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Chapter 1

The dark side of the Universe

Modern ccemolo gy is a danghter of Albert Einstein’s Belativity, However, mod-
ern coemology seems to amuse jeopardising the very bases of Relativity, The
upper limit to possible velocities, the speed of light ¢, is challenged by the su-
perluminal expansion outside the horizen. When the Cosmic IMicrowave Baclk-
ground { CME) was discovered, the Lorentz equivalence of all systems of refer-
ence was challenged by the existence of a privileged system, af resf in respect
to the CME. Finally, after it became clear that mest of the Universe is dark,
the vary equivalence between mass and energy is challenged by the distinetion
between Dark Afatter (DM) and Dark Energy (DE).

HMone of the above acquisitions contradicts Relativity, of course. They are
abaolutely coherent with Einstein’s wisdom. In this thesis, however , I shall focus
on the last of these apparent paradoxes, discussing theory and phasnomenclo gy
of DE, a dark substance whose features are radically different from bayonic
matter and D

Current chasrvations requirs that -~ 95% of the energy density of the warld
cannot be ascribad to quanta enclosed within the standarnd model of dementary
particles. These forms of matter or energy have no apparent interaction , apart
of graxity, with ordinary matter. In particular, they do not emit light. Hence,
they form the dark secior of the world.

Their direct obssrvation is being attempted in several ways, but, up to
now, thare are scarce evidences in this direction. On the contrary, in the large
volumes observed by astrophysical tools, their gravity is dominant and refusing
their existence implies major modifications of newtonian gravity.

Though there are presently no direct cbesrvations of the dark ssctor, there
are nevertheless many indirect messurements that give us clues about its na-
ture. Rotation curves of spiral galaxies, temperature profiles of galaxy clusters,
rravitational lensing by clusters, large-scale motions of galaxies between clus-
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ters, the virial theorem applied to clusters, all require & mass much larger than
what emits the obesrved light (s=e, e.g., Parsic et al. 1995, Baheall 1996, Fread-
man 1999, Turner 2000). A part of such mass could still have a baryonic nature,
being dus to various types of collapeed cbjects (black holes, brown dwarfs or
dim white dwarfs, jupiters, ebe.] or to dust, cold gas, ete.. Constraints on
the amount of such baryonic compeonent come from big-bang micleceynthesis
(BBEM3) and from the amplitude of the anisotropiss of the ccamic microwave
background (CME). They coherently prescribe that, altogether, baryons cannot
ecead a fraction ~ 0.05 of the critical density of the world, On the contrary, a
lar ge deal of data require that the total world density is very closs to its critical
value., This is why an ectra dark component, made of non-baryonic particles is
compulacry. Wa ghall refer to it as cold dark matter (CDM), giving for granted
that it is a pressureless continuum. Mumerical studies of structure formation
and comparison with statistical studiss of galaxy and/or cluster distributions
support the COW model on large scales.

But COM iz not the only dark component of the world, A first evidence
of a sscond dark component came from the observation of the magnitude—
redshift relation for Type [a supernovas (SHIa: Risss et al 1998, Perlmotber
et al. 1998, Tonry & al. 2003), which can be treated as standard candles.
The obesrved relation requires that the world is now undergoing a phase of
accelerated expansion. According to the Priedmann equations, this is possible
only if A component excists with a negative pressure ppe <7 —ppg/ 3 here poe
is the energy density of such compeonent, currently dubbed Dark Ensrgy (DE).
The possibility that DE is a kind of false-vacuum was soon envisaged. This is
formally equivalent to a Lemaitre model with a positive coemological constant.
In the next section we shall discuss this hypothesizs and its implications, as far
as fine tuning requirements are concernsd.

Ancther candidate for DE is a scalar field ¢, self interacting through a
suitable potential density 7' (@). Also this hypothesis will be widely discussed
in the next chapters and we shall refar to that as dynamical DE.

Leat us however outline soon that the evidence hased on SIMIais not isclated
and has been later reinforoed by lots of independent obssrvations. Mone of
them indicates that the world ecpansion is accelerated, but all of them tell
us that the sum of CDM and baryon densities is far less than critical, while
the total density of the world is quite close to the critical value. Among such
obsarvations, let us remind those of desp galasy samples, like the 2dF sample
(Percival et al 2001, Efstathicu et al 2002), and the recent global parametsr



estimates made by WKAP (Bannett ot al 2003), confirming previous findings
bassd on CME cheervations (sse, e.g., De Barnardis et al 2001, Hanany et al
2001, Spergel et al 2005).

Deep galaxy samples give evidence that the clustered matter, including
baryons and DM, only comprises one-third of the ener gy density required for
a flat Universs, while they also require that the world density is cloes to its
critical value This impliss that a smocthly distributed DE component exists.
Also TME obesrvations require that the total density is close to critical, becauss
of the location of the first peale of the anisstropy spectrum, showing that the
space section of the warld model is (nearly) flat. Furthermeore, their analysis
confirms that COM and baryons account for - 30 % of the critical density.

A convenient parameterization of DE nature is provided by the so—called
gtate parameter w' = ppe/ poe. Assuming that w is constant in time, 8104 and
ather data yield the restriction —1.62 < w = —0.74 (s==, a.g., Mealchiorri et al.
2002). A false vacuum (coemological constant) yvidds w = —1. Dynamical DE
normally imply that w > —1, but iz cose to such value. It comes then as no
gurprise that some authors considered also the possibility that w < —1 (this
case iz dubbed phanfom DE, .....). Should future cbearvations indicats w = —1,
what doss this imply? First of all one should carefully ecamine if this is an
apparent indication arising from a multiple component dark sector or from a
rapidly varying w. Should all this be excluded, the new physics implicit in such
range of values would have really exceptional features, viclating the generally
accepted condition on matter, called “dominani energy comdition” (Carroll =
al. 2003). In this thesis we shall not deal with phantom DE.

It iz also important to outline that, at pressnt, no obeervation requires DE
with w £ —1. The advantages of dynamical DE will be debated in the next
chapter. In spite of that, the rapid accumulation of fresh obesrvational material
and the conssquent reduction of obearvational uncertainties allow us to expect
new stringent tests for the ACDH model, in the near future. It is therefors
useful to have more general dark sector models, both to act as a foil o ACDL
and az a possible replacement, should ACDL fail future tests.

Onece DE iz allowed to behave differently form a cosmological constant, a
still more complicated dark sector cannot be ewluded. In particular, modds
including an interaction between DM and DE are to beexplored. Anderson and
Carroll (1997) studisd a ccamological modsl in which the dark matter particls
mass was proportional to the expectation value of a scalar field, Similar modes
have also been studisd by Bean (2001) and Farrar and Pesbles (2003). Amen-
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deola (1999) introduced a model with an ecponential coupling bebwean DL and
a sealar field acting as DE. This model has been shown to be consistent with
present CME obesrvations | Amendaola. £ Toechi Valentini 2002, Amendola B
Ciercellini 2003) and admits a late time attractor sclution, yielding a ratic
1,2 between DI and DE densities, close to data. Other schemes for interac-
tioms within the dark sector have alss besn proposed by various authers (ie.
Fasperini et al. 2001). We shall refer to these models as coupled DE.

Although being smocthly distributed today, dynamical or coupled DE can
affect the evolution of density Auctuation. This can be dues both to the very
existence of primeval DE denzity fuctuations, affecting scales which have re-
cently entered the horizon, and to indirect effects of DE state equation on the
evalution of density Auctuations in other components (ISW effect). This must
be talen into account when CMWE properties are tested against DE parameters.

However, to test DE parameters against the presant state of the world , alsa
its impact on the non-linear evolution of density fluctuations can be considerad.

This thesis will explore both contexts. CTME data can be confrontad with
lenear predictions of cosmological modds. Data on cosmic systems, instead,
require the uss of non-linear physics. Inm this thesis [ shall therefore report
results of both linear and non-linear studies, the latber being based on M-bady
simulaticmzs, mostly performed with the ARY code Using thess results we
tested the behavior of a large set of non-linear observables which depend on
CE naturs.

1.1 Fine tuning problems

Pre-inflaticnary cosmology had plenty of fine tuning problems. Assuming a
period of accelerated expansion in the early Universe allows to overcome most
of themn, simultanecusly, Inflation makes the generic pradictions that we ought
to live in a Universe whose space section is flat, homogeneous and isctropic on
the very large scales, characterized by early density Auctuaticns with a (nearly)
Zddovich-Harrison spectrum , whers topological meonsters are absent. Hence,
e.g., to admit that we live in a warld whoss density is (almost) critical, we no
Iemger need to invole exceptional initial conditions or suitable fine funings.
The beauty of this achievement is spoiled if we assume that DE is due to
a falge vacuum. Beplacing this kind of DE with DDE apparently eases the
fine tuning problems, which become even less disturbing in the frame on CDE
models, Weshould remind that the inflationary model is now currently accepted
even though none has yet been able to implement its particle aspacts. Cuits
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in the same way, there are various particle aspects of dynamical of coupled DE
which mesd a further exam in the frame of particle physics. In spite of that,
avoiding unpleasant fine tunings has become a valid motivation for cosmolo gical
advancements; DDE and CDE are to be considered in such perspective.

Let us now consider in more detail the fine tunin g problems arizing in A CDL
models. The world self gravitation is cwrrently studied on the basis of the
Einstsin aquations:

R — % 9.8 = ﬁrp.. (1.1)

Here H,,. is the Riemann tensor and R is its trace. The Rismann tensor com-
prises first and second order derivatives of the metric tensor g,... Eq. (1.1) can
be tharefore conzidered a second crder, non-linear equation in the unknown
componsnts of g,.., whese dependence on the metric coordinates is fixed by its
solution. T,.., instaad, is the stress-ener gy tensor, whese componsnts are linked
to energy and momentum densities. From this paint of view, eq. (1.1) is strietly
analogous to the Poisson equation in electromagnetizm, whose source term is
the electric d-current j..

However, while differentiating the Poisson equation we obtain a continuity
equation, whose meanin g is that the electric charge is conserved, in the case of
Einstain equation, the squation

T# =0 (1.2)

fallowa, which yields a sort of (pesudo-) conssrvation of energy and momentum,
apart of their modifications due to the effects of gravity:
Here we shall use the Friedman-Robertson—Waller metric

dr?
L —mr?

de” = Fdt” —a(t)[ +r7d0®]  with 407 =48 4an” ddg”  (1.3)
and toth eq (1.1) and (1.3) will be considersd in the forms invelving directly
the scale factor @ and the curvature constant & omly.

The stress—energy tenscr .. can also be considered in a reference frame
where the metric islocally minkowskian, with reference to carthesian orthogonal
axes. In the absence of anisctropic stresses, in such frame, its components
are purdy diagonal and Ty = p (energy demsity), while T; = p (pressure;
i=1,2,3).

Among the expressions that T, can have, let us consider the case

T, =Ag. , (1.4)
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Clzarly, in this case, —p = p = A. Eq. (1.2), in the cass of the FEW metric
given by eq. (1.3), becomes

) &

o= _EE[F-I-F:I (1'5]
and yields p = const. if p = —p, a5 it is if T, has the expression (L.G).

