per-
turbations. From Eq. (10.211) we have
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o .
O (no. k2, p) = / dn " ST k) | (10.261)
0

with
SEm. k) = gST (. k) . (10.262)

and then use Eq. (5.132) in order to write part of the tensor contribution to polariza-
tion:

2 A 87 A " —i ptkr(r
o\ (kz. p)z\/?f*(p)/ dn e M ST ky | (10.263)
0

where r (1) = 1y — 1 and where we stress that the result holds true for k = 2 since
this was the condition under which we derived the Boltzmann equation for photons.

In the scalar case no U contribution to polarisation is produced, so the above
expression already furnishes the quantity Q + i U. However, the same is not true for
tensor perturbation. We have thus to add the i U contribution. As we saw in Chap. 5
this is equal to B” Q/&™ and for this reason we have just one polarisation hierarchy.
Hence, summing up we get:

32 K o
(Qx + i) k2, ) =/ TWZY;(;%) / dn e*rm st k). (10.264)
0
Using the usual plane-wave expansion and recalling that k=2%we get:
A A 8 R . .
(O + ith) D (kz, ) = \/;Y;(n) Z;L\/zL + 1Y) ()
L
o
f dn SE(n, k) ju(kr) . (10.265)
0

The product of the two spherical harmonics can be written via the Wigner 3 j-symbols

as follows:
A . [5Q2L + 1)
2Y2i2(n)Y2(n) = 0 ; 2L+ 1
L2 L L 2 L 40
(O +2 :|:2> (0 ) ) 2 Y o) (10.266)
and we rotate in a generic k direction the only spherical harmonic left, i.e.

L
JYERA) = Y DYLIRT RLY] () - (10.267)

m'=—L’
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Hence, we can write:
(Ox + ith) " (k, ) = ﬁZiLQL—i- DY V2L +1 L2 r
A A ’ T — — 0 A _A

! ’ A , o
(16 —22 Lz ) > DRG], (ﬁ)/ dn Sp(n. k) jo(kr) . (10.268)
0

m'

Now we can perform the Fourier anti-transform. Multiply by 5(k, A) and »Y;"*(7)
and integrate over d*/ in order to obtain the aj, ,,,’s. We obtain:

2. L2 ¢
T \/;ZZL(zL + DV2e + 1 <0 ﬁ 3F2>
L

L2¢ 4’k > " .
(6 223) [ mpsoiatrnsaen [*an st 10260

We have used here the orthonormality relation of the spin-2 spherical harmonics and
distinguished the contributions of different helicity. Of course a,T,’ = a}T,’ 2t
b, —2-

We have already computed some of the 3 j symbols earlier, for the tensor case but
now two more enter: those for L = £ & 1. We shall see that these contributions will
characterise the B-mode of polarisation. They are:

g"‘lﬁ 2 o 041 (E_l)
( 0 -2 +2)‘( b \/2(2e+1)(2e+3)’ (10.270)

Ce—12\_ €+2)
(—2 0 +2>_( D \/2(25—1)(2£+1)' (10.271)

Extra care has to be used when manipulating these terms. The reason is that the 3 j
symbols gain an overall phase factor

(_1)j1+jz+j3 , (10.272)

where jj 53 are the momenta which are being combined, each time we swap two
columns or change simultaneously all the signs of the bottom row.* Therefore, as long
as j; + j» + jz is even, no matter how many times we perform the above operations.
This is the case for L = ¢ +£2 or L = £. However, for L = £ & 1 we have that

4These signs can be changed only simultaneously since the sums m| + m» + m3 = 0 always. This
is a selection rule.
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L+e¢+4+2=2({+1)=x1, (10.273)

which is odd and thus we have to keep track of the correct sign.

Exercise 10.21 Using the formulas for the 3 j symbols, show that:

—ity2e N 0
@b tm 2 = ‘/T f or )3D,§f;2 R(I5K, N /0 dn Sp(n. k)
C+DE+2) 6(6 DE+2) €-ne .
[(% “hetr 2 s necr M G nacr a2
- L+2
i2i2£+ljz+1(kr)¥2i2£+ljz—l(kr)} -
(10.274)

Recall thatr =r(n) =n9 — 1.

Exercise 10.22 Show that, using the recurrence relation of Eq. (10.229) and the
following ones for the derivatives:

1 £
Jo@x) = Je1(x) — Je@) s jx) = )—Cjz(x) — Jer1(x) (10.275)
we can write:
ZE +1
Ap g = 22 f P DI\ [R(0)1BK, M) / dn Sp(n. k)
2, 246+, (., 2.

|:k_r]e —2je+ W}é —iA (]z + k—rjz)i| .

(10.276)

Show that the term between square brackets is equal to the corresponding one in
Weinberg (2008, p. 389). In order to make the second derivative of the spherical
Bessel function to appear one must use Bessel differential equation:

2 1—e(t+1)

X X

Now we are ready to investigate the reality property of aly o and discern from it
the E-mode and B-mode contributions. Recall that Wigner D-matrix can be related
to the spin-weighted spherical harmonics as follows:
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A 41 o 4 s
D,ﬁffﬁ(k)z‘/zz—ﬂﬁye (k):,/ZE—HﬁYZ k) . (10.278)

So taking the complex conjugate we find:

y e A Bk / "y st
apem = — 3¥2 1 —-K, nopl,
V2 =) em 0
2, . 24ee+n ., (., 2
=2+ A - . (10.279
|:er(5 Je+ )2 Je +i <]( + o ]e>i| ( )

Note that 8(k, \)x = S(—Kk, \) because of the reality condition and beware that the
sign of the imaginary unit inside the square brackets has changed. Now, changing
integration variable

k> —k, (10.280)

and taking advantage of the parity property and the complex conjugation property:
2V (k) = (=D 0¥ €)= (D Y™ k) (10.281)

we get:

P a ) / ’k Y™ (k) Bk, \) / " dn ST
Apym = — 7= =3 , ,
P.tm ﬁ)\:iz (271_)3 F21Ly 0 nopln
24 L+ 1) g2
— Jo+

oL e +id —jg)]. (10.282)

2, 2i 4
Je Je r

kr

This time we have not the same situation as in Eq. (10.257) because of the i\
contribution. Hence, we can compute the E-mode:

ro_ & / LKy, n / " dn ST o
=7 | : :
E, tm ﬁ)\:ﬂ (27.(.)33F2 ¢ A nopln
2 24+
— 7, =2 _— . 10.283
|:er£ Je k)2 Je] ( )

and the B-mode is also present:

T iz A d3k sk \ o T , 2 )
thin=—"5 LA [ Grett @8N [ “an stk (ji+ i

A=%2

(10.284)

Now we are in position of giving the formulas for the angular power spectra. Assum-
ing Gaussian perturbations we have:
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dk 240+ 1)
CgE,e = f Az(k) ‘/ dn SP (n, k) |: —2je+ T i| s
(10.285)
and
T dk o | (™ T L4\
Cppe = / i kA /(; dn Sp(n, k) <2Je + EJ@) (10.286)
The cross-correlation C{ ,, using Eq. (10.232) gives:
+2)! f / T
Clee=— k) | dn STk
TE,l (6 —) h( ) nsS (1 )(k )2
" S 24+ .
/ dn'Sp (', k) _Jg 2je+ ———5—Je| - (10.287)
0 (kr)

If we try to compute the cross correlations C7., , and Cf, , we obtain a vanishing
result, as expected, because of the term A in the sum of Eq. (10.284). In fact we get,
considering for example Cf, ,:

A dk o 2 2+LL+D)
cl,,=— E = —A2/ dn ST, k)| —j, —2ji + ———"j
EB.C = B / drk ot A n Sp(n, k) kr Je Je+ (kr)? Je

o T ¥ 4 )
/ dn Sp(n, k) (2]4 + k—]() .
0 r

(10.288)

Now, the sum over ) is equivalent to a difference and since nothing else depends on
A the result is zero. The same happens with the correlation Cf p ,.

In Fig. 10.14 we display the 4 angular CMB power spectra which constitute a
wealth of cosmological information. The only possible cross-correlation is the one
between temperature and the E-mode of polarisation. The largest signal is the TT
one and then, in order of decreasing power, the TE, EE and BB one. The latter is 5
orders of magnitude smaller than the TT one and it has not yet been detected. The
bump it displays for small £’s is due to reionisation.

From Fig. 10.14 we can appreciate how small the polarisation spectra are with
respect to the TT one. This is due to the fact that a quadrupole moment in the
distribution of photons is needed in order to have production of polarisation. Before
recombination, Thomson scattering rate is so high that photons are in nearly perfect
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Fig. 10.14 The four angular power spectra characterising the CMB, computed with CLASS for
the standard model. Top left: TT. Top right: TE. Bottom left: EE. Bottom right: BB. As for the TT
spectrum, D = £(€ 4+ 1)Cy/(27)

thermal equilibrium and any moment from the quadrupole up is washed out. After
recombination, photons free stream and thus have no more chance of being polarised
by Thomson scattering.
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Chapter 11 ®)
Miscellanea Becit

E desse modo ele ia levando a vida, metade na repartigdo, sem
ser compreendido, a outra metade em casa, também sem ser
compreendido

(And in this way he took life, half in the division, without being
understood, the other half at home, also without being
understood)

Lima Barreto, Triste fim de Policarpo Quaresma

In this Chapter we collect some extra material which extends the topics treated so
far.

11.1 Bayesian Analysis Using Type Ia Supernovae Data

We discuss here how we can use type Ia supernovae in order to infer cosmological
information. We do not address important issues such as the calibration of the light
curves, how the distance moduli are calculated and the treatment of the systematic
errors. Moreover, some knowledge of statistics and Bayesian analysis is required.
The latter can be helped by e.g. Trotta (2017).

