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Chapter 1

Introduction

Can we actually know the Universe?
My God, it’s hard enough finding your way

around in Chinatown.
WooDYy ALLEN

In the last twenty years, cosmology has become a precision science. Since the COBE era, a
wealth of data, along with advances in theoretical interpretation and numerical analysis, provided
us with a convincing model of the content and evolution of our Universe. It is now generally
accepted that an early period of inflation produced a nearly homogeneous flat Universe, with small
inhomogeneities (of quantum origin!) which can be seen as temperature anisotropies in the cosmic
microwave background (CMB), and which grow by gravitational instability to form the large scale
structure (LSS) of the Universe.

Measurements of the CMB anisotropies, which provide a spectacular 2-dimensional snapshot of
the Universe at the time of recombination, by the WMAP satellite (for the latest release see [1])
and other missions ([2, 3]) have been the dominant source of information in the past decade. From
the theoretical side, we have a thorough understanding of the physics of CMB [4, 5, 6, 7, 8, 9] and
fast numerical codes for anisotropy spectrum calculation [10, 11], since perturbations at decoupling
are very small and a perturbative treatment works well. Precision measurements of the CMB will
go on in the next years, with the Planck mission ([12]) and with CMBPOL [13].

These missions will probably end the epoch of CMB data mining and analysis. However, a
lot of experiments aiming at LSS observations have been planned for the near (and not so near)

future. In the last few years, in fact, large scale structure has been considered more and more as



1. INTRODUCTION

an important and complementary probe to CMB measurements, and it will likely become the main
subject of observational cosmology. For instance, measurements of primordial non-Gaussianity
using the scale-dependence of bias [14, 15, 16] are already competitive with the latest WMAP
results [1]. In addition, large scale structures are a unique probe of the late acceleration of the
Universe, and therefore the only window on the nature of dark energy and on theories of modified
gravity.

Unfortunately, LSS observations are not ideal both experimentally, since what is observed is
often just the luminous baryon fraction which constitute only one sixth of the total matter (excep-
tions are lensing and velocity measurements), and theoretically, since structures have undergone
non-linear gravitational and complex hydrodynamical evolution. However, if one focuses on very
large structures, such as galaxy clusters, some theoretical predictions can be done. In fact, clus-
ters are mainly dominated by gravitational physics, and simplified theoretical models and N-body
simulations can be applied with success.

In this Thesis, after discussing an effective theory of perturbations of single-field dark energy,
we will explore the modifications on the mass function of dark matter haloes due to single-field
dark energy models and to non-Gaussianity in the initial conditions. We first present an effective
theory description of single field, minimally coupled dark energy models. A generic prediction of
this study is that, whenever the equation of state w becomes less than —1, the speed of sound ¢, of
perturbations should be set to zero because of stability requirements. We will then show, using the
spherical collapse and the excursion set theory formalism, how the mass function of haloes would
be modified in models with non-clustering (¢ = 1) and clustering (¢ = 0) dark energy, and we
speculate about possible signals in galaxy cluster observations. In the last chapter, we use a path
integral approach to the excursion set theory to derive the mass function of haloes for a generic
(small) non-Gaussianity in the initial conditions, which is a unique window into the physics of

inflation.



Chapter 2

The accelerating Universe

2.1 Observational evidences

On large scales, the Universe is observed to be homogeneous and isotropic, and it can be described
by the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric:
2

2 _ 2, 2
ds® = —dt* + a*(t) T2

+ r2d0?| (2.1)

where 7, ¥, ¢ are comoving polar coordinates, k quantifies the spatial curvature of constant-¢ slices,
and the function a(t) is the scale factor, the only degree of freedom allowed by symmetry.

The evolution equations are:

&G k

w2 (2.2)
a A7G

-—= —— 3 2.3
, 3 (p+3p) , (2.3)

where H = a/a is the Hubble parameter, and p and p are respectively the total energy density and
pressure of the species present in the Universe at a given time, including the cosmological constant

term. The first equation can be rewritten as

Zi: Qi(t) —1= an(:t) : (2.4)

where we have introduced the relative abundance §2; = 87Gp;/(3H?) for any species i. Thus, the
total energy density in the Universe determines its curvature: for a flat universe, Qior = 1.
Measurements of the distances and of the expansion history are one of the main concerns of

observational cosmology, since they determine the geometry and the energy content of the Universe.
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2.1.1 Distance indicators

The physical distance to an object of (comoving) coordinate r depends on time, and it is d(t) =
a(t)r. Cosmologists use the redshift, i.e. the fractional amount by which the wavelength of a
photon has been stretched between the time the photon is emitted and the time it is received, as
a measure of the scale factor: z =1/a — 1, having normalized ay = 1.

If an object of luminosity L is at a redshift z, a proxy for its distance to us is the luminosity

distance
L

dp, =1\ ——
L AnF "’

(2.5)

where F' is the energy flux received from that object. This relation generalizes the usual one in

Minkowski spacetime. It is easy to compute that, in a flat Universe,

z dzl
dr, = c(1+ 2) () (2.6)

Therefore, if there are sources of known intrinsic luminosity, known as “standard candles”, a mea-
sure of their apparent brightness (i.e. the energy flux received on Earth) at different redshifts
translates into a measure of the expansion history.

Type la supernovae are excellent standard candles. These are stellar explosions that occur when
a white dwarf, onto which gas is accreting from some companion star, reach the Chandrasekhar
mass limit (about 1.4 solar masses), the maximum possible mass that can be supported by electron
Fermi pressure. When this happens, the gravitational collapse that follows results in an extremely
bright explosion, with a luminosity that can reach a significant fraction of that of the host galaxy.
Because of the prompt explosion after reaching the Chandrasekhar mass, the variations in absolute
luminosity are small. Such variations can depend on the environment or the chemical composition of
the star, and they appear to be well correlated with the rise and decline time of the ligth curve. The
relationship between peak luminosities and light curve shape has been well-studied, and today type
Ta supernovae are reliably used as standard candles for measurements of cosmological distances.

In 1998, two independent groups, the Supernova Cosmology Project [17] and the High-z Super-
novae Search Team [18] measured luminosity distances of many SNIa as a function of redshifts up
to z < 1. The results show that the most distant supernovae appear dimmer than expected in an
Finstein-de Sitter Universe, which means that the expansion is accelerating. In subsequent years,
many more supernovae at high redshifts have been detected and studied. The trend towards fainter

supernovae at redshift z 2 1 has been shown to reverse, which means that the acceleration took
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Figure 2.1: The Hubble diagram of SNIa, showing the apparent magnitude versus redshift. The solid
line is the best fit ACDM cosmology. The dashed line is the prediction for an open Universe, while the

dotted one corresponds to an EdS cosmology. Figure taken from [19].

place around z ~ 1; such measurements play also a key role in disregarding dust as an explanation
of the dimming. We show the Hubble diagram taken from [19] in fig. 2.1.

Another definition of distance is the angular diameter distance. If an object has a proper size
l,, orthogonal to the line of sight, and it is observed to subtend an angle 6 on the sky, its angular

diameter distance is

o~

da (2.7)

R
The relation to the luminosity distance is da(z) = dr(2)/(1 + 2)2. An object of which we know
the proper size is called a “standard ruler”. In our Universe a standard ruler is the size of the
sound horizon at recombination H,~!, which is imprinted on the CMB temperature spectrum as
the maximum amplitude scale. This is because perturbations on larger length scales cannot be
affected by causal physics and they just bear the imprint of the primordial perturbations, while on
smaller scales there is the propagation of damped sound waves, generated by the competing forces
of gravitational infall and photon pressure. When photons decouple from the plasma, we expect to

see a peak in the CMB temperature power spectrum corresponding to the size of the sound horizon
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at recombination. Since we know the physical size of H,~!, a precise measurement of the angular
distance of the CMB is given by the position of the first peak in the temperature power spectrum.
The observed value, which is [ ~ 220, corresponds to the geometry of a flat Universe, and it is

almost independent of the relative abundances €2, and 4.

2.1.2 CMB and LSS

The analysis of the CMB anisotropies is an invaluable tool for extracting the cosmological parame-
ters. The large-scale plateau of the power spectrum can be used as a probe of acceleration, through
the integrated Sachs-Wolfe (ISW) effect. In a flat, matter-dominated Universe, the gravitational
potentials are constant and therefore do not affect the energy of a photon traversing them. On
the contrary, photons traversing a shallowing (deepening) potential will be blueshifted (redshifted),
as the energy they lose when they climb out of the well is less (more) than the energy they gain
when they enter. The cleanest way to detect the ISW effect is to cross-correlate the CMB power
spectrum with the galaxy one, as the signal is expected to be correlated with the tracers of the

gravitational potentials [20]. Analyses show a 40 detection [21, 22].
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Figure 2.2: The CMB temperature power spectrum, as measured by the WMAP collaboration [1].
The solid line is the best fit ACDM model. We have shown the ISW on large scales, the position of the
first acoustic peak and the subsequent acoustic oscillations.
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The acoustic oscillations in the plasma before recombination leave also a characteristic imprint
on the distribution of matter. There is a bump (called acoustic peak) in the correlation function
of the density fluctuations at a comoving separation of ~ 100h~'Mpc; equivalently, we observe
oscillations in the matter power spectrum, known as baryon acoustic oscillations (BAOs). These
have been detected in galaxy surveys [23]. The physical wavenumber at which they occur is well
understood from linear perturbation theory, which allows us to use BAOs as a cosmological probe.
In a galaxy survey, the acoustic scale can be measured both across and along the line of sight, to
place constraints both on the angular diameter distance and on the expansion history.

Another powerful probe of acceleration is the growth rate of density inhomogeneities. At early
times, or on large scales, the fractional density perturbation is very small and it can be studied by

perturbation theory. In the linear regime, it satisfies the equation
.. . 3 )
Om + 2H 0y, — §QmH Oom =0, (2.8)

whose growing mode solution is d,,(z) o D(z), where D(z) is called the growth function and de-
pends on the background expansion history. The growth function can be measured by observations

of clusters and gravitational lensing.
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Figure 2.3: Constraints in the £, —Q, parameter space from SNelA, BAOs and CMB data. Different

datasets are degenerate along different lines. Figure taken from [24].
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2.2 Theoretical explanations

The acceleration of the Universe has been now firmly established by several independent obser-
vations, and the literature on its theoretical explanation has grown enormously in the last few
years.

A possible view is that the acceleration is due to the local environment of our own Galaxy. In
particular, if we happen to live near the center of a large void, measurements of background can
mimic an accelerating Universe.

Instead, if we stick to the FLRW cosmology, from the equation

a 4G

o =5 (p+3p) (2.9)

we infer that acceleration requires a matter source which violates the strong energy condition,
p < —p/3, named dark energy.
Such a source of gravity is, actually, already present in GR. In fact, to the Einstein-Hilbert

Lagrangian it is always possible to add the cosmological constant term:
M2
/d4x\/—g [THR - QA] , (2.10)

where A is a costant. The form of such a term is the same as the energy-momentum tensor of a
perfect fluid with p = —p, and it can be interpreted as the energy of the vacuum. The zero-point
energy in quantum mechanics is usually subtracted, since only energy differences are measured;
in GR, however, it gravitates as all other forms of energy. If one tries to compute the value of A
from standard quantum field theory, the result is proportional to the fourth power of the cutoff,
usually assumed to be the Planck mass. Observations show instead that A ~ 10_120Mf§1, which is
a huge fine tuning. So far, there is no convincing theoretical explanation for this value. A possible
reason is the anthropic one, pioneered by Weinberg [25], and now accepted by many theorists in
the context of the the landscape of string theory [26].

The dark energy need not be a constant, and is usually described by parametrizing the equation
of state as p = wp, where w is in general time-dependent; constraints on w show that it is close to —1
with a 10% accuracy. A form of matter that gives rise to this equation of state is a scalar field which
slowly rolls down its potential. In this case, perturbations in the scalar field can give interesting
observational signatures. The simplest models in this class are minimally coupled models, in which
the scalar field couples to gravity through the minimal coupling prescription, and does not directly

interact with matter. We study such models in chapter 3, using an effective theory approach.



2.3 Future prospects

Another interesting class of models are scalar-tensor theories and f(R) theories, which are a
subset of the former. In these models, the scalar field is directly coupled to the Ricci scalar (in
Jordan frame) or, performing a conformal transformation of the metric, to the matter fields (in the
Einstein frame). It is possible to construct viable models which evade the stringent solar system
tests of GR by giving the scalar a large effective mass in high density regions, and whose background
evolution H(z) is the same as in ACDM cosmology. The difference here arises at the perturbation
level. A generic prediction of such models is that the two linear gravitational potentials ¢ and
differ, and the growth function of density perturbations becomes scale-dependent. Therefore, only
measurements of the growth of structures are able to distinguish these theories from ACDM.

A more radical solution is represented by theories in which the gravity theory is different
from general relativity, like massive gravity [27], ghost condensation [28], the DGP model [29],
the galileon [30]. In this case, there is a non-trivial mixing of the scalar degree of freedom with
the graviton and there are deviations from Newton’s law already around a Minkowski background,
which are constrained to be tiny. Solar system tests are usually evaded by non-linear interactions of
the scalar field. In general, modified gravity theories can be falsified or constrained by measurements

of the growth function.

2.3 Future prospects

There has recently been a systematic study of the future prospects in dark energy observations,
summarized in the Dark Energy Task Force paper [31]. It is generally recommended that the best
approach is to use multiple techniques at every experimental stage, at least one of which is a probe
sensitive to the growth function of perturbations. The main areas of observations which are useful
for dark energy studies are BAOs, galaxy clusters, supernovae and weak lensing.

Baryon acoustic oscillations, as explained above, are a well-understood standard ruler, and
this technique allows to measure both the proper distance (from oscillations viewed transversally)
and the expansion history (from oscillations viewed radially). This probe is the least affected by
systematic uncertainties, but its potential to distinguish evolution of the equation of state parameter
is somewhat limited by the fact that the most precise measurements are made at z > 1. From the
theoretical side, an issue with the use of BAOs is the uncertainty in the effect of non-linear effects
on the galaxy power spectrum. Deep galaxy surveys and 21 cm observations will greatly improve

BAOs observations and the determination of background quantities.
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Cluster abundances are a powerful probe of the growth function, because of the exponential
dependence of the mass function on the linear field. The measured number density of clusters is also
sensitive to the proper volume in the Universe, which is proportional to a combination of proper
distance and expansion history. The strength of cluster counts is that clusters can be detected in
several different ways: X-ray emission, Sunyaev-Zeldovich emission, lensing shear measurements
and optical observations. The main uncertainty is given by the relation between the mass and the
observables, which depends on the complexity of baryonic physics. To overcome the uncertainty in
the mass-observable relation, one can apply “self-calibration” methods, which consist in modelling
unknown physics using nuisance parameters, which are to be determined along with the cosmological
parameters. With future missions, the number of detected cluster will increase substantially, and
observations with diverse techniques can allow to reduce systematic uncertainties.

Supernovae are the most established method to constrain the acceleration of the Universe. They
are only sensitive to the background expansion history, but they are a useful tool in the interesting
redshift range 0 < z < 2. The main uncertainties are in the standardization of light curves and the
possible foreground extinction. Future surveys should provide a huge number of SNela, with well
determined photometric redshifts.

Weak gravitational lensing is an emerging technique, but it is the method with the greatest
potential in constraining dark energy, and it is sensitive to both the background and the growth
function. A lot of statistics can be computed, allowing internal tests and corrections of systematic
errors. It is difficult to predict how well this method can perform, but it is likely to be dominated by
systematic errors in redshift determinations and in galaxy shape measurements. These problems
can be bypassed by using different kinds of observations (terrestrial, space and 21 cm), and by

further simulations and testing of shape measurements.

10



Chapter 3

The Effective Theory of Quintessence

The origin of the present acceleration of the Universe is likely to be the most important theoretical
problem in physics today. Given the general reluctance in accepting as explanation an incredibly
small cosmological constant and the absence of compelling alternatives, it seems that one should
keep an open-minded approach, concentrating on very general theoretical constraints and on ob-
servables more than on specific models.

In this chapter we study in generality, and focusing on perturbations, dark energy scenarios
where the dark sector is described by a single scalar degree of freedom, without direct coupling to
matter (in the Einstein frame). We will often call this general model quintessence, although in the
literature this name is usually reserved to a scalar field with a canonical kinetic term.

Following [32, 33], we will rewrite the scalar field Lagrangian in order to make explicit what is
the most general theory of quintessence perturbations around a given background solution charac-
terized by its pressure pg and energy density pg. In this way, the freedom that we have after the
unperturbed history is fixed is made clear. This separation is particularly important given that a
host of new experiments is going to test dark energy clustering properties [31]. In our formalism,
the general theoretical constraints on single field models are also made clear.

In particular, we will study whether a single field model that is safe from ghost and gradient
instabilities can have an equation of state wg < —1, where wg = pg/pg. In this regime, the
stability of the model can be guaranteed by the presence of higher derivative operators, a conclusion
already reached in [32], where single field models were studied focusing on the constraints enforced
by stability. Here, after reviewing and extending the results of [32], we will concentrate on the
behaviour of cosmological perturbations, which are relevant for observations. On cosmological

scales we find that these higher derivative terms are irrelevant for the phenomenology, so that

11
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a model with wg < —1 simply behaves as a k-essence fluid with virtually zero speed of sound.
Higher derivative terms are relevant for cosmology only when the equation of state gets very close
(and experimentally indistinguishable from) a cosmological constant. In this limit our general
Lagrangian reduces to the Ghost Condensate theory [28], smoothly connecting quintessence to this
theory of modification of gravity. Notice that, as detailed in AppendixA, we are interested in a
regime where higher derivative terms do not introduce additional degrees of freedom (contrary to
what happens, for example, in [34]). We find it convenient to summarize our results in the plane
(14 wg)Qg vs. ¢, where Q) is the quintessence contribution to the critical density. We dub this
plane of parameters the quintessential plane.

We also study the issue of whether it is possible to cross the so-called phantom divide wg =
—1 [35, 36]. We find that the speed of sound vanishes exactly at the divide [37, 38] and since
quintessence may remain stable for wg < —1 there is no general pathology associated with the
crossing. We show this explicitly with an example. The phantom divide can be crossed with a
single scalar degree of freedom, without introducing ghost-like fields.

This chapter is organized as follows. In section 3.1 we study the most general theory of single
field quintessence, taking into account higher derivative operators and focusing on the stability
constraints following [32]. An alternative way of deriving the action for perturbations is presented
in 3.2, following the approach of [32, 33]. In section 3.3 we study the phenomenology in various
limits, considering also the gravitational effect of dark matter on quintessence. In section 3.4
we consider the issue of crossing the phantom divide wg = —1 and we show explicit examples
of the crossing without pathologies. In section 3.5 we concentrate on another kind of higher
derivative operators [32, 33], different from the ones studied for the Ghost Condensate. Although
the phenomenology on cosmological scales does not change, the modification of gravity at short
distances is quite different.

Several issues concerning our effective theory approach are left to the appendices. Appendix A
is devoted to reviewing how higher derivative operators must be treated in the effective field theory
approach. In appendix B we discuss the modification of gravity induced by the kind of higher

derivative operators that were not studied in [28].

3.1 Effective theory of quintessence

Our aim is to study the most general theory of quintessence perturbations. We will do it step by

step, first by considering a model with an action containing at most a single derivative acting on

12
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the field. This is known as k-essence [39, 40] and it will be possible to write the action for the
perturbations in such a way as to make explicit the dependence on the background energy density
and pressure pg and pg. Then we will add higher derivative operators to the k-essence action
in such a way as to leave the background invariant. In this section we will consider the kind of
operators introduced in the context of ghost condensation. Other higher derivative operators will
be discussed later in section 3.5.

An alternative derivation of the most general action for quintessence perturbations is given
in the next section 3.2, following the approach of refs. [32, 33|, that consists in writing down all
the terms preserving the symmetries of the system in a ‘unitary’ gauge, where the quintessence
perturbation is set to zero and appears as a scalar metric degree of freedom. This approach is
elegant and straightforward but less pedagogical than the one adopted in this section. Obviously,

both approaches lead to the same physical results.

3.1.1 The limit of i-essence

Let us start with a k-essence action
S = /d4x V—9P(,X), X =—¢"0,00,¢ . (3.1)

We assume a flat Friedmann-Lemaitre-Robertson-Walker (FLRW) Universe with metric ds? =
—dt? + a®(t)d7?. Initially, we will treat this as a fixed background and neglect the perturbations
of the metric.

To describe perturbations around a given background solution ¢g(t), it is useful to write the

scalar field as

and expand the action (3.1) in terms of 7. In the following, we are going to assume that the
function ¢g(t) is strictly monotonic, (bo(t) = 0, to avoid singularities in the relation between ¢ and
.

Using the expansions

8(1,2) = do + o + 5o + ... (33)

) 1 .. . V)2
X(t,F) = Xo + Xom + 5 Xor” + 2Xo7 + 2Xomt + Xo <7'12 _(vm) ) T, (3.4)

13
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where Xy = gb%, we have, up to second order in T,

) 1.
S = /d4x a’® [Po + Pom + §P07T2 + 2Px Xo7r + 2 (Px Xo) 77

(Vr)?

+ Px X, (7'72 -
a

>+2PXXX§7'72 , (3.5)

where Py = OP/0X|o and Pxx = 0°P/0X?|y. The term Py does not affect perturbations as it is
independent of m, while one can verify that the linear terms cancel using the background equation
of motion. Indeed, by integrating by parts the term 77 and making use of the background equation
of motion, after some manipulations we are left with

(Vr)?

a2

S = /d4a3 a? [(PXXO +2Pxx X§) 7% — Px X +3HPxXon?| . (3.6)

We can now rewrite the coefficients of this expansion in terms of the stress-energy tensor of the

background solution. From the definition of the stress-energy tensor,

T = -z (3.7)
one obtains the background energy density and pressure:
pqg =2XoPx — Ry , pQ =Fo . (3.8)
Using these expressions, the action above can be cast in the form
S= /d4£v a’ B (P +pq +4M*) 72 — %(PQ + Q) (VC;)Q + gH(PQ +pQ)m’| (3.9)

Here we have defined M* = Py XXg, where M has the dimension of a mass.
At this stage we can straightforwardly introduce the coupling with metric perturbations. This

coupling is particularly simple in synchronous gauge, where the metric takes the form
ds® = —dt? 4 a*(t)(3i; + hij)da'da? | (3.10)

Indeed, at quadratic order in the action the coupling with gravity only comes through the perturbed
v/—g in the action. Replacing a® with a3(1 + h/2) in eq. (3.5) we have

S = /d% a’ <1 + g) [Pow +2Px Xor +...| . (3.11)

14
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Integrating by parts and using again the background equation of motion one gets the full action

for m:

g [qtra? |t Ay a2 L (Vr)? 35 2 1 3
= [ d'za’® |5 (pg +po +4M") 7 = S(pq +p@) 5~ + 5 H(pg + po)7* = 5 (pq + pQ)hm

(3.12)
The quadratic Lagrangian is thus specified by the functions (pg + pg)(t) and M4(¢). Tt is
important to stress that these two functions are completely unconstrained. For any choice of these
two functions one can in fact construct a Lagrangian P(¢, X), such that the quadratic Lagrangian
around the unperturbed solution has the form (3.12). Let us see explicitly how this works. First
of all, given pg + po (and possibly the other contributions to the total energy density and pres-
sure coming from other components), one can find the two functions pg(t) and pg(t) solving the
Friedmann equations'. At this point it is easy to check that the Lagrangian

P($,X) = 5(p — p)(9) + 3(pa + PR)()X + ZM(B)(X ~1)? (313

has the solution ¢ = ¢, gives the requested pressure and energy density as a function of time, and
gives eq. (3.12) as the quadratic action for perturbations. Note that the dimension of ¢ is that of
an inverse of a mass. The coefficient M* is time dependent and for quintessence we expect that it
varies with a time scale of order H~!. Somewhere in the following, to simplify the calculations, we
take M* = const.

One advantage of the action (3.12) is that the coefficients of all the terms are physically mea-
surable quantities — we will see below that M* is related to the sound speed of perturbations.
This standard form of rewriting the action of quintessence perturbations does not suffer from field
redefinition ambiguities. Indeed, there is an infinite number of physically equivalent Lagrangians
P(¢, X) related by field redefinitions ¢ — ¢(¢), but they all give the same action (3.12). Note that
for most purposes the explicit construction of the action in terms of ¢ is irrelevant — this is apparent
in the “unitary” gauge approach, which relies on the symmetries of the Lagrangian. Indeed, one is
free to choose any function pg(a) to describe the evolution of the quintessence energy density as
a function of the scale factor. Then the action (3.12) will describe the perturbations around this
background. In particular, one can always make a field redefinition such that ¢ = ¢, as we did in

eq. (3.13).

!One has to solve the continuity equation for quintessence, po+3H (pg+pg) = 0, where po-+pq is a known function
of time, together with the Friedmann equation, H? = (pa +prest)/3M1§1, where prest includes all the additional sources
of energy density in the Universe. These equations can be integrated up to a constant in the initial condition. This

ambiguity corresponds to a shift in the cosmological constant, which does not enter in the action for perturbations.
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

Let us see what are the theoretical constraints that we can put on the general form of the
action (3.12). A basic requirement that we will impose on our theory is that it is not plagued by

ghosts, i.e. that its kinetic energy term is positive:
po +pg +4M* > 0. (3.14)

The presence of a sector with the “wrong” sign of the energy implies that the Hamiltonian is
unbounded from below. If one studies this sector alone, no pathology arises as the sign of the
energy is a matter of convention. However, quintessence is (at least) gravitationally coupled to the
rest of the world, so that there is the danger of exchanging energy without bound between a healthy
sector and a negative-energy one. Classically, this is not a problem if quintessence perturbations are
very small and remain in the linear regime. Therefore, for a quintessence with negligible clustering
(with speed of sound ¢4 ~ 1), there is no obvious classical danger. At the quantum level, however,
the situation is more pathological. The vacuum is unstable to the spontaneous decay into positive
and negative energy states and the decay rate is UV-divergent and strictly infinite in Lorentz
invariant theories [41]. Although it has been shown that it is possible to cut-off this instability in
a non-Lorentz invariant theory [42], in this work we take a more conservative approach and forbid
the existence of ghosts.

If we set M* = 0 in the general action (3.12), we reduce to the case of a standard quintessence
field with canonical kinetic term (9¢)?. In this case, forbidding the ghost implies pg + pg > 0.
Thus, as it is well known, a scalar field with minimal kinetic term can violate the null energy
condition, equivalent in a cosmological setting to p+ p < 0, only if it is a ghost [43]. In this simple
case, the speed of sound of scalar fluctuations is ¢2 = 1. When M* does not vanish the speed of
sound of fluctuations differs from unity [44] and reads

2_ _ PQTPQ
* o pQ +po+4AMtT

C

(3.15)

One can see that, for pg +pg > 0, i.e. for positive c2, M* < 0 implies that scalar perturbations
propagate super-luminally [45, 46]. This is problematic in a theory with a Lorentz invariant UV
completion [47].

From the action (3.12) we see that in the presence of M* there is no generic connection between
the violation of the null energy condition and a wrong sign of the time-kinetic term. The coefficient
in front of 72 can be positive also when pQ +pg < 0. On the other hand, pg + pg fixes the sign of

the term in front of the spatial kinetic term (V)2 [48]. Thus, in absence of ghosts, the violation of
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3.1 Effective theory of quintessence

1—|—wQ

Ghost

Superluminal

» N

Gradient
instability? Ghost

Figure 3.1: The quintessential plane 1 + wg vs. ¢2 in the case of k-essence. If we require the absence
of ghosts, the sign of the spatial kinetic term is fixed to be the same as 1 4+ wg, so that one has to
worry about gradient instabilities for 1 4+ wg < 0. For 1 4+ wg > 0 one has superluminal propagation if
M* <0.

the null energy condition implies a negative speed of sound squared. The constraints that we have

derived are summarized in the quintessential plane 1 + wg vs. 2, represented in figure 3.1.

An imaginary speed of sound — ¢2 < 0 — represents a gradient instability of the system. Taking
M* > |pg + pg| the gradient term is suppressed and the instability is irrelevant for scales of
cosmological interest in the sense that the instability time is much longer than the age of the
Universe. Still, the instability is relevant for short wavelengths so that it seems difficult to make
sense of the wg < —1 region [37]. However, this conclusion is too hasty. Indeed, when the term

(V7)? is suppressed, higher derivative operators may become relevant, as we will now discuss.
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

3.1.2 Higher derivative terms and stability

We have just shown that, in the limit in which the quintessence speed of sound goes to zero, the
standard spatial kinetic term vanishes. Obviously, the action (3.1) is not the end of the story:
the full Lagrangian will contain higher derivative operators such as Q(X)R(O¢) and these will
give rise to the leading higher derivative spatial kinetic term. A generic higher derivative operator
will however change the background solution of (3.1), while here we want to study the effect of
higher derivative operators on quintessence perturbations around a given background, as we did in
eq. (3.13). To keep the background unchanged, let us add to the Lagrangian (3.13) the operator
2

Ly =—— (06 +3H(¢))" . (3.16)
For reasons that will become clear later, we need M? > 02. This term does not alter the back-
ground evolution ¢ = t, pg(t) and pg(t). Indeed, O¢ + 3H (¢) vanishes on the background so that
the operator is explicitly quadratic in the perturbations. At quadratic order this operator reads

(neglecting for the moment metric perturbations)
Wk . Vi)’
Ly =—— (7’%+3H7%—3H7r——7r> . (3.17)

One may worry about the presence of terms with higher time derivatives, as these would naively
be associated with additional solutions of the equation of motion. However, if one compares M?7?
with the standard time kinetic term M%*7? of eq. (3.12) — assuming M ~ M — the former is always
suppressed with respect to the latter for frequencies below the scale M. In general, we expect
that for frequencies w ~ M all operators containing higher time derivatives become important, so
that the scale M ~ M sets the maximum energy scale for which the theory makes sense: it is the
energy cutoff. This is the standard situation in an effective field theory: higher derivative terms
become important for energies of the order of the cutoff and at lower energies they must be treated
perturbatively. In particular, there is no physical meaning in the new solutions that arise from
taking higher and higher time derivatives. We postpone a complete discussion about this point
to appendix A. Notice that the same argument cannot be used for the operator —M?(V?m)2/2.
Indeed, in the limit of small pg + pg there is no spatial kinetic term of the form (V7)? so that
—M?(V?7)?/2 is the leading spatial kinetic term. At short scales we have a non-relativistic dis-

persion relation of the form w ~ k%/M, which implies that energy and momentum behave very

2As M*, also M? can have a time dependence on a time scale of order H~!. For simplicity, in the following we

assume that it is constant.
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3.1 Effective theory of quintessence

differently (as we will see in appendix A, they have different scaling dimensions). In particular,
when comparing the first and last terms in brackets in eq. (3.17) we have V2?1 ~ M# > i, for
energies below the cutoff. This means that we can drop 7 altogether from eq. (3.17).