More in general, we may consider the cass when

T =T 4 Mg (1&)

and replace it in the eq.(1.1), so obtaining

Ex s

1
o — 5 g (B + 23] =?Tﬂ?3 (1.7
if
8r G
A=A (18]

Eq. (1.7) is the generalization of Einstsin equaticn, introduced by Einstein
himsslf, enclozing the cosmological consfant A, In this equation, however, also
negative A values are admissible. Leaving them apart, however, there is a
complete identity betwesn introducing a ccemological constant and taking a
time independent background energy density p = A, as is obtained form a
souree tarm with the expression (1.6).

Bearing this in mind, let us now discuss obeervational limits om A They
are related to the fact that this vacuum energy density cannot accead the total
energy denzity of the world, as is determined through TRME and SMIa observa-
ticns, Accordingly,

My
(A /e
Here 1, is the nucleon mass. In natural units (A = ¢ = 1), this equation also
reads

o= dx 107 gem— =104 (1.9]

oy < 107 ¥ GV (1.10]

and therefore yidds
A< 107%GEsV = 10 em . {1.11)

The problem with the cosmological constant is that A and/or py are so
amazingly and unnaturally small. If py and py represent the density and pres-
sure of a false vacuum, which is understood to be the ground stabs of aquantum
gystem (pa = p), we ought to compare the above values with modern thearies
of elementary particles with spontanscus symmetry breaking, for which:

gy =~ V(B,Temp =0), (L.12)



Dvnamgeal Dark Energy 13

(T, T) teing the effective potential of the scalar field © (Higgs® fisld) respen-
gibla for spontaneous symmetry breaking. The order of magnitude of p, should
then not be too far from T2, Ti- being the transition temperature, where the
symmetry naturally breaks down.

Accordingly, the jump in vacuum energy density Ap,, occurring ab the tam-
peratures Tizpr = 0™ GeV (for the GUT transition), 10°3eV (for the dec-
troweal: transition ), 1071 GV (for the quark-hadron transition, if it is a first—
order phase transition) should be of arders 10" GeV (far GUT), L0 GeV™* (for
the EW transition ] and 10~*GeVv* (for QCD).

In the light of thess previous comments the ccemeological constant problem
can be rephrased as follows:

pulte) = plta) + T Ap (T ) = 10-% GV 4 10% GV =
(1.13)
= T AT ) (L4 107199,

where g, (t7) and p,(ta) are the vacuum density at the Plank and pressnt times
respectively and T are the transition temperature of the varicus phase tran-
gitions occurring betwesn tr and fn. Equaticm (1.13) can be phrased in twa
ways: g,(tp ) must differ fram T, Ap, (m;) over thesuccessive phass transitions
by cnly one part in 10' ar the sum T, Ap (my ) must, in some way, arrange
itself so as to satisfy (1.13). Either way, there is a definitely problem of fine
funing in terms of g,(tz) or 7, Mg, (my).

It was in view of thess problems that mest coemologists refrained from
conzidering modals with a cosmological constant, until quite recently, and that
Einstein himself considered the coemological constant as the worst blunderin its
research life. In spite of all that, current coemeological obssrvations apparently
require, with a good confidence level, a component of the Universe with negative
pressure. Indesd, many ccemelogists regard this requirement as the meost serious
problem in modern cosmelo gy,

When this was made clear, ideas to avoid the above fine—tuning ugliness
were urgently sselien. The main cutcome of this quest was the possibility that
DE arises from a self interactive scalar fidd, similarly to what took place during
inflation. We shall discuss such idea in the next section.

1.2 Dynamical Dark Energy

An accelerated ecpansion can arise not only in the presence of 4 world compe-
nent with w = —1, as is for the falss vacuum, but also if thare is a component
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whese clustering scale excesds the lar ge scals structures and whoss energy den-
gity decressed more slowly than non rdativistic matber, during the expansion of
the Universe. In this way, today, this kind of DE became dominant and causes
the eipansion to accderats,

Such a component could have a stabs equation p = wp, with a constant
w > —1, but closs to -1 In some recent work this ad-dor component was
seriously considered. Unfortunately, it is even less justifiad, on physical basss,
than false vacuum itself, requiring us to accept that we are dealing with an
approvimate treatment of more complex phyzics still to be unveiled.

Drynamical Dark Ensrgy (DDE), to our knowled ge, is then the main alter-
native to false vacuum and the only one, up to now, apparently avoiding its
fine tuning problems. In some papers DDE was also dubbed az guinfessence.
In this thesis we shall delibarataly avoid to use such an alchemic appellation.

12,1 Lagrangian approach

OE is dus to a scalar fidd ¢, which sdf-interacts through a suitable potential
(demsity) 1'(@). More in detail, let
1
C=—_y—g [@0d .o+ 2V (0] (p,10=10,1,2,3) (1.14)
be the lagrangian demsity of the fidd. Heare g is the determinant of the metric.
Amguming spatial homogensity (8.0 = 0, i = 1,2,3), the Fulsro-Lagrangs

equations read:
al’

E=':" {1.15]

d+2¢+d°
a
Here dots represent derivation with respect to conformal time © (dr = dt/a).
The cosmic expansion interferes with the dynamics of ¢ thanks to the fricfion
term 2(a/a)e = ZaH¢, H being the standard Hubble parameter when the
scale factor is @ In turn, & depends on the state equation of the dominant
component of the Universe: e.g., when the transition from radiakion to matber
dominance oceurs, ab @ - 10, this causss a variation in the rate of @ variation.
From the expression (1.14) we obtain the stress—ensrgy tensor:

1‘_{;‘:3#-:':-5'_..-:':—1; [#= a3, o+ 2V (a]] 4+ (1.16)
in the homogenesity limit, the energy density then reads
Po=T8 = 2 4V (g), (1.17)

while the pressure is

1 . & . .
Pa=§1?=2ﬂ—:—1fﬂl- (1.18)
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Accordingly, the sfafe parameter
=1l _i4 (1.19)

is time dependent and lays between 1, when the kinstic energy density g, =
@7 /2a% widsly excesds (@), and -1, when g = V. In the latter case, the
effects of the ¢ field approach those of A cosmological constant.

The actual behavior of ¢ depends on the shape of 1) there are important
cases when its behavior is quite far from DE. An exampls is the dynamics of
the Peccei-Quinn (1977) scalar field, after the global symmetry U(1) is spon-
tanecusly broken and the scalar axion fidd 4 becomes subject to a potential

ViA) = moFo[l —caa(A/F.)] . (1.20)

where F_ is an energy scals ranging around 10MGeV, and m, will turn cut
to be the variable axionic mass. When A < F., the potential 7' (A) becomss
= m-A? and the equation of motion approaches that of an harmonic cacillatar.
Accordingly (g1 = (1) and {p) = 0, 80 that the axdion field behavior approaches
CDM, as is Imown.

The @ /V ratio, therefors, determines the ccamelogical effects of ¢, If
AV = 12, wo = =1 /3 values of w eloss to -1 require that gy = 7.

In order to lmow such ratio, eq. (1.15) must be solved. In most reevant
cases it will ¥ield a moncotonic behavior for o, which is significantly affectad by
the friction tarm. Accordingly, the DE state parameter w will show substantial
variaticms when the expansion law changes.

1.22 Scale factor evolution

There ars however some general relatioms which hold for any behavior of w and
cught to be outlined, being of practical use. Inm this subssction we shall use
the ordinary time f, instead of the conformal time T, and dots will indicate
differentiation in respect to 1.

iJuite in general, according to the Frisdmann squations, the scale factor alf)
of flat models obeys the relation
| Pera”
Hj being the present Hubble parameter, p_ being the critical demsity at a
generic time and g 5 being its present value: here

é
—_ — a
~ =, (1.21)

g{a]:%"f+%ﬁ+¥+t'(¢], (1.22
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figure=fig /evo. pe.angle=0. height=8 0truscm
Figure 1.1: Time evalution of dt /da for  and DE modesls.

with a clear meaning of symbals. From ag. (1.22), at low z, we can safely omit
radiation contributes. Then, for flat models, at amy time,

1 —Dela)

P = %H'l&n] = p=la)ll = 2nle)] = pule) = o (1.23)
and the Friedmann equation reads
-R - 1—0ia) BT Pup .,
(_;) = 3 Spmla) [”Tl:a:] = 3%
that:
a0 | II nm _ .
ﬂ=H|:|||II. a.rTF_,,,(a] . (1.25)

This equation holds regardless of the equation of state of DE, and can also be
inverted providing the derivative

at = g1 ,'m

da a I'r' D,
that shall be explicitly used in M-body simulations.

In figure 1.1 the time dependence of dt /da far  and two DE medels (for all

of them 0,, = 0.2 and A = 0.7) is shown. A decresss of &t /da indicabtes the
emset of cosmic acesleration. Eq. (1.5), aquivalent to the squation T,.=0m
the stress—enerzy tenscor, can also read

(1.26)

d{poea’) = —pped(a®) {1.27)

and, replacing at the rhs. ppe = w g,, can be integrated by parts, yielding

1
PoE = FDE'ua:ip[—Elnl:a] + 3-[ dﬂﬂ'l:a],-'a] . (1.28)
Fer w = const, &g, (1.28) simplifies into
P.E‘.E =F-D'E|':I E_3r1+u'.]. (lﬂ]

and it is also possible to work out analytic ecpression yielding

Hy
Hz)

Opelz) =0pep [ ]_I:l+:]3“+“']. (1.30]
It may also be interesting to see what happens under the condition that

B =1, (1.31)
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with V" = 4%V /de”. A first conssquence of such condition is that ¢ is almest
constant in time. In fact, when it is =0,

¢ =-1/H, (1.32)

and differentiating this relation in respect to t, we have that
. . .
@~ —a 2 Heo, (1.33)
i)

Usaing eq. (1.32), it is then
PR G o

Y EE T
so that the kinetic term iz negligible in respect to the potential. Accordingly,

if &q. (1.31) holds, DE behavior approaches falss vacuum.

= T, (1.34)

1.2.3 Potentials

Before discussing in detail properties linked to the potential shaps, it may now
be worth listing some of the potentials considered in the literature

o Vo) = A (Ratra £ Peshles 1935)
o Vig) =456 w=8rG= S (2 (Brax fr Martin 1999 _2000)
o Vi) = Ade—? (Ratra - Peebles 1988, Farreira [r Joyes 1948)
* Tig) = AYe="? 4 ™2 (Barrsiro, Copeland £ Munes 2000)
* Vig) =AYl 4 ces %] (Fim 1993)
s Vig) =AYl — B)= 4 e~ { Albrecht f: Skordis 2000)
» V{g) = Acash(ra) —1]* {Bahni fz Wang 2000)

pitn

In this thesis we will deal only the first two potentials: Vig) = “
Vie) = '1‘;:“ e3e { where &« = 0 is a dimensirnless parametsr and A is an
energy-like parameter); the first one is called the Ratra-Pechbles potential (RP
hereafter ) the second one the SUGRA (SUper GRAvity) potertial. The BP
potential coincides with SUGRA if ¢ < m,,.