First of all, the measured quantities of interest are fluxes, which for historical
reasons are given in a logarithmic scale called apparent magnitude m, defined as

follows:
> 1 F (11.1)
=—-1Io — 1, .
B £10 Fo

where F is the observed flux and Fj is some reference flux for which m = 0. One
should take into account that observations are made via filters which select a certain
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Table 11.1 Binned type Ia supernovae data. From Betoule et al. (2014)

Zb Wb Zb Wb Zb 23
0.010 32.9538 0.051 36.6511 0.257 40.5649
0.012 33.8790 0.060 37.1580 0.302 40.9052
0.014 33.8421 0.070 37.4301 0.355 41.4214
0.016 34.1185 0.082 37.9566 0.418 41.7909
0.019 34.5934 0.097 38.2532 0.491 42.2314
0.023 34.9390 0.114 38.6128 0.578 42.6170
0.026 35.2520 0.134 39.0678 0.679 43.0527
0.031 35.7485 0.158 39.3414 0.799 43.5041
0.037 36.0697 0.186 39.7921 0.940 43.9725
0.043 36.4345 0.218 40.1565 1.105 44.5140
1.300 44.8218

portion of the emitted spectrum. Therefore, the measured apparent magnitude m
depends on the filter which has been used. Moreover, one should also correct m by
the effect of interstellar absorption in such a way that its value really depends only
on how far the source is and not on the matter existing along the line of sight.

We do not take into account these important issues here and simply suppose to
be given with the bolometric magnitude, i.e. the magnitude corresponding to the
emission in the whole spectrum.

The absolute magnitude is the hypothetical apparent magnitude of an object
as if it were at a distance of 10pc. Since F o< 1/d?, using Eq. (11.1) the absolute
magnitude can be written as:

5 F [ d. \* d
M=—Zlog,|—(—= =m—5logy [ ——) . (11.2)
2 Fy \ 10 pc 10 pc
The distance modulus is defined as:
dL dL
=m-—M =251 —— ) =51 e 25, 11.3
nw=m OglO(lOpc) OglO(lMpc>+ (11.3)

where in the last equality we have introduced the Megaparsec (Mpc) as a more
appropriate distance scale for cosmology.

Almost a thousand type la supernovae are known today and many more are
expected to be detected by future experiments such as the LSST. For the sake of
simplicity, we use now the 31 binned data of Betoule et al. (2014), which we report
in Table 11.1, and the relative binned 31x31 covariant matrix C,, which we do not
report here.
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Combining Eq. (11.3) with Eq. (2.155) allows us to find the theoretical prediction
on (z), which we can adjust to the observed binned values of Table 11.1 and thus
find the best-fit values for Hy and gy.

Note that there are binned redshifts larger than 1 in Table11.1 and for these
certainly the expansion of Eq. (2.155) is inaccurate. However, let us not worry about
this now, but focus only on how the analysis is performed.

The x? is calculated as follows:

x*(h,q0) =r"-C;'-r, (11.4)

where r is the vector of the differences between the observed u;, and the predicted
one, i.e.

3000 1
ri = up — Slogy, |:T (Zi + 5(1 - CIO)Z,-2>] —-25, (11.5)
fori = 1,...,31.The u; and z; are those of Table 11.1. Note that we have expressed

Hy as 100hkms~!Mpc~' and ¢ = 3 x 103kms~!.
Through the x? we define the likelihood:

L(h, go) = Ne X ha)/2 (11.6)

where N is a normalisation constant. The likelihood represents the probability of
having a dataset given a cosmological model. We are interested in the contrary, i.e.
in the probability of having a certain cosmological model given a dataset. This is
called posterior probability. If there is no a priori reason for which some values
of the parameters are preferred with respect to others, then the likelihood and the
posterior probability are equal.

Let us see what happens in our case. What we do is the following: we set up
a 100x100 grid in the parameter space (h, qo) with 0.65 < h < 0.75 and —0.7 <
qo < 0.2. We choose these values because we already know the results, but in general
one has to explore the parameter space. Also the 100x 100 grid is purely arbitrary as
one may choose a finer one in order to improve precision.

For each point of the grid we compute the x? of Eq.(11.4) and thus construct the
likelihood as a function in the parameter space.' Its maximum corresponds to the
minimum x 2 which in turn corresponds to the best fit values for the parameters. In
our case, we find:

X2, =37.94, ™ =069, ¢ =-018, (11.7)

where the superscript bf means “best fit”, of course. Note the negative best fit value
of qo, which corresponds to an accelerated expansion.

IMathematica codes which perform this task are available on my personal webpage http://ofp.
cosmo-ufes.org.
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Fig. 11.1 Contour plots at 68, 95 and 99% confidence level (from the inner to the outer contour).
The big dot represent the best fit values of Eq.(11.7)

We could in principle plot the likelihood as function of the parameters as a 3D
plot, but it is more convenient and visually clearer to plot contours, i.e. horizontal
slices of the likelihood, where horizontal means parallel to the (%, o) plane. This is
what we have in Fig. 11.1.

In Fig.11.1 there are three contour plots, which correspond to 68, 95 and 99%
confidence level. What are these? Starting from the maximum value of the likelihood
(represented by the big dot in Fig. 11.1) we slice its graph with a horizontal plane
such that the volume enclosed is 68, 95 and 99%. If the contours are very close one
to each other then it means that the likelihood is very peaked and thus the measure
has been very precise.

Therefore, from Fig.11.1 we can say that g¢ is negative with almost 99% of
confidence and this is remarkable.

What happens if there are more than two parameters? In this case the likelihood
cannot be plotted, nor its 2-dimensional contours. Then, one performs marginalisa-
tion, i.e. one integrates the likelihood with respect to all the parameters but two. In
our case we did not need to do this because we had two parameters since the begin-
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Fig. 11.2 Normalised probability distribution functions for / and g

ning, but we can marginalise over one and get the probability distribution function
(PDF) for the other. This is done in Fig. 11.2.

Now we can do something similar to the calculation of the contour plots based
on the confidence levels. For each one of the PDF in Fig. 11.2, starting from the
maximum and going down, we calculate the values of the parameters for which the
area encompassed is 68, 95 and 99%. these values represent the uncertainty over the
best fit values of our parameters. In our case we have:

h=0.69"001, qo=—0.18"013, (11.8)

at 95% confidence level.

Both the PDF’s for 4 and g are beautifully symmetric. This happens because of
the special way & and g enter in the x2, i.e. the latter is quadratic in 4 and ¢, and
therefore the PDF for each one of these parameters is a Gaussian function. This can
also be seen in the contour plots of Fig. 11.1, which are ellipses. On the other hand,
if a parameter enters in a more complicated way into the x 2, then the contour plots
might be very asymmetric (typically they are “banana” shaped).

Exercise 11.1 Reproduce the analysis of this section developing a suitable numeri-
cal code.

11.2 Doing Statistics in the Sky

In Chap.7 we have tackled the stochastic character of cosmological perturbations
from a theoretical perspective. Here we offer a simplistic approach to how statistical
methods are applied observationally. More detailed and comprehensive treatments
can be found e.g. in Peebles (1980), Bonometto (2008).

As we learn in the very first year of our Physics course, determining the value
of some physical quantity is no trivial task. The true value that we hope to find
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is only an abstraction, being our measurements imperfect i.e. characterised by an
error that we try to harness with some mathematical tools. Statistics is one of them
and tells us for example that the more we repeat our measurements the closer to a
certain value the average goes. This certain value might be the true value, or not
if systematic errors are present. In other words, we might have a very precise but
inaccurate experiment. The approach of repeating experiments and measurements in
order to extract informations about an underlying pattern is called frequentist. The
question is: how do we apply that machinery to the universe, being this only one?

We want to learn something about gravity by observing how structures (galax-
ies) are distributed in the universe. We need statistics in order for our results to be
meaningful and thankfully there are many galaxies. Imagine a big volume V which
contains N galaxies. The galaxy number density is n = N/ V. This, for example,
represents the volume of a certain survey. Getting information on the volume V in
itself is not meaningful, because we have just a single realisation of it. Therefore, let
us consider small spheres of radius R and volume

4 5
Vi =—R’,

3 (11.9)

with, of course, Vx <« V. Now, inside these spheres we would expect a number
Ng = nVg of galaxies if these were randomly distributed, i.e. distributed according
to a Poisson distribution. But actually this is not the case, because of gravity. The
latter is attractive and therefore it is more probable to find a galaxy closer to a big
cluster rather than to a smaller one. Therefore, studying the large scale structure of
the universe amounts to study the properties of gravity on large scales.

Now, let us count the galaxies in each one of the sphere that we have constructed.
We have different numbers depending on the sphere considered, say Ng(x) because
the sphere has centre in x. The number density thus becomes

Nr(x)
Vr(x)

ne(x) = (11.10)

It is not really a function of a continuous variable, because in practice x gets only a
countable amount of values, as many as the centres of the spheres chosen. Formally,
we have:

1 v
(ng(x)) = lim —ZnR(X,-)zn. (11.11)
G
For x being a continuous variable, we would have an integral:

(nr(x)) = %f dAxnp(x) =n . (11.12)
14

So, we have divided the initial big volume V into small spherical regions V in order
to gain statistics, i.e. in order to define averages. In particular, the mass variance
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((Nr(x) — Ng)*)

oz = i (11.13)

is a very important indicator, as we shall see in a moment.

Exercise 11.2 Assume that all galaxies have the same mass m,. Show that from
Eq.(11.13) we get

— 0)? 2
” = <(pR(x;2 P =<<ap;(x>> >:(5R(X)2>’ a1.14)

where pg(x) = ng(x)m, is the mass-density inside a sphere of radius R, centered in
x and p = nmy,, i.e. it is the background density, averaged over all V.

The important point shown by the above exercise is that the mass variance is related
to the averaged smoothed squared density contrast. From the theory developed in
these lecture notes we know how to get § (x). The point now is to learn how to smooth
it and for this purpose we need to use filters.