It is important to stress that there is no fine tuning in the limit |pg+pg| < M 4 or equivalently
|c2| < 1 - as this limit is “technically natural”, i.e., there is a symmetry that is recovered in the limit
po + po = 0. Indeed, as shown below, in this limit we obtain the Ghost Condensate theory [28],
which is invariant under the shift symmetry ¢ — ¢ + A. In the presence of this symmetry the
expansion of the Universe drives the background solution to pg + pg = 0. Thus, models with
very small speed of sound should be thought of as small deformations of the Ghost Condensate
limit [32, 33, 49].

Let us come back to the issue of stability for pg + pg < 0 including the new higher gradient
term (3.17) and follow the discussion in [32]. As we discussed in the previous section, the only
dangerous modes are those on scales much smaller than the Hubble radius, as their instability rate
can be arbitrarily large; we thus concentrate on k/a > H. In this regime the operator (3.17)
further simplifies as the second and third terms are negligible with respect to V2. Considering
the action (3.12) with the addition of the only remaining operator —M?2(V?7)2/2, the dispersion

relation of 7 is thus modified to

Bk

(pq +po +4M*) & — (pg +pg) 5 — M?— = 0. (3.18)

at

For pg+pg < 0, the k? gradient term has the unstable sign, but in the presence of the new operator
this instability is confined to sufficiently large scales. In particular, the fastest rate of instability is
given by

2 (r +1Q)°

Werad = T ot (3.19)

where we have taken M* > | pq + pg|. This gradient instability is not dangerous when it is slower

than the Hubble rate, i.e., when

_PRTPQ o p (3.20)
MM2 ™

It is clear that a larger M makes the gradient instability slower.

However, a large M sources another form of instability, which contrarily to the gradient instabil-
ity is already present for pg +pg > 0 and was originally discussed for the Ghost Condensate theory
in [28]. Indeed, when the coupling with gravity is taken into account, the system shows a sort of

Jeans instability, similarly to a standard fluid. To see this, let us introduce metric perturbations
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

and consider the limit pg + pg = 0. In this case, the complete Lagrangian reads, neglecting the

expansion of the Universe,
a2 (i i
S = /d4x IMA7? — — (— - v%) : (3.21)

We see that a large M enhances the mixing of 7 with gravity, i.e. the Jeans instability.

Thus, the equation of motion for m reads, in this case,

M Vir = M

g
v iV (3.22)

T+
The gravitational perturbation h is sourced by the perturbations of 7 through Einstein’s equations.

In synchronous gauge, h satisfies [4]
h=——5(dpq + 30pq) , (3.23)

where we have neglected the expansion of the Universe, and we have introduced the reduced Planck
mass M}Q)1 = (87G)~!. The stress-energy tensor can be straightforwardly derived by varying the
action and the leading term is dpg = 4M 47, while the pressure perturbation is negligible3. The
solution of eq. (3.23) can be plugged back into eq. (3.22). This yields the equation of motion of 7
taking into account its gravitational back-reaction:

M? M?

Vir=—
AMA 2MP2,1

i+ Vi, (3.26)

The mixing with gravity induces an unstable k2 term in the dispersion relation, similarly to the

gradient instability discussed above. We can compute again the fastest instability rate:

~ 2
MM?
2
WJeans = — < 2 ) . (327)
MPl
3Indeed, we have
dpq =AM 7 + M? (g — v%'r) , (3.24)
_ 2 h 2.
opg =M 5~ Vi) . (3.25)

For k < M, M?V?*ir < M*%. Moreover, eq. (3.23) shows that also the h terms can be neglected in front of M%7, so

that the operator proportional to M? gives a negligible contribution to the stress-energy tensor.
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3.2 General action in unitary gauge

As expected, in this case the instability gets worse for large M?, i.e. when the mixing with gravity

is enhanced. By imposing that this instability rate is smaller than the Hubble rate*, we obtain

SH. (3.28)
Mg,

Requiring that both stability conditions (3.20) and (3.28) are satisfied we get the window [32]

M M?
—(1 Qo < <1. 3.29
In conclusion, considering higher derivative terms, a quintessence model with wg < —1 can be
completely stable inside the window of parameters (3.29). On the other hand, eq. (3.29) indicates
that it is difficult to avoid instabilities when (1 + wg)Qq < —1. These stability constraints were

already obtained, for Qg =1, in [32].

3.2 General action in unitary gauge

In this section, we wish to obtain the general action for the quintessence perturbations by choosing
a gauge where the scalar field perturbation is set to zero but it appears as a scalar metric degree
of freedom, following [32, 33]. In this gauge, the constant time hypersurfaces are equivalent to the
uniform field hypersurfaces. In the fluid language, this implies that the velocity is orthogonal to
the constant time surfaces, Ti0 = 0, that is why this gauge is called ‘velocity orthogonal’ [51]. Using
a particle physics terminology we can also call it ‘unitary gauge’, as all the degrees of freedom are
in the metric. The unitary gauge corresponds to the choice ¢(t,x) = ¢o(t), or m = 0.

In order to find the effective action, we write down all the terms that preserve the symmetries of
the system. Our choice of gauge breaks time diffeomorphism invariance, while preserving invariance
under spatial diffeomorphisms. Thus, we include linear and quadratic combinations of generic
functions of time ¢, the time-time component of the inverse metric ¢°° and the extrinsic curvature of

the constant time hypersurfaces. The effective action up to second order in perturbations is [32, 33]:

M3 M* M?
S = /d3x dt /=g %R + Lo + c(£)g™ — A(t) + %(g00 +1)% %5[(2

i (3.30)

N VE
- TaKgaKﬂi - T(t)éK(gOO +1)],

1A more careful analysis [50] indicates that this condition is very conservative and much larger instability rates

can be experimentally allowed.
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

where R is the Ricci scalar and Kj; is the extrinsic curvature of constant ¢ hypersurfaces, which at

linear order reads
1
Kij = 7V 9% (9ogi; — 0ig0; — 0;9i0) (3.31)

and we have defined 0K;; = K;;j — aQHéij, and 0K = Kii — 3H.

There are other operators that are invariant under spatial diffeomorphisms that one would
naively include in this action. However, these operators are irrelevant at energy scales below the
cutoff M ~ M ~ M. For instance, one could include the operator (§°°)2. This would give the term
#2 in the final action, which indeed also appears as part of the operator (3.16) once expanded in the
perturbations, eq. (3.17). However, as explained in section 3.1.2, for frequencies smaller than the
cutoff 72 is negligible with respect to (V27)? so that it can be ignored in the action. For simplicity

we will also ignore the operator proportional to M? as it leads to terms qualitatively similar to

those proportional to M?2.

One can easily fix the coefficients ¢(¢) and A(t) by computing the background stress-energy

tensor. This gives

po = A(t) — c(t), (3.32)

po = —c(t) —A(t). (3.33)

Finally, using these relations, we can write the action (3.30) in unitary gauge in terms of the

background quantities pg(t) and pg(t):

Mg 1 MA(t
S= /dd‘xv—g[TmRJrﬁm +pQ — 5(pQ +pQ) (g% +1) + —2( )(900 +1)°

ERICOPR T (0);

7 5K +1)|. (3.34
5 5 0 (" +1)|. (3.34)

Now we can rewrite this action in a gauge-invariant form, using the so-called Stueckelberg trick.

We perform the following time-coordinate transformation:

t—wt=t+n(x) 2 =3 =2, (3.35)
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3.2 General action in unitary gauge

that reintroduces 7. The action for 7 reads, up to second order,

) 1
S = /d4x \/—g{pQ +poT + 5

215@7#

2 ]

1 . |
—5(pg +pq) [(900 +1) = 27 +2(g% + )it — 7% + 29”0 +

4
— %([)Q +po)7 [(™ +1) — 27] + MT(t) (g™ +1) - 27'7]2

B @ <5K—3H7T— v;;r)z B M;t):s <6K—3H7T— Va_?r> (% +1) — 24] } (3.36)

while the part of the action containing R and L,, is invariant under general diffeomorphisms. We
now choose to work in the synchronous gauge, which is defined in eq. (3.10). Using the notation
of [4], the two scalar degrees of freedom of h;; are its trace h = §“h;; and 7 which is defined by
Vthj = 0;0;h + 6(0;0; — %@J-VQ)?]. Using this metric, after integrating by parts and using the
background continuity equation pg + 3H (pg + pgo) = 0, the action (3.36) takes the form

1 . Vr
S = /d4xa3{pQ+§(pQ —|—pQ) |:7'('2 — ( P )

P v\ .. (1. . Vi
- (h 3Hr —7> +M7T<§h—3H7r—7>}. (3.37)

We can now compute the stress-energy tensor of quintessence using the action (3.36). Expanding

3. 1 .
] +2M4% 2+§H(ﬂQ +pQ)7T2—§(PQ + pg)hm

in the perturbations, its components read

Too = pg + (pQ +pQ+4M4)7%+ﬁQﬂ

— V2 3(1; : V2 ,
—3HM h 3H7T——7T + M —h—3H7T——27T+3H7T , (3.38)
(Z a
— 5 V s “r3a -
Toi = (pQ —|—pQ)al'7T + M*0; h 3H7T — ? — M?0;, (3.39)
Tij = pa*dij + lbom + (pg +pQ) 7] a®8;; + pa’hi;
2
+ 2M?a?8;;(0 + 3H)< h—3Hm — V—2> — 2M3a%6;5(d + 3H )7t . (3.40)
a

Let us compare the unitary gauge approach with the procedure presented in the previous section.
In sec. 3.1, we started from the action of k-essence, eq. (3.6), and we added the two ¢-dependent
higher derivative operators —M?(¢)[Ce + 3H (¢)]?/2 and —M?3(¢)[0¢ + 3H (¢)](X —1)/2, that do
not change the background equations of motion. The action (3.37) is constructed similarly. First

of all, note that the first line of eq. (3.37) is the action for k-essence. Indeed, it is equivalent to the
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

action (3.12), which was found by expanding the k-essence action (3.1) in terms of 7. The second
line of eq. (3.37) can be constructed by noting that the extrinsic curvature of the hypersurfaces of

constant ¢, defined as

K", = —(¢°, + ulu,)V, u", (3.41)

where u# = —90™u¢/+/ X is the unit vector orthogonal to ¢, can be rewritten as

1 OFpOP ¢
KV, = —— |V*0,0 + ————=V,0,0]| . 3.42
—(09)2 —(09)2 " (3.42)
When expanded around the background solution ¢ = ¢, then 6K = K}, — 3H(¢) reads®
. A& 1.

Thus the action (3.37) can be constructed by simply adding to the k-essence action the two operators

—M?($)6K2/2 and —M3(¢)6K (¢°° +1)/2, that do not change the background solution.

3.3 Phenomenology on the quintessential plane

3.3.1 k-essence vs. Ghost Condensate

Coming back to the quintessential plane of figure 3.1, in section 3.1.2 we have learned an important
lesson: the gradient instabilities for wg < —1 can be made harmless by higher derivative operators.
Thus, part of the lower left quadrant of the quintessential plane is allowed.

To discuss the phenomenology of these models (for a related discussion see [52]), let us write

the full action for perturbations including the higher derivative operator (3.16):

(Vr)2 3 1 .

1 . 1 .
S = /d4x a’ [5 (pQ +po + 4M4) 72— 5(/)@ + Q) o + §H(pQ —i—pQ)ﬂ'Q — §(pQ + po)hm
_ . 2
M? , : h  V?r
-5 <3H7T —3Hm+ 3 — ?> ] . (3.44)

First of all, note that it is not possible to switch off quintessence perturbations for pg + pg # 0;
doing it by hand would give gauge dependent unphysical results. On the other hand, the converse
is not true: even for pg + pg = 0 perturbations may still be present, as in the Ghost Condensate

case.

®One may wonder why terms of the form 7#V?7 do not appear in § K2, while they do appear in (O¢ + 3H)2. As
seen in eq. (3.42), a time diffeomorphism does not change the extrinsic curvature of constant ¢ hypersurfaces. Thus,

0K does not contain 7 and 7V?r is not generated by §K?.
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3.3 Phenomenology on the quintessential plane

We saw that the operator in the second line of eq. (3.44) allows the stabilization of the short
scale gradient instability; on the other hand, for cosmological purposes we are interested in very
large scales. Let us see whether this operator is relevant for scales of the order of the Hubble radius
(although our discussion will extend to all scales of cosmological interest). We want to show that,

when

lpo +pg| > M*H? (3.45)

the higher derivative operator can be neglected when discussing the cosmological clustering of
quintessence. In this case we reduce to a standard k-essence model, with the only difference that

there are no short-scale instabilities even for wg < —1. On the other hand, in the opposite case
g + po| < M?H?, (3.46)

all the terms in the action (3.44) proportional to pg + pgo can be neglected. In this case the model
reduces to the Ghost Condensate theory.

Verifying the existence of these two regimes is quite straightforward. For instance, the dispersion
relation at k/a ~ H is dominated either by (pg + pg)(Vm)? or by M?(V?7)?, depending on the
hierarchy between |pg + pg| and M 2H?. The same applies for the operators involving the metric
perturbation, (pg + pQ)hw and M2hV?2r. This check can be done for all the other operators, by
taking V/a ~ H and considering that time derivatives are at most of order H. The existence of
these two regimes can also be seen by looking at the stress-energy tensor.

Now we can go back and complete our quintessential plane. When wyg, is close to —1,

(3.47)

the model behaves as the Ghost Condensate. We can estimate the width of this region by imposing
the absence of Jeans instability, eq. (3.28). Assuming M ~ M one gets a rough upper bound:
M <10 MeV [28]. A more accurate analysis shows that this limit is very conservative and it can

be relaxed to M < 100 GeV [50]. Even in this case the window above is extremely tiny:
114+ wglQo S 10734, (3.48)

We can therefore draw an important conclusion: only for values of wg which are observationally in-
distinguishable from the cosmological constant, does quintessence behave as the Ghost Condensate

on cosmological scales. This regime corresponds to the strip around the horizontal axis wg = —1
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Figure 3.2: On the quintessential plane, we show the theoretical constraints on the equation of state
and speed of sound of quintessence, in the presence of the operator M. Instability regions are dashed.
Where 1+wg and ¢2 have opposite sign we have a ghost-like instability corresponding to negative kinetic
energy. For wg < —1, the dashed regions in the left-lower panel is unstable by gradient (c2 < —HM /M?)
and Jeans ((1 4+ wg)Qq S —1) instabilities, while the strip close to the vertical axis corresponds to the
stability window (3.29). Furthermore, the strip around the horizontal axis given in eq. (3.47) corresponds

to the Ghost Condensate. Above this region, in the right-upper panel, we find standard k-essence.

in figure 3.2. Notice that in this region the dispersion relation is of the form w o k2, so that the
speed of sound ¢? is not well defined, i.e. it becomes scale dependent.

On the other hand, for any value of wg which is appreciably different from the one of the
cosmological constant, the model reduces to k-essence, as higher derivative terms are cosmologically
irrelevant. Their only role is to stabilize the short scale gradient instabilities for wg < —1. Although
in practice not relevant, note however that wg cannot be made arbitrarily negative. This is shown
by eq. (3.29) and, in the quintessential plane, it excludes the bottom shaded region of the lower-left

quadrant.
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3.3 Phenomenology on the quintessential plane

Let us now constrain the values of the speed of sound ¢2. For wg > —1 there are no constraints,
besides the possible limit ¢2 < 1 already discussed. For wg < —1 the speed of sound is negative
and very small, as it is constrained by the absence of gradient instability, eq. (3.20):
s aM4r -~ M2

We can numerically constrain the right-hand side of this equation by considering that the scales

(3.49)

— C

M ~ M represent the cutoff of our effective field theory. By requiring this cutoff to be larger than
the minimum scale at which gravity has been probed, i.e., M > 1073eV, and using in eq. (3.49)
the value of the Hubble parameter today, Ho ~ (10~3eV)?/Mp;, we obtain
Hy ! /2 -

—c2< (M—m> ~ 10730, (3.50)
Thus, for all practical purposes, the speed of sound can be taken to be exactly zero. On the
quintessential plane in figure 3.2, in the lower-left quadrant, we can only live in a tiny strip along
the vertical axis. Notice however that there is no fine tuning in keeping ¢? extremely small. Indeed,
as we discussed, in the limit of Ghost Condensate ¢? vanishes exactly for symmetry reasons. Thus,

the speed of sound remains small for tiny deviations from this limit.

3.3.2 Including dark matter

After the discussion about the stability constraints, we would like to understand the dynamics of
quintessence perturbations and their impact on cosmological observations. In order to do this,
we will now study quintessence in the presence of cold dark matter, which gravitationally sources
quintessence perturbations, and we will focus on the main qualitative features in the various limits.

Let us start from the Ghost Condensate limit (3.46). It is known that the Ghost Condensate
affects only short scales, i.e., w perturbations induce a modification of the Newtonian potential at
scales parametrically smaller than the Hubble scale [28]. Therefore, we expect to have extremely
small effects on cosmological scales. To verify that this is the case, we can study the action (3.44)

in the limit of pg 4+ pg = 0. This reads

M? . h V2
S = /d4gc o | oM — —— (3H# — 3Hn + = — ~— : (3.51)
2 2 a?
For simplicity, let us momentarily disregard the first two terms in parentheses:
_ . 2
M? (h V&
= [ d*za® |2M*7? - — [ = — — . .52
S / za 7 5 |3~ 2 (3.52)
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Notice that this is the action used in the Ghost Condensate paper [28]. The equation of motion for

the 7 perturbations is given by

..+3Hu+_NP Vir  M? V?h
m TTAMY ot T 3ME @2

(3.53)

The gradient term on the left hand side can be neglected on cosmological scales. Indeed, the time
derivatives will be at least of order ~ Mk?/(aM)?, so that the friction term in the previous equation
will always dominate the gradient term for k/a ~ H. As we want to show that Ghost Condensate
perturbations remain small, we assume that the dark matter dominates the perturbed Einstein
equations. The validity of this assumption can be checked a posteriori.

In a matter dominated Universe, h = —24,, [4], with 0., = 0pp/pm. Using 5 = H6,y, and the

background Friedmann equation, we get

2 0pm
=———. 3.54
SH M, (3:54)
We can now replace this as the source of Ghost Condensate perturbations on the right-hand side

of eq. (3.53). This yields, neglecting the gradient term:

M?  V2%5p,

e
e Ty VRV RNy

(3.55)

If we now assume that the initial quintessence perturbations are small so that the homogeneous
solutions are sub-dominant, similarly to what happens in standard quintessence [53], this equation

can be solved to give -
M?  YV2%5p,
24M*M3, a?H?

7:":

(3.56)

As we discussed in the previous section, the energy density and pressure perturbations of the
Ghost Condensate are dominated by the M* operator so that opg ~ 4M 47 and 0pg ~ 0. Thus, on
cosmological scales, 2

dpg ~ M—1:2>16pm . (3.57)
From the simple estimate of M below eq. (3.47), we conclude that quintessence perturbations are
negligibly small with respect to dark matter perturbations, dpg < 107345 p,,. Tt is straightforward
to generalize this analysis including the two terms in parentheses of eq. (3.51) previously neglected

and verify that eq. (3.57) remains valid. The conclusion of eq. (3.57) is quantitatively consistent

with the (small) modification of the Newton law derived in [28], as one can check for example in

their eq. (7.11) for k/a ~ H and w ~ H.
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3.3 Phenomenology on the quintessential plane

Close to the wg = —1 line, we have just seen that there are no appreciable effects of pertur-
bations on cosmological scales which can help in distinguishing quintessence from a cosmological
constant; all the interesting dynamics is limited to modifications of gravity on short scales. As we
move away from the wg = —1 line, we enter in the k-essence regime, as we pointed out in the
previous section. The case wg > —1 is well studied in the literature (see, for instance, [54, 55]).
The case wg < —1 is much less studied: here we have a negative speed of sound squared that is
so small — see eq. (3.50) — that can be taken to be zero for all practical purposes. With a small
speed of sound we expect quintessence to cluster on scales shorter than the Hubble radius, driven
by dark matter gravitational potential wells. To study this, let us repeat the calculation we just
did in the Ghost Condensate case for a k-essence with ¢2 = 0.

For simplicity, let us assume for the moment that M is constant. Varying the action (3.12), we
get the equation of motion for 7:

2

i} . \Y% : 1
AMY (7 + 3HT) = (pq + pQ) 5™ = 3H(pq +pe)7 = =5 (p@ +pQ)h - (3.58)

Small |¢2| is equivalent to |pg + pg| < M* so that the gradient and mass term in this equation can
be neglected. Using again h = —20,, [4], we thus have

AM* (5t + 3H7) = (pg + pQ)dm - (3.59)

One can verify that, neglecting decaying modes, the solution of this equation is

5o = 11_%’;2 - (3.60)
It is easy to show that this equation holds, for constant wg, for a general time dependent speed of
sound which satisfies |c2(¢)| < 1.

Equation (3.60) describes quintessence perturbations both for positive and negative 1 + wg.
When wg > —1, quintessence energy density clusters in the dark matter potential wells, while in
the opposite case wg < —1 it escapes from them [56]. However, clustering of quintessence remains
small compared to dark matter as the coupling with gravity is suppressed by 1 4+ wg. For very
small values |1+ wg| ~ M? /M3, we smoothly enter in the Ghost Condensate regime. Indeed, it is
easy to see that eq. (3.60) smoothly matches eq. (3.57) in the intermediate regime.

In this section we have studied the phenomenology of quintessence in various regimes of 1+wg.
Quintessence perturbations smoothly turn off when we approach the cosmological constant limit
wg = —1 from both sides. This suggests that in general there is no pathology in crossing the

wg = —1 line, as we discuss in the next section.
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

3.4 Crossing the phantom divide

It has been claimed that, during its evolution, single field quintessence cannot cross the wg = —1
line as perturbations become pathological. For this reason this line has been dubbed “phantom
divide” [36]. However, there is no real pathology in crossing this line, besides the fact that, for
wg < —1, short-scale gradient instabilities must be stabilized [37, 38]. If one does not take into
account higher derivative terms, a negative ¢2 leads to catastrophic instabilities at short scales.
Once instabilities are cured as we discussed in the previous sections, crossing the phantom divide
becomes trivial®.

Indeed, the Lagrangian (3.13) gives an explicit way to construct a model which crosses the
phantom divide. If one assumes for simplicity that quintessence is the only component in the
Universe’, the crossing of the phantom divide corresponds to a change of sign of H. In particular,
considering only quintessence, one can use Friedmann equations to recast the Lagrangian (3.13) in

the form (higher derivative operators will be considered later)
. 1
P(X, ) = =3Mg H*(¢) — Mg H()(X +1) + S M (#)(X —1)*. (3.61)

This is similar to what happens in inflation, where the inflaton is the only relevant component in
the Universe [33].

As an example, we consider the case where H evolves linearly in time and changes sign from
negative to positive:

H(t) (mt —1) . (3.62)

T M
This implies that H(t) will be a parabola of the form
H(t) = e (TtQ - t> +H,, (3.63)
Mz \2
as shown in figure 3.3 (left panel). Using the general expression (3.61), we deduce that the La-

grangian

PX—_?,“4m2 MH24 1) [(06)2 — 1] + 2 M4 8¢)% + 1]
(¢, X) =— [—A[I(;qﬁ —¢)+ Pl } + pt(me — 1) [(99)* — ]+§ (¢) [(0)* +1]
(3.64)

®Models that cross the phantom divide have been found in f(R) theories of gravity. However, for wg < —1 these
models are equivalent to scalar fields with negative kinetic energy, i.e. to ghosts. Thus, according to our stability

constraints, they are forbidden.
"The conclusions drawn in this section also hold when including dark matter.
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3.4 Crossing the phantom divide

1+ wq
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Figure 3.3: Example of phantom divide crossing, as given by eqs. (3.62) and (3.63), where we have
defined H, = H, — p*/(2mM32,). Left figure: behavior of H and H; the crossing of wg = —1 takes place
at t =m~ ! when H =0 and H = H.. Right figure: trajectory on the quintessential plane.

admits the background solution ¢ = ¢ and the cosmological evolution (3.62) and (3.63). Note that
there are no theoretical limitations on the choice of the background evolution H(t). Indeed, we can
cross the phantom divide as many times as we want. For example, choosing H(t) o sin(mt) the
cosmological evolution keeps oscillating up and down around wg = —1!

We can now study perturbations around a solution crossing wg = —1 to show that no pathology
arises. The evolution equation derived from the action (3.12) reads

.1 . . Vir
(pq +po + 4M*) 450 [a®(pg + pg + 4M*)] #=3H (po+pQ)T—(po+pQ)—5 =

(PQ+pQ)h .
(3.65)

At the phantom divide, the last three terms of this equation vanish but the equation is clearly non-

2

singular. In our approach, it is manifest that the speed of sound squared changes sign at wg = —1.

In the example above ¢? is given by

4
9 w*(1 —mt)
= 3.66
s pt(l —mt) +2M*° (3.66)

and the trajectory of the crossing on the quintessential plane is shown in figure 3.3 (right panel). The

stability in the wg < —1 region requires that |c?| remains extremely small so that it is mandatory
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

to have a hierarchy between p and M, p < M. As we discussed, this hierarchy is naturally realized.

Another approach to study perturbations is using a fluid description, as k-essence is equivalent
to a perfect fluid. In synchronous gauge, denoting with a prime the derivative with respect to the
conformal time dn = dt/a and defining H = aH, the fluid equations read, in Fourier space (see for

example [57]):

i} W
8o + 3H(c3 — w@)dg = —(1 4+ wg) [k + IH? (2 — )] k—‘j ~(1+wg)5 (3.67)
Q g c
- 1-32)-2=—2_3 .
2 T =3¢) 3 T wg'@ (3.68)

where 6 is the divergence of the velocity field of quintessence, g = ik'T%/(pg + pg) [4], ¢ is
6pq/dpg caleulated in a velocity orthogonal gauge (77 = 0) [51] and it corresponds to the speed of
sound squared that can be deduced from the 7 Lagrangian®, to be distinguished from the adiabatic
speed of sound squared, 2 = po/po = wg — g/ (3H(1 +wg)) [58]. The absence of pathologies at
wq — —1 can also be shown in this formalism. Indeed, in the continuity equation the divergence
of ¢ is compensated by the prefactor in front of the squared brackets, while the 1 + wgq term at
the denominator in the Euler equation is harmless as ¢? also vanishes for wg — —1. Thus both d¢
and 0g are continuous through the divide. This is not surprising as 6 is just the Laplacian of the
scalar perturbation w, m = aHQ/k:Z.

At this point the reader may be puzzled: in the previous sections we stressed that close to
the wg = —1 line quintessence behaves like the Ghost Condensate on cosmological scales, while
eq. (3.65) as well as the fluid egs. (3.67) and (3.68) do not contain higher derivative terms. Let us
see why these additional terms are irrelevant in realistic cases of phantom divide crossing. With
these new terms, the equation of motion for 7 derived from the full action (3.44) is obviously still
continuous so that also in this case the line wg = —1 can be crossed smoothly. The operator
proportional to M? dominates in the Ghost Condensate strip around the wg = —1 line. However,
this happens only in the extremely narrow range |1 + wg| < M?/M3, < 10731 The equation
of state parameter wg will stay in this range only for a time much smaller than H !, unless its
evolution is tremendously slow. Thus 7 has no time to evolve in the Ghost Condensate regime,

so that for all practical purposes one can totally neglect this strip around the wg = —1 line on

cosmological scales.

8The velocity orthogonal condition T = 0 is equivalent to the condition 7 = 0. As ¢ is unperturbed in this gauge,
the perturbations of pressure and energy density only come from fluctuations of X, i.e. dpg/dpo = pa,x /pa,x =
Px/(2Pxx X + Px), which is the speed of sound ¢? which appears in the 7 Lagrangian (3.6).
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3.5 Additional higher derivative operators

We have seen that k-essence can be described with the fluid equations (3.67) and (3.68). Even
including higher derivative terms, quintessence remains a perfect fluid, but does not satisfy the fluid
equations (3.67) and (3.68) as these assume a linear dispersion relation. However, as we discussed,
higher derivative terms are phenomenologically irrelevant on cosmological scales, so that one can
still use the fluid description above when comparing with observations.

From a practical point of view we conclude that, when comparing with observations a dark
energy model which crosses the phantom divide, it is consistent and theoretically motivated to set
c2 = 0. On the other hand, it is inconsistent to turn off perturbations as sometimes done in the

literature.

3.5 Additional higher derivative operators

As we discussed, higher derivative operators become relevant when the speed of sound is very close
to zero. This regime is particularly interesting when wg < —1 so that in the following we will
consider mostly the case pg + pg < 0.

Theories with very small ¢? should be thought of as tiny deformations of the Ghost Condensate
theory [32, 33, 49]: in this limit one recovers the shift symmetry ¢ — ¢ + A, so that a small
deviation from the Ghost Condensate is technically natural. In the Ghost Condensate limit there
is an additional symmetry that one can impose, i.e. the parity symmetry ¢ — —¢. The background
¢ = t in Minkowski space breaks this parity symmetry and the time reversal symmetry to the
composition of the two; the theory of perturbations is thus invariant under 7 — —m, t — —t [28].
This symmetry is present only when the background metric is Minkowski: in de Sitter there is a
preferred time direction singled out by the expansion. In this case, terms violating the symmetry
will be proportional to H, and thus tipically suppressed by H/M. In this paper we have considered
small departures from the Ghost Condensate limit, i.e., tiny breakings of the shift symmetry. These
also generate terms which are not invariant under parity m — —m, t — —t, as for instance the mass
term in eq. (3.12). These terms will be of the same order of magnitude, i.e. suppressed by H/M,
as we are assuming that H~! is the typical time scale of evolution of the operators.

However, one can also consider the case when the parity symmetry ¢ — —¢ is absent in the
Ghost Condensate limit [32]. This happens for example if we add to the k-essence Lagrangian (3.13)

the operator

Ly = —;(ng F3H)(X 1), (3.69)
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

which again does not change the background evolution as it starts quadratic in the perturbations.
For simplicity we assume that M = 0 and a constant M. In synchronous gauge at quadratic order

this operator is

. . V2r h
Ly =M% <7r +3H#+ — 3Hm — a—f + 5) . (3.70)

The first two terms in the parentheses contribute (after an integration by parts) to the time kinetic
term. Assuming M~M they can be neglected in comparison with 2M*#2. The third term gives
a mass term that is parametrically smaller than H and can thus be neglected.