Idost potentials listed above have a theoretical and particle physics motiva-
tion: in this thesis we focus our attention on the BP and SUGRA potentials
without discussing their links with fundamental physics (for this subject ses,
e.z., Brax B Martin 1999, 2000; Copeland 2000; Hellerman et al. 2001).

From the cosmological point of view the most important feature that thess
potential should exhibit is the pressnce of fracker solufions.
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1.3 Tracking potentials

Although in the present epoch DE is assumed to sslf-interact and to hawe
gravitational interactioms only, an implicit assumption is that, at very early
times, possibly as early as inflation or Planchk, it could be suitably coupled
to the other cosmic components. This coupling, in principle, ssts the initial
conditions for the ¢ field, ones the initial conditions of the other components
are lmown. Trying to detail such primeval coupling is highly spemulative and
any hypothesis should be testad through its pressnt coemological consequences.
Should they be significant, a further multi-dimensional parameter space opens
and gemeric predictions become quite problematic.

Early work cn DE (Zlatev et al. 1999, Steinhardt et al. 1999 tock therefors
much care to determine under which restrictions generic initial conditions leave
no trace on the present ¢ fisld behavior. This program had success and, for a
wide parameter space, within DE theories rulad by the above potentials, the
present solutions of eq. (1.15) are not affected by early initial conditioms. Such
solution are then dubbed fracker solufions and potentials admitting tracker
soluticns are dubbed fracking pofenfials.

Lat us now outline which restrictions are to be impossd to have tracker
solutions. To this aim it is convenient to define the function

= {1.35)

e

{the prime refers to differentiation with respect to @) and it can be shown that
tracker solutions exist if

[(a) = constant  and [ =1, (1.36)

provided that, at early times, for example just after inflation, the mifal DE
density pog ; fulfills the condition

P8 < FDE - PBi (1.37)

here pg; is the density of the radiative compeonsnt (background component)
which dominates the expansion at the indfialtime, while pg . is the background
denzity at the equivalence time, when the relativistic and non-relativistic world
component have an equal demsity.

T show this point, leb us first define the new variable

_l+u'
T l—w

T (1.38)
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and itz logarithmic derivatives

. dln = . d7lnz
= dine ' T T dne®

Steinhardt & al (1999) showed that, indspendently from the potential enpres-
sion, and at any time, it is

(1.39)

wy — l4+ws —2u = 2 b

(l4w)  2(l4w) (G43) (L+w)(E+aP

r= (1.40]

Hae wg is the state parameter of the world component which dominates the

If the first conditiom ineq. (1.36) isfulfillad, ineq. (1.40) & and # must vanish
and a solution with w = st must exist, that, owing to the second condition
in eq. (1.36), is characterized by o < wg. Accordingly, in this regime, poe is
gradually approaching the background density.

1.4 The case for RP and SUGRA potentials

Most work reported in this thesis has dealt with Kafra-Feebles (RFP) and super—
gravity (SUGKA) potentials. When @ < mp, the behavior of such potentials
iz identical. Values of ¢ ~ mp are attained at the present epoch, when DE
beging to dominate over the other world components, and ¢ is monotonically
increasing during the whols cosmic expanszion. Accordingly, at early times, all
conclusions holding for BF can be extended to SUTGRA.
It is easy to verify that both conditions in eq. (1.36) are satisfied by the RP
potential
. AV :
Vig) = —, (1.41)
g
which simply yvidds T =14 a~?!, showing that [ is constant and greatsr than
unity. Solutions with w = const, therafore, exist, provided that also w g = const.
According to eq. (1.40), with # = # = 0, then
g — 2
="l

By inserting this valus in ag. (1.5), its intsgration is trivial and yields that

(1.42)

oot g3l (1.43)

By differentiating ag. {1.19) with respect to the time and using =q. (1.15), we
also obtain that ¢ = —p.0° /34 and, therefore

@ o aEtd | (1.44)
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figure=fig /w.ps.angle=0. height=3.0truscm

Figure 1.2: Redshift dependence of w for 4 BP and 4 SUGKA modds (A =
10,10% 10* and 107 GeV; decreasing from top to bottom curves).

figure=fig /tho ps.angle=0. height=38 0truscm

Figure 1.3 Evolution of the matter, radiation and DE field energy density for
a Ratra Peebles modd (h=0.7)

Here n is 4 (3) for ws = 1,/3 (0).
In conclusion we can summarize the properties of the tracker solution:

» Both ¢ and p, approach a power-law behavior both in the radiation and
matter dominated eras.

¢ The equation of state changes with the change in the sxpansion rats,
according to eg. (1.42)

# The ratio betwesn the kinstic and potential energy densities |_“'—"'_";—"'="' I,
given by (L 4+ w) /(1 —w) is constant in time, until w keeps constant.

All thess points hold until DE itsslf tales the lead . This cccurs at different
times, in different modes, according to the value of 0., In Fig. 1.3, we plot
the redshift dependence of the state parameter w models with 2,, = 0.3,

The redshift at which pne can no longsr be neglectad is clearly indicated
by the change in slope of the w curves. Owing to ag. (1.43), the redshift at
which ppe becomes dominant is given by

R (1.45)

e,

where the average is talen in the time interval after DE becomes dominant and
it iz explicitly outlined that density parameters, at the rh.s., are to be talen
with their present values. Im the case of vacuum, being w = —1, if 72, = 0.3,
zpp = 0.33. For BP or SUGKRA modds, :np is suitably greater.

All this can beseen directly in Figs. 1.3 and 1.4, where we plot the behaviors
of the densitiss p; and the density parameters 0; (i =DE, matter, radiation)
during the coemic expansion.

figure=fig /omega BP.pe.an gle=0. height=2 Mtruscm

Figure 1.4: Evolution of 08 for matter, radiation and DE fidd
for the sams model of fig (1.3)
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Befors concluding this section it is important to cutline that further tracker
golutions hold |, besides of thoss fulfilled by the ¢ fidd, in the spatial homo geneity
limit. The initial condition problem describted at the beginning of this ssction
exists also for density Auctuations. Under the same conditions granting tracker
solution for the background quantities, tracker solutions exist for the equations
ruling Auctuation evolution.

Ecoth lkind of tracker solutions are essential to allow the implementation of
linear programs, studying model evaolution until the cnset of non-linearities on
the relevant scales. In fact, tracker solutions, in the expansion regime domi-
nated by relativistic matter, set the initial conditions, both for the background
components and for density inhomogeneities outside the particle horizen.

In thiz thesizs we shall not debats linear codes, in any debail. It must be
heowever outlined that CME analysis and simulations of DDE could be startad
only thanlks to the availability of linear algorithms, developed within the cos-
maology group of the Milano-Bicocca University, based on generalizations either
of the public programs like CWMEFAST or CAMES, which had been in use here
since many years, to work out linear transfer functicns.
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Chapter 2

CMB properties

Testing DE theoriss against CME data could appear a sinple task, owing to the
linearity of equations involved. However the effect of varying DE state equation
interfere with changes in other parameters, while the actual sensivity of realistic
obearvational apparati is also to be taken into account.

In this chapter we shall therefore debate all the scheme leading to pradictions
of CWEB anisctropy and polarization. This is strictly necessary to focus the role
that DE state equation has in shaping real data.

2.1 Description of the radiation held

The propertiss of an electromagnetic wave, propagating in a direction &, can be
comveniently deseribed by arank 2 symmetric tensor, I (%), Labeling E. the
components of the waves aelectric fisld vector with respect to an orthonormal
basis (£),5a] in the plane perpendicular to &, such tensar reads:

| o Ey)

Ialk) = y— (2.1)

The total intensity of the radiation along the direction & is then the tenscr trace
I(k) = Ly(k) + Imik). (2.2

Averaging cver all pessible directions o, we obtain the average radiation inten-
gity I, which is related to the thermod ynamic temperature by the usual relation
I = o7 (in units yiddinge = i = 1, it is ¢ = #2/15). However, much cos
mological information enclosed in the CLIE radiation is conveyed by the fidd’s
tem perature and polarization fuciuafions It is then convenient to replace I_j
with the dimensicnless tenser Ay, = I /T —ds/2 [ts compeonents are dirsctly
relatad to the temperature anisctropiss and the Stoles parameters accounting
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for linear polarization as follows:
T=(Ap4Am)d, @=2An =00, U=240/2 (2.3)

The fourth Stoles parameter 1, accounts for circular polarization. The main
source of CRE polarization is Thomson scattering of photons on free electrons,
during recombination and reionization, which does not induce circular polar-
ization. Therefore, 7 will not be considerad here.

While temperature anisctropies T° are a scalar fisld, the values of @ and ©
clearly depend on the choice of the basis (£;.6:) and change under rotations
of the reference system. In particular, if the basis is rotated by an angle ¢, s0
that

§) =coei 1t ane &, & = —any & +cosy &, (2.4]
the Stoles parameters transform as
Q' =eos2 @ 4sinZ U, U =—sinZe Q4o O (28]

Accordingly, @ iU are spin-2 fislds.
It iz then comvenient to define a 3—«omponent quantity

D =(T,3,U] (2]
which, under rotation of the basis’ vectors by an angle +, transforms into
O = RvD, (2.7)

where the unitary rotation matrix R reads:

1 a a
H_|_‘r.-]=(a cos 2 =min Ju (2.8)

0 —gin 2w cos I
2.2 The CMB angular power spectra

When we obearve the CME, we s it projectad on the cdestial sphere. It is then
clear that the chssrved valuss of T, @ and [ are functions of the sly dirsction 7
(notice that @ = —k). Accordingly, we can expand T using spherical har menic
functions, ¥i,., which form an orthonormal basis for differentiable functions on
the sphers. The temperature anisotropy in the direction 7 then reads:

T(7) = CE L (2.9]

s
1]
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This expansicn neatly separates the relevant cosmological information, enclosed
in the coefficients ar).., from purely geometrical effects, erpressed by Ti...
Coefficients with indes [ are related to features on angular scalss o ~ = /1, while
mt refers to the azimuthal orientation of such features. At each [, there are 2I+1
independent crientatioms m. Motice that the expansion includes contributions
only by the quadrupole and higher moments, sz the meonopols vanishes by
construction and the dipaole component is dominated by the Doppler shift dus
to obearver’s motion with respect the CHE frame

An analogous expansion for polarization must tale into account the be-
haviour of @ and ' under rotations of the vectors (§,8.). Here we shall follow
the approach by Bejak & Zaldarriaga (Seljak and Zaldarriaga 1996, Saljak and
Zaldarriaga 1997). An alternative approach by Hamionlowski, Kesowsky Bz
Stebhins (Famionlewsli, Kosowsly and Stebbins]. The two formalisms are
equivalent, apart for slight differences in normalization. Consider then the lin-
ear combinations @ 410’ which are quantities of spin 42 {Goldberg ot al., 1967)
and, under rotations of the reference system by +, simply change by a phass:

(@ 4i0) =™ (g +iU) (2.10]

An orthonormal baszis on the sphers for functions of definite spin 2, is provided
by the sprn-weighfed spherioal harmonies ¥, which can be obtained by ap-
plying suitable operators, called spin raising or lowering operators, to ordinary
spherical harmeonics. The resulting expansions read:

(@407 = T €42 hn +2¥,.(7)
r'.;l' — il _Ilrﬁ_l = . 0_= i —:}:f'-nl:.ﬁl .

i =y

(2.11)

Weecan then introduce two new scalar quantitiss E and B, defined through their

expansion codfficients:

2E by = — fﬂ:;m +a_ 2. /2

oy (2.12)
dg fm = I:.l:_:f:-.n + ﬂ:‘;..n_l 24 k !