11.2.1 Top Hat and Gaussian Filters

The density contrast field smoothed over a sphere of radius R can be formally written
as:

8R(x):[ d*us(u) . (11.15)
Vr (x)

Note that the x dependence of 5 (x) comes from where we have centred the sphere.
We can transform the above integral into an equivalent one over the whole space,
which we need in order to use the Fourier transform:

Sr(X) =/ d*u §(u) =/d3u Wr(Ix —u])s(u) , (11.16)
Vr(x)
where
1/Vg fory <R,
Wr(y) = 11.17
rR(Y) {0 fory > R . ( )

is the Top Hat filter, or window function (hence the symbol W for denoting it). It is
a simple trick to exclude all the information content beyond a certain scale R. There
is no reason for this to depend from the direction, therefore the argument of Wy is the
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modulus |[x — u]. A filter is a function that must not add or subtract any information,
therefore it must be normalised to unity:

/d3y Wr(y)=1. (11.18)

In general, the functional form of a filter is:

1
Wr(y) = V—Rw(y/R) , (11.19)

where w(y/R) is a generic function which goes to zero rapidly as y/R grows. In the
case of the Top Hat filter, for example, w is a Heaviside function. One can also have
a Gaussian filter:

Wr(y) = (2 RY) ™32 7"/CRY) (11.20)

Equation (11.16) is a convolution between the density contrast and the filter, hence
its Fourier transform is the product between the two Fourier transforms:

sx(K) = 8(K)W (kR) , (11.21)

where we have already guessed the dependence k R for the Fourier transformed filter
since Wk is a function of y/R.

Exercise 11.3 Calculate the Fourier transform of the Top Hat filter. Show that:

W(kR) = (1(%)3 [sin(kR) — (kR) cos(kR)] . (11.22)

Of course, the Fourier transform of the Gaussian filter is still a Gaussian. The
Top Hat filter is very effective in the configuration space since it cuts out all the
scales above a given one, i.e. Wg = 0if y/R > 1 or kR < 2. However, its Fourier
transform scales as 1/(kR)?, so it is not cut out drastically. This gives rise to spurious
effects and therefore sometimes it might be safer to use the Gaussian filter, for which
one has the same cutoff also for the Fourier transform.

So, in Eq.(11.21) the left hand side is the smoothed density contrast, which on
should compare with observation. On the right hand side we have the full density
contrast and the window function. Actually, there is another observational limitation.
We have integrated over the whole space, together with a window function, in order
to smooth out but often a survey does not cover the full sky. Certainly not in depth
(we cannot observe up to infinite redshift) and also not the full celestial sphere. There
is a mask say f(x) by which the effective density contrast that we are going to use
is

Seit (X) = f(X)8(x) . (11.23)
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Hence, its Fourier transform is the convolution of the two Fourier transforms:
Seir(K) = (f % 8)(k) = / K f(K)S(k —K) . (11.24)

This convolution has important effects on the final predictions of a model. In fact,
suppose that we have a theory providing a density contrast which oscillates and
then we expect of course an oscillating power spectrum. This would be ruled out if
compared directly with the data, but since the result of the convolution smooths out
oscillations, it might happen that the model still remains viable. See e.g. Moffat and
Toth (2011) for a discussion on this point.

11.2.2 Sampling and Shot Noise

We can formally define the following quantity:

n(x) = Ilei_%nR(x) , (11.25)

as the number density field. On the other hand, we do not observe such field, but
only a finite amount of galaxies. Hence, observationally n(x) is realised by

N
n(x) =28(3)(x—xi), (11.26)
i=1

i.e. abusing (since it is a distribution) of the Dirac delta of the positions of the galaxies
X;. Avoiding any abuse we could write:

N

1 —|x—x;|*/a
nx) =) ——pe ™ ala (11.27)
i=1

for a — 0, i.e. using a representation of the Dirac delta.

Technically, when integrating Eq.(11.26) over a certain volume V we should
obtain the number of galaxies there contained. This is formally achieved by using
the Top Hat filter:

N N
N = / dV n(x) = Z/dv wx)§P(x — x;) = Zw(xi) , (11.28)
v i=1 i=1

where w(x) = VW (x) and W(x) is equal to 1/V when x is inside the volume V
and zero otherwise (this ensures the normalisation to unity). In the last sum above
w(x;) = 1 only when X; is inside the volume V' and hence the equation holds true.
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Now let us keep our sampling volume V, imagining that is the volume probed by
a certain survey. As we commented earlier, the effective density contrast field is then
given by Eq.(11.23). The difference now is that we are constructing the observed
density contrast field whereas in that equation it was our theoretical prediction. The
density field is:

N
p) =Y misPx—x), (11.29)

where m; is the mass of the ith galaxy. The effective, or sampled, density contrast is

N SO (x — x:
8s(xX) = (@ — 1) w(x) = (Zi:l ”;;8 (x i) - 1) w(X) . (11.30)
p 2immi/V

where p is the background density, which is equal to ZlN: ,m;/V in the sampled
volume. Assuming the same mass for each galaxy, one obtains:

N
8(x) = (%Zé‘”(x—x,-)— 1) w(x) . (11.31)

i=l1

Exercise 11.4 Show that the Fourier transform of the density contrast is then:
|
50 = ; w(x)e *N — W(k) , (11.32)

where W (K) is the Fourier transform of the Top Hat filter, computed in Eq. (11.22).

When we compute the power spectrum from the above realisation, and we suppose
a Gaussian distribution, we get for the mode k:

N N

(8 (k)(S (k) Z U)(X,)'LU(X ) —ik-(x; —x;) __ W(k Z w( ) —ik-x;

B W (k) <

N (w(x;))e'™® ¥ + W(k)?, (11.33)

i=1
where the average is an ensemble average. Since by definition:
(6:(k)) =0, (11.34)

we have that:
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N
Z w(x;))e % = W(K) . (11.35)
Therefore:
N
(8,(k)8% (K)) = Z (wx)w(x;))e K EX) _W(k)? . (11.36)

When i = j there is a contribution above of the form:

N
Zw(x, - —, (11.37)

This is an error (a variance) on the Fourier mode k which does not depend on the
wavenumber and is called shot noise. It comes from the fact that we are mapping a
continuous density field with a discrete distribution, or sampling. It is the Poissonian
part of the distribution of galaxies, which must be subtracted in order to obtain the
true spectrum which is given by the correlations (w(x;)w(xX;)).

Multiplying by V for dimensional reasons, we have thus the true power spectrum:

N
P(k) = % D _(wxpwx))e O — Vv k), (11.38)
i#]

and the noise spectrum:

(11.39)

11.2.3 Correlation Function

How do we measure P (k) and put the data on a plot? All we observe are galaxies in
the sky. Consider again the very large volume V upon which we have worked until
now, containing N galaxies. So, the mean number density is n» = N/ V. Assuming
the same mass m, for every galaxy, p = Nmg/V is the mean density. Consider two
small volumes §V; and 6 V5, centered in x; and x; respectively and much smaller
than V. If the distribution of galaxies was random, i.e. Poissonian, one would expect
8N = ndV,. Deviations from this randomness are due to gravity and are encoded
in the correlation function &(x, x;):

(N1 (x1)8N2(x2)) = n?8Vi8Va [1 + £(x1,%0)] (11.40)
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We have already met the correlation function in Chap. 7, in Eq.(7.11). There it was
defined through the ensemble average, whereas here the average is made over all
the couples of volumes and clearly these must be chosen large enough in order to
contain many galaxies but sufficiently small in order to identify many of them in V.
Usually one assume that

§(x1,x2) =§&(r) , (11.41)

where r = |X; — X;|, i.e. the correlation function depends only on the distance of
the volumes, not on their positions or along which direction they are aligned. This is
again statistical homogeneity and isotropy. Dividing the above equation by §V§ V>,
one gets

(Bn (X)8ny(x 4+ 1)) =n*[1 +£()] , (11.42)

where now the average can be interpreted as the integration over x.

Exercise 11.5 Show that the above equation can be written as:
(dx)é(x+1)) =£&(r), (11.43)

and this gives a direct relation between the density contrast and the correlation func-
tion. Compare with Eq. (7.40).

The correlation function measures the galaxy clustering. From observation we
have the following empirical formula:

E(r) = (rr—")y , (11.44)

where rg = 5.5 h™! Mpc and y ~ 1.77 (Peebles 1980). The mass variance can be
related to the correlation function as follows:

or =G(ER), (11.45)

where G(y) ~ 2. We can argue that the non-linear regime of cosmological becomes
dominant when o3 = 1 and from the above formulae one can find that this happens
at R = 8h~! Mpc. Hence, this is why o3 is so often used in cosmology.
The mass variance can be written as:
d’k d’k’

en)3 ] @n) BRWKRSEK)WKER) . (11.46)

2 2
Op = (6 R (x)) =
where we have used the Fourier transform of the smoothed density contrast, which
is the product of the density contrast times the window function (or filter). Using the
ensemble average we get:
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d3k N ° dk 5
2 _ 2 _ 2 2
op = 15K Ps(k)W(kR) _/0 _k As(k)W (kR) (11.47)

The above expression for the mass variance and that for the correlation function in
Eq. (7.46) are very similar being the difference in the function which weighs the
dimensionless power spectrum A2, For the correlation function it is sin(kr)/(kr)
whereas for the mass-variance is the squared Fourier transform of the filter. If we
take the Top Hat filter then from Eq. (11.22) we see that W (kR)? decays as (kR)S.

11.2.4 Bias

The bias is the deviation of the clustering behaviour of ordinary matter from the one
of CDM. In general, we might suppose that structures of scale R are formed in those
sites where

Sr(X) > vog , (11.48)

where v is some parameter. In this way we are stating that galaxies or clusters have
not exactly the same fluctuation pattern as CDM. Define the biased density field:

PRy = O[0r(X) — voR], (11.49)

where @ is the step function. For a Gaussian process, it can be shown that (Bonometto
2008)

11 _ep
(PR) & m;e ; (11.50)
which gives
3
(Mpy) e (11.51)

~ e
2m)3/2R3y
The correlation function can be written then as
OBy = ¢ Ol _ (11.52)

which, for a small exponential, can be cast as

2
E0R () = %ER(V) =R (), (11.53)
R

and in general the relation between galactic and CDM density contrast is written as:

8, =bd, (11.54)
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i.e. the same Eq. (9.1) that we presented in Chap.9. As we mentioned there, typically
b is treated as a parameter, though it may depend on the scale and on time.
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Chapter 12 )
Appendices e

Like all people who try to exhaust a subject, he exhausted his
listeners
Oscar Wilde, The picture of Dorian Gray

Here are collected miscellaneous topics which are helpful in order to understand the
former chapters and to make these lecture notes as self-contained as possible.