To discuss the stability and phenomenology of this model, let us write the full action for per-
turbations, assuming |pg + po| < M*:
(Vr)2 1 h  Vr

. -~
= 5(p@ + po)hm + M’7 (5 —7>

. (3.71)

[\

a2

1
S = /d4xa3 [2]\/[4'2 — 5(,0Q + Q)

where we have neglected the mass terms. This equation is analogous to eq. (3.44) for the M
operator (3.16). Analogously to what we have done in sections 3.1.2 and 3.3.2 for the operator
proportional to M2, we will now study the stability and phenomenology on cosmological scales
with the operator £ ;. In appendix B we briefly study the effect of this operator at short distances,
i.e. the modification of gravity induced by it.

3.5.1 Stability constraints with M

Let us first study the stability of the system neglecting other sources of gravity. The equation of

motion for 7 derived varying (3.71) reads

AMA a2 AMY o2~ 8MH# M4

_petpeVin MPHV’m . po+po; M

i+ 3H7 (h+3Hh) . (3.72)

Notice that the operator M3#V2x /a? induces a spatial kinetic term for 7 proportional to H. Indeed,
this operator is a total derivative in Minkowski spacetime. Choosing M > 0, the spatial kinetic
term has the “healthy” sign and can be chosen sufficiently large to cure the gradient instability
associated to pg + pgo < 0, giving a positive and very small c2. This also allows us to neglect the
first term on the right hand side in eq. (3.72). To complete the stability analysis one has to take into
account the mixing with gravity, i.e., solve for h in terms of the quintessence stress-energy tensor
using the Einstein equation (3.23), and plug the result back in the right hand side of eq. (3.72).

This, similarly to what happens for the Ghost Condensate, will give rise to a Jeans-like instability.

9This assumption can be relaxed by having a time dependence with time scale of order H ', as in the case of M?2.
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3.5 Additional higher derivative operators

The contribution to the stress-energy tensor of the operator (3.69) is

A h  Vir
) M3 = — —— 3.73
opg D —2M?3 (# 4+ 3H7) . (3.74)

Given the small speed of sound, time derivatives are much smaller than the spatial ones and
the pressure perturbation is negligible, dpg < dpg. Concentrating on frequencies much larger
than the Hubble rate one can neglect the terms containing H# and Hh in eq. (3.72). A further
simplification comes from disregarding the standard k-essence contribution to the energy density
perturbation dpg, i.e. 4M*7, in comparison with M3V27r/a2. Indeed, from eq. (3.72) we have
M3V27T/a2 ~ M*#/H > M*r. Moreover, as we will see, the absence of Jeans instability will
impose M3 < M}2>1H- This implies that the term with h in eq. (3.73) is negligible with respect to
h in the Einstein equation (3.23), which becomes

. M3 V2
h=——. 3.75
Mlgl a? ( )
Plugging this into the right hand side of eq. (3.72) we finally find
M3H MO\ V2
PO (-l ) - _ T 0. (3.76)
A T AMT T SMME, ) P

This same result would have been found using a more rigorous approach, as done in [32]. Again,
as in the Ghost Condensate case, mixing with gravity induces a Jeans-like instability, represented
by the last term in this equation. Thus, for pg + pg < 0 we need to cure both the gradient and

the Jeans instabilities. This is possible for

3

— (1 + ZUQ)QQ 5 <1. (3.77)

MFQ,IH ~
This stability window [32] is analogous to the one discussed in the Ghost Condensate case, eq. (3.29).

We conclude that, with the inclusion of the operator £, we can have a dispersion relation w o< k

with positive speed of sound squared; thus, there is no sign of instability even for pg + pg < 0.

3.5.2 Including dark matter

Analogously to what done in section 3.3.2, to study the phenomenology induced by the M operator

we study quintessence perturbations generated by the coupling with dark matter. For simplicity
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

we assume matter dominance. The action (3.71) gives the equation of motion for 7 sourced by the
dark matter perturbation d,,:
. 3HA HM?3 V3r 5M3H26 +PQ+pQH6 (3.78)
i T = —— — = .
4M* @2 8 MAT T 4MA T
where we have used h = —2H§,, and neglected the gradient term proportional to pQ + po that is

subdominant. Since the speed of sound ¢2 = H M3 /(4M*) is very small and we are interested in

cosmological scales, one would naively neglect the term with V?7. This gives the solution

~

HM3 po 1+wg

TSI T AT 3wy

(3.79)
However, the approximation of neglecting the gradients is not good. Indeed, when we plug this
expression into the energy density perturbation
500 = anri s i (1 VT (3.80)
= r - — — .
PQ 2 a2 |’
there is a cancellation of terms proportional to M3 up to gradient terms. Thus one is forced to go
back to the equation of motion (3.78) and keep the term proportional to the speed of sound.
Once we do that, we obtain
M A& 1+w
5o = — . 6 + 1twe .
24M*ME Qg H?a? 1 —3wg

(3.81)

This equation displays the existence of two different regimes, in strict analogy with what happens
in the Ghost Condensate case. For large enough |1 4+ wg|, the second term on the right hand
side dominates and one recovers eq. (3.60), where the system behaves as standard k-essence. Note
however that, even for pg + pg < 0, there are no stability problems in the stability window (3.77).
The dynamics of the system is dominated by the M operator only when we are very close to

wg = —1, i.e. for
r6 MG
M < Qp < — .
MAE, S (1w S MM,

This region is the analogue of the Ghost Condensate strip around the horizontal axis of figure 3.2.

(3.82)

In this range the first term in eq. (3.81) dominates and g remains extremely small with respect to
0m- Although the dispersion relation is of the form w x cgk, quintessence does not follow the simple
fluid equations (3.67) and (3.68) because of the presence of higher derivative operators. However,
as in the Ghost Condensate case, given the narrowness of the strip (3.82), for all practical purposes

we can always use the fluid equations with ¢2 = 0, even when crossing the phantom divide. In

36



3.6 Conclusions

conclusion, the addition of the operator M can stabilize k-essence in the phantom case wg < —1,
and the phenomenology of the model is the same as for a k-essence with ¢2 = 0. This general
conclusion will hold even when considering both operators M and M at the same time, and can be

extended to all the possible higher derivative operators included in the general action in section 3.2.

3.6 Conclusions

In this chapter we have studied the most generic action describing the perturbations of a single
field dark energy — here called quintessence — around a given background. We have constructed the
action by adding to the k-essence Lagrangian higher derivative operators that leave the background
evolution invariant. Using this action, we have derived the theoretical constraints on the equation
of state parameter wg as a function of the speed of sound squared 2, by the requirement that
perturbations are ghost-free — i.e. that their kinetic energy is positive — and that there are no
gradient-like instabilities. These constraints have been conveniently represented on the quintessen-
tial plane (1 + wg)Qg vs. ¢2, in figures 3.1 and 3.2.

In particular, we have considered the case wg < —1, which is commonly believed to be unstable,
and we have shown that for very small ¢2 both the gradient and the Jeans instabilities can be avoided
and perturbations stabilized [32]. Higher derivative operators are crucial for the stabilization.

Indeed, it is important to stress that taking an extremely small ¢ does not represent a fine tuning,

2

as in the limit c;

— 0 we recover the Ghost Condensate theory which is protected by the shift
symmetry ¢ — ¢+c. Thus, for wg < —1, quintessence should be thought of as a small deformation
of the Ghost Condensate limit [32, 33, 49]. When the higher order terms containing k* dominate
over the spatial kinetic term c2k?, the phenomenology reduces to that of the Ghost Condensate.
This always happens on small scales, where the higher order gradients must dominate to stabilize
the perturbations, but on cosmological scales this only occurs for values of wg extremely close to
the one of the cosmological constant, i.e. for |1 + wg|Qg < 10734, Away from this tiny strip —
i.e. for all practical purposes — the behavior on cosmological scales is very different from that of
the Ghost Condensate: higher derivative terms are irrelevant so that the phenomenology of the
wg < —1 side of quintessence reduces to that of a k-essence fluid with ¢2 = 0.

Furthermore, we have studied the behavior of quintessence perturbations when crossing the
so-called phantom divide wg = —1. By restricting the analysis to k-essence perturbations around
a given background crossing the phantom divide, we have shown that, as the speed of sound

vanishes exactly at the divide, perturbations remain finite during the crossing. For wg < —1,
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3. THE EFFECTIVE THEORY OF QUINTESSENCE

higher derivative terms, while irrelevant on cosmological scales, are essential to stabilize the short
scale gradient instabilities. We conclude that no pathology arises during the crossing: the phantom
divide can be crossed without the addition of new degrees of freedom. We have illustrated this with
an example shown in figure 3.3. An important thing to retain is that a consistent and theoretically
motivated way of comparing with data a dark energy evolution which crosses the phantom divide
is to set to zero the speed of sound of perturbations.

The present analysis motivates the possibility that quintessence has a virtually vanishing speed
of sound, especially when wg < —1. Such a quintessence can be detected through its effects on
structure formation. The speed of sound defines the sound horizon (g = a [ ¢sdt/a, which sets
the characteristic length scale of smoothness of the perturbations. In the matter dominated era
lg = QCSHgl for a constant c;. Hence, for ¢, = 1 — corresponding to the speed of sound of a scalar
field with a canonical kinetic term — quintessence can cluster only on scales larger than the Hubble
radius while for ¢; = 0 it clusters on all scales, thus affecting the gravitational potential and the
formation of structures of dark matter and galaxies. The effect of a clustering quintessence can
be measured with the cosmic microwave background [55, 56, 57, 59], galaxy redshift surveys [60],
large neutral hydrogen surveys [61], or by cross-correlating the integrated Sachs-Wolfe effect in the
cosmic microwave background with large scale structures [62, 63]. For instance, in [60, 62] it was
found that with future surveys it will be possible to measure a zero speed of sound of dark energy
if wg 2 —0.95. As these analyses were restricted to positive values of 1 4+ wg only, it would be
interesting to repeat them for negative values. Notice that for a vanishing speed of sound, dark
energy will actively participate to the formation of non-linear objects, affecting the halo bias. A
study of the non-linear structure formation with clustering quintessence, using the spherical collapse
model, will be the subject of chapter 5.

Quintessence is perturbed by the presence of sources and thus modifies gravity as any other
kind of matter. When this modification happens on scales much smaller than the Hubble radius
one can properly talk about a theory of infrared modification of gravity. This happens when
quintessence is close to the Ghost Condensate limit; in this case the modification of gravity is due
to the Jeans instability induced by higher derivative operators, and persists even in Minkowski
spacetime. Modifications of gravity induced by the Ghost Condensate have been studied in details
in [28, 50]. We have considered also the additional operator proportional to M3 [32]; it would be
interesting to investigate the deviation from General Relativity induced by this operator and its
possible observational consequences, extending the preliminary analysis of appendix B, where the

treatment has been restricted to linear perturbations in a Minkowski spacetime.
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Chapter 4

Excursion Set Approach to Mass

Function Calculation

Cluster observations are likely to be an important source of information about cosmology in the
upcoming years. One of the main observables is the cluster number density, or mass function, which
can be used as a probe of different cosmological scenarios. In this chapter, as an introduction to the
following chapters, we discuss the standard calculation of the mass function of virialized objects,
explaining the spherical collapse model, the original Press and Schechter approach and the excursion

set theory approach. For more details, useful reviews are [64, 65].

4.1 The spherical collapse model

The spherical collapse model is the simplest approximation to the dynamics of formation of a halo.
It was pioneered in [66], and it was used by Press and Schechter for their calculation of the halo
mass function [67]. We will now describe it in its simplest implementations of an Einstein-de Sitter
Universe; an extension to ACMD and dark energy models is studied in Chapter 5.

We consider a flat FRW universe filled with dust, with critical energy density p = 3H?/(87G).
Take a homogeneous spherical overdensity with energy density p, > p and radius R, and imagine
there is an empty thin layer around the ball which compensates the inner overdensity. By Birkhoff’s
theorem (see [68]), the metric inside the thin layer is Schwarzschild with M = 37 R3py,, and it is
independent on what happens outside the ball. At the same time, since the total density of the
ball is the same of the background one, the external spacetime follows the FRLW evolution. This

means that, to solve for the evolution of the spherical overdensity, we can imagine the Universe
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4. EXCURSION SET APPROACH TO MASS FUNCTION CALCULATION

filled with energy density pj as well. In the limit in which the thin layer goes to zero, the evolution
inside the ball is the same of a homogeneous closed FRW Universe, for which we can write the

Friedmann equation
R? _ 8rG k
R2 - 3 Ph R2 I

where k = +1 is the curvature constant and R(t) is the scale factor inside the ball. The equation

(4.1)

simplifies if we introduce conformal time 7 such that dn = d¢/R. The well-known solution, in

parametric form, describes a cycloid:

GM (n —sinn) (4.2)

~

—~

=

~
I

R(n) = GM(1 —cosn). (4.3)

Therefore, the ball expands until it reaches a maximum radius Ry; = 2GM at t); = tGM, then
it collapses to R = 0 at t. = 2tp;. The non-linear evolution of the density field is given by
p = 3mM/(4R3), while the average universe density evolves as p = 1/(67Gt?).

To make contact with linear theory, we expand for small times:

2 2
GM ([ 6t \3 1 6t \3
~— | — 1—— (= . 4.4
i 2 <GM ) [ 20 <GM > ] (44)
One important prediction of the model is the value of the overdensity linearly extrapolated at

collapse time:

3M R3 3M 8 G2M2\ 3 [ 6t.\? 3
Go= 2t o2 % gra? () 2 (e ) = 212
= ar pe Ar GBMB " < 3612 >20 (GM) 20127)

wiN

=1.686.  (4.5)

Since the geometry of this model is special, particles never cross and the collapse will not end
until a singularity is formed at the center of the ball. In the real world, shell-crossing happens
before that, and the collapse will stop at the radius where virial equilibrium is reached. The virial

condition is
_1GM

== 4.6
S (4.6)

1 '2
5 v
and substituting the exact solution we find sin?ny = 1 — cosny, which is solved by ny = k3,

k = 0,1,2,.... Since virialization is reached after turnaround but before collapse, the correct

solution is ny = %7?, for which

Ry = GM = RTM ty = GM (;77 + 1> (4.7)
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4.2 The original Press & Schechter idea

The (non-linear) halo overdensity at virialization is usually calculated by taking the ratio of py

to p:
140y =2 = 1872 ~ 178. (4.8)
p

Indeed, in simulations and observations the halo radius is often defined as the radius within which

the density is 200 times the background one.

4.2 The original Press & Schechter idea

Using the results from the spherical collapse model, Press & Schechter [67] derived a formula for
the mass function of virialized objects as a mapping from the linear density field to the distribution
of nonlinear objects.

Since we always observe overdensities smoothed with some resolution, the starting point of the

calculation is to smooth the field on a scale R, using a filter function W (z; R):

0(x;R) = /dx'W(\x —xX'[; R)6(x) . (4.9)
The variance is then
R = (0 R) = [ SR PHIW ) (4.10)

There are several choices for the filter function. The most natural one is probably a top-hat in
real space: W(x; R) = 30(R — x)/(47R?), which has the advantage that the mass enclosed within
it is simply M = 47 R3/3. However, such a window function has the undesirable property that
it leads to power on all scales in Fourier space. Therefore, another popular choice is a sharp k-
space filter: W (k; R) = 0(1/R — k), using which the variances on different scales are uncorrelated.
Unfortunately, the volume associated with this filter function is infinite, and therefore one does not
have a well-defined mass-radius relationship.

The basic assumption of the Press and Schechter approach is that objects will collapse when the
smoothed overdensity field on some scale exceeds a threshold value, but that the collapse of small
objects does not influence the collapse of larger ones. Following this assumption, the derivation is
based on three ingredients: a characterization of the statistical properties of the primordial density
fluctuations; the evolution of these fluctuations according to linear perturbation theory; the value

of the threshold for collapse into a virialized object, which is based on the spherical collapse model.
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4. EXCURSION SET APPROACH TO MASS FUNCTION CALCULATION

The primordial density fluctuation field is assumed to be a Gaussian random variable; therefore,
the smoothed field dr(x) is Gaussian as well. Thus, the probability of attaining a value between ¢
and 0 + dd is 5

P(8; R)d6 = (2r0%) "2 exp [_ﬁ] . (4.11)

The linear evolution of the density field is d(x,z) = D(z)dg(x), where D(z) is the growth
function and dp(x) is the density contrast field linearly extrapolated to the present time.

An object of mass M will form when the smoothed density on the scale R(M) will exceed the
threshold . ~ 1.686, given by the spherical collapse model. Any region that exceeds the critical
density is assumed to meet that threshold when smoothed on some larger scale R’ > R. Therefore,
the fractional volume F (M) occupied by virialized objects larger than the smoothing scale R(M)

is the cumulative probability for a region to have a smoothed density above threshold:

F(M) = /6 Oo d6P(5; R) = %erfc (%) : (4.12)
where erfc(z) is the complementary error function, and v = §./(D(z)o(M)) is the height of the
threshold in units of the standard deviation of the smoothed overdensity. This formula, however,
is inconsistent as it is. In fact, in hierarchical models the variance diverges as R — 0, which means
that all the mass of the Universe should be in virialized objects and F(0) should be unity. However,
erfc(0) = 1 so that, according to eq. (4.12), only half of the mass is contained in virialized objects.
To correct for this issue, Press & Schechter multiplied their function by a factor of two. Proceeding
with this extra factor of two, the number density of virialized objects with masses between M and

M +dM is

M| dM

dn B |dF(M)
d—MdM M ‘

‘ dM . (4.13)

Substituting eq. (4.12), we get
dn 2 p dlnv v?
—dM =/ —— —— | dM . 4.14
dM \/;M2lenMeXp< 2> (4.14)

4.3 The excursion set theory

A major shortcoming of the Press & Schechter approach is the following: it can happen that the
overdensity field 0g(x) smoothed on some scale R may be less than the critical density d., but it can
exceed it at some larger scale R’ > R. It is natural to assume that the larger region will collapse,

overwhelming the less dense patches within it. Accounting for this effect provides the factor of 2
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4.3 The excursion set theory

that Press & Schechter missed, since the fraction of mass in collapsed objects is increased. In the
literature, this issue is referred to as the cloud-in-cloud problem. The correct way to proceed is to
compute the largest value of the smoothing scale for which the density threshold is exceeded. The
formalism to do this calculation constitutes the excursion set theory approach, beautifully explained
in a paper by Bond et al. [69], using results in the classical review by Chandrasekhar [70]. Recently,
this formalism has been put on firmer mathematical grounds by Maggiore & Riotto [71, 72, 73],
in a way that allows to include effects due to diffusing threshold or non-Gaussianity of the density
field (see chapters 6 and 7).

Consider the smoothed density fluctuation field §(x; R), extrapolated to the present using linear
theory. Focus on a single point in space x, which we can take as the origin by translational
invariance, and study the smoothed overdensity field as a function of the smoothing scale, §(R).
For very large R, the standard deviation o(R) — 0, and the probability that the region exceeds
the threshold is vanishingly small. Decreasing the smoothing scale R, the standard deviation o(R)
increases, and sooner or later the smoothed overdensity will reach the threshold §.. Mathematically,
the problem is to compute the probability of first crossing of the barrier d. at some scale R. Usually,
one considers the evolution of §(R) as a function of the variance S(R) = o?(R), which can be
regarded as a “time” variable!. The trajectory 6(S) is a random walk, governed by the Langevin

equation:

o(k) . (4.15)

S ~ S'(R) OR

dé(S) 4w /°° OW (k, R)
dk————

0
The properties of the noise depend on the choice of the filter. If the filter is a top-hat in k-space
(and the distribution of ¢ is Gaussian), we have a white noise and the resulting stochastic process
is a Brownian random walk. The probability of a transition from 6 to § + Ad when the time is

increased from S to S + AS obeys the integral equation?:
I1(5; S + AS) = /d(AcS)\I/(AcS, AS)I(0 — A6 S) (4.16)
which expresses the important fact that every step is uncorrelated with the previous history of the

trajectory. It is possible to show that II(d,S) obeys the Fokker-Planck equation:

oIl 19°11

!This is always possible in hierarchical models, as the variance is a strictly monotonic function of the smoothing
scale.
2This is called Chapman-Kolomogorov or Einstein-Smoluchowski equation.
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4. EXCURSION SET APPROACH TO MASS FUNCTION CALCULATION

The distribution of trajectories which never exceed J. prior to a specific value of S is given by the
solution of the Fokker-Planck equation with appropriate boundary and initial conditions. The initial
condition is a Dirac delta centered on some starting point dy at some scale Sy: I1(dg, So) = dp(dp).
The boundary condition is that the barrier at d. is an absorbing barrier: I1(d., S) = 0. The solution

can be obtained most elegantly by the method of images, and it is:

[ (0] g (IR

where AS =S5 — Sy and Ad = § — §y. The first Gaussian represents the distribution of trajectories

11(5, S) =

at time S without considering the barrier, and the second term removes the trajectories which have
already crossed d.. The fraction of trajectories that have crossed the barrier at or prior to some

time S is therefore

F(S)=1- / " 45116, 8) = erfe (%‘f;) . (4.19)

Taking Sp = 0 and §y = 0, this is precisely the Press-Schechter formula (4.12), but with the

—00

correct factor of 2. The differential probability of first crossing the barrier at time S (“first-crossing

distribution”) is obtained by differentiation:

F(s)as = — 8 g (/5 déw> as = - [an(é, S)rc ds

ds e dS T2 98 |
e —do (6. — do)?
= s A5 exp [ SAS ds (4.20)

Eq. (4.20) is the fundamental result of excursion set theory, giving the probability of first crossing
a barrier given any starting point dy and any change in filtering scale AS. Therefore, the fraction

of mass in virialized objects with mass between M and M + dM is

2
dF 16 [ 6cHdS (421)

- - ¢ e ==
dM ~ Varg 8 P 2s] |am|
where M is the mass which corresponds to the variance S, and the mass function follows from

eq. (4.13):
dlno
dln M

dn |2 ppy Oc

dM ~ Vr M2 S
In figure 4.1, the result (4.20) is compared to the predictions of a suite of cosmological N-body

exo | O | (1.22)

202

simulations. While the gross features of the mass function can be explained by the standard
excursion set theory result (for instance, the power law at small masses and the exponential cutoff

above the mass M, where o(M,) ~ d.), the details are not. In fact, the extended Press-Schechter
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Figure 4.1: First crossing distributions. The solid line represents the standard extended Press-
Schechter prediction, eq. (4.20). The dashed and dotted lines are the fits by Sheth and Tormen [74] and
Jenkins et al. [75]. The points come from numerical data from a suite of N-body simulations by J. L.
Tinker. The figure is taken from [64]

predicts too many low-mass haloes and too few high-mass ones, but, given the simplicity of the
approach, the level of agreement with the data is indeed surprising and a good starting point for
better analytical results.

The reason why the sharp k-space filter is so useful is that it is the only fiter for which steps
are not correlated, i.e. the process is Markovian, and the solution for II(4,S) is very simple.
In principle, it is possible to use other filter functions; in this case, however, it is necessary to
numerically compute a large number of trajectories by solving the Langevin equation, and the
probability distribution is obtained by finding the density of trajectories at each smoothing scale.
This procedure is a bit cumbersome and time consuming, and moreover does not yield a closed-
form solution for TI(4,S) or for the first-crossing distribution. Recently, Maggiore and Riotto
have shown that it is possible to take into account the effect of a filter different from a sharp
k-space perturbatively in the difference between the 2-point functions calculated with a generic
filter (actually they consider only the top-hat in real space) and with the sharp k one [71]. We will

discuss their approach in chapter 6.
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Chapter 5

The Spherical Collapse in

Quintessence Cosmologies

One of the most important open questions for cosmology is whether dark energy is a dynamical
component of the universe or a cosmological constant. A plethora of experiments and future
observations are currently planned with the aim of improving our understanding of this question
(see for instance [31] for a review). One of the most popular models of dynamical dark energy is
quintessence, where the acceleration of the universe is driven by a minimally coupled scalar field
with negative pressure. Standard quintessence is described by a minimally coupled canonical scalar
field [76]. In this case, scalar fluctuations propagate at the speed of light and sound waves maintain
quintessence homogeneous on scales smaller than the horizon scale [77]. Quintessence clustering
takes place only on scales of order the Hubble radius, so that its effect is strongly limited by cosmic
variance.

However, if the kinetic term is non-canonical, the speed of sound can be different from one.
Indeed, as we showed in chapter 3, in an effective description of quintessence perturbations the
speed of sound is a free parameter, subject to the constraints that the theory be free of ghost and
gradient instabilities. In particular, if the equation of state is w < —1, the stability of the theory
is guaranteed by the presence of higher derivative operators, provided that the speed of sound of
perturbations is negligibly small: |c| < 10715,

Apart from these theoretical considerations, the fact that the speed of sound of quintessence
may vanish opens up new observational consequences. Indeed, the absence of quintessence pressure
gradients allows instabilities to develop on all scales, also on scales where dark matter perturbations

become non-linear. Thus, we expect quintessence to modify the growth history of dark matter not
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

only through its different background evolution but also by actively participating to the structure
formation mechanism, in the linear and non-linear regime, and by contributing to the total mass
of virialized halos.

In the linear regime, a series of articles have investigated the observational consequences of a
clustering quintessence. In particular, they have studied the different impact of quintessence with
¢s = 1 or ¢ = 0 on the cosmic microwave background [55, 56, 57, 59], galaxy redshift surveys [60],
large neutral hydrogen surveys [61], or on the cross-correlation of the integrated Sachs-Wolfe effect
in the cosmic microwave background with large scale structure [62, 63]. On non-linear scales, the
dependence of the dark matter clustering on the equation of state of a homogeneous quintessence,
i.e. with ¢ = 1, has been investigated using N-body simulations in a number of articles (see for
instance [78] and references therein for a recent account).

A popular analytical approach to study non-linear clustering of dark matter without recurring to
N-body simulations is the spherical collapse model [66]. In this approach, one studies the collapse of
a spherical overdensity and determines its critical overdensity for collapse as a function of redshift.
Combining this information with the extended Press-Schechter theory [67, 69], one can provide a
statistical model for the formation of structures which allows to predict the abundance of virialized
objects as a function of their mass, as explained in chapter 4. Although it fails to match the details
of N-body simulations, this simple model works surprisingly well and can give useful insigths into
the physics of structure formation.

The spherical collapse can be generalized to include a cosmological constant (see for instance
[79]) and quintessence with c¢; = 1 [80] (see also [81, 82] for subsequent applications). If quintessence
propagates at the speed of light, it does not cluster with dark matter but remains homogeneous.
Indeed, pressure gradients contribute to maintain the same energy density of quintessence between
the inner and outer part of the spherical overdensity. A study of the spherical collapse model with
different quintessence potentials was performed in [83]. For a nice review on structure formation
with homogeneous dark energy see also [84].

In this chapter, based on [85], we study the spherical collapse model in the case of quintessence
with zero speed of sound. This represents the natural counterpart of the opposite case ¢, =
1. Indeed, in both cases there are no characteristic length scales associated to the quintessence

clustering®, and the spherical collapse remains independent of the size of the object.

IThe characteristic length scale associated to the quintessence clustering is the sound horizon scale, i.e., Ly =
a [ csdt/a. As mentioned above, this vanishes for ¢ = 0 so that clustering takes place on all scales. For cs = 1 we

have L, = QHJI, which is much larger than the scales associated to the spherical collapse.
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5.1 The model: quintessence with ¢ =0

As the spherical collapse occurs on length scales much smaller than the Hubble radius, we will
describe it using a convenient coordinate system where the effect of the Hubble expansion can be
treated as a small perturbation to the flat spacetime. In these “local” coordinates, the description
of the spherical collapse becomes extremely simple and the well-known cases can be easily extended
to quintessence with ¢; = 0. In this case, pressure gradients are absent and quintessence follows
dark matter during the collapse. Thus, in contrast with the non-clustering case c¢; = 1 where
quintessence and dark matter are not comoving, for ¢s = 0 the collapsing region is described by
an exact FLRW universe. Note that, even though the energy density of quintessence develops
inhomogeneities as long as the collapse proceeds, the pressure inside and outside the overdense
region remains the same. Thus, as explained below, our model does not give the same description
of clustering quintessence as that proposed by [83] and studied, for instance, in [86, 87, 88].

We will see that, besides quantitative differences with respect to the ¢ = 1 case — a different
threshold for collapse and a different dark matter growth function — the ¢; = 0 case has a remarkable
qualitatively new feature. Quintessence clusters together with dark matter and participates in the
total mass of the virialized object, contributing to their gravitational potential.

The chapter is organized as follows. In section 5.1 we describe quintessence models with ¢, = 0.
In section 5.2 we study spherical collapse solutions first in known cases (dark matter only, ACDM
and ¢s = 1 quintessence) and then in the case of a clustering dark energy, ¢, = 0. It turns out to be
much simpler to describe these solutions in coordinates for which the metric is close to Minkowski
around a point in space. The equation for the evolution of the spherical collapse are solved in
section 5.3 and the threshold for collapse is calculated in the various cases. This leads to the
calculation of the dark matter mass function in section 5.4. In section 5.5 we study the accretion of
quintessence to the dark matter haloes and its effect on the total mass function. The contribution
of quintessence to the mass may be distinguished from the dark matter and baryon component in

cluster measurements, as we briefly discuss in section 5.6.