EBeing defined in harmenic spacs, the E and B fields are nonlocal and, in prin-
ciple, in order to know them in cne direction, messurements are required over
all the celestial sphere If data cover it partially, the decomposition of CHIE
polarization into E and B is not unique (Bunn 2002, Bunn 2003, Turck 2002).
In this cass a third, ambiguous mode must be added, in order to avoid leakages
between E and B modes.

Begides the advantage of being scalar quantities, E and B allow to relate
CME polarization to its physical crigin, thanks to their different behaviour
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under parity transforms: whils E remains unchanged, B changes sign, in analo gy
with electric and magnetic field. For this reasom, they are often called electric
and magnefic modes. As we will outline in Sec. 2.6, this different behavicur has
several important consequences.

The sat of expansions coefficients {ﬂ'r,bmﬂf . I;,n}- completely describes
the CME field. If the fisld is Gaussian, their phasss are completsly random
and the mean of each multipole vanishes, a1 )..) = Bgte) = (855, =0. All
physical informaticn is then enclosed in four angular power spectra | AFS):

':':'l',bn':l'p'"'n" o= O J"r"' J“n.“n"

CEpaCEmt! = Cm iy d e (2.13)
I:':.‘Ep'."n':-si""‘"":' = Cm dyp & pne L
I:':i-l.'."ln':'Ef:'l'“'l o= Orepdipdanm.

The power spectra for the cross-correlations between B and T or E vanish due
to their different behaviour under parity transforms.

The brackets at the Lh.s of eq. 2.13 prescribe an averaging operation which,
in principle, iz an ensemble average. However, we are given only a single re-
alization of the CME sl When applying the above definition to real data,
eq. 2.13 translates into:

- 1 =X - _
U = Tl E . |‘:T.=“ﬂ|_ (2.14)

with similar relations holding for the other AFS. Under ideal conditions, thess
ar= the minimum variance estimators of CHME AFS, with associated errors:

-

Co. {2.15]

(241
Expressiom 2.15 yields the upper limit on the precision with which a CHE
multipole can be directly known by a single observer, due to Chsmic Variance
{(TV). This variance can be particularly limiting at low multipoles; for instance,
OV impliss a relative uncertainty cn the quadrupale - 65%. However, thess
are not absclute limits, and several suggestions for bypassing CV have been
proposad (Kamicnkowski and Loeb 1997, Sato and Sasaki 2000) These methods
aim to probe the quadrupols as seen by high-- clusters, which can be conziderad
as the quadrupaole associated to a different realization of the cosmaological maodel.

j"r-:".l.'.' = III :II

22.1 Thetensor harmonic expansion

An alternative description of CRE polarization has been given by
Famicnbowski, Heosowsky Lz Stebbins, and makes use of tensor instead of spin-
weighted harmonics. Imdicating with @ the azimuthal angls corresponding to
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the direction 7, the trace—fres part of the tensor Ay, can be rewritten as:

[ QiA) —U{fi)sing

||\ _ L . (2.16)
—U(f)sind —Q(f)sin"8 /

Palfl) =

ra | =

An appropriate basis for the expansion of this tensaor is obtained through linear
combination of covariant derivatives of spherical harmonics. Let us define the
functions:

. P ] . 1 . -
¥ E-'l-n],:b = :'".fl: ¥ f.f*n_li:b - Eg:b} |'.f'|n_li.: ) )
o (2.17)
Y = = [}-rm”m;';. + 1-”“1#.5‘.:) .

where 9.5 iz the metric tensor on the sphere, €. is the completely antisymmebric
rank 2 tensor and N = [2(1 — 2)!/{1 4+ 2)]* 2 We can then write

Fou= E [ﬂﬁmjl.l"in.hbfﬁl + ﬂﬁmjyl'fn,hbfﬁl] . fE].E_I

This expression is the extension to spherical geometry of the decomposition of
4 vector fidd as the sum of the gradient of a scalar field and of the curl of a
vector fidd (then, the notation & for “gradient” and Cfor “curl™ ). In principls,
thizs approach can be generalized to an arbitrary geometry once the expression
of the relevant metric tensor g is known.

If the linear polarization fidd is visualized with headless “vectors™ repre-
genting the amplitude and orientation of the polarization, then the C and G
harmonics respectively describe the component of the polarization field which
does or doss not have an associated handedness.

Finally, from the multipole components .:"ﬁ.‘mJ and .:E.’,nj, one obtains the
corresponding APS, in the same way of eqe. 2.13. It is possible to verify that
the resulting multipols G and C components are equivalent to E and B modes,
respectivdy (except for a factor +/2 in the amplitude). Polarization patterns
amsociated with @ and C (or E and B) modes are shown in Fig. 2.1, In the
following we choose utilize the Seljak b Zaldarriaga’s formalism.

2.3 Correlation functions on the Celestial Sphere

Az the power spectrum of a distribution in eudidean space is the Fourier trans-
form of the distribution’s two-points correlation function, so the APS defined
in the previous section are ratad to the two—points corrdation funetions of T,
i and O through appropriate spherical transforms.
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Figure 2.1: Polarization patterns without (bop)] or with (bottom) associabed
handedness. Top patterns correspond to pure E-mode (G-modse) polarization,
while bottom cnes are associated with pure B-mode | C-mods).

We start by rewriting ag. 2.9 and 211 as:

T = 3 arpYialf),
Qi) = —E [eg e X1 ne( ) +i2g pe Ko ()]
hn
viF = —E [25,0mX10e () — i8g jye Ko 0 (7)) (2.19)

i

where we have introduced the auviliary functions X, ;,.(8,¢) = (2¥..06,0) +
_a¥i.(8,0)) /2 = -Fl,.'~n|.r'-":']5'j1"ﬂ~ -"l::,.'mlr'gi'?] = (2Y3.(0,0) — 2 ¥..08.0))/2 =
.F:;,,,['E] £ @ and ¢ are the angles correspanding to direction 7 and F1oim
are defined in terms of associated Legendre functioms.

Simple but lengthy caleulations allow to evaluate the expectad correlation
between temperature signals measured in the directions 1 and 2

1 . .
CryF{cosaiz) (2.20)

) T =

fiqn is the angle between the directions 1 and 2 and B are ordinary Legendre
polynomials. Again, brackets on Lhs. of eg. 2.20 prescribe an ensemble average.
When applying this definition to real data, the average is talen on all pairs
of sky directions with angular separation aq-. This can be critical at large
angular scales (ie. low multipolss), at which there are relatively few pairs of
independent directions.
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Evaluating the corresponding expressions for Stoles”™ @ and U is simpler in
A reference system in which the basis vector & is aligned with the great circle
connacting directions 1 and 2. There they read

. 241 o .
@iyeiz) = E —[CerF1alng) — CoFanlos)]
‘o 2] 2041, ol o
Lz = E . [La:Fl;:.ﬂEJ—LE.'-F:,".CLEJ]
s s . 41 .
(Te2)) = -} = Crafinlax)

(To(2) =

o

(2.21)

Together with e, 2.20, such relations form the components of the 3 3 matrix
(DT (i)Di4)), where D(i) is defined in aq. 2.6 and evaluated along direction .
Corresponding expressions in a generic basis are more complicated; they can
be obtained from those in the prefarred frame using ag. 2.7, We obtain:

DT )) = B (2 (DT (D () /R(x;) (2.22]

with B.(7'] defined in ag. 2.8 whils v ; arethe angles by which we need to rotate,
along the line of sight, the reference frames at the points ¢ and §, respectively. As
we are considering a spherical geomebry v and o can be different. Making uss
of thess transformations, we can pass from the privileged basis, whers egs. 2.21
hold, to the generic basis nesded for observational or modellization aims.

2.4 Comparizon with real data and parameter ex-
traction

For Gaussian fields, the APS and the two-point correlation functions completaly
define the statistical properties of the pure CME anisctropises and polarization
fidds, in multipole and position space respectively,. The comparison of predic-
tioms with real data, however, involves additional complications. The microware
signal is obeerved through a finite resolution antenna., and the resulting mea-
surements are collectad into sky maps with pixels of finite size. Moreover, the
signal in each pixd of an actual sky map sums up the CKHE contribution and
different kinds of foreground and instrumental noises.

Ecoth antenna resclution and pixelization efects are ecpressed through a
comvolution of the actual signal with appropriate window functions; in harmonie
space this translates into an effective reduction of the power at each multipols.
The measurad APS then become

Oy = G o (2.23)
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(Y =T,E,B,TE) with
IV =by 2By (2.24)

where b, is the decomposition of the pitel window function ento the ap-
propriate spherical harmonic bagis (ordinary or spin-weighted), and B is the
transformed beam window function. In the ideal case of a purdy Faussian
beam , this writes

By =ep[—(I{I + 1) — &)z, (2.28)
where o = FWHM,/vE1In2 and s = 0 (s = 2) for anisotropy (polarization) (Mg

1999 . Therms polarizabion Fims measured over a finite-resclution map is then
given by

. 41 .
Pna= 3 L o W, (2.26)

o i

whers

Cpr=Cg1 4 Cm. ff.fn_]

If @ and ' maps are both available, the rdation Fo | = @°__ 4 U7 _ can be
usad instead.

As an example, for an instrument with a FWHR aperture of 77, the redue-
tion on peolarization spectra dus to beam smoothing is e® for [ = 27. It is then
clear why, with such angular resolution, it doss not make senss to explors spher-
ical harmeonics above [ = 30, Let us also recall that an optimal exploitation of
the signal is achieved using pivels with centers at a distance - FWHL,/ 2.

The temperature anisotropy in the i—th pivel can then be decomposad as

T =5 (Wier. + a3 ) V() (2.28)
tim
where the effective noise tarm includes the contribution from instrumental noise
as well as the residual power from all non-CME components, eg. foreground
contaminations. We assume here that CKE is not corrdated with any other
component:

lary,. dr5s) =0. (2.29)

Similar expressions hold for polarization multipolss.