12.1 Thermal Distributions

In this section we derive the functional form of the Maxwell-Boltzmann, Fermi—
Dirac and Bose—Einstein thermal distributions in the grand-canonical ensemble. See
e.g. Huang (1987) for a textbook reference.

12.1.1 Derivation of the Maxwell-Boltzmann Distribution

Suppose that we have a system of N classical particles distributed in K states of
different energies. Let us assume N > K. For each state i there are n; particles with
energy e; and the total energy of the system is fixed and equal to E. Therefore, we

have two constraints:
K K
N=Y"n. E=) ne. (12.1)

i=1 i=1

The number of microstates 2 which correspond to the macroscopical configuration
of energy E is the following:
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Q((n) = —

1.1’12!“-1/1](!

(12.2)

The numerator is N! because classical particles are distinguishable, so each of their

permutations counts as a microstate. However, permutations done within the same

state i do not count, hence we eliminate these possibilities dividing by n;!ny! - - - ng!.
Now take the logarithm of €2 and use Stirling’s approximation:

K K
log 2 = log(N!) — log(n;!) ~ NlogN — N — (n;logn; —n;) . (12.3)
g g g g g
i=1 i=1

We have to find the maximum for this expression, but taking into account the con-
straints (12.1). We then introduce Lagrange multipliers «v and § and calculate the
differential:

K K K
d |:NlogN - N-— Z(ni logn; —n;) — aZni - BZnieii| =0. (124)
i=1

i=1 i=1

The variables are the n;’s, thus:

K
> (—logn; — o — Ber)dn; = 0. (12.5)

i=1

From this equation we obtain:

n; = exp(—a — Pe;) = exp <_eikB;TM) , (12.6)

where in the last equality we have associated the Lagrange multiplier « as the chem-
ical potential and 1/ as the thermal energy of the bath.

12.1.2 Derivation of the Fermi-Dirac Distribution

When calculating the Fermi—Dirac distribution two main differences with respect to
the Maxwell-Boltzmann case appear: the first is that we have now quantum particles,
which are indistinguishable, and the second is that fermions obey Pauli’s exclusion
principle, so there could be at most one fermion per quantum state.

Letus assume again N quantum particles and K energy states. The only difference
now is that for each energy state i there are g; sub-states, i.e. the energy states are
degenerate. Let us focus on the energy state i. Here we must place n; fermions.
Because of Pauli’s exclusion principle, g; > n;, otherwise we would have more than
one fermion per state.
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Exercise 12.1 In how many ways can we fit n; indistinguishable fermions in g;
energy “slots”? Prove that the answer is:

.
Q=" (12.7)

ni!(gi —n;)!

Since combinatorics might be sometimes irksome, and after all these are lecture notes
in cosmology, we offer a proof in the footnote. Try however not jumping to it right
away and to work out the solution yourself.!

The total number of micro-states is then:
Q = . 12.8
(n:}) = ]J ]‘[nl,(gl_n), (12.8)
Now we proceed as before, taking the logarithm of €2:

K
log 2 =) [log(g;") — log(n;!) — log((g: — n))] . (12.9)

i=1

using Stirling’s approximation and calculating the constrained maximum:

M~

[—logni + log(g; — n;) —oz—ﬂei]dn,- =0, (12.10)
i=1

one obtains:

log " _ o 4 Ber (12.11)
and finally: | |
n; = gi =g , (12.12)
explatfe) 1y exp (4F)
B

with the same physical meanings for a and 3 as those stated for the Maxwell—-
Boltzmann distribution.

"We can choose g; slots for the first fermion, g; — 1 for the second and so on until finally we can
choose g; — n; + 1 slots for the n;th fermion. This gives g;!/(g; — n;)! and we only used Pauli’s
exclusion principle. Until here, then, the order of the chosen particles matter, e.g. having fermion 1
in the first slot is different from having fermion 2 in the first slot. But fermions are indistinguishable,
therefore we must divide by ;! and hence the result (12.7).
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12.1.3 Derivation of the Bose—Einstein Distribution

The setup for deriving the Bose—Einstein distribution is the same as the one used in
the previous subsection for the Fermi—Dirac distribution except for the fact that now
Pauli’s exclusion principle does not apply and so the constraint n; < g; does not hold
true anymore. This changes the way in which we calculate €2;.

Exercise 12.2 Show that:

it+g—1 i +g— 1!
Q = ("t _ itg-Dt (12.13)
gi — 1 ni!(gi — D!

This is the same calculation of how many #;th partial derivatives of a function of g;
variables there are. This is of course related to the fact that the wave-function of an
ensemble of bosons is symmetric, just as partial derivatives are. Again, a proof is
given in the footnote.?

Proceeding as we did in the previous two subsections, we find:

[log(ni +g9 —1)—logn, —a— Bei] dn; =0, (12.14)
1

K
i=

and finally:
1 1

ni = = Ui o .
exp (]éB_T) -1

9 oo@ T 1= (12.15)

12.2 Derivation of the Poisson Distribution

Poisson distribution describes stochastic independent events happening randomly in
time but with a certain average rate say A. It is important for the description particle
scattering or decaying processes and we have used it in Chap. 3 in order to take into
account the neutron decay during BBN and also in Chap. 10 when we have discussed
the visibility function.

Let P(n; A, t) be the probability that n events occur in a time interval ¢, given the
rate \. Consider a sufficiently small time interval 6, for which:

P(1; X\, 6t) = A\t PO; A\, 6t) =1— Aot . (12.16)

2Imagine n; particles and g; slots where to fit them. These slots are separated by g; — 1 walls. So,
compute all the permutations among these objects, which are (n; + ¢g; — 1)!, but do not consider the
permutations among the walls (g; — 1)! and the particles, n;!, because they are indistinguishable.
So, we find Eq. (12.13).
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Indeed, we can regard the first formula as the definition of A. Therefore, calculating
P(0; A\, t + 0t) one gets:

P(O; A\, +6t) = P(0; \, £)(1 — \t) , (12.17)

where we have used the independence of the randomly occurring events.

Exercise 12.3 From Eq. (12.17) show that:

PO; )\ 1) =e M. (12.18)

Now, exploiting the independence of the events, we can find a recurrence relation
for P(n; A, t). Consider the following:

Py M\t +06t) =P, N\, )(1 —Xot) + P(n — 1; A\, t)\ot (12.19)

i.e. n events in a time interval ¢ 4 ¢ can either occur as #n in the time interval ¢ and
none in the subsequent d¢ or n — 1 in the time interval 7 and just one in the subsequent
ot. This is because we have chosen ¢ sufficiently small in order to accommodate at
most one event.

From the above equation we have then:

dP(n; A\, t)

S AP D = AP 1A D) (12.20)

Exercise 12.4 From Eq. (12.20) show that:

P(L; )\ 1) = Me™™ . (12.21)
By induction show that:
)"
P(n; \, 1) _ ¢ ') e M (12.22)
n!

This is Poisson distribution. Another way to find it is from the binomial distribu-
tion:

N
P(N;n,p) = <n>p"(1 —pN (12.23)

where N is the number of trials, n are the successful ones and p is the probability of
success for a single trial.
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Exercise 12.5 Assume N — oo and p — 0 such that Np stays constant. Perform-
ing these limits in Eq. (12.23) and using Stirling’s approximation show that:

NPy
n!

P(n, Np) = (12.24)

Defining Np = At, we recover again Poisson distribution (12.22).

12.3 Helmholtz Theorem

We follow here Appendix B of Griffiths (2017). Let F(r) be a vector field. Let its
divergence and curl be the following:

V-F(r)= D), V x F(r) = C(r) . (12.25)
By construction, the divergence of the curl is vanishing:
V. [VxXFr)]=V-Cr)=0, (12.26)

hence C(r) is a solenoidal, i.e. divergenceless, vector field.
Helmholtz theorem states that F(r) can be decomposed as:

F(r) = —VU(I)+ V x W(r) , (12.27)
where:
Ur) = i/ d%’ﬂ, W(r) = i/ d3r/&. (12.28)
47 Jy r —r'| 41 Jy r —r/|

Since the integration is over the whole space, in order for it to be well-defined D(r)
and C(r) must tend to zero more rapidly than 1/r? for r — oo. This can be seen
from the fact that:

d3r/

Ir —r'|

~dr' v, forr’ — oo, (12.29)

and then if the two functions D and C scaled as 1/r> we would have a logarithmic
divergence.

By taking the divergent of Eq. (12.27), remembering that the divergent of a curl
is vanishing, and using Eq. (12.25) we can easily check that:

D)=V -F@r) =-VU®), (12.30)
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which is a Poisson equation and its solution is the first equation of Eq. (12.28).
On the other hand, by taking the curl of (12.27), remembering that the curl of the
gradient is vanishing, we can check that:

Cr) =V x[VxWr]=V[V-W)] - VW. (12.31)

The Laplacian term only gives the second equation of Eq. (12.28), but what about
the V[V - W(r)] term? Does it vanishes? Let us check that this is the case:

1 3.7 ’ 1
V~W(r)=4—/drC(r)~V< ,)
T Jy r—1r'|

1 3.0 / / 1
=—— | dYCx) -V =
4 Jy r —r'|
1

1
—— | 4S -c@) + — / d’r'v' - C()
47 Joy r—r'|  4nJy

. (12.32)
Ir —r'|

In the last line, both contributions vanish. The first is a surface integral at infinity and
in the second the divergence of C(r) is zero by construction.

In principle, the decomposition of Eq. (12.27) might not be unique because we
could add to F(r) a vector field say G(r) which has both vanishing divergence and
curl. On the other hand, it can be proved that there is no such G(r), with both vanishing
divergence and curl and which goes to zero at infinity. Therefore, if F(r) goes to zero
sufficiently fast at infinity then the decomposition in Eq. (12.27) is indeed unique.