5.1 The model: quintessence with ¢ = 0

Let us consider a k-essence field described by the action [39, 40]

S = /d4:c\/—_g P(¢,X), X = —g"0,00,¢ . (5.1)

The evolution equation of ¢ derived from this equation is

L 0./ 2Px0"0) = P, (5.2)

]
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where Py = 0P/0f. The energy-momentum tensor of this field can be derived using

2 48
Ty = ————=—, 5.3
K /_g(sguu ( )

and can be written in the perfect fluid form as [44]

T,ul/ = (pQ + pQ)u,uuu + P (5.4)

once we identify
Ouo
VX

Let us initially neglect perturbations of the metric and assume a flat FLRW universe with

po=2PxX — P, po =P, Uy = (5.5)

metric ds? = —dt? + a?(t)d7?. The energy-momentum tensor of the field can be perturbed around

a given background solution ¢(t) corresponding to a background energy density and pressure,
ﬁQZQRXX_Pa ﬁQ:P7 (56)

where X = 52. To describe perturbations it is useful to write the scalar field as [32, 89]

o(t,Z) = o(t +7(t, 7)), (5.7)

where 7 describes the difference between the uniform time and scalar field hypersurfaces.? Then,
eq. (5.5) can be expanded linearly in 7 using ¢(¢,%) = ¢+ ¢ 7 and X (¢,7) = X + Xn+2X7. This

yields, for the perturbations of the energy density, pressure and velocity,

3pq = pam + (pq +Po +4AMY)ir . dpq = pom + (pq +PQ)T,  wi= O, (5.8)

where we have used eq. (5.6) and defined M* = P xx X?, where M has the dimension of a mass.
To describe the evolution of perturbations we can expand the action (5.1) up to second order

in 7 as done in chapter 3,

S :/d4x a?
(5.9)

The second term proportional to 7 can be integrated by parts so that the part of the action linear

Pr+2Px X7+ (PxX +2PxxX?)#% — Px X

in 7 can be written using eq. (5.6) as — [pg + 3H (pg + pg)] 7, where H = a/a is the Hubble rate.
This part cancels due to the background equation of motion. Furthermore, we can manipulate the

last two terms of the action integrating by parts the last term, proportional to 77, and making

2We assume that ¢ is a monotonous function of .
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5.1 The model: quintessence with ¢ =0

use of the background equation of motion, to rewrite them as 3H PxX 72. Finally, it is convenient
to rewrite the coefficients left in this expansion in terms of the background energy density and
pressure using eq. (5.6). This yields
S =/d4€va3 E (Pq + pq + 4M*) 7* — %(ﬁ@ +25Q)(va—7;)2 + ;H(ﬁQ +pQ)m’| - (5.10)
The coefficients of this quadratic action are completely specified by the background quantities
po + Po and M*. The latter is a function of time which we expect to vary slowly with a rate of
order Hubble.? As shown in [33, 89], eq. (5.10) is the most general action describing quintessence
in absence of operators with higher-order spatial derivatives. Note that this action is even more
general than the starting Lagrangian (5.1) as it can be generically derived using only symmetry
arguments [33]. An advantage of eq. (5.10) is that its coefficients are written in terms of observable
quantities. Indeed, pg + pq is proportional to 1 + w, where w = pg/pg is the equation of state of
quintessence, which we will take here and in the following to be constant. The parameter M? is
related to the speed of sound of quintessence, given by
2_ _ PQTtDPQ
* po +Dpg+4MtT

As can be seen from this equation, absence of ghost — i.e., positiveness of the time kinetic-term in

¢ (5.11)

eq. (5.10) — implies that ¢ has the same sign as 1 +w [32, 48, 89]. In particular, for w < —1 one
has ¢2 < 0, which signals the presence of gradient instabilities. As shown in [32, 89] stability can
be guaranteed by the presence of higher derivative operators but requires that the speed of sound
is extremely small, practically zero [89].

Regardless of the motivations expressed above on the stability of single field quintessence for
w < —1, in the following we will be interested in considering the limit ¢ — 0, which is obtained
when |pg+pg| < M 4. We will see that what turns out to be physically relevant are the density and
pressure perturbations on surfaces of constant ¢, i.e. of constant w. These are the perturbations in

the so-called velocity orthogonal gauge, and using eq. (5.8) they are given by

(v.0.) (v.0.)

Spg " = 0pq — pom = (Pg +Po +4MY)E,  dpy ") = dpg —Pom = (pg + Do) . (5.12)

Indeed, c? defined in eq. (5.10) can be written as [89]
6p(v.o.)

2= (Ci_o_) . (5.13)
5pQ

3The time variation of M* is expected to be even slower than Hubble, i.e. of order (14 w)H, which is the typical

time variation of pgq.
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

Thus, the pressure perturbation is suppressed with respect to the energy density perturbation by
the smallness of the speed of sound. As we will see, in the limit ¢, — 0 this implies that pressure
forces are negligible and quintessence follows geodesics, remaining comoving with the dark matter.

In the limit ¢, — 0, the energy density perturbation on velocity orthogonal slicing becomes

op5 ) = amti . (5.14)

Note that since 7 ~ H, the difference between 5p(V'°')

and dpg is negigible for small speed of sound,
5,08'0') ~ 0pg. All these conclusions hold independently of the value of dpg/pg, provided that the
effective theory described by action (5.10) remains valid, i.e. for 7 < 1 [50, 89]. In particular,
they hold also when perturbations in the energy density of quintessence become non-linear, i.e., for
Spg > pg.

Gravitational perturbations can be straightforwardly included in the action (5.10) as in [89].
As a warm-up exercise we will here, instead, study the evolution of quintessence in the spherical
collapse solution. According to the spherical collapse model, the overdensity can be described as
a closed FLRW universe with a scale factor R which is different from the one of the background
a. This remains true also when we take into account quintessence with negligible speed of sound.
Indeed, eq. (5.13) shows that there is no pressure difference between the inside and the outside of
the overdense region. Therefore, inside the overdensity we can describe quintessence using eq. (5.9),
where the time evolution of the metric is described by the scale factor R and we thus replace a® by
R3.

With this new action, the second term proportional to 7 can be integrated by parts and the
coefficients of the linear part of the action rewritten in terms of pg and pg using eq. (5.6). However,
now the linear part of the action does not cancel but can be written, using the background equation
of motion, as —dH (pg +pg)m, where we have defined 0H = Hi, — H, with H;, = R/R. We are thus
left with a linear term in the action, due to the difference between the rates of expansion inside and
outside the overdensity. After manipulations of the last two terms in eq. (5.9), similarly to what

was done to derive eq. (5.10), the action inside the overdensity becomes?

S:/d4wR3

V)2

1 P 3.
§(PQ+PQ+4M4)W2_§(PQ+I7Q)(aQ + 5 H(pq + po)m?

(5.15)
3 .
= 30H (pq + po)m — 50H (pg + po) 7|

4We will not include in the action the contribution to /=g coming from the curvature of the closed FLRW

universe. Indeed, as it is time independent, it does not affect our discussion.
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5.1 The model: quintessence with ¢ =0

Using that m ~ Hm, neglecting time variations of M and discarding terms suppressed when
Ipg + Pol < M* (i.e., in the limit ¢ — 0) the equation of motion of 7 derived from this action

reads

R 30H

f+3ph = —M(ﬁQ +pq) - (5.16)

As expected, the quintessence perturbation induced by the overdensity is proportional to 1 + w,
i.e. it vanishes in the limit of the cosmological constant. Note that the source term on the right-
hand side of this equation can be written as —3c2§H and is suppressed by the smallness of ¢2. This
implies that, even for large overdensities, i.e. dH 2 H, variations of m due to the gravitational
potential well are extremely small, 7# ~ ¢2, inside the regime of validity of the effective theory.
Furthermore, this also implies that the difference in m between the homogeneous and closed FLRW
solutions is also tiny, A7 ~ ¢2H~!. Thus, the quintessential scalar field practically lies on the same
point of its potential.

(V.O.))

Equation (5.16) can be written, using eq. (5.14) (and dpg =~ dp, , as

. R -
dpg + 3E6PQ = —30H (pg + pq) - (5.17)

Note that, as dH is always negative, the sign of dpg is the same as that of 1 + w. Remarkably,
this implies that for w < —1 dark matter halos accrete negative energy from quintessence, as was
noticed at linear level in [56]. Combining eq. (5.17) with the background continuity equation,

po + 3H(pg + pg) = 0, we obtain

. R _
pQ +35(pq +pg) =0. (5.18)

This equation describes the evolution of the energy density of quintessence with ¢2 = 0 inside a
spherical overdensity dominated by dark matter. Note that the pressure perturbation is absent, as
it is suppressed by ¢ — 0. Indeed, this equation differs from the description currently given in the
literature for clustering dark energy. In particular, the analogue of this equation given in [83, 86]
includes the pressure perturbation dpg = wdpg. Including the pressure perturbation dpg leads to
an incorrect description even in the linear regime, in contrast with eq. (5.18) which does match the
linear theory for small overdensities.

In the following two sections we will make this analysis more complete and derive all the

equations necessary to describe the spherical collapse with quintessence.
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

5.2 Spherical collapse in local coordinates

As we did in the former section, the spherical collapse is usually treated using FLRW coordinates,
as in the simplest cases (Einstein-de Sitter or ACDM universe) the top-hat overdensity evolves as
an independent closed universe. This somewhat obscures a crucial simplification of the problem,
i.e. that the collapse of dark matter haloes occurs on scales much smaller than the Hubble radius.
In this limit one can treat gravity as a small perturbation of Minkowski space®. As the dynamics of
¢s = 0 quintessence is not completely intuitive, we want to make use of a coordinate system where
this simplification is explicit; this will also make the dynamics of the other cases of spherical collapse
clearer. We thus choose a coordinate system around a given point, such that the deviation of the
metric from Minkowski is suppressed by H?r2, where r is the distance from the point, for any time®.
Notice that we do not want to limit the validity of our approximation to times shorter than H !
because this is also the typical time-scale of the evolution of a dark matter halo. These requirements
define the so called Fermi coordinates. Note also that we are not taking any Newtonian limit: as
we are interested in quintessence we cannot neglect pressure as source of gravity.

A particular choice of Fermi coordinates are the so-called Fermi normal coordinates [90], where
the deviation of the metric from Minkowski can be written as a Taylor expansion around the origin

whose leading coefficients are components of the Riemann tensor. These are (with the conventions

of [91])

goo = —1— ROlOm’G g™+ , (5.19)
2
goi =0 — gROlim|6 ™4 (5.20)
1
Gij = 0ij — gRiljm|6 ala™ 4. (5.21)

Here we will be interested only in spherically symmetric solutions. As Rg;,, vanishes because of
rotational symmetry, go; must be of order higher than 72, and we can neglect it in the following
discussion. Furthermore, rotational symmetry implies that the corrections to gog will be propor-
tional to r? while those to gij will be proportional either to 7“25,~j or to z;x;. It is possible to make a
redefinition of the radial coordinate such as to get rid of the term x;x; without affecting goo and go;

at O(r?). In such a way we are using Fermi coordinates which are not of the normal form. In this

5For a recent use of this approximation in cosmology see [30]
SIn the spherically symmetric case, the range of validity of this approximation goes to zero close to the collapse
singularity. However, this is not relevant because the singularity is anyway an artifact of the spherical symmetry. In

the real case the curvature of space remains small and the halo reaches virialization.
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5.2 Spherical collapse in local coordinates

case the metric can be written in the Newtonian gauge (not to be confused with the cosmological

perturbation theory Newtonian gauge) form as

ds® = —(1 + 2®)dt? + (1 — 20)di? (5.22)

where ® and ¥ are proportional to 72

. In this gauge the 00 component of the Einstein equation
gives

V23U = 47Gp . (5.23)

The part of the ij Einstein equation proportional to the identity gives
6V 4 2V%(® — W) = 247Gp . (5.24)

As the typical time scale is of order Hubble, the ¥ term is suppressed with respect to V2¥ by
O(H?r?), and can therefore be neglected. Thus, using eq. (5.23) we obtain

V20 = 47G(p + 3p) . (5.25)

As a first step, let us show how one can use these coordinates to describe an unperturbed FLRW

solution with non-vanishing curvature. In isotropic comoving coordinates this metric is written as

dij?

ds* = —dr* + a(1)? ——%F——
™) (14 1Ky?)?

, (5.26)

where K is the curvature parameter. Performing the change of coordinates 7 = t — %H r2 and

iy = % (1+ %H 2p2) [30], with @ and H evaluated at t rather than at 7, one gets at first order in
H27"2

)

. 1
ds® ~ — [1 —(H + H2)7°2] dt* + [1 - 5(1{2 + K/a®)r?| dz? (5.27)
which is indeed of the Fermi form (5.22), where the corrections from flat spacetime are given by

1
2

. 1
d=——(H+H)r?, U = Z(H2 + K/a®)r? . (5.28)

Let us now show that the metric (5.27) is a solution of the Einstein equations (5.23) and (5.25).
In the coordinates (¢, %), p(7) and p(7) are not space independent; however, their space dependence
is suppressed by H?r?, so that it can be neglected. With spherical symmetry, assuming regularity
at the origin, the two Einstein equations (5.23) and (5.25) are then solved by

B 877Gp7°_2

v :
3 4

(5.29)
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

and )
ArG
=" (439 (5.30)
3 2
Comparing these expressions with (5.28) we recover the two Friedmann equations, respectively,
K 8rG
H> 4+ = = — 5.31
T =g P (5.31)
and
a AnG
—-—=—— 3p) . 5.32
" 3 (P +3p) (5.32)

Note also that the traceless part of the ij Einstein equation, (9;0; — %5UV2)(<I> —¥) =0, is
trivially satisfied by the expressions above. Matter stays at fixed ¢ in the original FLRW coordi-
nates; therefore it moves in the new coordinates as & « a, i.e. with velocity ¥ = HZ. Finally, using
this equality one can check that also the 0i component of the Einstein equations is satisfied.

Let us now look at the dynamical equations for the fluid. The time component of the conser-

vation of the energy-momentum tensor gives (see for example [92]) the continuity equation
p+V-l(p+pd=0. (5.33)

This equation is the same as in Minkowski spacetime, as the gravitational corrections only induce
terms suppressed by O(H?r%). When the velocity ¢ is simply given by the unperturbed Hubble
flow we obtain the standard conservation equation in expanding space, p + 3H (p + p) = 0.

The spatial component of the conservation of the energy-momentum tensor gives the Euler
equation,
57 [ﬁp +7 % -V, (5.34)

where we have assumed that v < c. At leading order in O(H?r?), gravitational perturbations

T+ (V)T =—

enter only through the last term on the right-hand side of this equation. In the particular case
of an isotropic and homogenous solution the first term on the right-hand side exactly cancels: as
p(Z,t) = p(t — Hz?/2), Vp = —pHZ and the gradient of the pressure cancels with the term coming
from its time dependence. This is not surprising, as what matters in the Euler equation is the
4-dimensional gradient of pressure perpendicular to the fluid 4-velocity. In this case eq. (5.34)
reduces to

T+ (0-V)o=-Vd. (5.35)

This equation is verified by the Hubble flow ¢ = HZ, since we get

-

F=-V, (5.36)

Q|
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5.2 Spherical collapse in local coordinates

which is clearly satisfied by the explicit expression for ®, eq. (5.28).
We can now use these local coordinates to describe the spherical collapse in various cases,

starting from the simplest.

e Dark matter only

Let us take a spherically symmetric distribution of matter around the origin. As both the gravi-
tational potentials ® and V¥ satisfy the Poisson equation, we do not need to know how the mass
is radially distributed to solve for the gravitational background outside a given radius r: we just
need the total mass inside the radius r. In particular (see figure 5.1), if inside a given radius 7out
a distribution contains as much matter as the unperturbed cosmological solution, from the outside
it will look exactly as the unperturbed background. This implies that we can smoothly glue this
solution at r = 7oyt to the cosmological background, and that the latter will not be affected by the
gravitational collapse inside. This is of course a linearized version of Birkhoff’s theorem in General

Relativity.

Figure 5.1: Spherical collapse

Conversely, the solution inside a given radius is not affected by what happens outside. In
particular, if we assume a homogeneous initial condition inside a radius 7y, (with ri, < 7out), this
central region will evolve as if these homogeneous initial conditions were extended outside, i.e. as
a complete FLRW solution [66]. The central overdense region will remain exactly homogeneous,

reaching maximum expansion and then collapsing.

o7
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

Without further assumptions, the evolution of the layer ri, < r < 7oy does not enjoy particular
simplifications and its evolution must be computed as a function of the initial profile. In any case,
this is usually irrelevant as we are only interested in the fate of the r < ry, region. If we assume
that the layer ri, < r < rou is empty, the Poisson equations (5.23) and (5.25) give 1/r solutions
for the potentials, like for a source localized at the origin. This is the linearization of the exact

Schwarzschild solution.

e Dark matter and a cosmological constant

The considerations above also hold when we include a cosmological constant. Although ¢ and
U now solve different equations (because py # 0), they are both of the Poisson form. Thus, we
still have an unperturbed evolution outside 7o, if the total matter inside matches the background
value. Assuming initial homogeneity, the central region r < ry, will evolve like a complete FLRW
universe [79]. Although now pressure does not vanish, it just comes from the cosmological constant
which does not define a preferred frame and is therefore comoving with dark matter both inside

and outside the overdensity.

e Non-clustering quintessence: c, = 1

When quintessence has a speed of sound ¢, = 1, it does not effectively cluster but it keeps on
following the cosmological background solution, irrespective of the dark matter clustering [80].

As before, outside rqyt there is an unperturbed cosmological background. What is new now is
that the central region r < 1y, does not behave as a complete FLRW solution, even if we start with
a homogeneous overdensity. Indeed, quintessence and dark matter do not have a common velocity:
while dark matter slows down and eventually starts collapsing, quintessence keeps following the
external Hubble flow vq = Houw&. Note that, on the other hand, in the cosmological constant
case one cannot define a dark energy 4-velocity as its energy-momentum tensor is proportional
to the metric. To study the evolution of the dark matter overdensity one must use the Euler
equation (5.36). Here, what defines the velocity flow of dark matter is the effective “scale factor”
R, U = R/R Z. This yields

—

i
—Z=-Vo. 5.37
N (5.37)
Using the explicit solution (5.30) for @, this equation becomes [80]

R 4G

o T o+ P+ 300) 5.38
= 3 (pm + Pq + 3pq) (5.38)
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5.2 Spherical collapse in local coordinates

where we have separated the contribution of dark matter and quintessence to ®. Notice that,
although this equation looks like one of the Friedmann equations, the dynamics of R is not the
same as for a FLRW universe. Indeed, p,, evolves following the scale factor R, while the quintessence
follows the external scale factor a. In a FLRW universe, from eq. (5.38) together with the continuity
equation one can derive the first Friedmann equation, (R/R)? = % p—K/R?. Here, as the different
components follow different scale factors, this is not longer possible and the first Friedmann equation

does not hold.

e Clustering quintessence: ¢, =0

Let us now move to the subject of this chapter. We want to show that, in the limit of vanishing speed
of sound, quintessence remains comoving everywhere with dark matter. In particular, this implies
that in the region r < 7j, quintessence follows dark matter in the collapse and the overdensity
behaves as an exact FLRW solution so that, contrary to the ¢; = 1 case, also the first Friedmann
equation holds. The fact that quintessence remains comoving with dark matter can be understood
both by using the fluid equations or directly from the scalar field equation of motion.

In the fluid language, the dynamics is described by the Euler equation (5.34). In general, in
the presence of sizeable pressure gradients, a fluid does not remain comoving with dark matter,
i.e. it does not follow geodesics. Since quintessence has a sizeable pressure, the fact that it moves
following geodesics may be unexpected but it is obtained in the limit ¢, — 0. This can be easily

seen by rewriting the Euler equation for quintessence in covariant form as

utV = — (6”7 +u"u”)Vepq , (5.39)

(rq +pq)

where u* is the quintessence 4-velocity. When the right-hand side of this equation vanishes, the
4-velocity solves the geodesic equation. In fact, the pressure gradient is multiplied by the projector
perpendicular to the fluid 4-velocity. This is the same as projecting on surfaces of constant ¢,
and it is equivalent to a gradient of the velocity-orthogonal pressure perturbation that appears in
equation (5.12), which involves only 7, and not w. By eq. (5.13) this is negligible in the limit ¢; — 0
and thus the right-hand side of (5.39) vanishes.
This result is even clearer in the scalar field language Taking the derivative of the equation
defining the quantity X in (5.1),
9"(0"p0u¢) = 0" X, (5.40)
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

and writing it in terms of the 4-velocity u* = —0"¢/v/ X, we have

VXV, (VXu') = —0"X , (5.41)
and therefore
v 1 vo v, o
u'V ot = —ﬁ(g + u’u?)0,X . (5.42)

Equation (5.39) is recovered using eq. (5.5) and taking into account that d,P(¢, X) = OP/0¢ -
Oy + OP/0X - 0, X and that the first term vanishes when multiplied by the projector orthogonal
to u*. From this, we clearly see that what matters is only the gradient of the pressure on ¢ = const
hypersufaces. This vanishes in the limit ¢, — 0 and thus we have geodesic motion. We stress
that, although quintessence with ¢; = 0 follows geodesics, its dynamics is quite different from the
one of dark matter. Pressure does not accelerate the quintessence 4-velocity but it does affect the
energy conservation equation (5.33). Moreover, quintessence does not enjoy a conserved current,
while dark matter particle number is conserved; this is related to the absence of the shift symmetry
¢ — ¢ + ¢ in the scalar field Lagrangian (see for example [93]).

As discussed in section 5.1, the different dark matter evolution inside and outside the overdensity
changes the quintessence solution by a very tiny amount Am ~ c¢2H~!: the quintessence field sits
at the same position along its potential, ¢ = ¢(t), apart from negligible ¢? corrections. Notice
that this was derived using two different Friedmann coordinate systems, one following dark matter
inside the overdensity and one following the unperturbed Hubble flow outside. Thus, in reality we
have two solutions ¢ = ¢(ti,) and ¢ = ¢(tou) respectively. Once these two solutions are written
in the same local coordinates (5.27), the solution for ¢ becomes ¢ = ¢(t — 2 Hiyr?) for r < ryy
and ¢ = (E(t — %HoutV“Q) for r > rout. This implies that in these coordinates 7 has to jump in the
layer between the two regions, by an amount Arm ~ %T‘Q(SH , and that this jump is not suppressed
by 2. One may expect that the scalar field would “react” to this gradient between the inside and
the outside. However, this does not happen in the limit ¢, — 0 as the spatial kinetic term is very
suppressed. Let us see this explicitly.

To study the scalar field equations in the local coordinates, one can start by writing the equations
in Minkowski space and then check a posteriori that the deviation of the metric from flat space
only gives relative corrections O(H?r?). The evolution equation for ¢, eq. (5.2), reads in Minkowski
space

~OUPxd) + H(PxD0) = 5Py (5.43)
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5.3 Solving the spherical collapse

If we try a comoving solution of the form ¢ = ¢(t — %HT‘Q), we end up with the standard FLRW

equation for ¢, inclusive of the friction term,

— 0(Px¢) —3HP x¢ = —%Pd, . (5.44)

)

Metric fluctuations give only a correction to this equation of order O(H?r?). As we discussed, the
two homogeneous solutions for r < riy and r > roy are different so that we expect gradient terms
to smooth out the initial top-hat profile. To estimate the thickness L of the layer over which the
smoothing takes place, we can study perturbations around a top-hat profile and require the spatial

and time kinetic term of the perturbation 7 in eq. (3.9) to be comparable:

71.2

M*3% ~ (pg +PQ) 737 -

(5.45)

Using that 7 ~ Hr, from this comparison we obtain L ~ |cs|H~!. This makes perfect sense: our
top-hat profiles are smoothed out over a distance comparable to the sound horizon”.

In conclusion, the solutions outside and inside the overdensity are exact FLRW with quintessence
comoving with dark matter. Gradient terms will smooth out this solutions on scales of order of
the sound horizon, which vanishes for ¢s — 0. This discussion also tells us that taking ¢, = 0 will
be correct only for objects which are much bigger than the sound horizon |cs|H~!. In the opposite
limit of an object which is much smaller than the sound horizon, one can treat quintessence as

unperturbed as discussed above in the ¢ = 1 case. For example, if one is interested in objects

larger than 1Mpc, one can neglect the speed of sound as long as |cs| < 107

5.3 Solving the spherical collapse

In this section we derive the equations for the spherical collapse of dark matter in the presence of

quintessence with vanishing speed of sound and we compute their solutions numerically.

e The background universe

The background is described by a flat FLRW metric with scale factor satisfying the Friedmann

equation

@2 = %(ﬁm +7Q), (5-46)

It is straightforward to check that this estimate is not altered by the higher derivative operators that are required
for stability when w < —1 [32].
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

where p,,, and pg are the background energy density of dark matter and quintessence, respectively.

For later purposes, we express p,, and pg in terms of the fractional abundance of dark matter €,,,

~ 3H? ~ 1—Qpm
pm =g oShms Q= —q, Pm (5.47)

Dark matter redshifts with the expansion as the physical volume, p,, o< a2, while the energy
density of quintessence scales as pg o< a—30+w) " The dark matter contribution to the critical
density 2, can be written as a function of its value today, €2, o, and z, the scale factor normalized

to unity today (at t = tp):

x =alag . (5.48)
This yields
Qn(z) = (14 ——0p . (5.49)
Qm,O
Equation (5.47) can then be rewritten as
3HE Qo _ 1= Qo 30
_ 7 _ : 5.50
Pm 87TG 1.3 ’ pQ Qm70 T Pm s ( )

where the second equation follows from (5.49). Furthermore, rescaling the time variable by defining

n=+/Smo Hot , (5.51)

one can rewrite the Friedmann equation as

dx _
& = @m(@) 1z, (5.52)
The initial condition for z can be imposed at some small initial time 7; during matter dominance:
x; = (3n;/2)%/3. Then, egs. (5.49) and (5.52) completely describe the background evolution of the

metric and energy-momentum tensors.

e The linear evolution

Before studying the collapsing spherical overdensity we derive the evolution equations of pertur-
bations of dark matter and quintessence in the linear regime. As we consider scales much smaller
than the Hubble radius, the gauge dependence of perturbations is not important. We will thus per-
turb the continuity and Euler equations in local coordinates, egs. (5.33) and (5.35), adding small
inhomogeneous perturbations §(¢,#) and w(t,#) to the homogeneous energy density and Hubble
flow velocity:

p=p(1+6), T=Hi+1. (5.53)
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5.3 Solving the spherical collapse

Let us start from the dark matter. Perturbing at linear order eq. (5.33) with p,, = 0 yields

<% +HZ- ﬁgﬁ) S = —Vy - il (local coords) , (5.54)

where we have specified that we are describing perturbations using local (physical) spatial coordi-
nates . On the other hand, on the left-hand side of this equation one recognizes the time derivative

at fixed comoving coordinates § = #/a(t), i.e.,

<%>: (%wxv) (5.55)

Indeed, here we are interested in describing the evolution of an overdensity of dark matter contained

in a comoving volume. Thus, we describe J,, and « as a function of the comoving coordinates, which
simply gives

O + éﬁy G=0. (5.56)

To close this equation we need the evolution of the dark matter peculiar velocity «. This can

be obtained by perturbing at linear order the Euler equation (5.35). Using comoving coordinates,

the perturbed Euler equation becomes

V, 08 =0, (5.57)

: 1
i+ Hi+ -
a

where 09 is the perturbation of the Newtonian potential,
Lo 23,2
0b =90+ §(H + H)re . (5.58)

Equations (5.56)—(5.58) have been derived for instance in [94] in the context of Newtonian mechanics
described with expanding coordinates, for a pressureless fluid in the presence of vacuum energy.

Here the Poisson equation for §® is sourced by both dark matter and quintessence perturbations:
1 _ _
gvj&b = 4G (pmOm + PodQ) (5.59)

where we have used that dpg = 0. The final step is to eliminate the peculiar velocity by subtracting
the divergence of eq. (5.57) from the time derivative of eq. (5.56). With the Poisson equation (5.59)
we obtain

Om + 2Hby, = 471G (5, + podq) - (5.60)

For quintessence we perturb the continuity equation (5.33) which gives, in comoving coordinates,
using dpg = 0,
V-i=0. (5.61)

SHE

5o — 3Hwdg + (1 + w)
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

To eliminate the divergence of the peculiar velocity we can use eq. (5.56) taking quintessence to be
comoving with dark matter. Indeed, as explained above, both the dark matter and quintessence
follow geodesics and are dragged by the same potential well and the growing mode of their velocities

is the same. Thus

00 — 3Hwog = (1 +w)dp, . (5.62)

In matter dominance, when §,, x a, the solution of this equation is [89]

0= 11_+3lfuam . (5.63)
Note that the denominator on the right-hand side further suppresses the perturbation of quintessence
with respect to the naive 1 + w estimate.

In terms of the dimensionless variables x and 7, respectively defined in egs. (5.48) and(5.51),

equations (5.60) and (5.62) are rewritten as

d26 2 dz do 3 1— Qo
m i m 5m m, 73w6 64
G T rdydy 208 ( T 0 ¢ Q) ’ (5:64)
where we have used eq. (5.50), and
dég 3dx ddp,
— — ——wdig = (1 —. 5.65
2 - Sty = (L+u) (5.65)

The initial conditions are set in terms of the initial dark matter density contrast d,,;. In matter
dominance 8,, = Hé,,, i.e. doy, /dn|; = 20p,:/(3n;), while the value of ¢ ; is fixed by d,,; through
equation (5.63).

e The spherical overdensity

We now study the evolution of a spherical homogeneous overdensity of radius R in a FLRW back-
ground that satisfies the Friedmann equation (5.46). We denote the energy densities of dark matter
and quintessence inside the collapsing ball by p,, and pq, respectively. Since dark matter is pres-
sureless, p,, = 0 and since quintessence pressure perturbation is negligible, dpgy < dpg, we can
take quintessence pressure to be the unperturbed one pg.