In order to compare data with predictions, it is convenient to order mea-
suraments in 4 vector x = {.1'11'1.,. 21 Draa U1a s U bo where Np and
Np are the number of pixels with tem perature and polarization measurements.
Motice that Ny and Np can be different, as data may cover different portions
of the sky, either bacause different sky cuts are applisd to the T and .0 maps
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{eg., the fareground remeoval efficiency can be different) cr becauss they come
from different expariments.

The correlation matrix (x %;) = Ci; = 55 + M;; expresses then the -
pected statistical properties of the vector x for a given cosmelogical model M.
It has been written as the sum of a CME signal term, S;; which depends on
cosmology and geometry, and a term accounting for the statistical properties of
the afective noise. 5;; can be evaluated using relations as thees of egs. 2.20 and
2.23, whils, if the only contribution to effective noise is provided by an uniform
white noise, IM;; is a diagonal matrix,

The likelihood that the messurements x corresponds to the cosmeological
model M is then

. 1 1 Fl o .

In a Bayemian analysis, the posterior probahbility density function {(p.d.f] for
the sat of paramsters specifying A4 is the product of the likelihood function
and the pricr p.d.f. In the cass of uniform priors, the most probable model is
simply the one maximizing the likelihood function.

In experiments sensitive only to large angles, OV can pose a serious prob-
lem, and a given model can yield significantly different slies. When evaluating
the expectad parformance and capahbilitiss of such experiments, as is done in
this thesis, average results can be misleading. It is then convenient to adopt
a frequentist approach, by generating a large number of synthetic skies and
analyzing them as real data. The posterior p.d.f is then simply given by the
relative frequencies of the paramebers recovered.

Let us finally point out that, as we are here concerned with large angular
scales, the number of pixels involved is comparatively low and working in pixel
instead of multipoles space is not numerically scpensive. MMoreover, this ap-
proach has the added bensfit of simplifying joint likelihoods for temperature
and polarization data coming from different experiments.

2.5 Time Evolution of Energy Denszity Fluctuations

In this section we briefly describe the physical processes responsible for the birth
and evolution of CME temperature and polarization anisctropies, outlining
how several cosmological parameters affect the APS introduced in the previous
sections. As most features become imprinted in CRIE at the epoch of Last
Scattering, the linear theory of Auctuation evolutions provides a very accurats
framework for working cout the CME AFS, and forms the core of the so-called
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precizion cosmology. This is not only due to advances in instrumental and
experimental conditions, but also to the high capacity of theory to mest them.

Several authors have accurately studisd the problam of setting initial con-
ditions in coemology and the expressions of the dynamical exquations governing
the evolution of perturbations. Here we shall meostly describe the ke proce-
dures and results of such analysis, and refer to the com prehensive work by Bla
Ir Bartachinger (Ma and Bertschinger 1995) for analytical details.

It iz convenient to start the analysis of fuctuatioms” evolution at a time
t; earlier than matter-radiation equivalence, which occurs at a redshift =, =
26 - 10* 7,17, and sslected in order that all scales of interest are still cutside
the cosmological horizon.

To first order, perturbations in the metric tensor ariss either from primer-
dial demgity Auctuations or from gravity waves (GW) generated during Inflation.
Density Auctuaticns imvelve all compeonents of the coemalogical fuid (Tadiation,
baryoms, dark matter and, possibly, dark energy) and produce only scalar per-
turbations, as they are invariant under parity transform. Density pertur bations
are typically erpressad in term of their power spectrum, Pk (ie. the Fourisr
transform of the fisld two-points correlation function), often assumed to follow
a power law, P(k) = A", Generic inflationary modsl pradict a scalar spectral
indert m, ~ L; if n, = 1 (Zel'dovich spectrum) Auctuations at horizon entry
display the same average amplitude on all scales.

If 7, < 1, generic Inflation models predict a background of W, with a
power spectrum (Enee and Turner 1996, Dodelson at al. 1994)

Fik)=rAk™™ with nr=n,—land r=71—n,) {2.31)

which hawve a tenscor nature and are then responsible for pesudoscalar features
The s=quel of events that shape the clearved APS are then the following

b =

(1) — Entry into the horizon and passages from radiation dominated to matber

dominated ecpansion.

(2] - Gradual passage from the tight-coupling regime to photon freestreaming,

during the primeval hydrogen recombination.

(3] — Reionization at low-z (~ 5-25) and cosmic opacity to CME photons.

(4] — Lats deviations from matter dominated ecpansion, when Dark Energy

(CE | becomes first sub—dominant and then eventually drives the expansion.

Here wea shall briefly comment on the first two points, deferring 4 more acou-
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rate discussion of the impact of reionization and dark energy to later chapters.

Until recombination, photons and the slectron-haryons component form a
tightly coupled fuid on all scales of cosmological relevance. In fact, electric
char ge accumulation would require high amounts of energy and thus never oc-
curs. Electron and baryons therefore move together as though they were bound
in atoms. Photons could in principle follow a different distribution, however
the stron g electromagnetic coupling implies that the photon mean free path is
well balow all scales of coemological interest. In the first stages of Universs
evolution, then, the dynamical state of the bamon—electron-photon plasma. is
completely defined by its density (Auctuation | and velocity fislds.

Outside horizon, no causal relation is possible and perturbation modes in
the Mewtonian gauge are frozen. Onee a relevant acale enters the horizon,
fluctuations start evolving and compression waves can form. The number of
compressions and rarefaction phases experiencad by a given perturbation is set
by the time elapsing from the moment of horizon entering, and hence the mass
scale of the Auctuation, and recombination. A mass scale of - 10%° 14, enters
the horizon around recombination and will be in a state of maximum compres-
gsion, cacillatioms on scales 5 ].CIEJJG, instead die cut before recombination.

At recombination , the photon energy is no longer encugh to keep electrons
and protons from bounding inko hydrogen atoms. The mumber of fres charged
particles drops rapidly and in a narrow redshift interval around =, - 1100 the
Universe becomes transparent to electromagnetic radiation.

Az the coupling fades, a sat of higher order multipoles gradually switch on
in the photons distribution and power is transferred from low I%s to higher ones.
This expresses, in the momentum space, the gradual free—streaming of photons
from initial Auctuations. Most of the features observed in pressnt APS have
then besn imprinted at the Last Scattering Band, when meore of 95% of the
CIE photons had their last interaction with matbar.

2.5.1 Physical effects in the last scattering band

Evolution of CME perturbations can be followed accurately only through nu-
merical integration?, however a qualitative understanding of the characteristic

'Zalving the full st of Bolzmann squaticns governing the phetons' distribution, up to
z =0 isquite eocpensive in terms of computational remurcss An alternative approach conssts
in integrating the Bolzmann equations along the line of sight (Seljak and Zaldamiaga 1998).
The resuling expressonsfor AFS depend on a sou ce term and a gsometncal term, The formes
takes into account controbutions from relatpeely few multipoles, which nesd to be calculated
ecactly through Eolzmann equations, the latter does not depend cn cosmeology and can be
esvaluatsd once and then storsd for subssquant sahations The ine—f-might approasch forms
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Figure 2.2: Anisctropy spectrum in a SCDL model

features of the APS is peesible. In Fig. 2.2 the Or ) speetrum, for the Standard
Celd Dark Matter (SCDM) medd is plotted. In this madsl, critical density
is achisved by adding to ordinary matter quite a large component made by
non-relativistic particles. This model is considersd unlikely in the light of re-
cent data, however it provides a useful reference to outline the physical effects
ooourring in the last scattering band.

The SCOM spectra clearly shows an almest Hat region at low multipoles,
followed by alternated pesls and deeps, that are related to the presence of
compression waves in the baryons-radistion plasma, until recombination. At
I = 1000, the spactrum starts to fade. All these features can be reconduced to
three main effects affecting the photons’ distributicn at recombination:

(1) — The Sachs & Wolfe effect (Sachs and Wolfe 1967). Cn scales larger
than the horizon ab recombination , density fluctuations trace the gravitational
potential ¢, as they had not yet entered an cecillatory regime. At decoupling
photons are no longer tied to the matber distribution; as they climb out from
potential wells, photons suffer the effects of a gravitational redshift and time
dilation. The nst results are temperature fuctuations T o +, whoss variance
is s=een a3 Ory over very large scales. Additional anisotropiss can also ariss

thecore of most modern codes. Among them we mention here the TWMEFAST cod e by Saljalk
E: Zaldmrringa [Saljak and Zaldarrisgs 1998)
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along the photon’s path, if the time derivative of the metric is non-vanishing.
This effect, called Mmiegrated Sachs & Wolfe (IBW), can be dus to GW ar time
evolution of the gravity potential, and is therefore expectad to play a key ole
in models with DE.

(2] - Radiation concentration or rarefaction. Fluctuations cn scales entering
the horizon bafore recombination begin oscillating as acoustic waves. Waves
reaching the L33 in an antinode state correspond to Auctuations § undergoing
4 state of maximum compression or rarefaction and with vanishing velocity:
The CKE temperature fuctuation for scales attaining recombination with a
antinode iz, therefore, T =TriAy) =4/41.

(3] - Doppler shiffs. Compression waves attaining recombination in a nods
phase corresponds to Auctuations of vanishing amplitude but with maximum
velocity, |7] = 4. Whils J is a sealar quantity, T is a vector and its contribution
to CHE spectra arise becauss of its component alomg the line of sight, which,
in average is v,/v3. Accordingly, the cbesrved temperature fluctuation T, on
gcales attaining recombination in this state, is lower than on scales attaining
recombination with an antinods.

These offects are clearly visible in the features of the AFPS displayed in
Fig. 2.2. The platean extending up to I ~ 100 is 4 consequence of the Sachs bz
Walfe affect, which predicts [l + 1)C) = const for P(k) ec k. The T peak at
[ = 200 denctes the largest scale undergoing compression exactly at recombina-
tion. This iz clearly the scale which is just entering the horizen. The position
of the first peak in [ space, is then fixed by the angle under which the Hub-
ble radius ab recomhbination is seen by an observer at 2 = 0. The following
peaks correspond to waves attaining recombination with an antinode phass. In
abeence of Doppler effects, power betwesn subssquent peals would vanish, in
correspondence of waves reaching the LSS in a node state. Doppler effects are
then mainly responsible for filling the gaps babwean peaks, and the hahit of
dubbing the first acoustic peak, Doppler pealk iz misleading.

The alternating heights of the pealks also has a simple qualitative explana-
tion. As already stated, when a scale enbers the horizon, baryonic matber and
radiation begin cecillating. DI Auctuations, not being subjected to photon
drag, are instead free to conbimie growing. The growing potential well dus to
DI zebs the zero-point for the sonic cecillations in the photon-baryon plasma.,
Peals corresponding to cecillations in phase with OB fuctuations (first and
third in the Fig shown) will then be higher than peaks for cecillations in phass
opposition with DR
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Figure 2.3: Dependence of Cr; spectrum on n,.h%. The magenta curve cor-
responds to [, = 0.3, A =0.7. Curves above (below) it yidd lower (higher)
density madels; the top green (bottom red) curve is for 0,,4% = 0.25 (0.35).
We took T, = 273, ¥, = 3, 0 = 0.04. In the small bovss, features arcund
the Doppler pealk and the successive peak are magnified. Motice that the gresn
(red) curve is the top (bottom) one in both plots.