12.4 Conservation of R on Large Scales and for Adiabatic
Perturbations

In order to show the constancy of R on large scales and for adiabatic perturbations,
let us start from Eq. (4.185) and combine its scalar part with the definition of R given
in Eq. (4.131):

' — HY

R=9 _
+H47rGa2(p+ P)

(12.33)

Exercise 12.6 Differentiate Eq. (4.131) with respect to the conformal time and show
that:

47Ga’*(p+ P)R = 4nGa*(p+ P)®' +H (' — HV)
P/
+H (" — HY' — H'W) + H* (& — HWY) + SHZF (@' —HW) ,
(12.34)
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where p' = —3H(p + P) has been used.

Exercise 12.7 Use the generalised Poisson equation (4.179), written as
3H (' — HY) + k*® = 4nGa’dp , (12.35)
and the background relation:
4rGa*(p+P)=H>—-H', (12.36)
in order to cast Eq. (12.34) as follows:
47Ga*(p+ P)YR = H (" +2HD — HY' — 2H'¥ — H* D)
+H% (4rGa*sp — kK*®) . (12.37)

The first term on the right hand side can be simplified using the Einstein equation
(4.189), so that we have:

k*H

P/
4rGa*(p+ P)YR = —41Ga*HSP — T(cb + W) + HF (4rGa*sp — kK*®) .

(12.38)
Recalling the gauge-invariant entropy perturbation that we introduced in Eq. (4.129):

P/
'=0P——dp, (12.39)
p
we can finally write:
r P Ko K2 (D + W)
R =-H—— —H— - 12.40
p+ P o H>—H 3(HZ—H) ( )

The first term on the right-hand side vanishes if the perturbations are adiabatic,
whereas the second and third terms on the right-hand side vanish on large scales,
leaving thus R constant.

The gauge-invariant variables R and ¢ can be related in the following way. First,
using their definitions (4.131) and (4.132) in the Newtonian gauge we can write:

dp

§=R—Hv+m.

(12.41)

Second, write down the relativistic Poisson equation (4.179) and the velocity equation
(4.185) in the following form:
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3H® — 3H?W + k*® = 4nGa’dp , (12.42)
& — HY = 47Ga* (p+ P) v , (12.43)

and combine them in order to give the constraint:
127G Ha*(p + P)v + k*® = 47Gdp . (12.44)

Using this constraint, the relation in Eq. (12.41) becomes:

k*®

=R+ —
¢ + 127Ga*(p + P)

(12.45)

Since (p + P)a? is of order H?, then ¢ — R is of order k2 / ‘H2, which vanishes for
large scales. This means that if R is conserved then ¢ also is.

The result found here confirms our previous calculation ended with Eq. (6.94), in
Chap. 6, when we investigated the adiabatic primordial modes.

12.5 Spherical Harmonics

In this section we briefly review spherical harmonics. These are the eigenfunctions of
the Laplacian operator on the sphere or, equivalently, the eigenfunctions of the square
of the angular momentum operator. They form a complete orthonormal system and
therefore any function on the sphere can be expanded in a linear combination of
spherical harmonics. That is why they are extensively used in cosmology to analyse
CMB anisotropies in temperature and polarisation: the latter are fields (of spin zero
and spin 2, respectively) on the celestial sphere. In this section we shall follow
principally (Butkov 1968). However, many references exist dealing with the theory
of the angular momentum and spherical harmonics, so the reader is encouraged to
find the treatment which most suits them.

Exercise 12.8 Find the expression of the Laplacian operator on the sphere. The line
element on the unit sphere is:

dsi = gupdx“dx” = d6* + sin* 0d¢* |, (12.46)

with a, b = 0, ¢, and naturally we have chosen spherical coordinates. Use the for-

mula:
5 1 0

B
V2 — o (yh@w) , (12.47)

where /g is the determinant of the metric and find:
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Let us then set up the eigenvalue equation:

2
o [sinGaY(G’ ¢)] 1 0769 _ MY (0, 9) . (12.49)

sin 6 90 00 sin2 942

Assume that the 6 and ¢ dependences can be factorised, i.e. let us write3:

Y(0,9) =00)2(¢) , (12.50)
so that: ) 5
sinf d [ . dO .5 1 d°®
- = = 12.51
o 20 |:sm9d0:| Asin” 0 oA (12.51)

Now, the left hand side depends only on 6 whereas the right hand side only on ¢.
Therefore, the only possible way for them to be equal is to be equal to the same
constant, which we call m?. In this way we have now two equations:

d*® d de
s +m?® =0, sin aﬁ [sin eﬁ} — Asin? 00 = m’0 . (12.52)

The first one is very simple to solve and gives us:
O = =m0 (12.53)

with some normalisation which we will determine afterwards for the full Y (6, ¢).
On the other hand, ® must be periodic since ¢ or ¢ + 27 denote the same angular
position. Hence:

Mt = Mm@t (12.54)

which implies: '
& =1, (12.55)

and therefore m must be an integer, positive or negative, or zero. The equation for ®
can be treated as follows.

Exercise 12.9 Consider the new variable:

x =cosf . (12.56)

3The function ©(6) here is not the relative temperature fluctuation and ®(¢) is not the Bardeen
potential.
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Show that the derivative with respect to 6 satisfies:

d d
inf— = —(1 —x?)— 12.57
sm@dg ( x)dx, (12.57)

and hence the equation for ® (x) can be written as follows:

m?

d0() SO0 =0. (12.58)
— X

d 2

1

Now, we need ®(x) to be regular at x = %1, i.e. for # = 0 or § = 7. A way to
investigate this is to change variable:

z=1%Fx, (12.59)

in order to trade the neighbourhood of x = %1 for that of z = 0.

Exercise 12.10 Obtain the new equation for ®(z) and z = 1 — x:

2

d e do 2
2—7)— 4+2(1 —2)— — AO —
zZ( z)dZ2+ ( Z)dz

m
722 —72)

0=0. (12.60)

Now, using Frobenius method we look for a solution of the form:
o0
O@) =7"Y a". (12.61)
n=0

where s > 0 in order for ®(z) to be regular for z — 0.

Exercise 12.11 Substitute the above ansatz in Eq. (12.60) and equate to zero power
by power. Show that we get from the lowest power (which is z*) that:

m
=47 (12.62)

Let us stipulate that m > 0. Then we must choose the positive sign, i.e. s = m/2,
since 77"/ — oo for 7 — 0.

Exercise 12.12 Carry on a similar analysis for x = —1, by transforming variable to
z =1 4 x. Show that again s = m /2.
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Combining the results from the above exercises we can conclude that ® (x) must
have the following form:

OW) =1 —x)"*f(x), (12.63)
where f(x) is an analytic function, non-vanishing for x = 1. We have also learnt

that ®(x) does vanish for x £ 1, except when m = 0. Now, let us find an equation
for f.

Exercise 12.13 Substituting Eq. (12.63) into (12.58) show that:

2
- pemy Y
dx

73 —A+m+m)f=0. (12.64)

We now prove that A = —£(€ + 1), with £ integer such that £ > m. This result will
stem out of the requirement of regularity of f. Adopting again Frobenius method,
let us stipulate that:

fx)=x* Zanx” ) (12.65)
n=0

Exercise 12.14 Substitute the above ansatz into Eq. (12.64) and find the following
relation:

[ee)
D annts)(n+s = Hx"r =
n=0

Za,, [mm+1D)+AX+2m+Dn+s)+n+s)n+s— D]x" . (12.66)
n=0

The two series can be combined starting from n = 2.

Exercise 12.15 Show that:

o0
aps(s — DX* 2 +ays(s + Dx*~ 1+ Z an(n+s)(n+s— Dx"H"2 =
n=2

o0
Zan_z[m(m—i— DAA+2m+Dn+s—2)+@m+s—2)(n+s—3)] "2,
n=2

(12.67)
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Now the two series can be merged in a single one and equating to zero each power
we have that either s = 0 or s = 1. These conditions lead to the following recursion
relations for the series coefficients:

nn—1D+AX+mm+1)+2n(m-+1)

ap42 = n+2)(n+1) ay , (s=0),
(12.68)
_nn+ D+ A+mm+1)+2n+D0m+1) =1
apio = I Hn 1D a, , s=1).
(12.69)

The integral test of convergence fails because a,4,/a, — 1 for n — 00, hence the
series solution would diverge unless:

nn—D+A+mm+1)+2nm+1)=0, (s=0), (12.70)
nm+1D)+AX+mm+1)+2m+DH(m+1) =0, (=1). (12.71)

These are constraints on A\, which has then to assume the following form:

A=—m4+n)m+n+1), (s=0), (12.72)
AN=—(m+n+Dm+n+2), =1, (12.73)

or, in general:
=L+ 1) (12.74)

with ¢ integer and ¢ > m, which is what we wanted to prove. This result can be
obtained also in quantum mechanics, by exploiting the commutation relations of the
components of the angular momentum operator, see e.g. Weinberg (2015). We have
adopted here an approach based on calculus.

The above condition on A implies that the series solution for f terminates after the
(¢ — m)th term and thus ®(x) is a polynomial. The polynomials thus obtained for
all the possible choices of (¢, m) are known as associated Legendre polynomials
and denoted as P;" (x). Equation (12.58) can be thus written as:

2

1 —x2

a4 [(1 - 2)w] + [z(e+ - }Pm( ) =0 (12.75)
dx o dx e W= ’

and it is known as the general Legendre equation. Via some manipulation it is
possible to obtain it from the Legendre equation:

d 2
a[(1—x)

dPg(x)

X

} + 00+ D)Pe(x) =0 (12.76)
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and therefore write the associated Legendre polynomials as:
m 2\m/2 a"
P/ (x) =(1—x7) ﬁ[ﬂ(x)] . (12.77)

Using Rodrigues’ formula:

1
d—[(x2 -], (12.78)

1
Pe(x) = 2001 dx’

we have then
(1 _x2)m/2 dZ+m

2t¢! dxttm

Pl"(x) = (x> =D, (12.79)
and this formula allows us to extend the definition of P}" (x) also for negative values of
m, such that £ > |m| or —¢ < m < ¢, as we are used from the theory of the angular
momentum in quantum mechanics. In these notes we have adopted the following
convention:

—m (E — m)' m

Another, perhaps more standard convention includes a (—1)" factor, but we choose
to omit it in order to have the following property for the spherical harmonics under
complex conjugation:

] Y0, 9) =Y, "0, ¢) (12.81)

We can now finally write down the explicit formula for the spherical harmonics:

47(€ + m)!