In local coordinates, the evolution of the scale factor R is described by the Euler equation (5.36).
Using the appropriate scale factor — i.e., R instead of a — and replacing the potential ® using

eq. (5.30), the divergence of this equation can be written as

R 4G

L. 35,) . 5.66
= 3 (pm + pq + 3pQ) (5.66)
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5.3 Solving the spherical collapse

(Note that for a non-clustering quintessence the equation for R is the same with pg replaced by
7o [80))
For the evolution equations for p,, and pg we use the continuity equation (5.33). Inside the

ball this reads, for dark matter,

, R
Pm +3=pm =0, (5.67)
R
whose solution is simply
_ R_? (5.68)
Pm = Pm,i R3 .
For dark energy eq. (5.33) becomes
. LR _
pQ +35(pq +0g) =0, (5.69)

which can be rewritten in terms of the nonlinear density contrast Ag = pg/pg — 1 as

. R a R 4
A —Ag—3—(1 A 1 ———]=0. .
Q+3R Q 3@( +w)Ag + 3( +w)<R a) 0 (5.70)
To solve egs. (5.66) and (5.70) numerically it is convenient to use y, the radius of the ball

normalized to unity at the initial time:

y=R/R;, (5.71)

and change a and ¢ to the dimensionless variables z, 7. Using eq. (5.50), eq. (5.66) can be rewritten

as

d2y 111+ 6m,i 1 1- Qm,o )
d—772 + 5 |: 3 E + (1 + 3w + AQ) Qm,o x3(1+w)] =0, (5.72)

L
where we have used eq. (5.68) and that in the linear regime, where the initial conditions are set,
Pm/Pmli =1+ dmi. Equation (5.70) yields

dAg

—+3(1+w)<

1d 1+Apd Apd
> __y_M_w>+3_@_y:0_ (5.73)

ydn xrdn y dn
As initial conditions we have y; = 1 by definition; the expansion rate of a collapsing sphere with

dark matter only and in the linear regime can be written as [95]

R 2 1
(12 2s,), 5.74
R 3t< 3 ) (5.74)

which fixes the first derivative of y: dy/dn|; = 2(1—0,,,/3)/(3n;). For the dark energy perturbation
we use that Ag ; is linear at early times, Ag; = d¢g,, and thus is fixed in terms of 6,,; by eq. (5.63).
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5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

By solving numerically eq. (5.52) for the background evolution described by x and plugging the
result into the coupled egs. (5.72) and (5.73), one can compute the evolution of R as a function of
time ¢, from the initial time ¢; to the time of collapse t.. The evolution of R is shown in figure 5.2
for four different models: CDM only, ACDM, ¢, = 1 quintessence and ¢ = 0 quintessence in the
cases w = —0.7 and w = —1.3. We stress that quintessence models with ¢ = 1 and w < —1 are
plagued by ghost instabilities and are thus very pathological on short scales; we study them here
only for comparison with the ¢2 = 0 case. We assume Q0 and Qg o (or Q) to be the WMAPS
best fit values [96]. We have taken d,,; = 3 - 104 as initial dark matter overdensity at n = 1076.
As expected, since the cosmological constant and the quintessence slow down the evolution of R,
the collapse is faster in the pure CDM model. This effect takes place earlier for w > —1, as in this
case quintessence is more important in the past than the cosmological constant. Thus for w = —0.7
the collapse happens later. On the contrary, for a quintessence with w = —1.3 collapse takes place
earlier. For w = —0.7 the collapse is enhanced by the quintessence perturbations and it takes place
faster when ¢2 = 0. The opposite happens for w < —1, as in this case negative energy clusters,
hindering the collapse (see eq. (5.17)).

In general, the time of collapse depends on the value of the initial dark matter overdensity.
This is shown in figure 5.3, where the redshift of collapse z. is plotted as a function of the initial
density constrast d,,; at the same initial time. As expected, larger overdensities collapse earlier, at
higher redshift. For large enough overdensities — and early enough collapse — the redshift of collapse
becomes the same for all four different models, because the cosmological constant or the quintessence
remain subdominant during the whole process. As expected, quintessence with w > —1 requires a
larger initial overdensity to collapse and in this case quintessence perturbations with ¢2 = 0 help
the collapse. The opposite happens for w < —1.

An important quantity to compute in order to derive the mass function is the critical density
contrast d., i.e. the density contrast in the linear theory computed at the time when the spherical
collapse solution reaches the singularity. Thus, we numerically solve the linear evolution equations
for 6, and dg, egs. (5.64) and 5.65, and we take d. to be d,, at the time of collapse. In the standard
CDM scenario 6. is given by the well-known number 1.686 [66], independently of the redshift of
collapse z.. However, in the presence of a cosmological constant or quintessence, d. depends on
the redshift of collapse. Indeed, as the relative abundance of dark matter and dark energy changes
with time, the dynamics of the spherical collapse depends on when it takes place. This is shown
in figure 5.4, where we plot d. as a function of z.. This result generalizes to quintessence with

c2 = 0 the standard results obtained for CDM [66], ACDM [79] and smooth quintessence [76]. As
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Figure 5.2: Thick lines: time evolution of the radius for a spherical collapse. Thin lines: time evolution

following the linearized solutions. The quintessence equation of state is w = —0.7 (above) and w = —1.3
(below). Starting with the same overdensity, a model with CDM ounly is the first to collapse. In the

upper figure ACDM collapses before the quintessence models as dark energy with w = —0.7 is more

important in the past. The situation is reversed for w = —1.3. For w = —0.7 the ¢; = 0 quintessence

collapses before ¢; = 1 as positive energy clusters together with dark matter. For w = —1.3 the situation

is reversed as negative energy clusters and hinders the collapse. Note that quintessence models with

¢ =1 and w < —1 are plagued by ghost instabilities and are thus very pathological on short scales. In

this figure and in the following ones we study this case only for comparison with the ¢Z = 0 case.

expected, if the collapse takes place early, when the cosmological constant or quintessence are not

important, the critical density . will be the same as for CDM. The cosmological constant decreases
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Zc

Zc

Figure 5.3: Redshift of collapse as a function of the initial overdensity. In the upper figure quintessence
models have w = —0.7, while they have w = —1.3 in the lower one. The behavior follows that explained

in figure 5.2.

the value of d. and quintessence with w > —1, becoming important earlier, decreases it even more.
Quintessence perturbations enhance §. if w > —1. This effect is very mild for w < —1 because
quintessence becomes important only at very late times.

The change of threshold is very small (< 0.5%) [84] in all the cases and it is easy to understand
why. Let us compare for example a universe with CDM only with a ACDM one and let us focus on
objects that collapse at a given redshift, say z = 0. The initial overdensity must be rather bigger

in the ACDM case to overcome the acceleration induced by A. But the threshold d. is obtained
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Figure 5.4: Linear overdensity at collapse as a function of the redshift of collapse. In the upper figure

the quintessence models have w = —0.7, while they have w = —1.3 in the lower one.

evolving this initial value with the linear transfer functions and this will suppress the ACDM value,
exactly for the same reason which required it to be bigger in the first place. In other words, the
only effect comes from the difference between the linear and non-linear evolution and this causes

only a small suppression with respect to the CDM case.

5.4 The mass function of dark matter haloes

We are now ready to discuss the predictions for the mass function using the Press-Schechter for-

malism [67, 69]. We will first concentrate on the mass of dark matter, leaving aside for the moment

69


figures/deltaczc07.eps
figures/deltaczc13.eps

5. THE SPHERICAL COLLAPSE IN QUINTESSENCE COSMOLOGIES

the contribution of the quintessence mass to the halos. The volume density of dark matter halos

of mass M is given by

dnps
dM

(M, z) =

2 pm 0c(2) dlogon [ 52 (2) ] (5.75)

N E M2 D()on dlogM | 2D2(2)02,

Here 03, is the smoothed variance of the density field today, which we define with a sharp cut-off

in real space

1 [ 4
F/ dk K2|W (kR)[*Pn(k)  with M = §R3ﬁm, (5.76)
™ Jo

ohr

where P, is the matter power spectrum and W (kR) = 3(sin kR — kR coskR)/(kR)? is the Fourier
transform of the top-hat window function in real space. Note that the Press-Schechter mass func-
tion (5.75) can be rigorously derived only using a sharp filter in Fourier space. Thus its use with
a sharp filter in real space is just an approximation; for corrections to this approximation see for
example [71] and the discussion in chapter 6. Notice that the redshift dependence of the threshold
dc(z) only comes from the spherical collapse dynamics discussed in the previous Section and does
not include the growth of the matter power spectrum, which is separately taken into account by
the linear growth function D(z).

The linear matter power spectrum is very similar in the cases ¢; = 1 and ¢y = 0. The difference
comes from the contribution to the Poisson equation of quintessence perturbations as shown in
eq. (5.64). The effect is independent of k and it is thus equivalent to a change in the growth
function D(z). The change in the growth function can be easily calculated as a function of z by
solving eqs (5.64) and (5.65). The result is shown in fig. 5.5. Given that quintessence becomes
relevant only recently and that perturbations are suppressed by 1 + w, the effect on dark matter
does not exceed the percent level; this result is somewhat smaller than a naive estimate one can get
by comparing the two contributions on the right-hand side of eq. (5.64). As one can see in fig. 5.5,
for 1 +w > 0 setting the speed of sound of quintessence to zero fosters the clustering and the
dark matter spectrum is slightly enhanced; for 14 w < 0 quintessence has negative energy and the
dark matter spectrum is suppressed. The size of the effect is smaller for 1 4+ w < 0 as quintessence
becomes relevant only very recently.

For the calculation of the mass function, we do not need only the growth rate, but also the
complete matter power spectrum. We use for this the publicly available code CAMB [11], which
allows to set to zero the speed of sound of quintessence. Apart from w all the other cosmological

parameters are set to the WMAPS best fit values [96]. We have checked that the effect of setting
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Figure 5.5: Ratio between the growth functions D(z) for ¢ = 0 and ¢5 = 1 as a function of the redshift

zZ.

c¢s = 0 instead of ¢; = 1 in the code is compatible with what we got in fig. 5.5. In figure 5.6 we
show the matter power spectrum with ¢; = 0 and ¢; = 1 for two different values of w. The speed
of sound gives a small effect, much smaller than the modification of the growth rate induced by
the different background: for w > —1 quintessence becomes relevant before and suppresses the

spectrum in comparison with ACDM. The opposite effect is obtained in the case w < —1.
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Figure 5.6: Matter power spectrum. The two lines with w = —1.3 are almost superimposed.
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The equation of state w and the speed of sound of quintessence enter in the mass function
eq. (5.75) modifying the growth function D(z) and the threshold for collapse d.(z). Notice that only
the combination d.(z)/D(z) enters in the Press-Schechter formula. As we discussed in the previous
Section, the change in the threshold is very suppressed and much smaller than the correction of
the growth function.

We want to focus on the effect of clustering quintessence on the collapse with respect to the
case when quintessence remains unperturbed. This effect can be estimated taking the ratio of the

Press-Schechter mass functions in the two cases,
dnps/dM (w,cs = 0)
dnpg/dM(w,cs = 1)’

plotted in figure 5.7. We see that the effect is quite small: the ratio becomes large at high masses

(5.77)

as a consequence of the exponential dependence of the number density on the mass. We do not
dwell on the measurability of this small effect because, as we will discuss in the next section, the
additional contribution to the mass of the halo coming from the clustered quintessence will give a
comparable change in the mass function.

It is well known that the Press-Schechter formula does not fit in detail the mass function
obtained by numerical simulations. A better fit, motivated by the ellipsoidal collapse model, is

given by the Sheth-Tormen mass function [74]:

ad? 5 0, dlog o 52
1 — — c —a—— 5.78
* (D(z)QJZQVI> ] M? D(z)on dlog M P [ a2D(z)20%4]  (578)

with @ = 0.707, A = 0.322184 and p = 0.3. Since, as discussed, the dependence of the threshold

dngr 2a
M,z)=—/—A
dM ( 7Z) T

0. on the cosmology is very mild in all cases, d. is usually taken to be z independent and equal to
the EdS value, 6. = 1.686. Notice that in this way the mss function is “universal”, in the sense
that the dependence on the cosmological parameters and redshift is only through the smoothed
linear density field D(z)ops. It is reasonable to expect that the Sheth-Tormen formula gives a
good description of the mass function in the case of non-clustering quintessence. In this case the
only effect of quintessence is through the time dependence of the background and its effect on
the growth function; this is not qualitatively different from the case of ACDM. In other words,
we expect “universality” to hold also in this case. On the other hand, we can estimate the effect
of clustering quintessence using the ratio described above: in taking the ratio we expect that the
shortcomings of the Press-Schechter prescription will partially cancel. Therefore, in figure 5.8 we

plot
dnps/dM (w,cs = 0)

dnps/dM(w,cs =1)

(5.79)

— = —(w,cs =1)
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Figure 5.7: Ratio of the Press-Schechter mass function for ¢s = 0 and ¢, = 1 at z = 0 (above) and

z =1 (below).

As expected the main effect is at low redshift and high masses.

5.5 Quintessence contribution to the halo mass

So far we have been interested in the contribution of dark matter to the halo mass function. Given

that quintessence with vanishing speed of sound participates in the collapse, one may wonder
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Figure 5.8: Mass function calculated using eq. (5.79) for z = 0 (above) and z = 1 (below).

whether quintessence will contribute a sizeable amount of mass to the dark matter halo. After all,

most of the measurements will be sensitive to the total mass of the object, and not only to the

fraction of it associated with dark matter.

74


figures/massf0.eps
figures/massf1.eps

5.5 Quintessence contribution to the halo mass

The quintessence contribution to the halo mass can be defined as

Mg = / a3z dpg , (5.80)
M

where the integral is extended over the whole dark matter overdensity. If we stick to the spherical
collapse model this just reduces to (47/3)R30pg. Of course it makes sense to interpret this expres-
sion as a contribution to the halo mass, only if it stays practically constant over the time scales of

interest, i.e. a Hubble time. In the spherically symmetric case dpq follows equation (5.17):

: R -
dpg + 3E6PQ = —30H (pg + pq) - (5.81)

When [0pg| > |1 + w|pg, the right-hand side is negligible. In this limit dpg redshifts as matter so
that the integral (5.80) becomes constant, as can be seen in figure 5.9. We expect this condition
to be marginally satisfied at turn-around when dpg ~ (1 + w)pg. This allows us to estimate the
quintessence contribution to the halo mass,

Aﬂj—i ~ (14 w)g—i , (5.82)
although for a precise estimate one cannot neglect the evolution of the quintessence mass after
turn-around. Notice also that quintessence with 1 4+ w < 0 contributes with a negative mass.

Of course, this is only the prediction of the idealized spherical collapse solution. In reality,
dark matter haloes virialize with an overdensity ~ 200 times larger than the background. What
happens to quintessence while dark matter virializes? Quintessence is exactly comoving with dark
matter; eventually dark matter reaches shell crossing and the velocity field ceases to be single-
valued. This corresponds to the formation of cusps in the quintessence field, similarly to what
discussed in the ghost condensate case [50] and more recently in the context of Horava-Lifshift
gravity [97, 98]. The dynamics of the cusps will depend on higher derivative operators and possibly
on the UV completion of the theory®. In any case, the dynamics of quintessence in this phase is
very complicated [50] and its treatment is the subject of ongoing work. Let us assume however that
the cusps are somehow regularized and try to draw some general conclusion that is independent of

the details of virialization °.

8For positive 1 4+ w one has ¢Z > 0. In this case, one would naively expect that quintessence remains smooth on
very short scales thus preventing the formation of cusps. However, in our case the velocity of the quintessence fluid
(which is the same as the dark matter velocity) exceeds the speed of sound, i.e. it is “supersonic”. In this case, sound
waves are too slow to prevent the formation of caustics.

We are implicitly assuming that the process responsible for smoothing the cusps does not lead to an energy
loss to infinity. For instance, this can happen if the smoothing excites new relativistic degrees of freedom which are

radiated away.
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Figure 5.9: Spherical collapse for w = —0.9 (above) and w = —1.1 (below). Solid blue line: the
quintessence contribution to the halo mass (47/3) R*§pg, normalized to the constant dark matter mass,
as a function of time. Note that it becomes constant at late time. Red dotted line: the same, but for

the background energy density pg. Orange dashed: the same for (1 + w)pg.

As 0pg ~ (1 + w)pg at turn-around, when matter starts virialization the inequality [0pg| >
|1 4+ w|pg is satisfied with rather good approximation: as the virial radius is approximately half
of the turn-around radius, dpg has grown by approximately 8 times from the beginning of the
collapse while pg has remained approximately constant. The spherical collapse solution indicates
that the quintessence mass is, with good approximation, constant at virialization. In the real case
we expect the variation of the quintessence mass to be even smaller; in fact, the conservation of the
stress-energy tensor tells us that the mass variation is related to the energy flux across a surface

around the object,

M = j{dSi Te . (5.83)

As during virialization the velocity field of quintessence will cease to be radial, we expect this
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integral to be suppressed with respect to the spherically symmetric case. We conclude that, as the
flux integral is negligible, the mass associated to quintessence stays constant independently of the
details of virialization. Thus, a good estimate of the quintessence mass can be obtained from the
spherical collapse model evaluating the quintessence contribution at the virialization radius, see
figure 5.10. The ratio between the virialization and the turn-around radii is taken to be the same
as in ACDM [79]1°.
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Figure 5.10: The mass contribution of quintessence to the total halo mass, calculated from the spherical
collapse solution when the radius reaches the virialization value.

Let us now see how we can take into account the additional quintessence mass in the prediction
for the mass function. A rigorous treatment would be quite challenging: the formation of an
object of mass M at redshift z should be accompanied by an extra mass M — M|l + €(z)], where
€(z) = MQ vir/Mmvir is the quintessence to dark matter mass ratio at virialization. Then one
should follow this extra mass as the halo merges to form larger objects, which in turn accrete extra
quintessence as they form. However €(z) is important only at low redshifts, so that we expect the
main effect to be on large objects that formed very recently, the ones on the exponential tail of
the mass function. Let us see how we can estimate the effect in this region. At any epoch, the
largest objects are mostly created with a negligible rate of destruction through merging to form

larger objects. Therefore, the formation rate for these objects can be accurately approximated by
0 dnps

- arogM( 2 . (5.84)

19Quintessence clustering will modify the virial radius with respect to ACDM with corrections O(|1 4+ wl|). The

effect of these corrections on the amount of clustered quintessence is O(|1+w|?) and can therefore be safely neglected.
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As the effect of quintessence is to rescale the mass of the object as it forms, it is more convenient
to use the mass function per logarithmic mass interval. Using this expression, when positive, as an
approximation for the formation rate gives

0 dnpsm+Q _ 0 dnps B
92 dlog ) = 55 qrogar ML~ €D =) (5.85)

Expanding the right-hand side of this expression and integrating it over the redshift enables us to

take into account the extra mass associated with quintessence accreted from an inizial redshift z;:

dnps m+0Q dnpg
) M —
dlog 2 M2 = Goear M)

2 0 0 dnps - 0 dnpg ~
—i—/Z' dz €(Z) [—alogMgdlogM(M,z)} -0 <_$7dlogM(M’Z)> , (5.86)

7

where 6(x) is the Heaviside theta function.

In figure 5.11 we plot the mass functions including the quintessence mass contribution, using the
new Press-Schechter mass formula eq. (5.86) into eq. (5.79). Notice that the effect of quintessence
mass is to bring the ¢; = 0 lines closer to the ACDM one. To better visualize this effect, in
figure 5.12 we plot the ratio between the ¢, = 0 and ¢; = 1 case. For w > —1 (w < —1), setting
to zero the speed of sound of quintessence not only does enhance (diminish) the clustering of dark
matter, as discussed in the previous sections, but it also adds positive (negative) mass to the halo:
the two effects therefore pile up and the second is quantitatively slightly dominant. The sum of
the two effects is rather large: for values of w still compatible with the present data and for large
masses, the difference between the predictions of the ¢s = 0 and the ¢; = 1 cases is of order one.

We stress that the new mass function is not universal, in the sense that there is an explicit

red-shift dependence besides the one implicit in the growth of op!!

. This z dependence is quite
remarkable: the fact that the modification takes place only at very low red-shift is quite distinctive

and a clear link of the effect with the onset of acceleration.

5.6 Three contributions to the mass

In the previous section we saw that a distinctive signature of quintessence with ¢; = 0 is the extra

contribution of quintessence to the mass of virialized objects'?. Although a detailed study of how

" The universality of the mass function, even in the presence of scale independent non-Gaussianity, has been tested
with good accuracy in N-body simulations [99].
12T this section we will assume this mass to be positive, which is the case for 1 +w > 0. Similar considerations

apply to the 1+ w < 0 case.
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Figure 5.11: Mass function for z = 0 (above) and z = 1 (below), including the quintessence mass

contribution, calculated using eq. (5.86) and (5.79).

to distinguish this extra contribution goes beyond the scope of this thesis, few remarks are in

order. Let us focus on galaxy clusters: as discussed in the previous section, the mass of these large

objects is significantly affected by the quintessence mass. Moreover, clusters are mostly dominated
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Figure 5.12: Ratio of the Press-Schechter mass function, including the quintessence contribution

eq. (5.86), for ¢ =0 and ¢; =1 at z =0 (above) and z = 1 (below).

by gravitational physics (for an introduction to the subject see [100]). If we neglect quintessence
for the moment, a cluster is characterized by its baryon mass, mostly in the form of gas, and by
the dark matter mass. For sufficiently large clusters, in first approximation one expects the ratio
between these two components to be close to the cosmological baryon to dark matter ratio [101].

The various techniques to study clusters have different sensitivities to the two components (for a
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review on cluster detection tecniques see [102]). Weak lensing and galaxy velocity measurements are
sensitive to the gravitational mass of the object, i.e. to the sum of the dark matter and baryon mass.
On the other hand the optical richness, a measure of the light emitted by galaxies inside the cluster,
is a probe of the baryon fraction of the mass. X-ray and Sunyaev-Zeldovich (SZ) measurements are
sensitive both to the dark matter component and to the baryonic one. While these effects are caused
by the gas in the cluster, the temperature and the equilibrium of the intergalactic medium depend
on the dark matter distribution. Indeed, assuming hydrostatic equilibrium, one can use the X-ray
image of a cluster to reconstruct the baryonic and dark matter radial profiles from its temperature
and luminosity distribution, as explained for instance in [103, 104]. The combination of all these
techniques should allow a robust reconstruction of the dark matter and baryon components of the
clusters.

These standard techniques assume that there is no extra contribution to the cluster mass.
However, the crucial property of ¢s = 0 models of quintessence is that a third kind of mass,
associated to quintessence, enters in the game. How are the different tecniques sensitive to these
new mass? Lensing and galaxy velocity measurements will still trace the total mass, now including,
after dark matter and baryons, also quintessence. On the other hand, optical light associated to
galaxies should be rather independent of the accreted quintessence. X-ray experiments should
indicate a higher gravitational mass — both from studying the hydrostatic equilibrium and from
temperature measurements which are sensitive to the gravitational potential well — but the same
baryon component. This effect is similar to a reduction of the fy.s parameter, the ratio between
baryonic and dark matter mass. Similar considerations apply also to SZ measurements.

A useful lever arm for distinguishing the accretion of dark energy from the other uncertainties
in the description of a cluster is the strong red-shift dependence. Quintessence should be relevant
only at very low redshift. It would be useful to find out the best combination of observables which
is able to constrain the presence of extra mass in the cluster. Besides a smoking gun of clustering

quintessence, it would be a useful consistency check between the various measurements.

5.7 Conclusions

Using the spherical collapse model, we have studied how the clustering of quintessence with negli-
gible speed of sound can affect the prediction for the mass function of dark haloes. As quintessence
does not develop pressure gradients, it follows geodesic motion remaining comoving with the dark

matter. In contrast to the case where quintessence remains smooth, spherical collapsing regions
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behave as exact closed FLRW solutions with the quintessence contributing to the overdensity. To
study the spherical collapse we found it useful to use Fermi coordinates where the effect of the
expansion can be treated as a perturbation around Minkowski spacetime locally around a spatial
point. In contrast to comoving coordinates, a unique coordinate system can be employed to describe
both the interior and the exterior of the collapsing region.

Quintessence with zero speed of sound modifies dark matter clustering with respect to the
smooth quintessence case through the linear growth function and the linear threshold for collapse.
Besides these conventional effects there is a more important and qualitatively new phenomenon:
quintessence mass adds to the one of dark matter, contributing to the halo mass by a fraction of
order (1 + w)Qg/Qy,. This effect is quite difficult to model and in this work we have adopted
a simplified treatment, which gives an accurate estimate of the high mass tail of the distribution
where the effect is more relevant.

As dark energy plays an active role in the formation of structures, the distinction between what
we call dark matter and dark energy becomes fuzzy. The distinction between the two components
can be probed by the different redshift dependence. It is quite remarkable that our knowledge
of structure formation still allows a completely inhomogeneous dark energy component on short
scales.

In this thesis we do not attempt to study experimental constraints and forecasts. However, we
have seen that for values of w which are not too close to the cosmological constant one, let’s say
|1 + w| 2 0.1, the predictions for the high mass tail of the mass function in the ¢; = 0 and the
cs = 1 cases are quite distinctive. The effect of clustering quintessence gives order one changes in
the expected number of clusters. Whether the effect will be measurable or not will depend on the
possibility of breaking the degeneracy with cosmological parameters, most notably og and €2,,, and
on the good recostruction of the limiting mass of the survey. Similar concerns have been addressed
in the context of the effects of primordial non-Gaussianity on the mass function in [105].

This line of work can be continued in various directions. A better theoretical treatment of
quintessence accretion would strengthen our predictions for the mass function, although at a cer-
tain point only a (challenging) numerical simulation can make a fully reliable prediction. On the
observational side, it would be interesting to understand what is the minimum value of |1 + w|
that allows a distinction between ¢; = 0 and ¢; = 1, using the forthcoming cluster mass func-
tion measurements. One should also explore whether other probes, lensing for example, are better
suited to study the non-linear clustering of quintessence. It would also be interesting to explore the

effect of quintessence on the halo dynamics, but this most probably requires a way to deal with the
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formation of cusps in the quintessence field. In a more model-independent way, one could try to
use data on clusters to constrain the presence of extra gravitational mass besides the dark matter

mass.
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Chapter 6

Path integral approach to excursion

set theory

We have described the excursion set theory for the mass function calculation, and we used the
formalism to predict the modifications of the mass function in quintessence cosmologies in chapter 5.
However, the excursion set theory has some problems. Apart from its being or not a fair physical
model for the formation and distribution of haloes, there are issues concerning its implementation.
In fact, also in the case where only dark matter clusters, we can identify two basic classes of
concerns.

The first one stems from the fact that, even assuming that the spherical (or ellipsoidal) collapse
is a correct description of halo dynamics, the use of the Fokker-Planck equation to describe the
distribution of trajectories is an oversimplification. Moreover, it is not clear how to generalize
the approach to different filter functions, which introduce non-Markovianities in the random walk,
or to non-Gaussianity of the primordial density fluctuations, which is a generic prediction (and a
powerful discriminator) of inflationary models.

The second problem is represented by the use of the simple spherical or ellipsoidal collapse
model to describe halo formation. Indeed, dark matter haloes grow through all kinds of processes
like smooth accretion, violent encounters and fragmentarions, and even the very definition of what
is a halo (both in simulations and in observations) is not unique.

These are the basic motivations that led Maggiore and Riotto (hereafter, MR) to put the
excursion set theory on firmer mathematical grounds in a series of papers [71, 72, 73]. The idea
is to rewrite the mathematical problem of finding the first passage distribution in terms of a path

integral with boundaries, and then taking the (subtle) continuum limit. The formalism just reduces
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to the results of Bond et al. in the case of a sharp k-space filter and fixed barrier d.. However, for
a generic filter, it is possible to give a perturbative treatment of the non-Markovian contributions.
To cope with the physical limitations of the spherical collapse model and take into account (at
least at an effective level) some of the physical complications of halo formation, one can treat the
threshold value as a stochastic variable itself.

We will use the path integral formalism to study the effects of primordial non-Gaussianity in
chapter 7, improving upon previous approaches in the literature [73, 105, 106]. As an introduction,
we will now illustrate the basic ideas and formulae of the path integral approach, for the case of

Gaussian density fluctuations, referring to [71, 72].

6.1 General formalism

We consider a stochastic process 3(5), where the density fluctuation field § will play the role of
a “position” variable, while the variance S is to be regarded as a “time” variable. We choose to
denote stochastic quantities with a ~ to distinguish them from the values they take. The mean is
<5(S)> = 0 and, since we are considering the Gaussian case, the only non-vanishing correlator is
(6(51)8(S2))e, where the subscript ¢ stands for connected. A generic trajectory starts at “time”
Sy = 0 from an initial position §(0) = dy, and we follow the trajectory until S. The interval [0,.]
is discretized in n intervals AS = S/n, and we adopt the notation Sy = kAS, with S,, = S. The
trajectory is defined by the set of values it takes at each timestep, {1, ...,d,}, such that 5(Sk) = 0y,

and the §; are allowed to range in the whole interval [—oo, 0o]. The probability density in the space

of trajectories is
W (80; 61, ,00:5,) = (6p(8(S1) — 61) ... 6p(6(Sn) — 0,)) (6.1)

where dp is the Dirac delta distribution. In terms of W, we can define

dc dc

HAs((sQ;(Sn;Sn) = / d51 / d(sn_1W(50;(51,... 7571;571) s (6.2)
—0o0 —0o0

which is the probability that a trajectory, starting from g at S = 0, will be at J,, at time S,, having

never exceeded the threshold d.. We will be interested in the continuum limit of IIng as AS — 0,

and in the first crossing rate

Oc
F(S) =~ [ d8,05Las-o(0:60:S,). (6.3)

—00
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In (6.1), one can write the Dirac deltas using the integral representation dp(z) = [*_dAe™"* /2,

to obtain
W (80;61,...,00;5,) = / d ...%@*@ Aj0(55)) 1225 Xi%i (6.4)

o 2T 2m

The object (eii 25 5j> is the exponential of the generating functional of the connected Green’s

functions, and can be shown to reduce to [107]

i A6 — ()P & g ¢
(7723 %%) = exp Z( : Do N NG Ge | (6.5)

|
= Py =

~

where (d;, ... 5jp>c is the connected p-point function of &, with the short-hand notation Sj =4 (S;)-

In the Gaussian case, all connected n-point correlators vanish except for n = 2, so that
W(50 _ 0’ 51’ o 75n7 Sn) _ /D}\ ei Z:’l:l )\iéie—% Z;L,j:l )\i)\j<(§(si)8(sj)>c , (66)
where [ DX = [ d\i/(27)... [0 dA,/(27). The distribution of trajectories is

)

. de & 1 & A A
Tas(do = 0: 6, S,) :/oodél.../ood6n1/l?)\exp zz;)\iél-—§ ZlAiAj@(si)a(sj»c
i= i,j=

(6.7)

6.1.1 Sharp k-space filter

If the filter function is chosen to be a sharp filter in k-space, things simplify considerably as ) (S)
obeys a Langevin equation with a white noise:
d4(S)
oS

In this case, the path integral can be performed exactly, and the result can be written as

=0(S)  (A(51)7(52)) = 6p(S1 = S2) - (6.8)

W™ (803015, 005 Sn) = WAs(6n — 0n—1)WE™ (00561, .., 0n—1550-1) , (6.9)

where

Vas(Ad) = ! (M)T : (6.10)

VarAs P {_ 2AS
Eq. (6.9) expresses the Markovianity property of the stochastic process, i.e. the fact that the
probability of jumping from d,_1 to J, depends only on the previous step, but not on the past
history of the trajectory. Integrating eq. (6.9) over dy,...,0,—1 we get the important relation

dc
TIE™ (80; 6,5 Si) = / A6 1V A5 (8 — Sy )TIE™ (803 6 1; Sn_rt) (6.11)

—00
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which generalizes the well known Chapman-Kolmogorov equation to the discrete time case.