Finally, on scales smaller than the width of the L35 fluctuations are
smocthed out due to the high optical depth to Thomson scattering during
recombination. For a L33 width of Az = 40, this mesults in drastic erass of
features on angular scales smaller than of = 20 arcmin and is shown by the
AF3" amplitude decresss after the third pealk.

2.5.2 Constraints from primary T—anisctropy data

The qualitative discussion in the previous sectiom outlined the main physical
processss responsible for the primary anisofropies obsarved in the microware
gky. In turn, these processes depend on several cosmological parameters and
varistion of such paramsters affects the CME spectra in a precise (and pre-
dictable] way. In this ssction we show how some of this parameters alter fea-
tures in APS for models more realistic than the simple SCDL. IMost of these
effects were first arderad by Hu and Sugiyama (Hu and Sugiyama 1995,

For purely adiabatic perturbations, powsr-law initial conditions are detar-
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Figure 2.4 Dependence of Cr; spectrum cn My h”. The magenta curve corre-
sponds to 0y = 004, A = 0.7, Curves above (below) it yidd lower (higher)
density modss; the green (red) curve is for Duh% = 0.0147(0.0245). We tock
I,=273 N,=3 0,, =023 In the small boxes, features around the Doppler
peak and the succsssive peak are magnified. Motice that the gresn (red) curve
is the top (bottom) one for the Doppler peak and the bottom (top) one for the
successive peak: Duh® controls the ratio bebween the heights of the first two
peaks .

mined complebdy by four parameters 4, n,, 7, and n+. The first two parameters
enter into the definition of the primeval Auctuation spectrum P(k), the latter
two in the definition of the spectrum of GW's. Within the conbext of single—
fidd Inflaticn , the consistency relation 2.31 implies that TW's parameters are
univocally fixed by the scalar Auctuations tilt and amplitude. Departures from
power law behaviour or an admixture of isocurvature initial conditions would
require additional paramsters (Bucher & al ).

The evolution of perturbations from these initial state until decoupling in-

volves a set of physical parameters, which are specific combinations of standard
cosmological parameters.
(i) Belativistic particles at recombination include photons and massless neutri-
nos. The energy demsity of radiation is fixed by the current microwave back-
rround temperature T, while that of the neutrine backgrounds depends on the
effective mumber of massless neutrino spacies V..



2= CME propertiea

11+1) C/2n

lu-lﬂ |—

Figure 2.5 Dependence of Or; spectrum on 0,4 The magenta curve ccr-
responds to 0, = 0.3, A = 0.7, Curves above (below) correspond to lower
(higher | density models. Mormalization was set 50 to have equal height for
Doppler peals. This shows the gradual displacement to the right of the peaks

ag 1,01 increases.

(i) The magnitude of the Sachs-Wolfe effect depends cn the gravitationsl pe-
temtials deseribing scalar perturbations, which in turn depend cn 0, 4%, the
fraction of critical density as nonrelativistic matter. The gravitational poten-
tials also appear as a forcing term in the oscillabor equation describing the
acoustic waves in the plasma.

(iii} The baryon density, Nuh”, alters the effective mass in the cecillator equation
and reduce sound speed in the plasma (with aslight ectra dependence an V...
Together this effects lead to an enhancement of the amplitude of cecillations,
and a displacement of the equilibrium point, thus bresking the symmetry of
cacillations.

(iv) The redshift . is then determined by the 0,4, which in turn affects the
size of DI fAuctuations, sinee they start to grow gravitationally only after o
Also, the gravitationsl potentials evolve in time at = > z, and cesse to do so
afterward. Hence, the later =, cceurs, the greater the time evolution of the
potentials at decoupling, increasing the Integrated Sachs-Wolfe effect.

(v) The horizon size at recombination, which ssts the overall scale of the acoustic
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oscillaticns and, in particular, the position of the Doppler peak, depends only
on the total mass density 0,.0.

{vii) The scale for diffusion damping depends cn the baryon density Quh® with
a glight extra dependence directly on 0, alone.

In summary, the T spectrum at last scattering is shaped by the physical pa-
rameters 0, 0%, Quh%, 0.4, instead by the individual cosmalogical paramstsrs
0, 0e o, A, The quality of present data sets allow to constrain several parametars
simultanecusly. Accurate exploration of such large parameter spaces requires
heowever great computational resources; adopting physical parametsr instead of
cosmological cnes can then lsad to improved efficiency. Further details on the
way how O depends on these parameters are outlined in the captions of Figs.
2324

2.5.3 Secondary anisotropies and low—: effects

Diuring the path from the L33 to the observer, several effects induce further
anisotropies in the photons® distribution. Thess anisctropies are often dubbed
gecondary anisotropies to distin guish them from the primary anisctropies tied
to recombination, and usually criginats at redshifts much lower than ... The
main physical sources of secondary anisotropies are:

(i) Curvature and Dark Energy. While conceptually distinguished, a non—flat
geometry and DE affect the CMWE spectra in much a similar way. On large
angular scales, the rapid variation of the gravitational potentials associabed
with the passage from a matter <lominated expansion to a curvature- or DE-
dominated expansion marls the APS through the ISW affect. The angular
positicn of the peaks is instead altered due to variations to the angular diameter
distaneces.

(i) Kejonization. Obaarvations of the Inmter Galactic Madium (LGM) show that
it iz fully icnized af least up to 2 ~ 6. The scattering of CLIE photons on
free electrons induces further anisctropies in the CMWE spectra which, in a first
approcimation, depend on the total optical depth for Thomson scattering, ™
In the simplest model of a single and instantanesous, or sharp, reionization, a
nen vanishing T reduces the amplitude of the peaks in Cr; spectra, as the re-
scatterin g smoothers the peaks associated with primary anisctropies, while at
largest scales the APS remain almost unchanged.

(iii) Sunayev-Zel'dovich effect (Sunyasy and Zel'dovich 1969). CME photons
traversing clusters of galaxies experience inverse Compton scattering on the
highly emergetic electrons of the Intra Cluster Medium. Scattersd photons
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acquire energy ab the expenss of the electrons, resulting in a diminizhed tem-
perature of CHMER in correspondence of the cluster, as photons get shifted from
microwave to lower wavelengths. The SZ affect alters the high multipoles of the
APS (1 ~ 1500 — 2000).

Azide from these physical effects, APS are modified by the photons® free—
streaming, which produces a transfer of power from lower to higher ['s. Al-
though it is simply a geometrical offects, free-streaming is fundamental in ac-
counting for large angle polarization.

While each of the physical parameters discussad in this saction and in the
previous one affect the APS in a precise and predictable way, there exist com-
binations of parameters which can be changed in such a way a5 to leave the
temper ature anisotropiss spectrum almost unchanged. As an example of such
degeneracies, in Fig. 2.6 we show the effects of simultaneously varying «, and .
In this case, polarization measures can help break the degeneracy (gee Cha 3],
in other situations cther sorts of data, e.g. analysis of large scale structure, are
neaded .

As the main focus of this thesis concerns the constraints on reionization
history and DE from large angle messurements of CMWE polarization, we defer
& more accurabe discussion of thess physical mechanisms and their abservational
effects om APS to laber chapters.

2.6 The polarization of the CMB

Fhotons undergoing Thomson scattering become linearly polarized, as cutgoing
radistion cannot have an cecillation mode parallel to its direction of propaga-
tion. Mevertheess, if the distribution of the radistion incident on an dectron
is isctropic, the outgoing radiation has no net polarization, as polarization
states originating from incident directions separated by 907 balance each other
exactly. A similar argument shows that a dipole pattern is not enough to gen-
erate net polarization and therefores the incident radistion fisld nesds to have a
quadrupals moment (Foeowsly 1996 .

26.1 Iinematics of Thomson scattering

Let us consider a (nearly) monoch romatic, unpolarized and plans wave of inben-
gity I’ incident on & stationary electron. The Thomson scattering croes-section
is given by
-:'-'_J 3!':"1"1
dn =

|-_= &=, (2.32)
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Figure 2.6: Degeneracy of Cr; spectrum with respect to simultansous changss
of 7, and 1.

where € and £ are unit vectors describing the polarization states of incoming and
outgoing waves, respectively. The reference frame is chosen 2o that the scattered
waves propagates along the :—axis direction and labd €2 (£,) the polarization
vectars of the cutgoing wave perpendicular (parallel] to the scattering plans.
Likewize &, &, define the polarization vectors of the incoming wave. Since this
is unpolarized, @ =0 = 7' =0 while intensities along the directions definsd
by &, and & areequal, Il = I = I'/2. The scattered inbensities are instead

o ~ 7 J oo _ 50T
= = 5 [ (€ - ) + Lig, - &)7] = L=
pad - - Ea -
L = E;[LI?':'EH]_‘”#':‘-EL &) = E;Ims’ﬂ, (2.33)

where & iz the angle bebwesn the incoming and cutgoing waves. The Stokes
parameters of the outgoing wave are then:

3|‘J'1-

I = I,+Ia.=lﬁxf|:l+ccﬂzﬂ],
Eay o
9 = 1,—13=w;r'am-ﬂ. (2.34)

i and U describe the polarization stabe with respect to sets of directions rotated
by =/d. To obtain O, then, we can simply rotate the » — y plans by /4. The
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rotated @ will be aqual to the U parameter in the original frame. MMorecver,
Thomson scattering does not induce circular polarization and 7' remains zero.

When considering a radiation fisld instasd of a singls wave, the net polariza-
tion of scattered light is determined by integrating eqs. 2.34 over all incoming
directions, Motice that the Stoles parameters of outgoing radiation must be
defined with respect to a common reference frame. Therefore, the coordinate
gystem for each incoming direction must be rotated about the z-axis by a suit-
able angls. We obtain then:

E\‘J’T i = \
—_ D n
I = J,i' d0fl + eos” 817 (8,0) .
EﬂT ’ ] T y
= e n = 2
[ 6= j' dMain” @ cos(2a) I (8, ) ,
U = —Ejdf!sjnzt‘smffm]l"ft‘,m]. (2.35)
l6x

The cutgoing polarization state depends only on the intensity distribution of
the unpolarized incident radiation. Expanding the incident radiation field in
spherical harmonies,

I'8,¢) =3 am¥onl(8,e), (2.36)

]

leads to the following expressions for the cutgoing Stokes parameters:

3 Thom [B — 4 T
T — T | —_ =
6= | 3¥ ™0 + 3y 580
3o 2¢
= —/—Rsla=
< 17 | 15 oee=
. 3or [2x . -
U = ——/=—Imlax]. {237
- "f 15 | e | , |

Thus, Thomson scatbering of an unpolarized radiation fisld having a non-
vanishing quadrupole moment leads to a linearly polarized outgoing radiation.
Motice that eqgs. 2.37 hold in the reference frame in which the electron is at rest.