Y0, 9) = \/ G+ Lt - mit P}"(cos B)e'™? (12.82)

where the normalisation has been chosen in order to have

g 2w
/ df sin 6 / do Y0, ®)YI* (B, ¢) = Sue O (12.83)
0 0

which is probably the single most important relation about spherical harmonics
because it tells us that they form an orthonormal system. This is also complete,
i.e. the spherical harmonics satisfy the following completeness relation:

oo £

1
DD XO.HYE .G = 50— 0150~ &) (12.84)

(=0 m=—¢
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Therefore, any square-integrable function f (6, ¢) can be expanded as:

oo

¢
FON =" am¥'©0.¢), (12.85)

(=0 m=—¢

in an unique way (meaning that the ay,,’s are unique for that function). The &, in
the orthonormality can be easily understood from the d¢ integration, since:

2

20 ] , ei(m—m/)d)
/ d¢ ez(m—m )9 _ =0, (1286)
0 i(m—m) o

for m # m’, leaving only the m = m’ possibility and the 27 value of the integral.
The §,p part of the orthonormality relation depends of course on the properties of
the associated Legendre polynomials, but we do not give further detail here.

It is important to know the parity of the spherical harmonics, i.e. how Y} (i)
changes under 7 — —n. In terms of the angles:

n—-n = 0,¢)—> @—0,71+7¢). (12.87)
Since cos(m — 8) = — cos 6, spatial inversion amount to x — —x for the associated
Legendre polynomial and therefore a (—1)* factor coming from the derivative in
the formula of Eq. (12.79). The exponential exp(im¢) instead becomes:

eimcf) - eim(ﬂ-‘rdJ) — eimﬂeimq’) — (_])meimcb . (1288)

Therefore, we finally have:

Y/ (=0, 7+ ¢) = (=DYO, ¢) (12.89)

A formula that we have intensively employed in these notes is the expansion of a
plane wave into spherical harmonics:

9] ¢
M =dm Yy ity Y () jokr) (12.90)
=0 m=—¢

where the complex conjugation can be switched from one spherical harmonic to the
other, since k - r = r - k. Also, we have made great use of the addition theorem:

4
ﬂmw=ﬂ{7 Y () YL (%) (12.91)

m=—{
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We can then combine the plane wave expansion with the addition theorem and get:

e*T =3 i+ Pk P johr) (12.92)
=0

We now turn to the spin-weighted spherical harmonics.

12.5.1 Spin-Weighted Spherical Harmonics

The usual spherical harmonics allow to expand a scalar quantity such as the temper-
ature on the sphere. Consider a rotation R such that

n— i =Ri. (12.93)
Since the relative temperature fluctuation is a scalar, we have that:
e'H)=0®01). (12.94)

Using the expansion in spherical harmonics we can write:

D a, YR = am Y] @) . (12.95)
m tm

Now we take advantage of the properties of the spherical harmonics under spatial
rotation, i.e.

£
Y/ (RA) = Y Dy (R™HY" (A) (12.96)

m'=—{

where the D,(f)m are the elements of the Wigner D-matrix. See Landau and Lifshits

(1991) for more detail. Hence, we can write:

Z al, YI'(A') = Z amDL) (R)YI (), (12.97)

tm Lmm’

and readjusting the indices we finally have:

aém = Z Dr(,f’)m(R)aZm’ (1298)

since the spherical harmonics form an orthonormal basis. This is an important relation
because it tells us that the angular power spectrum is independent from the direction,
i.e. it is rotationally invariant:



12.5 Spherical Harmonics 395

YING 0
C, = (a},a) Z DY DY (ayyaly) = C Z DY DY =c,,
MM

(12.99)

the product of Wigner D-matrices being unity since it represents a product of one
rotation with its inverse. Hence we have found that the power spectrum is a rotational
invariant. This is a consequence of the fact that ® is a scalar, but what about another
function which is not? In Sect. 12.7 we shall see that indeed the Stokes parameters
are not scalars, i.e. upon a rotation 7 — i’ = Rn we have in general that:

Q') #Q@), U®)#U®). (12.100)

Therefore, if we expand them on a spherical harmonics basis we would get power
spectra depending on the orientation of our coordinate frame.

In order to avoid this, we must employ the spin-weighted spherical harmonics.
These were introduced in Newman and Penrose (1966) in the context of gravitational
waves, which also have polarisation. Using their notation, 7 is a spin-s quantity if it
transforms as:

N — 9@ = @) (12.101)

under a rotation of an angle ¢ about the line of sight 7. Then, one defines the
differential operators 0 and 0 as:

oy [ 24— 2] [ty
On = —(sinh) |:89 +sin9c")¢>:| [sin®)~*n] , (12.102)
[0 i 0 \
n = —(sin ) [%-F n98¢][(51n9) n] . (12.103)

in spherical coordinates and proves that 97 is a spin-(s + 1) quantity whereas 97 is
a spin-(s — 1) quantity. These operators are essentially covariant derivative on the
sphere, as we shall see in Sect. 12.7. The spin-s spherical harmonics are thus defined
as:

" C—s)_
Y= T +s)!5 Y (0<s<0), (12.104)
Y= (=1) Eﬁfgiéﬂn’" (—t<s<0). (12.105)

The spin-weighted spherical harmonics have fundamental properties similar to those
characterising the usual ones. First of all:

0¥y (0. 0) =Y (0. ) . (12.106)
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i.e. the usual spherical harmonics can be regarded as spin-0. Then, the ;Y;” form a
complete orthonormal system, i.e. they are orthonormal

T 27
/ do sinf / Ao Y0, $)s Y1 (0, $) = S0t (12.107)
0 0

and complete:

14

>3

1
Y70, 9), Y, ¢) = m5(9 —0)5(¢ - ¢) (12.108)
=—t

and therefore any spin-s quantity 1 can be expanded as:

oo 12
N0, 0) =" > nm Y0, ) (12.109)

(=0 m=—¢

Under complex conjugation and spatial inversion the spin-weighted spherical har-
monics transform as:

Y= (=D LYy, Y (=) = (DY) (12.110)

and they can be related to the Wigner D-matrix as follows:

47 .
DY (¢, 0,) = [ ———, Y, (0, $)e'*? 12.111
s (05 0,7) TENL @, p)e ( )

where (¢, 0, ) are the Euler angles.

12.6 Method of Green’s Functions

Suppose that we have a linear differential equation, which we write as follows:
Lyx) = fx), (12.112)

where L is a second-order linear differential operator. Suppose also that we have
been able to solve the homogeneous equation Ly(x) = 0 and found the solution:

Yhom (X) = C1y1(x) + Coya(x) . (12.113)
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How, knowing this, do we determine the solution to the complete, non-homogeneous
equation? Recall that Green’s function is defined by:

LG(x,x")=8x —x), (12.114)

and from G (x, x”) the general solution to the complete equation is readily found via
convolution with the non-homogeneous term:

y(x) = /X dx' G(x,x"Yf(x), (12.115)

i

where x; is our initial value.

Exercise 12.16 Check that the above convolution Eq. (12.115) is solution
of Eq. (12.112).

So, we must determine G (x, x"). We can do this by noticing that it is solution of
the homogeneous equation when x # x” and thus we can write:

_JAyi(x) + Axya(x) forx < x’

G(x,x") , (12.116)

| Biyi(0) + Boya(x) forx > x’

where the A’s and B’s are integration constants to be determined. Since £ is a second
order linear differential equation, we want that:

e Since LG (x, x") = §(x — x’), the derivative of G (x, x") must be discontinuous in
x = x’, i.e. it must be a 0 function.
e On the other hand, G(x, x’) is continuous in x = x’.

So, with these two conditions, we impose the following matching:

{Alyl(x’) + Aoyr(x') = Biyi(x) + Byya (x') (12.117)

B1y|(x") 4+ Boys(x") — A1yj(x) — Ayyy(x) =1

Note that whatever the gap of the discontinuity might be, we can always normalise
it to unity by renormalising the integration constants. The above system can be cast
in the following form:
(B1 — ADy1(x") + (B2 — Ap)»(x') =0 (12.118)
(Br — ANy (x) + (By — A yy(x') = 1

The unknowns of this system are the differences among the integration constants and
the determinant of the system is:
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W) = (yiyy = yiy) &) (12.119)

i.e. the Wronskian, which is certainly different from zero because y; and y, are
independent solutions. Therefore, we use Cramer’s rule and find:

= (x") B — A — y1(x)

B — A = , — Ay = :
1 1 W(X’) 2 2 W()C/)

(12.120)

We have freedom of choosing two of the four constants. Therefore, choosing A; =
A2 =0:

0 for x < x’

/ —_—
Glx,x) = { ) )4 () ()
W(x’)

, (12.121)

for x > x’

and so this is our Green function which, in convolution with f(x’) gives us the
complete solution to our non-homogenous differential equation:

() 2/" dx' _YZ(X/))’l(x)+)’1(x/))’2(x)f(x,) (12.122)

W(x")

i

12.7 Polarisation

In this section we recall the terminology regarding the polarisation of an electromag-
netic wave. The standard reference is Jackson (1998), but see also Griffiths (2017).

12.7.1 Electromagnetic Waves

Let us start from Maxwell equations in vacuum and in Minkowski space:

V-E=0, VxE:—a—B V-B=0, Vszia_E.

12.123
ot ’ c? ot ( )

Exercise 12.17 Combine Maxwell equations in order to find the wave equations:

1 °E 1 9°B
OE = —VE=0, OB=——
c? or2

- —VB=0. 12.124
c2 0r? ( )
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The general solutions of the wave equations are thus:
E(t,x) =Ef(p-x—ct), B(t,x)=Bog(p'-x—ct), (12.125)

where p and p’ are in principle distinct directions of propagation, f and g two distinct
functions and E( and By are the amplitudes of the wave describing the electric field
and of the one describing the magnetic field.

Now we can constrain all this freedom using indeed the very Maxwell equations.

We have:
VE=0 = =0 = [B5=0]
(12.126)
15) OB
VXE=—— px Eyf = —— p x Eo f' =Bog'c,
X o = P of o = Px of 0g €
(12.127)

where f” and ¢’ are the derivatives of f and g with respect to their arguments. From
the first equation we learn that the electric field oscillates perpendicularly to the
direction of its propagation.