We will now go on to find the continuum limit AS — 0 of the distribution 1™, and we will
show that this reduces to the results of Bond et al.. It is mathematically very difficult to directly
perform the path integral in eq. (6.2), since the integrals over di,...,d,—1 run only up to J., and
already the innermost integral yields an error function whose argument involves the next integration
variable!. A better strategy is to make use of eq. (6.11). Denoting S, 1 = S, S, = S+ AS, 6, =9,

0n_1 =0 — AJ, it can be written as

+o0
TIE5(60: 8 5 + AS) = / d(A8) T as(AIRg(J0; 8 — A8;S) . (6.12)
6—0dc

In the limit AS — 0, Uag(Ad) — dp(AJ), so that the zeroeth order in AS of eq. (6.12) reads

+o0o
8% (30;6; S) = / d(AS)dp (ASTIRE_(30;6 — AS; S) . (6.13)
0—0c

If 6 — 6. < 0, the integral includes the support of the delta function, so that we have the trivial
identity that II%q_,(d0; 6;.9) is equal to itself. However, if § > 4., we get

MRg_o(00;0;8) =0 if 6>90,, (6.14)

which is precisely the absorbing boundary condition postulated in the classical excursion set theory,
which naturally emerges in this “microscopic” approach.
For § < 6., the continuum limit is more involved. If § — ¢, is finite, it is possible to show that

the continuum limit gives
OII#™ (80;0; §) 1 0PIIE™(0y; 8; 5)
a8 2 962 ’

(6.15)

which is precisely the Fokker-Planck equation. Since II8™ obeys the absorbing boundary condi-

tion (6.13), we recover the Bond et al. result, which gives the mass function

2 6. _
fps(8) = \E <173 € 0/(28) (6.16)

! A possible approach is to integrate over the §; from —oo to 400, introducing Heaviside theta functions. Then
one should use the integral representation of the theta function, and one gets a double path integral. In principle,
this method of calculation can help in the more general case of different filter function or non Gaussian distribution,

but it is not clear whether this approach leads to some practical results.
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6.2 Generic filter functions

We now examine the case of Gaussian fluctuations, but using a generic filter function. The variance
S will be the one calculated with the filter function at hand. In the Markovian case, i.e. when one
uses a sharp-k filter, the distribution function of trajectories that never cross the barrier satisfies
a local partial differential equation, namely the Fokker-Planck equation. This is not possible when
the stochastic process is non-Markovian, as the distribution function depends on the whole history

of the trajectories. In fact, take the S,, derivative of eq. (6.7):

0 1 s 9(0i0j)e [ O
a—SnHAS((;O;(;n;Sn) = 5 Z TS:L/OO d61 /OO dén,lﬁinW(%;él,... ,5n;Sn) s (617)

ij=1

where §; = 0/94;, and we used the fact that 9; gives i\; when acting on exp[i)_; A;d;]. Upon

separating the term with ¢ = j = n from the rest, we get

iﬂ (5.5.5)_13_21‘[ (50363 Sh)
BSn AS\00; Ony On _235% AS\00; On,y On

ST b
+;T5nan /Oo d(sl.../oo A6, 10;W (60301, -+, 0n; Sn) , (6.18)
Now, since the upper limit of the integrals is d. and not +o00, the integral of the derivative 0;W
with j < n gives a non-vanishing boundary term. The sharp-k filter is special because the 2-
point correlator is <<§n<§J>c = min(Sy, S;) = S, which is independent of S,, for j < n. Therefore
0/0Sy (3n(§]>c = 0, and we are left with a local partial differential equation. For a generic form of the
2-point correlator, however, the second term on the RHS of eq. (6.18) does not vanish. Moreover,
in the continuum limit the sum over S; becomes an integral over the intermediate “time” variable
Sk, which means that this term is non-local in “time”, depending on the whole past history of the
trajectory.

In the following, we focus on the real space top-hat filter, since it is the one most commonly
used in the literature, but the method can be applied more generally. The two point function can

be written as

(0(S)9(S5)) = min(S;, S;) + A(Si, Sj) , (6.19)

and an excellent approximation to the function A(S;, S;) is

‘ o min(S;, S)
Aj ~ kmin(S;, Sk) (1 - 7max(5j Sk)) , (6.20)
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where k(R) ~ 0.464+0.002R, with R measured in h~! Mpc, using the 7-year WMAP parameters [1]
and the transfer function given in [108], as explained in chapter 7. Using (6.19) in eq. (6.7), and
expanding to first order in A;;, we find

1 de
1,7 -

de
dén,lﬁiﬁngm(éo; 51, e ,(Sn; Sn) . (621)

When passing to the continuum limit, the sum becomes an integral over the past history of the
trajectories. There are some subtleties in taking the continuum limit of the resulting expressions,
because one needs to compute the behaviour close to the barrier of the function HgAn;, which is not
analytic in AS. The final result can be split into a “memory” term IT™™  which depends on one
integral over one intermediate time variable, and a “memory-of-memory” term II™m~™Me™M " which

depends on a double integral over two intermediate times:

mem - — K, [M erfc (%)] , (6.22)

Sh ) -
Hzlesﬁzlamem _ K;(Sc 877, |:e_(6c—6n)2/(25n) A d_&e—ég/(Qsz) erfc <(5C _ 5n) ﬁ) :| .

/275, ; 50— 50

(6.23)

Observe that neither of the two functions IT™™ and II™™ ™™ yanishes in d,, = d.. However, their
sum does, so that IT® still satisfies the absorbing barrier boundary condition ITAs—0(d0;0¢; .S) = 0.
It is now straightforward to compute the first crossing rate and the halo mass function up to

first order in the non-Markovianities. Using (6.3), we find for the first crossing rate

Frem(g) =, (6.24)
mem—mem _ H;(SC —dc/(28) 1 5_2
F (5) =~ [e T (0,25, (6.25)

where I'(0, z) is the incomplete Gamma function. Putting together egs. (4.20, 6.24, 6.25) and using
the definition of the halo mass function eq. (4.13), we find, up to first order in the non-Markovian

corrections,

Fw) =1 - k) (%)1/2 ve 2 4 \/';_Wur (0, ”;) . (6.26)

A first check of the result eq.(6.26) is that it satisfies the normalization condition

/0 TR (6.27)

g

In fact, it is easy to see that, integrating eq. (6.26), the x dependence cancels out and the normal-

ization is correct.
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6.3 The diffusing barrier

The excursion set theory based on the spherical collapse model fails at the quantitative level.
Taking into account a generic filter function, as in eq. (6.26), does not improve much the agreement
with N-body simulations. In fact, eq. (6.26) is everywhere lower than the PS mass function, and
therefore, while it improves the agreement with N-body simulations at low masses, it is an even
worse result at high masses. One can think that the ellipsoidal collapse model [109, 110] will help

improving the agreement with simulations. In this case, the threshold acquires a dependence on o:

B(o) ~ 6, |1+0.47 <5—> 1'23] : (6.28)

g

which reflects the fact that low mass haloes (large o) have larger deviations from sphericity and
significant shear, that opposes collapse. Therefore, low-mass haloes require an higher density to
collapse, and the barrier recedes away from ¢, at larger o. On the contrary, high-mass haloes tend
to be more spherical. Therefore, it is apparent from eq. (6.28) that the ellipsoidal collapse model
will not help in improving the agreement with simulations at high masses: the barrier is always
higher than d., and the mass function will be sistematically lower than the PS one.

There is some crucial physical ingredient missing in the model. Actually, already in the simple
ellipsoidal model, the value of the barrier is given by (6.28) only if one uses the most probable
values for the eigenvalues of the collapsing ellipsoid. In general, the ellipsoidal collapse predicts
a “fuzzy” threshold [111, 112], with a distribution that can extend even to values lower than d.
Actually, the possible sources of stochasticity of the barrier are different. For instance, haloes
are subject to tidal effects from their environment, which give a distribution of values for the
barrier [113]. Substructures within a collapsing halo can also influence the critical value for collapse.
Last but not least, the very definition of what is a dark matter halo is a delicate problem, both
in observations and in simulations. For instance, in simulations haloes are usually identified either
with the friends-of-friends (FOF) algorithm, which track isodensity profiles, or with the spherical
overdensity (SO) algorithm, which singles out spherical regions with a given overdensity. There
is no fundamental physical reason to prefer one or the other algorithm, the choice being largely a
matter of convenience for the particular problem at hand. This introduces an additional source of
uncertainty in the threshold value, which will fluctuate around the value predicted by the ellipsoidal
model with fluctuations due to different reasons, some of which are not simply predictable.

Therefore, a sensible thing to do is to extend excursion set theory to take into account a barrier

which is itself a stochastic variable. We will consider an “effective” approach, supposing that the
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barrier performs a random walk with a diffusion coefficient Dg. All our ignorance of the halo
formation dynamics and our uncertainties in the definition of a halo are buried into Dp, which can
then be fitted using N-body simulations, or treated as a nuisance parameter when comparing to
observations. For the sake of simplicity, we will consider in the following a barrier which fluctuates
around the spherical collapse value (B) = d.. We expect this to be a good approximation for large
masses, and in particular this will be useful for the computation of non-Gaussian effects in 7. The
variance is taken to be the one of a Brownian motion, and for this reason this model will be referred

to as the diffusing barrier model:
g =((B—(BY)'? = \/Dgo . (6.29)

We will first neglect the filter effects, which will be taken into account later. We denote by
I1(60, 9; By, B; S) the joint probability distribution that, at “time” S, the density contrast has
reached the value 0 starting from the initial value §y and the barrier has reached the value B
starting from the initial value By = .. The density contrast and the barrier are uncorrelated
stochastic variables and they diffuse independently: this means that II satisfies the 2-dimensional

Fokker-Planck equation
Ol 19’11 Dp&°l
35 " 205 "2 o
The initial conditions are II(S = 0) = dp(d — d9)dp(B — d.), while the boundary condition is that
I1(S) vanishes when §(S) = B(S). The solution to the problem (6.30) can be found using the

method of images [114]. The final distribution for the density is marginalized over the barrier, by

(6.30)

integrating dB from 6 to +00. The result is

1" (5; 5) = ! [652/(25) erfc <—766 —0 ) o (208:=0)%/(25) o fc <— 2aDpde — (0c = 6)>}
6.3

)

(6.31)

2v27S V2DgS V2DgpS

where a = 1/(1 4+ Dp). The first crossing rate is now given by

oo aTEm L J/as ,
gm(g) _ _ ¢ —ad?/(25)
F (s)_/_ A= = Torgo® . (6.32)

The mass function f(c) = 202F(0?) is then

& (o) = E@B*@?/(?UQ) ’ (6.33)

™ O

and it is apparent that the effect of a diffusing barrier is simply to replace 6. — y/ad.. Notice that
this is the same modification postulated by [115] in order to better fit the N-body simulations.
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6.3 The diffusing barrier

A simpler way to understand this result, which can be immediately generalized to the non-
Markovian case, is to observe that the problem of a barrier with coordinate x; diffusing with a
diffusion coefficient Dy, and a particle with coordinate x5 diffusing with a diffusion coefficient Ds is
equivalent to a one degree of freedom problem [114], introducing the relative coordinate x = z9—x.
The resulting stochastic motion is governed by an effective diffusion coefficient Deg = D1 + Ds. In

fact, consider the Langevin equations for both variables:
zi=7i(t),  with (3(0)7(t") = Didp(t —t') (6.34)

where i = 1,2. Then, the relative coordinate satisfies & = 7(t) with f(t) = fjo(t) — 7y (¢). If 7 and

72 are uncorrelated, we find

H)AE")) = () (t)) + (he(t)i(t')) = (D1 4+ D2)dp(t —t') , (6.35)

which shows that the effective coefficient is Dy + Ds. In our case, D1 = Dg and Dy = 1, so that
the first crossing distribution is the usual result (4.20), with the replacement 6. — d./(1 + Dp).
For the non-Markovian case, using the method of the previous section and reasoning in an

analogous way, the first crossing distribution is

~ 2
flry=@0- g)g@e—a(Sf/(QOQ) + L\/aécr(o, aéc) , (6.36)

T O N 20

where & = /(14 Dp).
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Chapter 7

An Improved Calculation of the

Non-Gaussian Mass Function

The primordial curvature inhomogeneities, generated by the inflationary mechanism, obey a statis-
tics which is nearly Gaussian. The deviations from Gaussianity, while expected to be small, provide
a unique window into the physics of inflation. For example, single-field slow-roll models of inflation
lead to a small level of non-Gaussianity (NG), so that an observation of a large NG would indicate
a deviation from this paradigm.

Until a few years ago, the main tool to constrain NG was considered to be the statistics of
the cosmic microwave background (CMB) temperature field, since inhomogeneities at the CMB
epoch are small and the physics can be described by a perturbative treatment. In recent years,
however, thanks to observations and developments in the theory, the large-scale structure (LSS)
of the universe has emerged as a complementary probe to constrain primordial NG. While it is
true that the n-point functions of the density field on small scales are dominated by the recent
gravitational evolution, and do not reflect anymore the statistics of primordial perturbations, it
turns out that the abundance of very massive objects, which form out of high peaks of the density
perturbations, is a powerful probe of primordial NG. In this context, much attention has been given
recently to three possible methods of constraining the magnitude and shape of the primordial NG
with the LSS: the galaxy power spectrum, the galaxy bispectrum and the mass function. It was
pointed out in [14, 15] that a NG of a local type induces a scale dependence on the galaxy power
spectrum, thus making it a sensitive probe of the magnitude of local NG f]l\‘;i From [16] one finds
the following constraints: —29 < f]l\?z < +69, already comparable with those obtained from CMB

measurements in [1]: —10 < £ < +74. The future is even more promising, with precisions of
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AFRS ~ 10 [116] and AfI ~ 1 [117] being claimed for future surveys. The galaxy bispectrum is
also a promising probe of NG as it could be more sensitive to other triangle configurations [118].
The mass function, which is the focus of this chapter, has been used for example in [116] together
with the scale dependent bias to produce forecasts for future surveys, and in [119] in an attempt
to explain the presence of a very massive cluster at a large redshift as an indication of a large NG.
Some reviews summarizing recent results on these topics are [120, 121].

The formation of bound dark matter halos from initially small density perturbations, as seen in
numerical simulations, is a complicated and violent process. Some insight into the physics involved
has been gained from the study of analytical models. The quantity of interest is the halo mass
function, defined as the number density of dark matter halos with a mass between M and M + dM:

d_"_if( ) dlno
a2\ dm o

: (7.1)

where p is the average density of the universe, o(M) is the variance of the density contrast dp
filtered on some comoving scale R corresponding to the mass M, and the function f(o) is to be
computed. In the following, we will refer to f(o) itself as the mass function. Our calculations will
be based on the path integral formulation of the excursion set theory, as introduced in chapters 4
and 6.

Turning to non-Gaussianities, the most popular non-Gaussian mass functions are those due to
Matarrese, Verde and Jimenez [106] (MVJ) and LoVerde et al. [105] (LMSV). Both groups used the
PS approach, by modifying the probability density function for the (linearized) density contrast
to describe non-Gaussian initial conditions. In their prescription, the relevant object is the ratio
R,s of non-Gaussian to Gaussian mass functions. The full mass function is usually taken as the
product of R,, and an appropriate Gaussian mass function as given by N-body simulations, e.g.
the Sheth & Tormen mass function [115]. It is not clear however that this is the correct way to
proceed. Indeed, in a series of papers [71, 72, 73], Maggiore & Riotto (MR) presented a rigorous
approach to the first-passage problem in terms of path integrals, and in [73] they pointed out that
a PS-like prescription in fact misses some important non-Gaussian effects stemming from 3-point
correlations between different scales (so-called “unequal time” correlators).

On the other hand, MR treated non-Gaussian contributions to f(¢) by simply linearizing in
the 3-point function of dg, i.e. by linearizing in the non-Gaussian parameter fyi. Since the NG
are assumed to be small, in the sense that the parameter e = (§3)/02 satisfies € < 1, one might
expect that such a perturbative treatment is valid. However, another crucial ingredient in the

problem is that the length scales of interest are large, which leads to a second small parameter
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v~! where v = §./c. This is evident in the calculations of MR, who crucially use =2 o o2 as

a small parameter. Any perturbative treatment now depends not only on the smallness of € and
v~ individually, but also on the specific combinations of these parameters which appear in the
calculation. It is known (and we will explicitly see below) that a natural combination that appears
is ev?, which can become of order unity on scales of interest. The mass functions given by LMSV
and MR therefore break down as valid series expansions when this occurs. Interestingly, MVJ’s
PS-like treatment on the other hand involved a saddle point approximation, which allowed them to
non-perturbatively account for the ev® term (which appears in an exponential in their approach).

It appears to us, therefore, that there is considerable room for improvement in the theoretical
calculation of the mass function. The goal of our work is twofold. Firstly, we present a rigorous
calculation of the mass function in the following way : we use the techniques developed by MR in [71,
72, 73], which allow us to track the complex multi-scale correlations involved in the calculation,
and we demonstrate that MR’s approach can be combined with saddle point techniques (used by
MVJ), to non-perturbatively handle terms which can become of order unity. This leads to an
expression for the mass function which is valid on much larger scales than those presented by MR
and LMSV. Secondly, by keeping track of the terms ignored, we calculate theoretical error bars
on the expressions for f(o) resulting not only from our own calculations, but also for those of the
other authors [73, 105, 106]. Since the terms ignored depend on v in general, these error bars are
clearly scale dependent. This allows us to estimate the validity of each of the expressions for the
mass function at different scales, but importantly it also allows us to analytically compare different
expressions.

In this work we will not explicitly account for effects of the ellipsoidal collapse model [109, 112],
since these are expected to be negligible on the very large scales which are of interest to us. For a
recent treatment of ellipsoidal collapse effects in the presence of non-Gaussianities, on scales where
ev® < 1, see Lam & Sheth [122].

This chapter is organized as follows. In section 7.1 we fix some notation and briefly introduce
the two most popular shapes of primordial NG, i.e. the local and equilateral ones. In section 7.2 we
present our calculation of the mass function. In section 7.3 we discuss certain subtleties regarding
the truncation of the perturbative series, and also compare with the other expressions for f(o)
mentioned above. In section 7.4 we discuss the effects induced by some additional complications
introduced in the problem due to the specific choice of the filter function [71], which we take to be a
top-hat in real space, and due to the inclusion of stochasticity in the value of the collapse threshold

dc [72]. In section 7.5 we compare our final result (7.60) with those of other authors, including
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theoretical errors for each, and conclude with a brief discussion of the results and directions for

future work. Some technical asides have been relegated to Appendices C and D.

7.1 Models of non-Gaussianity

We need to relate the linearly evolved density field to the primordial curvature perturbation, which
carries the information of the non-linearities produced during and after inflation. We start from

the Bardeen potential ® on subhorizon scales, given by

B(k,z) = —gT(k:)D(z)

R(k), (7.2)

where R (k) is the (comoving) curvature perturbation, which stays constant on superhorizon scales;
T'(k) is the transfer function of perturbations, normalized to unity as k — 0, which describes the
suppression of power for modes that entered the horizon before the matter-radiation equality; and
D(z) is the linear growth factor of density fluctuations, normalized such that D(z) = (1 + 2)~!
in the matter dominated era. Then, the density contrast field is related to the potential by the

Poisson equation, which in Fourier space reads

a 2 2
5k, 2) = —%227";{(%@( ) = #T(k)D(z)R(k) s
= Mk, 2)R(K) |

where we substituted eq. (7.2). Here, Q,, is the present time fractional density of matter (cold
dark matter and baryons), and Hy = 100 h km s 'Mpc! is the present time Hubble constant. The
redshift dependence is trivially accounted for by the linear growth factor D(z) and in the following,
for notational simplicity, we will often suppress it. All our calculations will use a reference ACDM
cosmology compatible with WMAP7 data [1], using parameters h = 0.702, €2, = 0.272, present
baryon density €, = 0.0455, scalar spectral index ns = 0.961 and og = 0.809, where o3 is the
variance of the density field smoothed on a length scale of 8h~'Mpc. For simplicity, for the transfer
function T'(k) we use the BBKS form, proposed in Bardeen et al. [109]:

In (1 +2.342) (1 + 3.892 + (16.12)2 + (5.462)° + (6.712)") /", (7.4)

Tepks(z) = 5572

where x = k(h Mpc™1) /T with a shape parameter T' = Q,,h exp [—Qb(l + \/ﬁ/Qm)] that accounts
for baryonic effects as described in [108]. For more accurate results, one could use a numerical
transfer function, as obtained by codes like CMBFAST [10] or CAMB [11]; the results are not
expected to be qualitatively different.
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7.1 Models of non-Gaussianity

In order to study halos, which form where an extended region of space has an average overdensity
which is above threshold, it is useful to introduce a filter function Wg(|x|), and consider the

smoothed density field (around one point, which we take as the origin):

3 —
or = / %W(k}%)é(k), (7.5)

where W(kR) is the Fourier transform of the filter function. For all numerical calculations we will

use the spherical top-hat filter in real space, whose Fourier transform W(k:R) is given by

W(y) = % (siny —ycosy) . (7.6)

This choice allows us to have a well-defined relation between length scales and masses, namely M =
(47/3)QmpeR? with p. = 3HZ/(87G) = 2.75 - 10 h=! Mo (h~*Mpc)~3. However it introduces
some complexities in the analysis, as discussed in chapter 6, which we will comment on later. By

using (7.5) and (7.3) we have, for the 3-point function,

APk dPky d3ks ~ — —
(631632633>c=/ L= 22 =0 Wk Ry)W (ko Ro)W (k3 Rs) %

(2r)? (2P (2m)P
X M(k1)M (ko) M(k3)(R(k1)R(ka)R(ks))e, (7.7)

where the subscript ¢ denotes the connected part; analogous formulae are valid for the higher order

correlations.

7.1.1 Shapes of non-Gaussianity

The function (R(k;)R(ka)R(ks)). encodes information about the physics of the inflationary epoch.

By translational invariance, it is proportional to a momentum-conserving delta function:
(R(k1)R(ka)R(k3))e = (2m)30p (k1 + ko + k3) Br (k1, ka, k3) , (7.8)

where the (reduced) bispectrum Bg(ki, k2, k3) depends only on the magnitude of the k’s by rota-
tional invariance. According to the particular model of inflation, the bispectrum will be peaked
about a particular shape of the triangle. The two most common cases are the squeezed (or local)
NG, peaked on squeezed triangles k1 < ko =~ k3, and the equilateral NG, peaked on equilateral
triangles k1 ~ ko ~ k3. Indeed, one can define a scalar product of bispectra, which describes how
sensitive one is to a NG of a given type if the analysis is performed using some template form for
the bispectrum. As expected, the local and equilateral shapes are approximately orthogonal with

respect to this scalar product [123]. We will now describe these two models in a bit more detail.
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7.1.1.1 The local model

The local bispectrum is produced when the NG is generated outside the horizon, for instance in
the curvaton model [124, 125] or in the inhomogeneous reheating scenario [126]. In these models,

the curvature perturbation can be written in the following form:

R) = Ry(x) + 5 £ (RA06) — (R2) + SraniRi). (79)

where R, is the linear, Gaussian field. We have included also a cubic term, which will generate the

trispectrum at leading order. The bispectrum is given by
6
Br(k1, ka, ks) = = FE [Pr (k) Pr (k2) + eyl ] (7.10)

where “cycl.” denotes the 2 cyclic permutations of the wavenumbers, and Pgr(k) is the power

spectrum given by Pg(k) = Ak™~*. The trispectrum is given by

<R(k1)R(k2)R(k3)R(k4)>c = (27T)3(5D(k1 + ko + ks + k4)

b;£<bc a<b<c

7.1.1.2 The equilateral model

Models with derivative interactions of the inflaton field [127, 128, 129] give a bispectrum which
is peaked around equilateral configurations, whose specific functional form is model dependent.
Moreover, the form of the bispectrum is usually not convenient to use in numerical analyses. This

is why, when dealing with equilateral NG, it is convenient to use the following parametrization,

given in [130] (see also [131]):

18 o 1 1
cquil 2[ + 5 perms. | .

1
Br(k1, ko, k3) = — A —
R (k1 ke, ks) = — fxi, DT s - 3kt koks ) 2A03  (kk2kS)A—na)/3
(7.12)
This is peaked on equilateral configurations, and its scalar product with the bispectra produced by

the realistic models cited above is very close to one.

7.2 Random walks and the halo mass function

We now turn to the main calculation of our work. The non-Gaussian halo mass function can

be obtained by calculating the barrier first crossing rate F' of a random walk with non-Gaussian
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noise, in the presence of an absorbing barrier. This can be done perturbatively, starting from a
path integral approach as prescribed by MR [71, 73] and the mass function can be shown to be
f(o) = 202F(c). The calculation of f involves certain assumptions regarding the type of filter
used and also the location of the barrier. In particular, the formalism is simplest for a sharp
filter in k-space, and using the spherical top-hat of (7.6) introduces complications in the form of
non-Markovian effects. Further, in order to make the spherical collapse ansatz more realistic and
obtain better agreement with N-body simulations, it is useful to treat the location of the barrier
0. as a stochastic variable itself, and allow it to diffuse. For the time being, we will ignore these
complications, and will return to their effects in section 7.4.

Extending the results of chapter 6, in the non-Gaussian case (but still retaining the sharp-k
filter), the probability density W ({d;}; S) also gets contributions from connected n-point correlators
with n > 3, since these in general do not vanish. These can be handled by using the relation
Py 250 = —iOe’ 25250 , with 0; = 0/09;. A straightforward calculation then shows the mass

function to be

a 50 1 n A A A
f=-28 % / déy ...dd, exp [— 5 Z <6j5k61>06j6k81
0 /=00 k=1
1 - aa oA a
+ 4 > (050k010m) 050601 0m + .. | WE™, (7.13)
gk lm=1

where W8™ is given by the expression (6.9), and it is understood that one takes the continuum
limit AS — 0 before computing the overall derivative with respect to S. We will find it useful to

change variables from (J., S) to (v, S), in which case the partial derivative becomes
—25(0/0S)|s. = v(0/0v)|s —25(0/9S)|, = v, —250s . (7.14)

It is also useful at this stage to take a small detour and introduce some notation which we will use

throughout the rest of the chapter. We define the scale dependent “equal time” functions

(0F)ec

n
OR

En—2 ;o n>3, (7.15)

which as we will see, remain approximately constant over the scales of interest. We assume the
ordering &, o ~ O(¢"2) with ¢ < 1, which can be motivated from their origin in inflationary
physics, where one finds 1 ~ fnr,AY2, g2 ~ gnLA, etc'. Typically we expect € < 1072 for

fnL < 100. Figure 7.1 shows the behaviour of 1 and &9 in the local and equilateral models, as a

'Notationally we distinguish the order parameter e from the specific NG functions e; and es.
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Figure 7.1: Scale dependence of the ,,. Panel (a) : Behaviour of 1 vs. ¢ in the local and equilateral models,
for fxr, = 100 in each case. Panel (b) : Behaviour of &2 for the local model with fxi, = 100 and gnr, = 10*. The
terms proportional to f2;, and gni, are shown separately. Also shown is €7 for the same model. The axes are

logscale.

function of S = o%. We see e.g. that e, in the local model is comparable to €f. In the literature
one usually encounters the reduced cumulants S,, which are related to the ¢, o by €1 = 083,
g9 = 028, and so on. The motivation for using the S, comes from the study of NG induced by
nonlinear gravitational effects, where they are expected to be scale-independent. However, as we
see from figure 7.1, when studying primordial NG it is more meaningful to consider the &, which
are approximately scale-independent and perturbatively ordered.

We will soon see that a natural expansion parameter that arises in the calculation has the form
~ ev, and we therefore require that the mass scales under scrutiny are not large enough to spoil
the relation ev < 1. It turns out that observationally interesting mass scales can nevertheless be
large enough to satisfy ev® ~ O(1). Figure 7.2 shows the behaviour of ;3 and e1v at different
redshifts, as a function of mass, in our reference ACDM model for local type NG, with fllﬁf = 100.
The behaviour for the equilateral NG is qualitatively similar. The redshift dependence of these

quantities comes from the definition of v,

) = e 00 D(O) _ 6el2)
(M, z) = \/—U(M) DG) = o(D) (7.16)

where we denote the usual spherical collapse threshold as d.0 = (3/5)(37/2)%/3

~ 1.686, reserving
0. for the full, redshift dependent quantity, and a is a parameter accounting for deviations from

the simplest collapse model. In the standard spherical collapse picture we have a = 1. A value of
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Figure 7.2: Panel (a) : Behaviour of £10°/6 vs. mass in the local non-Gaussian model, for fxr, = 100.
The three curves correspond to different redshifts. The horizontal line corresponds to e1%/6 = 1. Panel (b) :

Behaviour of ;v with the same setup as in panel (a).

a different from unity (specifically \/a ~ 0.89) can be motivated by allowing the collapse threshold
to vary stochastically [72], as we will discuss in section 7.4. We will soon see that the object er?
appears naturally in the calculation, and to be definite we will assume ev® ~ O(1) for now. In
section 7.3 we will discuss the effects of relaxing this condition and probing smaller length scales.

We now turn to the “unequal time” correlators appearing in (7.13). Since we are concerned
with large scales, we are in the small S limit, and following MR we expand the n-point correlators

around the “final time” S. We can define the Taylor coefficients

| oar ar

Par)igy = |24 Y 595(S.)8 1
S;=8,=8,=5
and then expand
PP O (—1)ptatr .,
Giddye = 3 EN goan (5)(5 - 5,05 - S5 - S (7.18)

lg!r!
. qr=0 pgir:

For the 4-point function we will have an analogous expression involving coefficients Qz(lp G758,

Since calculations involving a general set of coefficients Gs, G4, etc. are algebraically rather
involved, we find it useful to first consider a toy example in which these coefficients take simple

forms. In this model we assume that the &, are exactly constant, and moreover that the n-point
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FUNCTION
correlators take the form?
<5j(§k(§l>c = El(SjSkSl)l/Q N <5j5k(§l(§m>c = 82(SjSkSlSm)1/2 . (7.19)

For clarity, we will display details of the calculation only for this model. In the more realistic case

of slowly-varying e,, we choose to parametrize the coefficients Gs and G4 in a convenient way as

follows:
(1,000 1 12 . oo _ 1 —-1/2
Gy = 5er(S)ea(9)S17 5 G5 = —2er(S)ea(9) ST,
1 1
g = 1e1(8)es(9)8712 gy — 5e2(8)ea(S)S, (7.20)

where the coefficients ¢, (S) are smoothly varying functions and depend on the NG model. They are
defined in such a way that they all reduce to unity in the toy model defined by (7.19). Figure 7.3
shows the behaviour of ¢i, ¢y and c3 with o2, for the local and equilateral models. The &, and
¢, are independent of redshift by construction, since the linear growth rate D(z) always drops out
in their definitions. Also the ¢, do not depend on the values of fxr, and gni,. The calculation of
the mass function for this general case proceeds completely analogously to that for the toy model,
apart from a few subtleties which we will discuss later, and our final result will be an expression
for f in the general case.
Using the first few terms of the unequal time expansions, in our toy model one can write

n

. <8j(§k(§l>cajakal:€153/2< En: 0,000 — = Z 1—_ )9; Z 1.0,

S;
_—Z 1_— aZakal+ 2(1—5)1——aak281+ )
k=1 jk 1

(7.21)
n A n n S n
> (050k010m)e 0501010 = 8252< > 00k00m -2 (1- )9 > k00O + . > :

4.k, m=1 4.k, m=1 j=1 k,lm=1
(7.22)

These derivative operators are exponentiated in the path integral, and act on W&™. One simplifi-
cation that occurs in our toy model, is that the path integral in (7.13) becomes a function only of
v (although this is not obvious at this stage), and hence eventually only the v0, part of the over-

all derivative contributes. However, the structure of the exponentiated derivatives is still rather

2Throughout the paper we will consider at most 4-point correlators. This truncation is justified given our assump-

tions, as we will see later.