26.2 Origin of polarzation

At times significantly before decoupling, the Universs is hot enough that protons
and electrons ecist freely in a plasma. During this epoch, the rate for photons
to Thomson scatber off of free electrons is large compared to the expansion rate
of the Universs. This tight coupling regimes ensures that the photons® distri-
butions behaves like a Auid and therefore can have only 4 monopeole and dipole
terms, while higher momenta, are rapidly damped away. Prior to decoupling,
therefore, no net polarization can ariss.
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Az recombination procesds and free—streaming of photons begins, higher
momenta gradually switch on. In particular, a gquadrupals term forms due to
velocity gradients in the photon-baryon fuid acroes the last scattering surface
{ Zaldarriaga and Harari 1935). In fact, photons, coming from regions whers the
fluid has slightly different velocities, are seen in the rest frame of the electron
with an intensity which depends on direction. Heowever, az recombination is a
fairly rapid process, only a rdatively small fraction of photons become polarized
before the Universs become totally transparent to CLIE.

Furthermore, a quadrupole moment can only arise after a given scale has
entered the horizon. We thus expect that on secales still cutside the horizon
at recombination, the degres of polarization be small. This corresponds to
["s laying below the Doppler peal.  On the contrary, on smaller scales, the
polarization amount depends on the phase of the fluctuation, when it mests
recombination, and is stronger for those acales entering recombination in the

Following all these effects in detail require mumerical integration, however
the above arguments allow to qualitatively understand the features of polariza-
tion APS. In Fig. 2.7 we show the rmI—, E- and TE- AFS for SCOM model.
Diotted lines refer to a no-reionization seenario. The E-mode APS show asariss
of peaks in the range | ~ 10F-10°, in correspondence of scales that enter the
herizon in sonic regime. Omn this seales Ogy =~ 10-7-10-3{Cr;), as only a small
fraction of photons scatters during the last phases of recombination. On larger
scales, no significant quadrupole is present at recombination and the spectrum
drastically falls at negligible levds., MMoreover, polarization is produced by ve-
locity gradients while temperature anisotropiss receive contributions from both
density and velocity perturbations, with those from density being the dominant
ones. As velocity™s and density™s oscillations are out of phase, peaks in polar-
ization’s AFS will have a different position from those of Cr;. This arguments
also explains why peaks in COg ) inerease in height with increasing [, at variance
with temperature’s spectrum.

This picture is however radically altered when the effects of an early reion-
ization are talen into account. CKME photons can again undergo Thomson
scabtering on free electron and new polarization can form. If reionizabion oc-
curs ab redshifts 10 < 2 = 30, as suggestad by recent data., the associated optical
depth can be relatively low, due to the low density of dectrons with respect to
recombination. However, the CME quadrupols has been greatly enhanced by
free—streaming sines =, and even alow 7 can produce a significant signal. As
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Figure 2.7. Angular power spectra Oy for (top to botbom) ¥ = T,TE,E, B,
for & ACDM modd with 0, = 0.3, 0, = 0.05, A = 0.7 and n, = 0.99. Dottad
curves refer to 4 model with no relonization, while sclid curves refer to T =
0.17.The meost noticeable effect due to reionization is the appearance of a new
peak in the low-! region of polarization AFS.

shown by the solid lines in Fig. 2.7, the most noticeable imprint of reicnization
en CME is the appearance of new peals in polarization APS at low ['s (s=s=
Chapter 3 for a more thorough discussion).

26.3 B—modes and lensing

We conclude this Chapter with a brief discussion of B-mode polarization. Den-
gity Auctuations, being a scalar field, produce features in CHIER that are in-
variant under parity transform, and therefore contribute cnly to T, E and TE
spectra. Tensor modes, instead, add power to all four AFS. Then, detection
of cosmologioal B-modes would be direct proof of a background of primeordial
W and yet another hint in favour of Inflation.

Inflaticnary models predict that GW's rapidly decay on scales bdow the
Hubble radius, thearefore we aipect the Cg; to be relevant up to [ -~ 200, and
rapidly decresse afterward. In the absence of reionization, the best observa-
ticmal windew for B-modes is then 50 Z1 % 200 (s==Fig. 28). A nen-vanishing
optical depth acts on Cg; in much the same way it did on Cg;: however, for
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E-modes the reicmization peal has about the same height has the main peal,
although being more affectad by CV.

Detection of B-modes is impaired by the low—value of the expected signal.
The relative contribution to the level of polarization induced by GW7s with
respect to density Auctuations, depends on the tensor—to-scalar ratio, v, which
in turn is fixed by n, For realistic values of n,, the O ; spectrum is expectad
to be 1-.2 arders of magnituds smaller than E-mods spectrum for [ 5 200,

Despite detection of the B-mode polarization proves to be quite diffieult, a
large themretical effort on the study of its propertiss has been made (Saljak and
Zaldarriaga 1997). In fact, measuring the Cg; power spectrum appears to be,
at the moment, the only way to obtain precise enough detection of the tensor
perturbations, although some loces constraints are available by the analysis of
current anisctropy data (Spergel 2003, Paris et al 2003). In Inflation modds,
the amplitude of the tensor perturbations is directly proportional to the ener gy
scale at which Imflation oceurred. Then B-mode polarization becomes a probs
of GUT-scale physics at 10 GaV (Kinney 1998).

Aszide the low intrinsic level of B-modes, further difficulties in debection of
tensor modss arise from the effects of gravifafional lenging on CME. Lensing by
large scale structure induce additional shear and veorticity in the CWE fidds,
even in the abssnce of any intrinsic handedness. In particular, lensing causes a
leakage between different polarization modes, so that a spurious B-mode can
ApP[SAT.

It can be shown that lensed APS are related to unlensed cnes by

Cry = Crp+Wilry

1 .- 1 y
Cep = Cep 4 o[Wu+ Wa] Cep 4+ [V — Wa Cap

1 : .- 1 E
Us: = Cgp+ [W31; — Wal Cer+5 [W, 4+ W ey

Cery; = Ceri+ Wi Cery, (2.38)

Dietails of the physical mechanism responsible for lensing are here encoded by
the fifer functions ]r'lr'ﬁ (i = 1,2,8); their full analytical expressions can bs
found in {Zaldarriaga and Ssljak 1998). For the purpose of this discussion,
it suffices to may that (i) they are oscillatcry functions of ! and their main
contribution is concentrated around I, and (ii) filters corresponding to different
i's, only differ at the % levd. Accordingly their differences are much smaller
than their sum. The main =ffect of lensing on T, E and TE spectra, thersfore,
amounts to smearing the [-dependance.
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Figure 2.38: B-spectra possible lensing effect. Solid lines are for + = 017,
Dotted lines are for 7 = 0. The magenta (blue) linss are for n = 0.95 (0.99).
The black dashed line shows the E-mods generatad by lensing the E-mode of
the n = 0.95 model. Clearly the obssrvational window for the BE-mode due to

W' goss up to ] = 100, Besolving angles < 37, only allows to confirm the
BE-mode dus to lensing,

For polarization spectra an additional effect consists in the leakage betwesn
different polarization modes. In particular, the third row of eqe. 2.38 shows
that gravitational lensing can induce a spuricus B-mode even if unlansed COg 4,
vanish. Moreover, as the E-mode can surpass the E-mode by more than a factor
af L0P, the term proportional to Ug, can dominate over these proportional to
g1, despite the differences in the magnitude of the respective coefficients.

In Fig. 2.8 the APS of the lensing-induced B-mode is shown by the dashed
line. Digpending on the valus of r, primordial B-modes surpass lensing-induced
ones up to multipoles [ - 100 — 200, At higher multipoles, comresponding to
angular scales 17, detection of B-mode polarization doss not provide any insight
on inflaticnary physics.

Additional complications arise in the cass of incomplete sky coverage. As
ghown in see. 2.2, E and B modes are non-local quantitiss; if messurements
are axailable only on a finite sky—patch, decomposzition of polarization fidd into
electric and magnetic parts is not wel defined, and the two polarization modes
mix. Theseleakage is significant on the lar gest scales probed, and becomes pro-
sresgively negligible ab scales muich smaller that the size of the region explorad.
It is then clear why probing primordial GW s with CME polarization requires
a full sky experiment.



Chapter 3

Cosmological Reionization

The process of cosmological reicnization plays a key role in the production
of secondary CMWE polarization. The capability itself of detecting large angle
polarization strongly depends on details of the reionization history, A full un-
derstanding of this process is then necessary in order to comprehend the low %z
features in polarization APS. Comverssly, measurements of CHE spactra can
provide ussful constraints on several reionization models. In this chapter, we
briefly review the theoretical and observational picture of reionization before the
last relsase of mensurements by the WHLAP satellite (Sperge 2006), and then
debate what insights can be gained through large angls CWME messurements.

3.1 Simple reionization history

A frer recombin ation, the fraction of free dectrons drops to leves =, 2 10— and
the Universe becomes transparent to CLIE photons. Present day Inter Galactic
Meadium (IGM) is fully ionized , but the current density of fres charged particls
iz 30 low that the scattering time for CIME photons, ¢, = 4.45- 10%¥ 07 h—"%,
greatly ecessds the Hubble time, ey = 309 - 10" A —'s. However, thess charac-
teristic times scale with the expansion factor, o, in different ways. While 147
scaling depends on the cosmeological model, it is generally slower than the scal-
ingt,er &, dus to volume effects. If reonization cccurs early encugh sscondary
polarization may ariss.

The lack of strong HI absorption in the spectra. of high redshift objects, the
so—called Gunn—Peterason through, shows that IGM Hydrogen is already fully
ionized at redshift z -~ 5-6 (ses, e.g., (Fan et al 2000). Helium reionization,
ingtead, occurs at » ~ 3 (Songaila and Cowis 1996, Scngaila 1998 ). On the
other hand, a reicnization occcurring too early would erass all information on
primordial anisotropiss from CRME spectra, as all photons underzo new scattar-
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ings. Detection of acoustic peaks in Cr; spectra then providss an evidence that
reicnization has not occurred too early. In particular, the peals® height places
an upper limit on the redshift of reionization, = & 30 (Stompor et al 2001,
Spergel 2003,). Taken together, these findings imply then 6 2 z; = 30. As
we will discuss in Sec. 3.2, recent obessrvations have yet to provide a definitive
assesament of the epoch of reionization.

Until few years ago, cosmological reionization was generally ascribed to the
radiation produced by metal-fres stars in early galaxiss (s=e, Losb and Barkana
2001 for a review |. Heionization is then strongly connected with the formation
of the first objects. In ACDM coemology, structure formation procesds through
hierarchical clustering. The first objects are predicted to condense at redshift
z =~ 25 in dark matter (D) haloe with massss ~ 10%14g, corresponding to 3o
peaks of the density fidds. Thess halos represent the balance point betwesn
collapes mass and cooling mass, and provide then the natural candidates for
the hosts of the first astrophysical sources. The basic cutline of reicnization
assumes then that gas falling into DM gravity wells condense into ionizing
sources. HKadiation escaping from the sarly proto-galaxies must traverse the
surrounding high-density neutral regions, before reaching the low-density TG
In the high—density regions, recombination rates are sufficiently high to lkesp
Hydrogen neuter. In this phase, the IGL is characterized by low—density ionized
regions separabed from neutral regions by ionization fronts. Onee ionized regions
gtarts to overlap, the combined photon fux rapidly cvercomes the remaining
neutral bubbles, and Universe is reionized.