Exercise 12.18 Show from the other couple of Maxwell equations that:

V.B=0 = , (12.128)

1 OE N , 1 ,
VxB=—-— = p xByg =—-Eof, (12.129)
¢ Ot c
from which we learn that also the magnetic field oscillates perpendicularly to the
direction of its propagation. For now this is distinct from the one of the electric field.

Now, since p - (p x Ep) = 0, we can conclude that p x By = 0, and therefore
that the magnetic field is perpendicular to both the directions of propagation. On the
other hand:

P x (pxEgf =p xBopg'c=—-Eogf . (12.130)

Hence, being f’ not identically vanishing otherwise we would not have a wave, we
can conclude that:
P x (pxEyp) =-E. (12.131)

Exercise 12.19 Use the rule for the triple cross product and show that:

p(p-Eo) —Eo(p-p) =—Eqg . (12.132)
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Therefore, being p - Eg = 0 and E( non-vanishing, we must conclude that:
p-p=1 = |p=p|. (12.133)

since both are unit vectors and therefore the scalar product equal to unity means that
the angle between them must be vanishing. Thus, we have proven that electric and
magnetic field propagate in the same direction. Now we prove that f = g:

Eol o
Bolc  f’

(12.134)

In principle we should ask f” # 0 in order to make meaningful the above expression,
but since the left hand side is time-independent, so the right hand side must be.
Therefore:

IE|

~ [Bole

g f+K, (12.135)

where K is an integration constant. Hence, we can write:

|Eol
IBolc

E=Ef, B=m( f+K>. (12.136)

Without losing any generality we can take |Ey| = |Bg| and K = 0, and still we have
a solution to Maxwell equations. Hence:

B=-pxE (12.137)
C

For this reason, the polarisation properties of an electromagnetic wave can be anal-
ysed with respect to the electric field only.

12.7.2 Polarisation Ellipse and Stokes Parameters

Now we focus on a monochromatic electromagnetic plane wave, propagating in the
direction p = Z. In complex notation the electric field can be written as:

Ey
E, | D, (12.138)
0

E(t, x) = Ege' ) =

where the two-dimensional vector is called the Jones vector. It is often useful to
work with complex fields in electrodynamics, but here it will not be necessary so let
us instead work with:
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E.(t,Xx) A, cos(z —ct + ¢y)
E(t.x) = | E,(t,x) | = | Aycos(z—ct +¢,) | . (12.139)
0 0

The wave equation that we have solved in the previous subsection is for a vector
quantity, the electric field. Hence, there are actually three wave equations, one for
each component. However, we have seen that the electromagnetic wave is transversal,
therefore one of the component can always be put to zero, as we have done above by
choosing p = Z. We have then two second-order differential equations and thus we
expect 4 integration constants, which we have introduced above as the amplitudes A,
and A, and the phases ¢, and ¢,. From these 4 quantities depends the polarisation
state of the wave.
We can always redefine our clock such that:

E.(t,x) Ay cos(z — ct)
E=|E(t.x)|=]|Aycos(z—ct+0) |, (12.140)
0 0

where 3 = ¢, — ¢, is the relative phase, which is indeed the relevant physical quan-
tity. So we have actually 3 independent parameters which describe polarisation.
When (3 = 0, the polarisation is purely linear, whereas when 3 = 7/2 it is purely
circular. This can be seen in general by studying the time-evolution of the field in
the E, — E, plane. In fact, we have:

2
E? Ej 2E.E,

yERY A cos 3 = sin’ 3 (12.141)
X y XLy

This is the equation of an ellipse, the polarisation ellipse, rotated by an angle « in
the E, — E, plane.

Exercise 12.20 Defining:
A, = Acosf, Ay = Asin0 (12.142)

show that:
tan 2 = tan 26 cos (3 , (12.143)

and that the semi-major and semi-minor axis of the polarisation ellipse are given by:

A2
a? = 3 (1 + \/1 — sin” 26 sin® 5) , (12.144)

A2
p=t (1 _ /m> . (12.145)
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When § = 0 we have b = 0, i.e. the ellipse degenerates in a straight line, titled
by an angle o with respect to the E, axis. In this case the wave is purely linearly
polarised. On the other hand, when 8 = 7/2 the ellipse degenerates in a circle, and
thus we have a purely circularly polarised wave.

The Stokes parameters are defined as follows in terms of the polarisation ellipse
parameters:

IEa2+b2=A2,

(12.146)
0= (a2 - b2) cos2a = A2‘/ 1 — sin? 26'sin? B cos 2 = A% cos 20 ,
(12.147)
U= (a2 - b2) sin2a = AZ‘/ 1 — sin? 260sin? Bsin2a = A%sin26 cos 3,
(12.148)
V = 2abh = (A% sin 20 sin B)h ,
(12.149)
where & = £1 simply establishes the direction of rotation, clockwise (h = —1) or

anti-clockwise (h = 1). Note that the Stokes parameter / is the intensity of the wave.

Pure Q polarisation. If U = V = 0, then $ = 0 and therefore we have pure linear
polarisation. Since sin 2« = 0 then either « = 0 or aw = 7 /2. In the former case the
electric field oscillates along the x-axis and Q = A%? = [ > 0. If o = 7/2 then the
electric field oscillates along the y-axis and Q = —A? = —J < 0.

Pure U polarisation. If Q = V = 0, then § = 0 and therefore we have again pure
linear polarisation. This time cos 2a = 0 then either a = 7/4 or a = 37 /4. In the
former case the electric field oscillates along the y = x lineand Q = A2 =1 > 0.
If o = 37 /4 then the electric field oscillates along the y = —x lineand Q = —A? =
—1 <O.

Pure V polarisation. If 0 = U = 0, then § = 7/4 and 6 = 7/2 and therefore we
have pure circular polarisation. We have V. = A%h = £A? = £/, with the sign deter-
mined by the direction of rotation.

As we have seen, the polarisation is fully determined by 3 parameters. These
means that the 4 Stokes parameters are not independent.

Exercise 12.21 Show that the Stokes parameters satisfy the following constraint:

Q*+U*+V2=1? (12.150)

Other definitions of the Stokes parameters are the following. Using the complex
electric field:
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E,
E(t,x)= | E, | ", (12.151)
0
they are defined as:
I =|E\*+|E,)*, Q=I|E[ —|E, (12.152)
U = 2Re(E,E}) . = —2Im(E,E}) . (12.153)

We have considered so far a monochromatic wave, possibly made up of many waves
but all coherent. On the other hand, if we consider the superposition of incoherent
waves then we can write a generic time-dependence for the electric field:

E.(t,X)
Et.x) = | E,(t,%) | . (12.154)
0

and therefore the Stokes parameters are defined as expectation values:

I=(E})+(E}), Q=(E})—(E}), (12.155)
U=2(E,Ey)cos3, V =2(E.Ey)sinj, (12.156)

as for example time-averages:
1 T
(X) = —f dt X(1) . (12.157)
T Jo

In this case the electric field is a random variable and we can just define polarisation
through averages. Moreover, in this case one has:

P+ UV < (12.158)

since each Stokes parameter is defined as the sum of the corresponding Stokes param-
eters of all the waves composing the total one. See e.g. Chandrasekhar (1960).

Exercise 12.22 Show that the three definitions of Stokes parameters given above
are in fact equivalent for a single monochromatic sinusoidal wave.

Now, suppose to make successive anti-clockwise rotations of 7 /4 in the polarisa-
tion plane. What happens is the following:

0—-U—-0—-U— Q. (12.159)
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That is, after a half rotation about the propagation direction we recover the initial
polarisation state, as if we applied an identity operator. This suggests us that we
are dealing with a spin-2 field. Indeed, let us introduce the intensity matrix for an
electromagnetic wave propagating along —Z:

1)+ 02 UE)—iV(E) 0
Jij(_z)zz U@ +iVE@) 12 —07 0], (12.160)
0 0 0

where the factor 1/2 serves in order to reproduce the correct result that the trace
Ji; = 1. This intensity matrix reminds us of hiTj, the tensor perturbation of the metric,
defined in Eq. (4.198).

Exercise 12.23 Show that applying the a rotation of an angle € about the axis Z we
have that:

I —>1, (12.161)
Q+iU — %0 +iU), (12.162)
V>V, (12.163)

The different sign with respect to the GW case is due to the fact that the rota-
tion is made about the propagation direction —Z. Hence, a rotation by 6 about —Z
corresponds to a rotation by —6 about Z, which is the line-of-sight direction.

The matrix defined on the two-dimensional subspace orthogonal to the propaga-
tion direction:

s _ LTI +0@) UG —-iV(QE)
pij(=9) =3 (U(2)+iV(2) 16— 06 > : (12.164)

is called photon density matrix and can be suggestively put in the following form:

1
p= 5(11 4+ Qo3+ Uo,+Voy), (12.165)

where 1 is the 2 x 2 identity matrix and the o, 3 are the Pauli matrices. It might
seem strange that the latter could be associated to a photon, since they are usually
employed for the description of spin-1/2 particles whereas the photon is a spin-1
boson. However, since the photon is massless itis characterised by only two spin states
=+1 (or helicities), just as any spin-1/2 particle, massive or massless, is characterised
by two spin states +1/2.

The polarisation vectors introduced in Eq. (4.213) can be defined equivalently
here. Along the Z axis they are simply:
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es(?) = (1,%i,0)/v2, (12.166)
and the Stokes parameters are defined as:
Q@) iU(Z) =2e+i(Dex j(2)]ij(-2) . (12.167)
For a generic direction of propagation, say —7, we define:
Q) £iU ) = 2ex ;(M)ex j (1) J;;(—0) , (12.168)
where in spherical coordinates:
n = (sin 6 cos ¢, sin @ sin ¢, cos ) , (12.169)
and the basis vectors which form the polarisation vectors can be chosen as:

~

0 = (cos 6 cos ¢, cosfsin ¢, —sinf) , ¢ = (—sing,cosp,0). (12.170)

Hence:
(n) Oxid (12.171)
er(n) = . .
: V2
As we have already discussed, Q + iU are spin-2 fields and thus are expanded as:
(Q+i)H@#) = ZaP,Zm 2 (R) (12.172)
tm

Through the polarisation vectors we can characterise the operator 0 as

O = (=1)2%e, ; (A)--- e WV --- Vi (12.173)

s

where

- A0 b
V=0Z 4 2 2 .
989 + sinf 0¢ ° (12.174)

is the covariant derivative on the sphere.