104



7.2 Random walks and the halo mass function

1.17

1.13

1.07

S 1.04

1.01

0.981 -

0.953

0.926 -

0.9

0.1 2 1

Local
r| Equilateral —=---

5316 1 -t 5214 b
302 | /,/”/ , 205 |
288 /,/”’/ 195 -
275 | _/,,——”// R
2l E 178 |
25 17
0.1 -l 1 0.1 &2 1
(b) (c)

Figure 7.3: The derivative coefficients ¢; (panel (a)), co (panel (b)) and c3 (panel (¢)), as a function
of o2, for local and equilateral NG models. These quantities are independent of redshift and the NG

amplitudes fnr, and gnr. The axes are logscale.

formidable. Moreover, the truncation of the series at this stage is based more on the intuition that
higher order terms should somehow be smaller, rather than on a strict identification of the small
parameters. In fact, we will see in detail in section 7.3 that the issue of truncation involves several

subtleties.

To make progress, it helps to analyze the effect on W8™ of each of the terms in the above
series, before exponentiation. The leading term in (7.13) involves the multiple integral of TW/e™.

The operator vd, acts on the error function to give the Gaussian rate. Next, notice that the action
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of the operator 2?21 0; on any function g(d1,...d,) under the multiple integral, is simply

Se Oc
/ déy ...dos, Zajg 05/ déy...d8,yg, (7.23)

Using this, and the fact that 51/2(3/350)\5 = 0,|g, we see that the leading term in (7.21) (i.e. the

term with no powers of (1 —5;/5)), leads to a term involving

511/8,,(31,)3 erf <1//\/§> ~ fpsel V3(1 + O(Vd)) )

3 can be of order unity, and hence cannot

be treated perturbatively. To be consistent, we should keep all terms involving powers of ;3.

The problem with this term is that the quantity e1v

Luckily, this can be done in a straightforward way due to the result in (7.23). We see that the
entire exponential operator exp|—(g,5%2/3!) > i ki=1050k0] in (7.13) can be pulled across the
multiple integral and converted to exp [—(e1/3!)03] acting on the remaining integral. Similarly,
the operator exp [(£25%/4!) > k1m=10;0k010p] can be pulled out and converted to exp [(g2/4))04],
and the same applies for all such equal time operators. We will see later that the action of these
operators can be easily accounted for, using a saddle-point approximation. To summarize, the

function f at this stage is given by

B de 1 3
f = e E1/300+ (/04 /OO ds; ... dé, exp [55153/2< Z (1-24 a Z 00,

2
k=1
S;
+ = Z aZakal——Z( 5)1——aakZal+ )
k=1 k=1
LI zn:u—i)a» Z k0 0m + wen . (7.24)
4'2 P S ]klm:l kO10Om . .

Now consider the action of the individual terms in the remaining exponential under the integrals,

but without exponentiation. From MR [73], we have the following results?,

” o\ /2 )
2(1__ Z/ ds, ...ds aakalwgm—<;> s (7.25a)

j=1 k=1
" on (2 123
da-=2 Z d51 A0 D0 0WE = (=) ph(v), (7.25b)
j=1 k=1
. 1 5i 1 d5 .. d6,0;0,0,WE™ = 2\ 4 h 2
Z(—g)(——z 1- 0 =) et (7.25¢)

jk=1

3The terms in (7.25a), (7.25b) and (7.25c) are, upto prefactors, the integrals of what MR denote as IT*ND)

ENNE) and TIGNNED) pegpectively in [73].
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where we have defined

1/2 2

h(v) = e /2 (g) / v erfc % = 23—V/2F <—%, %) , (7.26)
where T'(—1/2,1%/2) is an incomplete Gamma function. Let us focus on the term in (7.25a). If we
linearize in e in (7.24), then this term appears with 1¢3/29, acting on it, leading to ~ fpseiv <
fps. This term can therefore be treated perturbatively. Similarly, one can check that the terms
given by (7.25b) and (7.25¢) also lead to perturbatively small quantities, which are in fact further
suppressed compared to 1 by powers of v~2. Specifically, one obtains terms involving &, erfcv/ V2
which, for large v, reduces to ~ fps-e1v - v~ 2(1 + O(v=2)).

A few comments are in order at this stage. First, this ordering in powers of ¥2 is a generic
feature of integrals involving an increasing number of powers of (1 — S;/S) being summed. This
can be understood in a simple way from the asymptotic properties of the incomplete Gamma
function, as we show in Appendix C. We are therefore justified in truncating the Taylor expansion
of the unequal time correlators, even though superficially (on dimensional grounds) each term in
the series appears to be equally important. Secondly, we have not yet accounted for the effect of
the exponential derivatives. In fact we will see in the next section that when ev® ~ O(1), it is
these terms that impose stricter conditions on the series truncations. For now, however, we have
no guidance other than the fact that if we account for one term of order ~ €™, then we should

2

account for all terms at this order. Given this, note that for ev® ~ O(1) we have v=2 ~ ev, and

hence the terms arising from (7.25b) and (7.25¢) are of order ~ 212, To consistently retain them,
we must therefore also retain the term linear in 9 and the one quadratic in €1, when expanding

the exponential. These involve the following quantities:

n

S a-5) s [ s asaaaore - — (2) T Ly
g - 1--- nUjUEU[Um - T 521/6 )

j=1 Elm=1""

" . n Oc
Z (1 - %)(1 - %) Z / déy ... d(snajakalallabalgwgm = — <g> —v e*VQ/Q ,
J,k=1 Ll1,l2,l3=1 -0

where we have used the result (7.23), and in (7.27b) also the identity

Bh(v) = —v e V2 (7.28)
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We now see that the result of the path integral depends only on v. Putting things together and
computing the overall v derivative, we find

2\ /2 3 " 2y 1 2 5 my\1/2 v
. —(e1/30)05+(e2/AN0p+... | ,—v2/2 _ — —v?/2 2 n v
f <7T> ve [e 4611/6 + —e ( > erfc NG

+ é <€% - %82) e V2 (v*—1) + 0(631/3):| ,  (7.29)

where we ignore terms like e170(v—4).
To compute the action of the exponentiated derivative operators, we start by writing the ex-

pression in square brackets in (7.29) in terms of its Fourier transform, using the relations*

6—V2/2_/OO dA z)\u —)\2/2

~ / )
e d)\ ,
_Ve—u2/2 _ / ( )\)ez)\ue—)\2/2’
V267112/2 _ /Oo d)‘ ()\2 _ 1)61',\1167)\2/2
27 '
T 1/2 14 o 0 d)\ Z Z)\l/ _)\2/2
Together with the identity eA(—¢/d)" gidv — A(=IN" iV {61 constant A, this gives
o\ /2 oo gy A _
f(V) _ (}) I// 27TezAue—)\Q/2+(—z>\)351/6+(—z)\)452/24+...73()\) (7.31)
where P(A) is the truncated series given by
5 1
P(N) —1+—151A+1—61871—Z>\2 <51—%2> +... (7.32)
The integral in eq. (7.31) can be performed using the saddle point approximation. We write it as
2\2  rdx
flv)= <%> V/%ed’o‘), (7.33)
where
1
6(N) = idv - ZN 4 Z€1A3 le +InPO) + ... (7.34)

The location of the saddle point, A = A, is the solution of ¢'(As) = 0, and the saddle point

approximation then tells us that

[ et = e (7.35)
= " .

oo V2T

4We are using a regulator which shifts the pole at A = 0 in the last expression in (7.30), to A = —ia where « is

real, positive and small.
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(see Appendix D for a discussion of the errors introduced by this approximation). It turns out that

in order to obtain f(v) correctly up to order ~ €22, we only need A, correct up to order ev. The
expression for ¢’ at the relevant order is given by

¢ (\) =iv— )+ %AQ to, (7.36)

and solving for A, perturbatively up to order ev, we find
1
A\, = iv [1 -3+ 0(62#)} : (7.37)

The expression for the mass function f(v) then works out to

2 1/2 1 2 81 1 2 82 2 3. 3
flv)= = vexp | —gv 1—§I/+Z(€1—§>V + O(e’v?)
X 1—1€V 3—i +(€2—€—2>V2+(9(631/3) (7.38)
4 412 13 ’ '
which superficially at least, is comprised of two series expansions, one in the exponential and one
as a polynomial, both based on the small parameter ev (see however the next section).

This derivation assumed that £; and €5 are constant, and that the ¢, are unity. If we relax

these assumptions and allow a scale dependence in these parameters, (7.24) is replaced with

f _ (l/a,, o 2585)67(51(S)/3!)8§+(62(S)/4!)8ff+...g(y, S)

_ | %émag _ %@5233 (€1 (S)/30+ES) A+ 061, )

— 2t 1)+ (22(8)/ 400+ 5, (1, §) | (7.39)

where, for any function v(S), the dot is defined as

) _dlnv
0(S) = TR (7.40)
and the function g(v, S) can be shown to be
N2 172 v 1 2 e1 (3
_ [ 2 ~ 2 4= —v2j2 el (2 9
g(v,S) <7r> [(2) er 7 +eae + <402 03> h(v)
1 1

- gsfc%ue_‘ﬂﬂ + Eagcy/e_”Q/Q +...], (741)
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The expression in (7.39) can be evaluated analogously to (7.29), since the additional derivatives
pose no conceptual difficulty. The result of the saddle point calculation, correct up to quadratic

order assuming ev3 ~ O(1), is

5_21/2 Lo, e, L(a Y o a0
[, )-(}) VeXP[—gV < —§V+Z<€1—§)V+ (61/))}

<A1 1 9 4. 1 /3 9 4. 201 (8 )
_ = V _— = —_ p— J— p—
481 c1 + 381 + 1/2 402 C3 + 381 + 2c1(e1 + 1

1 2 1 1
—v? [e% <c% +2¢1 45— Zéi(er + 6)> — 269 (1 + 50— —»5'2)] + (9(631/3)} ., (7.42)

* 3

oo
<

which reduces to (7.38) if we take €1, €2 to be constant and set the ¢, to unity.

One issue which we have ignored so far, is that the definition of v involves the variance S = o2 of
the non-Gaussian field. Computationally it is more convenient to work with the variance O'é of the
Gaussian field in terms of which cosmological NG are typically defined. We should then ask whether
this difference will require changes in our expressions for f. We start by noting that this difference in
variances is of order ~ €2. For example, in the local model one has 0?(R) = Ad; (R)+A(AfZ;)d2(R)
where A ~ 107 is an overall normalization constant, d; and dy are scale dependent functions of
comparable magnitude on all relevant scales, and € is estimated as ¢ ~ fNLAl/ 2. We therefore
have v = d./0 = (0./0g)(1 + O(e?)). However, with our assumption that ev3 ~ O(1), we see that
this correction is actually of order ~ (e202)r=2 ~ €313, which we have been consistently ignoring.
We will see that even when we relax the assumption ev® ~ O(1) and probe smaller scales where

ev® < 1, this correction can still be consistently ignored. Hence we can safely set v = d,./ og in all

of our expressions.

7.3 Consistency of the truncation

7.3.1 Comparative sizes of terms in the mass function

Now that all the derivative operators which we consider important have been accounted for, we
can check whether our final result is consistently truncated, i.e. whether we have retained all terms
at any given order in the expansion. Symbolically, our current result for the mass function can be

written as

f ~ 67%1/2(1+eu+52y2+(’)(52,e3y3)) 1+ ev+ E + 621/2 + O(EV_3,€2,63V3)] , (743)
1%
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with the understanding that coefficients are computed (but not displayed) for all terms except those
indicated by the O symbols. Also, €2 refers to both €7 and &5.

Since the expansions involve two parameters, ev and v 2, they make sense only if we additionally
prescribe a relation between these parameters. So far we assumed that € is fixed and v is such that
ev3 ~ 1, which was based on the observation that the term ev? naturally appears in the exponent
and is not restricted in principle to small values. In this case, in the polynomial in (7.43) we retain
the terms ev ~ v=2, (ev™ !, 20?) ~ v=4, and we discard (ev =3, €2, e303) ~ v=6. It would seem that
our expression is then correct up to order ~ v~*. However, the terms discarded in the exponential
have the form exp[O(e3v°)] ~ exp[O(v™4)] ~ 1 + O(r~*). The error we are making is thus of the
same order as the smallest terms we are retaining, and it therefore makes sense to also ignore all

the terms of order ~ % which we computed in the polynomial. The consistent expression when

ev3 ~ 1 is then given by
f ~ e—%l/Q(l-i-El/-f-er?) [1 v+ O (7/74)] . (744)

Clearly, similar arguments can be applied at smaller scales where, for instance, one might have
ev3 ~ v~ 12 ete. It is then important to ask which mass scales correspond to these “transition
points”. In figure 7.4 we plot v(M, z) given by (7.16) in an observationally interesting mass range,
for three different redshifts. The horizontal lines mark the transition points where ev? becomes
equal to (from top to bottom) 1, v~ v=2 =3 v=% and v=5. We fix € = 1/300 which follows from
the fact that in the local model with fxi, = 100 we have €1 ~ 0.02 (see fig. 7.1), and the expression
for f(v, M) contains the quantity £1/6 in the exponential. From the intersections of the horizontal
lines with the curves, we see that different transition points are relevant at different redshifts, and
their locations also obviously depend on the value of €. For example, we find that the transition

3,:]/—2

point where ev , remains accessible even when € is an order of magnitude smaller (with
€ ~ 1/3000, this transition occurs at v ~ 4.96). The transitions at ez3 ~ 1,7, on the other hand,
are not accessible for this level of NG. The transition at ev® ~ v =2 is therefore observationally very
interesting.

We will now discuss in some detail the truncation of our expression for f, at various transition
points. The goal is to try and settle on a single expression which is valid over a wide range of scales
(i.e. across several transition points). This can then be applied without worrying about truncation
inconsistencies. Of course, the order of the discarded terms will then depend on the particular

transition point being considered, leading to a scale dependent theoretical error. At this point, the
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Figure 7.4: v = 6.(2)/o(M) in the range 5-10'3 < (M/h™tMy,) < 5-10% for three different redshifts,
with e = 1/300. The solid, long dashed and short dashed curves correspond to redshifts z = 1, 0.5 and
0 respectively. The horizontal lines mark the transition points where ev® becomes equal to (from top to
bottom) 1, v=1, v=2 v=3 v~ and v 5.
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reader may skip to the end of the present subsection, where we present such a single consistent

expression.

7.31.1 el ~v!

At this transition point, the terms we retain in the exponential are

ev>~v ° ; erv

while discarding

Our expression (7.43) therefore retains all terms correctly up to order ~ =% and is consistent. With

some foresight, however, it turns out to be more convenient to degrade this expression somewhat

by also discarding the polynomial quadratic term €2v? ~ v»~6. The remaining expression

o) [ 4 0 w49
14

is also consistent at this transition point, and has a form which is identical to the ones we will see

next.
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7.3 Consistency of the truncation

7.3.1.2 el ~p2

As we mentioned earlier, this transition point is observationally quite interesting. The terms we

retain in the exponential are

while discarding O(e3v°) = O(r~19), and in the polynomial we retain

v~ vt ; ev ey O ; vt ~ 1/*8,

while discarding
Oler™)=0w™®) ; O =0w"1) ; 0 =0w1?).

This time we see that the term ev 2 has become as important as the quadratic term €2 in the
polynomial, and to be consistent we should discard the quadratic term. The expansion should thus

read
~ 711/2(14*61/4»621/2) E -8
fr~ez [1+ey+y+(’)(y )] : (7.46)

7.31.3 el ~p3

2

A similar analysis as above shows that at this stage ev ™3 ~ ™9 > €212, and a consistent expression

again requires dropping the quadratic term in the polynomial, leaving
[~ e~ 3V (Levte®n?) [1 te+ <40 (1/79)] . (7.47)
v

7.3.1.4 e ~v~* and smaller

Beyond this point, the term er~3 which we discard in the polynomial, becomes comparable or

larger than the quadratic term of the exponential as well, and a consistent expression becomes
fre a0t [ Lapq S g (7.48)
v

The parametric order of the terms now discarded depends on the exact relation between er® and

v L

Finally, note that the error introduced by setting v — v, where v, is defined using the variance
of a Gaussian field, was estimated in section 7.2 as O(€?). When ev® ~ 1, this error is of order

O(e313) and can therefore be consistently ignored. It is not hard to see that at all the lower

113



7. AN IMPROVED CALCULATION OF THE NON-GAUSSIAN MASS
FUNCTION

transition points this error continues to be comparable to, or smaller than, the largest terms being
discarded, and can hence be consistently ignored. In summary, we can state that for observationally

3

accessible mass scales larger than the transition point where er® ~ v 73, the single expression

f -~ e—%u2(1+eu+52u2) 14+ ev+ E + 0(631/5, €2y2’ €y73) , (7.49)
1%

is parametrically consistent as it stands — the terms ignored are smaller than the smallest terms

3

retained — and in fact it remains a very good approximation even when ev® ~ 1, since the only

“Inconsistent” term then is ev~!, whose effect reduces as v increases. On scales where ev® ~ p=4
and lower, the theoretical error becomes comparable to or larger than the quadratic term in the
exponential. Plugging back all the coefficients, we have the following result for the mass function
(excluding filter effects, see section 7.4):

)= s o (G5 () )

1 4 . 1 /3 4, . .
X 1—18111 Cl+2—§€1 +ﬁ 102—263+§€1—|—201(61 —{—01)

+ O(3v°, 21, 61/3)} . (7.50)

7.3.2 Comparing with previous work

In this subsection we compare our results with previous work on the non-Gaussian mass function.
As mentioned in the Introduction, this quantity has been computed by several authors in different
ways [73, 105, 106]. If one considers the range of validity of the perturbative expansion, the strongest

result so far has been due to MVJ [106], who explicitly retain the exponential dependence on &;.

Their expression for f can be written as®
es1v°/6 1 2
= —_— |1 - = 1— =€ . 7.51
favy = frs(v) == [ SE1V ( 361>] (7.51)

The major shortcoming of their result is that it is based on a Press-Schechter like prescription,
and must therefore be normalized by an appropriate Gaussian mass function, typically taken to
be the Sheth & Tormen one [115]. Additionally, it always misses the contributions due to the

unequal time correlators, which contribute to the terms ~ ev, ev™!, etc. in (7.50). When one

5The analysis presented by MVJ in fact allows one to retain terms like ~ €% in the exponential as well, and we
have seen that when ev® ~ 1, these terms are as important as the polynomial ev term retained by MVJ. However,
since the MVJ expression misses unequal time effects of order ~ er anyway, it is reasonable to compare our results

with the expression (7.51), which is also the one used by most other authors (see e.g. [22, 132]).
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considers formal correctness, on the other hand, MR have presented a result based on explicit path
integrals, which accounts for the unequal time contributions, and which also does not need any
ad hoc normalizations (in this context, see also Lam & Sheth [122]). Indeed, our calculations in
section 7.2 were based on techniques discussed by MR in [71, 73]. As we discuss below, however, the
fact that MR do not explicitly retain the exponential dependence of 13 means that their result is
subject to significant constraints on the range of its validity. Their expression for f, ignoring filter

effects, is

fur = fps(v) {1 + éauﬂ [1 — 2—?;2 <01 +2— gél> — 237 (%cQ —2c3 +4é1 + 2¢1 (€1 + é1)>] } .
(7.52)
This expression is precisely what one obtains by linearizing our expression (7.50) in 7, which serves
as a check on our calculations. LMSV [105] present a result based on an Edgeworth expansion of
the type encountered when studying NG generated by nonlinear gravitational effects [133]. The
result most often quoted in the literature is their expression linear in €, (and hence in €;2%), which
is

Jumsviin = frs(v) {1 + %Elyg [1 - % (3 —2¢1) — %51] } : (7.53)

In Appendix B.3 of [105], LMSV also give an expression involving €2 and 2, which can be written

as

JLMSV,quad = fps(V) [1 + éel <H3(V) + %5'1H2(V)>

+ %gi (Hﬁ(u) + %éle,(v)) + %sz <H4(v) + %észs(v)) ] , (7.54)

where the H,(v) are the Hermite polynomials of order n. This expression was used by LMSV only
as a check on the validity of their linear expression. By comparing with our expression, which is

3 we will see below that these quadratic terms in fact significantly improve

non-perturbative in e;v
LMSV’s prediction.
Sticking to the linearized results, we see that the expressions of both MR and LMSV have the
symbolic form
froe 2 [1+ey3+ey+§+... , (7.55)

3 ev ™, etc., as well as all terms containing €.

where the ellipsis denotes all terms of the type ev™
As we have seen, deciding where to truncate the expression for f is not trivial, and using our more

detailed expression we can ask whether the expression (7.55) is consistent at all the relevant length
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scales. Immediately, we see that this expression cannot be correct once ev® becomes close to unity.
However, this case is on the border of the observed mass window (for galaxy cluster observations),
even at high redshifts.

3 ~ =2 which, as we saw, is accessible over a wide

Let us therefore directly look at the case ev
range of redshifts for € ~ 1072, and at high redshifts also for € ~ 1073. In this case the terms MR

and LMSV retain have magnitudes

S~ 2, 4 el yS

and terms like e ™3 ~ v~® are discarded. We know from our expression however, that ev? appears
in the exponential, and therefore leads to terms like (e2?)? ~ v~% and (ev®)3 ~ v~% when the expo-
nential is expanded, which are of the same order as the terms retained in (7.55). The exponential
also contributes a term e?v* ~ =6, which in fact involves the trispectrum of NG, again at the order
retained by MR and LMSV. The error in the expression (7.55) when ev3 ~ v =2 is therefore O(ev).
A similar analysis shows that the error at transition point where ev® ~ v=1is O(r=2) > O(ev).
From a purely parametric point of view, the situation for MR and LMSV improves as v is
decreased further, and the expression (7.55), as it stands, becomes exactly consistent (in the sense

discussed in the previous subsection, see below (7.49)) when ev® ~ v=5 because at this stage

ev ! ~ v while (v®)? ~ v10 and vt ~ 12

, and hence the exponential only contributes a
single linear term er3. More importantly, LMSV’s expression also has errors due to the absence of
the unequal time terms discussed earlier, which are of order ~ ev and can be dominant over the
others. For the intermediate transitions, the analysis shows that when ev® ~ =3 the error in (7.55)
is O(r=6) > O(ev™1), and when ev® ~ v=* the error is O(ev~1). This should be compared with
our result (7.50), in which the error (at least on large scales) is always parametrically smaller than

the smallest terms we retain.

7.4 Effects of the diffusing barrier and the filter

In [72], MR showed that the agreement between a Gaussian mass function calculated using the
statistics of random walks and the mass functions observed in numerical simulations with Gaussian
initial conditions can be improved by allowing the barrier itself to perform a random walk. The
width of this scatter was found by Robertson et al. [134] to be a growing function of o(M), which
is consistent with the physical expectation that deviations from spherical collapse become relevant

at small scales. The barrier can thus be treated (at least on a first approximation) as a stochastic
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variable whose probability density function obeys a Fokker-Planck equation with a diffusion coef-
ficient Dp, which can be estimated numerically in a given N-body simulation. In particular, MR
found Dp ~ 0.25 using the simulations of [134].

Conceptually, the variation of the value of the barrier is due to two types of effects, one intrinsi-
cally physical and one more inherent to the way in which one interprets the results of simulations.
From a physical point of view, the dispersion accounts for deviations from the simple model of
spherical collapse, for instance the effects of ellipsoidal collapse, baryonic physics, etc. On the
other hand, the details of the distribution of the barrier (and therefore the precise value of Dp)
will depend on the halo finder algorithm used to identify halos in a particular simulation, since
different halo finders identify collapsed objects with different properties. MR concluded that the
final effect of this barrier diffusion on large scales can be accounted for in a simple way by changing
80 — \/adeo, where a = (1 + Dp)~!. In practice this change is identical to the one proposed by
Sheth et al. [112]%. As MR argue in [73], this barrier diffusion effect can also be accounted for in
the non-Gaussian case, again by the simple replacement of d.9 — \/adqo. It is easy to see that their
arguments go through for all our calculations as well, and we have implemented this change in our
definition of v in (7.16), setting \/a = 0.89.

In [71], MR also accounted for the non-Markovian effects of the real space top-hat filter, as
opposed to the sharp-k filter for which the results of section 7.2 apply. This is done by writing
the 2-point function (5(Ry) d(Ry)), calculated using the real space top-hat filter, as the Markovian
value plus a correction, (0(R;)d(Ry)) = min(S;, S) + Aji, and noting that the correction Ajj
remains small over the interesting range of length scales. A very good analytical approximation for
the symmetric object Ajj is

. min(S;, S)
A]k =~ /’imln(Sj7Sk) (1 - m) y (756)

where k(R) ~ 0.464 + 0.002R, with R measured in h~! Mpc. The mass function is then obtained

5A potential issue in this argument lies in the assumption of a linear Langevin equation for the stochastic barrier
B, resulting in a simple Fokker-Planck equation with a constant Dp like the one in MR, while the distribution of
B was found to be approximately log-normal (and therefore non-Gaussian) in [134]. One can see that a Langevin
equation of the type B = B¢ (which would produce a log-normal distribution) can be approximated by B= (B)¢,
whenever the fluctuations around (B) are small, and gives a constant diffusion coefficient as long as (B) is constant.
Although both approximations are reasonable on the scales of interest, non-Gaussian and scale dependent corrections
to the barrier diffusion should be studied, since in principle they could be of the same order as the other corrections

retained here. This investigation is left for future work.
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by perturbatively expanding in A;;, with the leading effect being due to the integral

5 n
¢ 1
/ ddy . dons D AjrdOWE, (7.57)
o0 g k=1
which on evaluation leads to
2 1/2 2 K V2
fe sharp—x (v, S) = <—> v [(1 —Kk)e " 2 4 3 T <O, 7) + O(HZQ)] , (7.58)
s

where the subscript stands for Gaussian noise with the top-hat filter in real space, and k introduces
a weak explicit S dependence. In [73], MR proposed an extension of this result to the non-
Gaussian case, by assuming that all the non-Gaussian terms computed with the sharp-k filter
would simply get rescaled by the factor (1 — k) at the lowest order, but otherwise retain their
coefficients. Symbolically, their result (Eqn. 88 of [73]) is

K 2
Jng,sharp—x (v, S) ~ v [ (1 — ,‘<;)e_”2/2 (1 +ed +ev+ 61/_1) + B) T (O, 7)} ) (7.59)

3 ev and ev~! terms being identical to those in (7.52).

with the specific coefficients of the ev
However, the coefficient of e.g. the ker term arises from the action of an operator ~ ik A ;1,050
combining with the first unequal time operator ~ £,5/2 > (8 = 57)9; >k 9k0;, and there is no
simple way of predicting its exact value beforehand. Since MR explicitly neglect such “mixed”
terms, their formula is not strictly inconsistent, as long as one keeps in mind that the theoretical
error in their expression is of the same order as the terms ~ rer that they include. However, if
one wants to consistently retain such terms, a detailed calculation is needed”. Our calculations,
which are not displayed, indicate that the coefficient of the ker term depends on certain details of
the continuum limit of the path integral near the barrier, which require a more careful study. At
present, we conclude that the mixed terms involving both filter effects and NG must be truncated
at order ~ rev.

Finally, the filter-corrected mass function is also subject to effects of barrier diffusion. Here
we make the same assumptions as in [72], namely that the barrier location satisfies a Langevin
equation with white noise and diffusion constant Dp, which can be accounted for by replacing
k — k& = k/(1 + D) = ax. However, it is difficult to theoretically predict the unequal time
behaviour of the barrier correlations and these simple assumptions must also be tested, perhaps by

suitably comparing with the detailed results of Robertson et al. [134].

"Notice that this issue is completely decoupled from the subtleties in truncation discussed in section 7.3 — this

problem remains even at scales where the MR expression is formally consistent.
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Our final expression for the mass function, corrected for effects of the diffusing barrier and the

top-hat real space filter, is

6 8 3

(1—2&)  _ oy 1 c 4,
X{l—Fﬁl/ﬂ/ 2(1—27/ 2)—Z€1V<1_11%+2—§81>

F,S) = fos(v) (1 - 0(,%2)) exp [lalﬁ < (2-2) y4]

Lo (3 et 1o 1t i)
461V 462 C3 361 c1(&e1 (&1

+ O(F*v2 kev, kv~ %) + O(212, 07, 61/3)} , (7.60)

where we have chosen to account for the scale independent O(%?) error arising from filter effects, as
an overall normalization uncertainty, and have explicitly displayed the orders of the various terms

we ignore. Here fps(v) = \/2/mve /2 is the Bond et al. result, with v(M, z) defined in (7.16).

To summarize, (7.60) gives an analytical expression for the non-Gaussian mass function. This
expression is based on approximations that are valid over a larger range of length scales than the
ones presented by MR and LMSV, and incorporates effects which are ignored in the expression pre-
sented by MVJ and LMSV. Like all these other mass functions, it suffers from the errors introduced
by filter effects. However, the largest of these can be accounted for as an overall normalization con-
stant, which can be fixed using, for instance, results of a Gaussian simulation. In table 7.1 we
provide analytical fits for 1, €9, ¢1, ¢o and c3, for the local and equilateral case, as a function of
o2. As mentioned earlier, all these quantities are independent of redshift, although they depend
on the choice of cosmological parameters in a complicated way, due to the presence of the transfer
function in their definitions. However, the dependence on og is simple, and one can check that
we have €1 «x o0g, €9 O'g , and that the ¢, are independent of og. Recall that the ¢, are also
independent of fxr, and gnp,. Also, we have the following relations for €1 and ¢, which can be
proved using the definitions of €; and the c¢y:

élzg(cl—l) : élzl—gcl—i—é(q},—%@) . (7.61)
For completeness, in table 7.1 we also give fits for the filter parameters % and % which appear in

the mass function, as functions of 2.
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Parameter Fitting form b + ¢ .S™ Parameter Fitting form b+ ¢ S™
Local NG b c n Equilateral NG b c n
€1 0.0096 0.015 | 0.18 €1 0.01 | —4-107* | 1.25
c1 0.98 0.073 | 0.094 1 1.03 —0.052 0.30
C2 3.15 0.79 0.69 C2 2.32 0.93 0.49
3 2.15 0.45 0.65 3 1.72 0.36 0.54
e2(fRL) —0.0049 | 0.0059 | 0.011 Filter
e2(gNL) 7.9-107% | 0.0022 | 0.25 R 0.36 0.015 —0.47
K 0.046 | —0.064 | —0.17

Table 7.1: Analytical fits for the various NG parameters, in the local and equilateral cases, as a
function of t = 02, in the range 2 - 1013 < M/(h='Mg) < 5-10%, for fyr, = 100 and gy, = 10%. We
have 1 « fni, in both cases, and for €5 in the local case we give separate fits for the terms proportional
to f2;, and gni. We do not consider €5 in the equilateral case, since the trispectrum in this case is
highly model dependent. We also give fits for the filter parameters < and i as functions of S, in the
same mass range. The errors on all the fits are less than 1%, except for e2(f%; ) where the error is ~ 6%,
because of numerical difficulties in calculating this object. These fits of course depend on our choice of

cosmological parameters.

7.5 Results and Discussion

In this section we conclude with our final results for the non-Gaussian halo mass function, comparing
our approach with previous work. In principle, we should compare the full expressions for the mass
functions of various authors with ours. However, recall that for MVJ and LMSV one has to multiply
an analytically predicted ratio Rny = f(v, M, fxr)/f(v, M, far, = 0) with a suitable Gaussian mass
function based on fits to simulations, and it is not clear how to compute theoretical error bars on
the latter. On the other hand, the object R, itself is an unambiguous theoretical prediction of
every approach, that is MVJ, LMSV, MR and our work, and we can compute theoretical errors
on it. In this work, we will restrict ourselves to comparing the different expressions for Rp,. In
future work, we hope to compare both R,; and the full mass function with the results of N-body
simulations.

In figures 7.5 and 7.6 we plot the ratio R, respectively without and with the filter effects, at
redshift z = 1. In this way we can explicitly disentangle the errors due to an approximate treatment
of non-Gaussian effects from those due to the filter effects. We compare our expression (7.60) with
the expressions of MR (7.52), LMSV linear (7.53) and quadratic (7.54), and of MVJ (7.51). Notice

that, when considering the filter effects, the Gaussian function that enters in the ratio R, is defined
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to be the function with fxi, = 0 (i.e. without NG but with filter effects when present). We use
the local model of non-Gaussianity, setting fn;, = 100 and gn;, = 0, and the reference ACDM
cosmology described in section 7.1. We do not explicitly show the final results for the equilateral
model, but they are qualitatively similar. As is commonly done in the literature, we modify the
LMSV and MVJ curves by applying the Sheth et al. correction of d.9 — +/ad. An identical
correction is already present in the expressions (7.60) and (7.52) due to the barrier diffusion. We
set v/a = 0.89, which is the value inferred in [72], using the simulations of Robertson et al. [134].
To make the comparison meaningful, we introduce theoretical error bars on the curves. These
error bars have no intrinsic statistical meaning — they simply keep track of the absolute magnitude
of the terms that are ignored in any given prescription for computing the mass function. As we
have discussed at length in section7.3, these theoretical errors are scale dependent. The estimated
error magnitude for each point is the maximum among the terms ignored in the expression. More
explicitly, the errors for the linearized LMSV expression (7.53) are estimated as the maximum of
(ev3)? which comes from the expansion of the exponential, ev which is the order of the largest
unequal time terms missing, and #r~2 which comes from the filter effects. The errors for the

3 ev and kv 2.

quadratic LMSV expression (7.54) are similarly estimated as the maximum of (ev?)
The largest error for the MVJ expression (7.51) is the maximum of ev (unequal time terms) and
7v~2 (filter effects). Finally, the error for the MR expression (7.52) is the maximum of (ev®)? from

2 and

the expansion of the exponential, ev ™2 from the largest unequal time terms ignored, and &2y~
kev from the filter effects. We include the filter effects and the associated errors only in fig. 7.6, as
explained above.

From these figures, we can draw some interesting conclusions. First of all, we see that it is
important to retain terms which are quadratic in the NG, either with a saddle point method like
in MVJ and in our formula, or by expanding the exponential up to second order, like in LMSV.
Actually, we argue that the correct way to proceed is to keep the exponential, otherwise the
expansion breaks down when ev? is of order unity. We notice in passing that the term proportional
to €9, which comes from the trispectrum, partially cancels with the 2 term. Secondly, comparing
our expression with MV J’s, we can observe that keeping the unequal time terms allows us to sensibly
reduce the theoretical errors due to the approximate treatment of NG. In fact, if these terms are
missing, they provide the largest theoretical error on large scales. Instead, the largest theoretical
error on small scales comes from the approximations involved in dealing with a real space top-hat

filter, as is apparent from figure 7.6.
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Figure 7.5: Theoretical comparison of the different mass functions at z = 1, without the filter effects,
i.e. setting & = 0. We plot the ratio R,, of the non-Gaussian and Gaussian mass functions, in the
local model with fxr, = 100 and gnp, = 0. See main text for a discussion of the error bars. The arrow
indicates the mass scale where £123/6 = 1, i.e. where the expansions of LMSV (both linearized and
quadratic) and MR break down.

To conclude, in this work we have calculated the non-Gaussian halo mass function in the
excursion set framework, improving over previous calculations. We started from a path integral

formulation of the random walk of the smoothed density field, following [71].

This allows us to take into account effects due to multi-scale correlations of the smoothed density
field (“unequal time” correlations), and due to the real space top-hat filter, which generates non-
Markovianities in the random walk. We recognize two small parameters in which we perturb: e,
defined in (7.15), which measures the magnitude of the primordial NG, and v~! = o/d,., which
is small on large scales. In order to do a consistent expansion and to estimate the theoretical
errors, one must study the (scale dependent) relation between these two parameters, which we
have discussed in sec. 7.3. We then used saddle point techniques to non-perturbatively retain the
dependence on ev?, which naturally appears in the calculation and whose magnitude becomes of
order unity at high masses and high redshift. Finally, we included effects due to the choice of the

filter function and to deviations from spherical collapse, as explained in sec. 7.4. Our final result is
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Figure 7.6: Same as fig. 7.5, but including filter effects. These affect only the error bars for MVJ
and LMSV, and they affect both the curve and the error bars for MR and our result. For MR and our
result, the Gaussian mass function used to construct the ratio Ry, is taken as the non-Gaussian result
at fnr, = 0, and hence includes filter effects.

presented in (7.60), which we reproduce here:

(1—2g)_ B 1 " .
X{1+ﬁ/€y2(1—2y 2)_16111(1—/%_{—2_361)

1 3 4
- 1811/71 (ZCQ —2c3 + §é1 + 2¢1 (&1 + 0'1)>

+ O(R*v 2 kev, kv~ %) + O(21?, V7, eu_?’)} . (7.62)

In table 7.1 we provide analytical fits for the various parameters that appear in this expression. We
also considered other expressions for the mass function found in the literature, which use different
expansion methods but do not estimate the theoretical errors. We estimated the theoretical errors
for each formula, and we show comparative plots in figures 7.5 and 7.6. In our work we have
improved over the calculations of MVJ [106] and LMSV [105] (who ignore unequal time correlations)
and of MR [73] (who do not retain the exponential dependence on ev?). We have also demonstrated
that the (linearized) result of LMSV can be significantly improved by retaining the quadratic terms

of their calculation which are usually ignored in the literature. We find that at large scales and
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7. AN IMPROVED CALCULATION OF THE NON-GAUSSIAN MASS
FUNCTION

high redshifts, the biggest theoretical errors are introduced by ignoring the exponential dependence
on ev?, followed by the neglect of unequal time correlations. The errors on our expression (7.62)
are therefore significantly smaller than those of the others. The strength of our approach lies in the
combination of path integral methods as laid out by MR [73], and the saddle point approximation
as used by MVJ [106].

Our work can be continued in several directions. First, a thorough calculation of the effects
due to the choice of the filter should be performed, since they lead to significant uncertainties in
our final expression. This would include a study of the details of the continuum limit of the path
integral near the barrier, and also a study of the statistics of the barrier diffusion process in the
presence of filter effects. Second, a comparison with N-body simulations should be performed, in
order to quantitatively assess the possibility of constraining NG using our work. Third, it would
be interesting to study how to account for the effects of ellipsoidal collapse, in a framework such as
the one employed in this paper. Finally, an application to the void statistics along the same lines
should be feasible. The problem here is made more interesting by the presence of two barriers,
as discussed by Sheth & van de Weygaert [135]. Since voids probe larger length/mass scales than
halos, they constitute a promising future probe of primordial NG [136].
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Chapter 8

Conclusions

In this Thesis, we studied the modifications induced by generic single-field dark energy and by pri-
mordial non-Gaussianity on the large scale structure, in particular on the abundance and evolution
of high-mass galaxy clusters.

First we studied generic single-field dark energy models, by a parametrization of the most gen-
eral theory of their perturbations around a given background, including higher derivative terms. In
appropriate limits this approach reproduces standard quintessence, k-essence and ghost condensa-
tion. We find no general pathology associated to an equation of state wg < —1 or in crossing the
phantom divide wg = —1, but stability requires that the wg < —1 side of dark energy behaves, on
cosmological scales, as a k-essence fluid with a virtually zero speed of sound. This implies that one
should set the speed of sound to zero when comparing with data models with wg < —1 or crossing
the phantom divide.

In particular, we can expect modifications on the evolution and abundance of massive galaxy
clusters, and we studied the spherical collapse model in the presence of quintessence with negligible
speed of sound (and generic values of w). As pressure gradients are negligible, quintessence follows
dark matter during the collapse. The spherical overdensity behaves as a separate closed FLRW
universe, so that its evolution can be studied exactly. We derive the critical overdensity for collapse
and we use the extended Press-Schechter theory to study how the clustering of quintessence affects
the dark matter mass function. The effect is dominated by the modification of the linear dark
matter growth function, but a larger effect occurs on the total mass function, which includes the
quintessence overdensities. Indeed, here quintessence constitutes a third component of virialized
objects, together with baryons and dark matter, and contributes to the total halo mass by a fraction

~ (14w)Qq /. This gives a distinctive modification of the total mass function at low redshift, in
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8. CONCLUSIONS

coincidence with the onset of acceleration. We also expect to observe a modification of the baryon
to dark matter ratio in clusters with respect to the cosmological value.

Finally, we use the halo mass function as a tool in studying the effects of primordially generated
non-Gaussianities on the large scale structure. The non-Gaussian mass function has been calculated
by several authors in different ways, typically by exploiting the smallness of certain parameters
which naturally appear in the calculation, to set up a perturbative expansion. We improve upon
the existing results for the mass function by combining path integral methods and saddle point
techniques (which have been separately applied in previous approaches). Additionally, we carefully
account for the various scale dependent combinations of small parameters which appear, since some
of these combinations in fact become of order unity for large mass scales and at high redshifts, and
must therefore be treated non-perturbatively. Our approach allows us to do this, and to also
account for multi-scale density correlations which appear in the calculation. We thus derive an
accurate expression for the mass function which is based on approximations that are valid over a
larger range of mass scales and redshifts than those of other authors. By tracking the terms ignored
in the analysis, we estimate theoretical errors for our result and also for the results of others, and
we also discuss the complications introduced by the choice of smoothing filter function, which we
take to be a top-hat in real space, and which leads to the dominant errors in our expression. We
present a detailed comparison between the various expressions for the mass functions, exploring
the accuracy and range of validity of each.

The lines of work developed here can be continued in several directions. First of all, in this
thesis we do not attempt to study experimental constraints and forecasts. As far as dark energy
is concerned, it is important to assess the robustness of our estimation of the mass function by
cosmological simulations. For instance, these should clarify that our estimate of the effect of the
accretion of dark energy is correct, and quantify the effect of clustering quintessence in the fgas
parameter. Before doing simulations, however, it is important to understand how cusps in the
scalar field can be resolved. Then, from the observational side, one can use our results to analyze
cluster data. Whether the effect be measurable or not will depend on the ability to break the
degeneracies with other cosmological parameters and on the precise determination of the cluster
mass.

Switching to non-Gaussianities, there are a few things that can be studied. From the purely
theoretical side, our calculation can be improved by thoroughly considering the effects due to
the choice of the filter function, which is the main source of error in our expression. A very

interesting problem will be to apply the formalism to the void mass function, which has not received
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much attention yet but it may become an important tool to constrain non-Gaussianities. Then,
a comparison with N-body simulations should be performed, in order to quantitatively assess the
possibility of constraining NG using our work.

The future of cosmology will heavily rely on large scale structure observations. The interplay
between observational techniques and theoretical advances is of paramount importance to push the

knowledge of our Universe forward. We hope to have contributed with some small steps.
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Appendix A

Higher derivative operators in

effective field theories

In this appendix we want to study the Ghost Condensate and its deformations from an effective
field theory point of view. In particular we want to show that, although the operator (V27)?

2 must be treated

dominates the dynamics, operators containing higher time derivatives such as
perturbatively.
In the Ghost Condensate limit, the free 7w action is

S = M74 / drdt [7'72 - (V];;)Q] : (A1)

where we neglected the mixing with gravity — as we are interested in the high energy behavior of
the theory — and for simplicity we assumed that there is a single scale M (M ~ M). This action

is manifestly invariant under the energy scaling [28]
E — sk, t— s, z— s Vg, — st . (A.2)

As the theory is not Lorentz invariant, time and space behave differently under rescaling, and 7

! as in a Lorentz invariant theory (see for instance [137] for an introduction to

does not scale as s
scaling in non-Lorentz invariant field theories).

What is the physical meaning of this scaling transformation? Assuming that the theory is
weakly coupled, the free action gives the leading contribution to the correlation functions, so that

these will be invariant under the scaling above. For instance, a relativistic massless scalar has
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A. HIGHER DERIVATIVE OPERATORS IN EFFECTIVE FIELD THEORIES

scaling dimension 1. Thus, the two-point function satisfies'

_ T — 1
(09)(x —y) = s7*(¢9) ( y) = (p9) x — . (A.3)
§ |z =y
In the case of the action (A.1) above, the scaling transformation (A.2) yields
(m) (AL, AZ) = s~/ (7mr) (ﬁ, —Al“" > (A.4)
s ' sl/2

Not only the scaling transformation gives information on the free theory, but, more importantly,
it allows one to estimate the effect of different operators added to the free action. In particular, in
the Ghost Condensate case, one can check that all additional operators allowed by symmetries have
positive scaling dimensions, so that their importance is suppressed by E/M elevated to a positive
power [28]. This implies that at low energy the theory is perturbative. For instance, the leading
irrelevant operator is 7(V)2, which has scaling dimension 1/4.

Operators containing higher time derivatives have positive scaling dimensions so that they
must be treated perturbatively. For instance 72 has scaling dimension 2, so that at low energy it is
negligible. Additional time derivatives naively suggest the existence of more and more solutions of
the equations of motion. However, these solutions are non-perturbative in the expansion parameter
E/M, and there is no reason to expect that they have any physical meaning. For example, taking
seriously these solutions would imply that the Minkowski vacuum is unstable when considering
higher order corrections to the Einstein-Hilbert action [138]. The correct way of treating these
terms is perturbatively, i.e., evaluating them using the lower order equations of motion [139].
Following this logic, the additional solutions studied in the context of the Ghost Condensate theory
in [140] are non-physical, as already pointed out in [141].

As we discussed in this paper, in certain regimes quintessence behaves as a deformation of the

Ghost Condensate theory. The free action (A.1) is deformed by the addition of a (V7)? term:

M 3 222 2 (V)
S = 7/d xdt [7? —ci(Vm)® — e . (A.5)

In these cases the dispersion relation is not exactly w ~ k?/M but it contains also a linear term
w ~ csk, with cs < 1 (for this discussion we assume that c2 is positive).

The situation is now trickier than before because one cannot find a scaling transformation which
leaves the full action (A.5) invariant. On the other hand, one can separate two regimes, depending

on which of the gradient terms dominates, as illustrated in figure A.1.

!Note that the scaling dimension has nothing to do with the mass dimension of the field ¢. Indeed, eq. (A.3)

remains the same if we choose a non-conventional normalization of the action such that ¢ has not mass dimension 1.
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Figure A.1: The two scaling regimes as a function of the momentum k together with the scaling
dimensions of some of the operators. Above: the Ghost Condensate regime where w ~ k? /M ; below: the

regime where w ~ cgk.

For k > cyM, the dispersion relation is dominated by (V27)2 and the theory behaves as the
Ghost Condensate. In this regime the scaling of all additional operators can be obtained from
eq. (A.2). Notice that now there is a relevant operator, (V7)?, that becomes more and more
important at low momenta (and energies). The coefficient of this operator is however suppressed
by the small deformation parameter cs < 1. Thus, it can be treated perturbatively as long as
k> csM.

On the other hand, when k < ¢, M the (V7)? operator dominates the free action. In this regime
the scaling becomes the same as in the relativistic case. Now both 72 and (V?7)? are irrelevant
operators with the same scaling dimension 2. However, time and spatial derivatives are still on a
different footing because the time derivatives are suppressed by ¢ with respect to the spatial ones,
w ~ csk. Thus 72 ~ ¢}(V27)? for k < c¢sM. In the intermediate regime k ~ c,M this suppression
can also be obtained from the Ghost Condensate limit. Indeed, at high momenta the operator 7>
scales like (k/M)*, so that it is suppressed by c¢# for k ~ csM.

Even though these theories make perfect sense as effective field theories, it is not clear whether
one can find a UV completion. In particular, the violation of the null energy condition may be

problematic in the context of black hole thermodynamics [142].
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Appendix B

Modification of gravity with M

In the main text we studied the effects of the operator M , focusing on stability and on the phe-
nomenology at cosmological scales. In analogy to what happens for the Ghost Condensate, we
expect that this operator will also be relevant at short scales, inducing a modification of gravity. In
this appendix we perform a preliminary analysis, restricted to linear perturbations only, although
the non-linear dynamics has been shown to be relevant and quite rich in the Ghost Condensate
case (see for example [50]). To simplify the analysis we set pg + pg = 0 and M = 0. Although
the background quintessence stress-energy tensor is the one of the cosmological constant, there
is still a propagating scalar degree of freedom. Its mixing with gravity induces a deviation from
General Relativity; indeed the Ghost Condensate was originally proposed as a consistent modifica-
tion of gravity in the infrared. The simplest setting to study this modification of gravity is in the
Newtonian regime w? < k? around Minkowski spacetime, where the new scalar degree of freedom
modifies the Newtonian potential ®. For this purpose we will closely follow the discussion done in
[28] for the Ghost Condensate case, i.e., for the operator M.

Working in Newtonian gauge with ¥ = ®, the metric is ds? = —(1 + 2®)dt? + (1 — 2®)d#? and

the quadratic Lagrangian for m and ® reads
L= —M(VP®)? +2M*(® — )% + M3 (D — 7) (4D — 7 + V37) . (B.1)

Let us first assume that M is time independent. Dropping total derivatives and terms which are

negligible in the limit w? < k2, we are left with

L=—M3(V®)? +2M*(® — 7)2 + M37aV20 . (B.2)

133



B. MODIFICATION OF GRAVITY WITH M

In terms of the canonically normalized fields 7, = 2M?7 and ®, = V2Mp®, the Lagrangian in

Fourier space can be written as
1 ey
L= 9 (7Tc (I)c) M <(I>i> ) (B.3)
with

M= w? —iwV/2M? | Mpy — k> M3 /(2v/2M? Mpy) (B.4)
~ \iwv2M?/ Mpy — k2M3 /(2y/2M? Mp)) —k% 4+ 2M*/ M3, B

Setting to zero the determinant of this matrix gives the dispersion relation

M
2 2
w = ——-—k", (B.5)
SMAMZ,

which reproduces the Jeans instability already shown in eq. (3.76). The Jeans instability arises
from the non-diagonal (mixing) term and it is thus proportional to M instead of M?3.
To study the corrections to the Newtonian theory, one can look at the propagator of ® that is
the (®, ®) entry of M~!. This can be written as
1 k2 MO 1

— . |1= . _
k2 SMAME, w2 + k26 /(SM*M2,)

; (B.6)

where the term —1/k? is simply the standard Newtonian propagator. As expected, a substantial
deviation requires, for a given distance k!, a sufficient time w™! for the Jeans instability to develop,

ie.,
76
2 M

B2 B.7
~ 8MAMZ (B.7)

W

We can now consider the case of a time dependent M. In this way we introduce new terms in
the action that were previously dropped because total derivatives. The same happens if we had
considered a time dependent spatial metric, but here we stick to Minkowski for simplicity. The
matrix M becomes

_ w? — K2H M3 /AM* —iwy/2M? | Mpy — k2M?3 /(2v/2M2 Mp)) (B8)
~ \iwV2M?2/ Mpy — E2NM3 /(2¢/2M2 Mp)) —k? - 2M* /M3, — 2HM? /M3, T

where H is the typical rate of variation of M 3, M3 = HM3 (if the time dependence is induced by the
metric this becomes the Hubble rate). Computing the determinant and restricting to frequencies

much larger than H we get the dispersion relation

HM3 M6
2 2 2
= 4/<:—8 . glk, (B.9)

w
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which correctly matches eq. (3.76). The value of M can be chosen to avoid the Jeans instability

and have a healthy dispersion relation. The propagator becomes

1 k2M6 1
2 SM*MZ, w2 — k2NI3H/(AM*) + k2M6 /(SM*MZ,)

(B.10)

The scalar degree of freedom induces a 1/r force which adds to the Newton law: this force,
however, propagates at a very small speed
M3H
2~
Given the absence of a Jeans instability, the modification of gravity induced by M is very different
at linear and non-linear level with respect to the Ghost Condensate case [28, 50]. More work

is needed to understand the constraints on M coming from the modifications of gravity that it

produces.
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Appendix C

Hierarchy of terms in the

non-Gaussian mass function

Here we argue why the hierarchy of terms ordered by powers of =2 emerges on expanding the expo-
nentiated derivative operators in (7.24). Focusing on terms involving the 3-point correlator, one sees
that a generic term in the expansion contains some powers of (¢15 3/ 2), multiplying an n-dimensional
1-5;,/8)P(1-5},/S)P2...040j, ..., and also

some summations over “free” derivatives ~ ZZI ko..—1 Ok Ok, - ., all of this acting on We™. More

integral containing some summations ~ >°% . _(
2s=

precisely, the structure of the terms is

~ (1S3 N " ddy ...dé, [(1—S4,/S)...(1—=S;,. /S

. - — 0
J15-+,33m

[(1_Sjm+1/s) ...(1—Sj2m/S)]q X [(1—Sj2m+1/S) (1 —Sjgm/S)]rﬁjl ...8j3m ng, (Cl)

for m > 1 and non-negative p, ¢, r such that not all three are zero. The terms we have considered
in the text are (m,p,q,r) = (1,1,0,0), (1,1,1,0), (1,2,0,0) and (2,1,0,0). We have already
discussed how the “free” derivatives can be pulled out of the integral and converted to d,. For
the “non-free” derivatives, we see that what is important is the total number of (1 —.S;/5) factors
accompanying these derivatives. For example, the (1,1,1,0) term in (7.25¢) has the same structure
as the (1,2,0,0) term in (7.25b) — the effect of >, (1 —.5;/5)(1 — Sk/S5)9;0k, up to numerical
factors, is identical to that of >, (1 — S;/ S)20;0). This is expected to be true also with higher
numbers of non-free derivatives.

It is then possible to understand the hierarchy of terms by only considering terms containing
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(1 —.5,;/5)P0;, and no other non-free derivatives. The basic object to study now becomes
7 J J
da- Sj/S)/dél ... ds,0,wem
J

which in the continuum limit can be shown to reduce to the integral

v? b dy 1/2 —v2/2 VT 1 v
9(0) <7> E/o W(l —y) e = 7F <_557> : (C2)

Notice the similarity with the function h(v) in (7.28), which of course is not accidental given the
definitions of these objects. It is now easy to check that increasing the powers of (1 — 5;/5) in
the summation amounts to increasing the powers of (1 —y) in g). We are then comparing (with
A =1?/2) gio)(A) with g, (A) where

Ldy _
o (4) = [ 1=y e, (C.3)

Starting with p = 1 and manipulating the integrals, it is straightforward to establish the recurrence

Ip+1)(A) = g(p) (4) — /AOO dA g, (A). (C.4)

The argument is now almost complete. We know that for large A = v?/2, we have I'(n, A) =
e AA (1 + O(A™Y)). Hence go)(A) = (V7 /2)A73/2e=A(1 + O(A™1)), and its integral from A
to oo gives a leading term proportional to I'(—3/2, A) = e AA5/2(1 + O(A~')). The pattern is
now clear: g(,)(A) ~ A=3/27Pe=A(1 4+ O(A™1)), and since A = 1/?/2, this explains the hierarchy of

terms in powers of 72, in (7.24).
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Appendix D

The saddle point approximation

In this appendix we discuss the saddle point approximation of the integrals of the type appearing
in section 7.2, and estimate the error it induces. We will argue that the errors introduced by the
saddle point approximation are much smaller than those due to truncating the perturbative series
in the small parameters e and v~ 1. For an introduction to the saddle point approximation see [143].
Since we only wish to discuss the saddle point method in this appendix, we will ignore here the
complications introduced by the unequal time correlators, i.e. in (7.31) we set P(A) = 1. We will
also work here to first order in ev. The extension to a more general case is straightforward and the

result is given by (7.42) as described in section 7.2. We begin with expression (7.31):

flv) = <g>l/2y/oo dA eI (D.1)

™ —oo V2T

where g(A\) = ivA — A2/2 + (—i))3e1/6 + O(2)\?).
We first find the location of a saddle point A, of the function g(\), by perturbatively solving

g (A\«) = 0 using ev as the small parameter and demanding ¢”(\.) < 0. The first-order solution is

M =iv(l— /2 4+ O(0?)) (D.2)
g0 = —”;(1 _ %611/ +O(2?)) | (D.3)
d'(\) = —1—ev+ O(2?) . (D.4)

The saddle point approximation consists roughly of performing a Taylor expansion of g(A) to second
order around A, in the integrand of (D.1) and performing the resulting Gaussian integral. We will
carry this out explicitly below. The saddle point prescription will give a good approximation to

the integral as long as g(\) attains a global maximum at A, (along the contour of integration);
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this is indeed our case since the integrand in (D.1) will be nearly a Gaussian centered at A, in the

complex plane.

Notice that Im A, # 0, requiring a deformation of the contour of integration such that it passes
through A.. The deformation of the path of integration can be performed by taking a closed contour
formed by four pieces: the real axis C4, the line Im A = Im A\, which we call here —C5, and the
closures of this contour at possitive and negative infinity. The integral in this closed contour must
be zero, and since the integral on the closures of the contour at infinity can be assumed to vanish,
we have fC1 = fCQ' Therefore Cs is the desired deformation of the contour which passes through
A«l. We can then make a series of approximations in the integral (D.1), which we discuss below,

/OO ﬂeg()‘) = /OO oY eI +g" (M) (A=X4)? /2

— eg()\*) (_g//()\*))fl/2
_ e—%l/2(1—811//3+0(62112)) (1 +€1V—|—O(€2lj2))71/2 . (D.5)

Here the integrations are performed along the deformed contour.

In order to estimate the errors induced by the approximation done in equation (D.5), one can
keep higher orders in the Taylor expansion of the function in the exponential:

oo V2T - —oo V2T
~~ eIA) (_g//()\*))_l/2

© dz 1 1 ) 1 ) ]
+/_Oo 277{69 (A)z +72[g (A)] = + 5790 )z +-,_}e

— 9O (—g"(\)) P (1 +0(2) . (D.6)

/OO dA [T A 00 A=A 249D (M) (A=A 649D (M) (=AY /24 ..

Here we used the fact that g® (\,) = O(e) and g™ (\,) = O(e?). The integrals in the second
equality of this derivation can be computed analytically, which allows one to go to arbitrary accuracy
with the saddle point technique. Notice that the results of these integrations are of higher order
than the terms we retain. In the main text, where the integral contains also a polynomial P(\)
one can again compute the errors via similar Taylor expansions. These errors can be shown to be
of order O(€?), comparable to other terms which we ignore.

One can also estimate the errors introduced by our opproximations by using the following toy

model in which everything is computable: take the 3-point cumulant €1 to be different from zero

!Technically, one should also require that Im g(\) be nearly constant along the deformed contour for the saddle
point approximation to work. In our case one can show that Im g will be suppressed by e. This and all errrors

induced by the saddle point are accounted for in equation (D.6).
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Figure D.1: Panel (a): Fractional difference between the saddle point approximation on the r.h.s.
of (D.7) and the numerical integration of the Lh.s. of the same equation. Panel (b): Total error induced
on the result of the toy model (D.7) by both the saddle point approximation and the perturbative
expansion to leading order in ev. We plot the fractional difference between the numerical integration of
the Lh.s. of (D.7) and the approximation (D.5). Both panels show the results for a local NG with two

values of fnr..

and all higher order cumulants &, for n > 2 to be zero?. For such a model the integral is

1/2
/oo A\ AN /24 (=iN)Per /6 2 exp 1—VT+2ev+ev(3—2V1+2e0) |
—o \/m 35%

(D.7)
In the r.h.s of this equation we have used the saddle point approximation but have made no
expansion in ev. By comparing the numerical integration of the Lh.s. with the expression on
the r.h.s. (panel (a) of fig. D.1), one can see that the errors introduced by the saddle point
approximation are indeed of order €? as indicated by (D.6). On the other hand, one can use the
numerical integration of the left hand side of this equation and compare it with the approximation
(D.5) (panel (b) of fig. D.1), to see that the biggest error is of order €22 induced by the fact that
we perform a perturbative expansion in ev. Notice that here we considered only the leading order
in er and ignored unequal time correlators, while in the main text we present a result which is more

precise (to next to leading order in ev) and complete (using the excursion set formalism rigorously).

2This toy model is inconsistent because if the third cumulant is different from zero, then all higher cumulants must
also be different from zero. We use it here only to estimate how good the saddle point prescription is in approximating

an integral, and compare it with errors induced by a perturbative expansion in ev.
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