Exercise 12.24 Show that the definition of Eq. (12.102) and formula (12.173) are
identical for s = 1 and s = 2.
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Fig. 12.1 Scattering plane.
The unit vectors 3’ and y are
equal and going out from the
page orthogonally

s =

12.8 Thomson Scattering

In this section we work out the collisional term of Eq. (5.104). We follow the cal-
culations of Chandrasekhar (1960), but take advantage of the properties of spherical
harmonics, as done in Hu and White (1997). See also Kosowsky (1996).

Consider an incoming wave propagating in the direction p’ and scattered in the
direction p. The plane in which p’ and p lie is called scattering plane.

Choosing the simple geometry of Fig. 12.1, the incoming electric field can be
decomposed as follows:

E =Ex"+ E;)A/ , (12.175)

i.e. with no z’ component, since this is the direction of propagation. When the electric
field interacts with the electron, this starts to oscillate and to emit electromagnetic
waves in almost all directions. The “almost” is make quantitative by Larmor for-
mula, for which the irradiated power per solid angle is:

dP et . 2

where a is the electron acceleration. See e.g. Jackson (1998) and note that here we
are using Gaussian units for which [F] = [e?/r?], i.e. the force can be dimensionally
expressed as squared Coulomb divided by a squared length. For a particular outgoing
polarisation say €, we make the scalar product with € in the square modulus of the
above formula and obtain:

dP 6’2 |2

o . 12.177
i ( )

The acceleration of the electron is produced by the incident electric field E':

a=—F , (12.178)
m

so that:

dpP 4
‘ I’ (12.179)

—_—— A. /
dQ ~ 4rmic3 ’6 E
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Writing now E' = €' |E/|, we get:

dP c e? 2 a2
d_Q:E|E/|2 (m_cz) le-e)” . (12.180)

The contribution ¢|E’|?/ (47) is the Poynting vector and hence the flux of the incoming
wave, leaving:

d 2N L e 3ot . .
o= () el =32 eer (12.181)

as the differential cross section, where of course ot is the Thomson cross section.
The above derivation is based on Larmor formula and thus it is purely classical and
valid only for a non-relativistic movement of the electron and for photon energies
much smaller than the electron mass. If these conditions are not met, one should
employ the Klein—Nishina formula, see e.g. Weinberg (2005).

Let us assume o1 = 1, for simplicity. We shall recover the correct dimensions
only at the end of our derivation via the scattering rate —7' = n.ora. The electric
field scattered in the direction p is of the form:

E=A[px(pxE)], (12.182)

where A2 = 3/(87). Let us use now the geometry in the scattering plane of Fig. 12.1
and calculate the double cross product.

Exercise 12.25 Show that:

E = —A(XE;cos’ B+ J'E|, + 2 E} sin 3 cos ) . (12.183)

Since y = y’, we can already conclude that:

E, = —AE; , (12.184)
i.e. the electric field contribution perpendicular to the scattering plane gains no angu-
lar dependence.

In order to calculate E,, which is the contribution of electric field parallel to the
scattering plane, we need to know X. One has:

F=9xp, (12.185)

and
p = (sin(3,0, —cosf3) . (12.186)
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Hence:
X=—-x'cosf—7'sinf3. (12.187)

Therefore we have:
E,=E-X=AE.cosf. (12.188)

We are now in the position of relating the Stokes parameter of the outgoing wave to
those of the incoming one:

I =(E})+ (E}) = AX(E})cos> 3+ A*(E}) = AI[ cos’ B+ A1},

(12.189)
Q = (E}) — (E}) = A*I[ cos” B — A’ ,
(12.190)
U =2(E.Ey)cos 8 = A*U'cos 3,
(12.191)
V =2(E,E,)sin3 = A*’V'cos 3 .
(12.192)
Using now the definitions:
I'=(E7)+(E}) (12.193)
Q' =(E})—(E}), (12.194)
we have the complete transformation:
)i 1+cgsz/3 _# 0 0 I
3 in> 3 1+cos’ 3 4
8 _ 2| -5 =5 0 0 zQ/ (12.195)
8T 0 0 cosp O
14 0 0 0 cosp V!

These Stokes parameters have dimension of intensity. We now introduce ®, the tem-
perature fluctuation instead of I and suitably redefine all the other Stokes parameters.
Moreover, we introduce the combination Q £ iU, since we know how it transforms
under a rotation in the polarisation plane, cf. Eq. (12.161). We shall need this rotation
in a moment. We have then:

_ sin? 3

)
o 1+cos?3 —352 - 7 ®'
0+iU | =— | —sin?p (repd? (mewi® || o' 4 U’
2 2 '
0—iU 167 sin® 8 (chsg)z (1+c§sg)2 o —iU’

(12.196)
and V does not mix up with the other Stokes parameter, so we consider it separately:
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Fig. 12.2 Scattering z
geometry

o

3
y = 3eosBy, (12.197)
167

Recall that the above transformations hold true in the scattering plane and the primed
quantities depend on the incoming direction p’ whereas the unprimed quantities
from p.

We now have to transform to a generic reference frame in which the incident wave
comes from a direction (€', ¢’) and the outgoing wave goes along a direction (6, ¢).
This calculation is performed in Chandrasekhar (1960) but we follow Hu and White
(1997) because it is faster and takes advantage of the properties of the spherical
harmonics which we have seen earlier. In particular, we refer to Fig. 12.2.

We need to perform a rotation R(—c) in order to pass from the laboratory frame
to the scattering frame. Recall that the rotation is performed in the polarisation
plane, i.e. about —p’. Hence it is a clockwise rotation and for this reason we have
—a. Then we apply the above matrix say S() in order to obtain the outgoing
Stokes parameters. Finally, we apply another rotation R(—+) in order to obtain the
Stokes parameters in the laboratory frame. This rotation seems to be anti-clockwise
because it is in the direction opposite to R(—a). However, notice that p is now
outgoing and thus the polarisation plane is reflected, giving then R(—+y) instead of
R().

Exercise 12.26 Using the transformation of Eq. (12.161) and the fact that © is
invariant under rotation in the polarisation plane, show that:
selectfont
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1 + cos? I3
. . 22 ST B

R(=Y)S(B)R(—a) = e _e2iy sinzﬁ =207 (1+Cgsﬂ) Q2ia ,—2iv 0(235/3) Qlia
. . 2 . . 2 .

_ o217 sin2 8 20 (l—CgS B ,~2ia 2iy (1+C(2)S B lia

(12.198)

_ sin22 B ,~2ia _ sin22 B i

Since also V is invariant under rotation in the polarisation plane, Eq. (12.200) is
valid even in the laboratory frame.

Exercise 12.27 Using the definitions of spherical harmonics given in Table 5.1,
write the above matrix as:

YO +23/5Y) —/372Y, 2 —J/3]2Y2
RMSBR(—a) = —,/ Voo Z%Y‘) 3¢~ 2’72Y‘2 3¢, Y7
erlv 2Y() 3621’y 2Y 2 3621’) Y2

(12.199)
The spherical harmonics inside this matrix are function of (3, ). For V show that:
1% 1,/ 3 Y23, )V’ (12.200)
= — e , o . .
4\ 47!
Now, using the addition theorem:
‘ 2041
Z N an* (9/’ ¢/)S2 ng (9, (b) — 752 Y[sle—tsz”r’ , (]2201)

m=—
we can introduce the matrix:

0 (AR VETEIS 00 CUEVATPIEY (o ¢4
P™(p, py = =Y,y 3,Ym, v 3,V Y , (12.202)
RINLD £S CLRC TS (LS CUNC T (LS €

where the complex conjugates spherical harmonics depend on p’ whereas the others
depend on p. Hence, the scattered Stokes parameters can then be written as:

C] e’ 2 e’

. 1 1 (m) A A ’ cr7/
Q+iU |=—|0]+—=> P™p.p)|Q+iv|. 12203

. 47T 10 ’ cry/

0—iU 0 — 0 —iU

whereas for V we can write:
1
A 1 myg A ms ¢ A/ A~

VR =7 Y OBV - (12.204)

m=—1
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Integrating over all the incoming directions and multiplying by the Thomson scat-
tering rate:
— 7 =n,ota, (12.205)

we obtain part of the collisional terms for the Boltzmann equation (5.104). This is
the scattering rate into photons with momentum in the direction p, which we have
taken as the reference direction. There is also a contribution which takes into account
the scattering of photons into other directions different from p. This generates the

term:
®

7l o+iUu | . (12.206)
0—iU

Finally, all the calculations performed here assume the electron fluid at rest. Per-
forming a boost, we get the Doppler shift term —7'p - vy,. Indeed, the photon energy
in the new frame is given by:

p=p(—vy-p), (12.207)

upon a boost with velocity vy,. The Lorentz factor on the right hand side is unity since
|vp|? is negligible, being a first-order quantity. The perturbed distribution 7., being
a scalar, transforms as:

Fy(p) = Fylp(l = vy - p)1, (12.208)

and thus, developing the distribution function up to first-order, we get:

- aF .
Fy(p) = Fy(p) - % P¥o- P (12.209)

and using Eq. (5.80) we have that:

O=0+4v,-p. (12.210)

We have thus fully recovered the collisional term of Eq. (5.104).
Finally, consider initially unpolarised photons. Then, upon scattering:

@ dzP @( '\/)
o+iv =" "o
Q —iU 0
1 2
T 2. szm (P)fdz Y (pHe ) . (12.211)
m=-—2 2Ym

Expanding the relative temperature fluctuation in spherical harmonics:
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O =) am¥" (), (12.212)

tm

due to the orthogonality properties of the latter, polarisation will be produced only
if the incident ®(p’) has a quadrupole moment.
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