A key role in the formation of the first ionizing sources is played by cooling
mechaniams. Fas falling into gravity wels is heated through collisional shocks
to characteristic virial tem peratures of few hundreds Kelvin degress. In order
for collapse to contime until astrophysical objects are formed, an efficient way
to dissipate this thermal energy is nesded. Ctharwise, the gas would simply
reach hydrostatic equilibrium and remain in this state until the baryon-D
halo becomes incorporated into lar ger structures through merging,

A viable mechanism for enargy dissipation is radiative cooling via molse-
ular Hydrogen (ses, eg. Tegmark 1997). If encugh molecular Hydrogen is
present, the first stars form in halos with virial temperature in the range
LO0E. =2 T & L0E. Such stars are expected to be very massive, 1 ~ 2000,
thus burning rapidly. The resulting supernovas explosions strip the host halo
of most gas, thus halting further star formation for a time and enriching the
surrcunding TG with metals. IMoreover, only a small fraction of total baryons,
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possibly lower than - 0.0L is expectad to form Poplll stars. However, ioniza-
tion requires an ener gy of 1362V per Hydrogen atom, while fusion reactions
free - 1 IeV for each Helium nucleus produced. The ionizing radiation emittad
by Poplll stars and supsrnovas might then be enough to reionize the Universe
by 25 ~ 10-12. If H, cooling is not efficient, stars can form only in halos with
LOYEC = T, 2 107K, due to atomic line cooling. In this cass reicnization is
completad at lower redshifts.

Deatailad predictioms of thess models depend on ssveral parameters describ-
ing the population of the first stars, such as the kind and slope of initial mass
function (Salpeter or top-heaxy), and the sficiency of ionization, e.g., the frac-
tion of baryons turned into stars, £, the mumber of ionizing photons per bamon,
M., and the fraction of photons escaping into the IGK, frn.. Fesdbacks pro-
cesses also plays very important roles. RMany studies however agresd that reion-
ization should hawe been a very rapid process (see Cen and MeDonald 2002,
Fan et al. 2002).

Assuming then that reicnization is an instantanecus and isotropic process,
the so—called sharp reionization, the associated optical depth to Thomson scat-
tering for CKIE photons, T, is given by

o (142 . .
-I.’-wJ—J.I; de “p iy eranels), (2.1)

where Hiz) is the Hubble constant as a function of redshift, oy, is the Thomson
cross—section and m_(z) is the number density of electrons. Here we assumsd
that the fraction of ionized electrons, ., vanishes at =z > z; whils ., =1
if z < 2z (ie., we are neglecting the effects of Hdium ionization as they do
not bear a great impact on CTRME features]. In the case of more complicated
reicnization histories, T_(z) appears in the integral of Eq. 3.1. The valus of
7 clearly depends on cosmology, however, for a broad range of cosmological
maodels, the range of z,; discussad above leads to 0.03 5 r 2 0.30 (se= Fig. 3.1).

Low values of the optical depth, 7 - 0.05, ware however favoured by several
obeervational and numerical evidences. Obssrvations of 050% in the redshift
range 5 = z 2 @showed an increasein the opacity of the Lyman—a (Lya) foreat
toward @ ~ 6 (Djorgoveld et al. 2001), moreover, evidence of the Gunn-Peterson
effect was detected in the spectrum of a single 50 at z = 6.3 (Bechar et al.
2001). The Gunn-Peterson test saturates for very small IGH neutral fractions
{z, ~ 10~ for an homogensous IGM, and =, - 10~7 in any casemnonstheless,
thess findings were generally taken as indications that obssrvations at 2 ~ 6—7
were probing the end of reicmization, on the basis of several additiomal hints.
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Figure 3.1: Opacity Tas a function of the reicnization redshift, assuming instan-
taneous reionization ab z,.;. In the third model, dark energy is dus to a scalar
field, self-interacting through a Ratra-Peshles potential (Ratra and Peshlss
1988) , with Age/ GV = 10°. For > 0.16 reonization must have cccurred at
zy; = 15, unless matter demsity is significantly lower that the currently accepted
value, 0, ~ 0,30,

In fact, extrapolation to high-: of the ionizing fux obssrved today leads to
Z; =~ 8 — 10 for a wide range of modsls (Miralda-Escudé 2003). Thess figures
were conzistent with thoss from numerical simmulation of first objects” formation
and reicmization, which gemerally predicted 725 =, 2 12, even leaving all pa-
ramebars free to vary along the whole range of allowed values and allowing for
high efficiency of Hy cooling. Finally, a relonization occurring around 2, ; ~ 7T—38
could reconcile the eccess of galactic satdlites predictad by M-body simulations
with cbearvations. In fact, pressure exerted by the ionizing photons could fres
baryons from the gravity wells of DB hales with massss 14 = 10°~% 14 (Bul-
lock, Kravtsov, and Weinberg. 2000). The phofoevaporaied halos would then
be hardly detectalles,

3.1.1 Effects on OMB power spectra

Cm the ground of the theoretical and observational picture describad in the
previous section, studies of the effects of reionization on CMWE spectra. focused
on modds of sharp-reionization with relatively low values of optical depth,
T~ 0.03 —0.05,

The probability that a photon resches the obssrver without rescattering af-
ter recombination is given by 7. Rescatterad photons lose any information
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Figure 3.2 Anisotropy spectra for a ACDK model with different values of 1.
Solid lines has no reionization, while dashed line corresponds to 7 = 1.00. High
values of the optical depth erase the acoustic structure of the pealks, while at
low multipoles new anisctropies form which compensate the loss of primordial
anisotropiss. Spectra are COBE-normalized.

on recombination they carried, resulting in a reduection of Cr; o =% on mul-
tipoles greater than a few tens. For values + - 1.0, the acoustic structure of
the APS is greatly suppressed. Mew anisotropiss form instead on scales corre-
sponding to the Hubble radius ab reionization, ! £ 20, For temperature APS,
thizs effect compensates the power’s reduction and, at low s, the spectrum
remains slmest unchanged (s=e Fig. 3.2).

Similar effects are produced by changes in the parameters defining the pri-
mordial power spectrum of density Auctuations. In fact, decreasing the spectral
index . reduces power on small scales (high wavenumbers or multipolss) with
respect to large scalss, thus lowering the peals” height. The O spectra are
then degenerate for simultansous changes of ™ and n,; in particular, an in-
creasad optical depth can be halanced by raising n. by a suitsble amount (sse
Fig. 2.6). Including the variations of power spectrum normalization 4 and of
physical baryon density Duh® further complicates thess degenaracies.

Az sean in Sec. 26.2, CME polarization is proportional to the quadrupals
moment of temperature’s anisotropiss and primeordial polarization on scales
greafer than few degrees has vanishing levels. At reionization, ar o> has grown
dueto free-streaming and the newly produced polarization anisctropies greatly
surpass the loss of primordial polarization. This results in a new peak in O
(s=e Fig. 3.3) and Cgy. The height of this peak is relatad to 7, whils its
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Figure 3.3 Same as Fig. 3.2, but for E-mode polarization. Motice the new
peak ab [ ~ L5,

position in harmenic space is given by I ~ kigo — 7). Here ma and 7 are
the conformal time today and ab recombination, while the wavenumber & is
zet by the time elapsing betwesn recombination and reicnization. Ultimately
then, I ; provides an estimate of 2 ;. Within the context of sharp reicnization,
the relation between T and 2 is unique: thus, the height and position of the
reicnization peal: convey essentially the same information. Additional pealks
may arise ab greater multipoles if 7 is sufficiently high. The high multipols of
polarization APS, instead , are affected by reioinization in a way similar to the
porwer reduction in O peaks.,

The appearance of a new paak in polarization APS has two important con-
saquences. First of all, it greatly enhances the rms polarization level ab low
multipoles, thus opening a new observational window for experiments explor-
ing large angular scales. As an example, T ~ 0.05 corresponds to an E-made
polarization signal of ~ 0.2 pI on scales of 7, rising to ~ 0.5 xI for =015
IMorecver, The reicnization peal is only slightly affected by 72,, as such scales
were far outside the horizon at recombination. In principle, polarization mea-
surements can break the t—n, degeneracy pressnt in T—spectra. However, large
scales are affected by significant TV, and it is not a prior! clear whether an
experiment measuring only large angles polarization could actually determine
the optical depth.
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3.2 WMAPI1 results on the optical depth

The above picturs was radically modified by the WHMAFP first—year results
(Spergel et al. 2003). The WMAP obssrvatory, launched in 2001, measurad T,
i and O using radiometers operating at five frequencies of 22.8, 33.0, 40.7, 608
and 93.53Hz. The first year—data! did not include polarization maps, dus to
difficulties in assessing remidual systematic errors in 7 maps (Fogut at al. 2003) .
Croes correlation between different Stoles” parameters, instead, are lar gely un-
affectad by such errors. Detection of T E—correlation |, using either T and T0
correlation functions, or a direct estimate of Crg) spectrum , lad then to a valus
of the optical depth much higher than previously thought, © = 0.16 £ 0.04 (&8
% cl., madel independent). This can well be considered the most striling result
of WIAP first—-vear releass.

Az other cosmological parameters” estimates wers consistent with thess ob-
tainad from pre-WELIAF data, such high optical depth is likely to have an
astrophysical rather than cosmological explanation. This lad to a renswed in-
terest in the study of reionization history and its connection to early objects
formakion.

Within the contest of sharp reionization, an optical depth + = 0.17 cor-
responds to a reicnization redshift in the range 15 2 z; 5 20, depending on
cosmology. Several mechanisms have been propossd to account for such an
early reicnization. The implementation of semi-analytic models of galasxy for-
mation and Monte Carlo radiative transfer codes within high resolution IM-body
simulations, showed that Poplll stars in eaxly galaxies can account for valuss
upto T 2 0.15 ( Ciardi, Farrara and White 2003). Despite the fact that feedback
effects are yet to be fully assessed, this figure seems the upper limit achievable
within this scenaric, and requires suitabls tuning of parameters (Ricotti and
Ostriler 2004).

Earlier ionizations, and higher 7, could be produced by non-stellar mecha-
nisms, such as miniquasars powersd by intermediate mass black holes (madan
et al. 2004). In this scenario, black holes formed around = - 25 and then be-
come incorporabed into progressively larger systems where they could accrete
cold material:, the resulting X-ray emission would be able to reonize Hydrogen
by z; ~ 15, Alternatively, the action of black holes in small galaxies has been
conzidered in this case X-ray reicnization is completed by stellar amission at
redshifts - 7.

'Publicl available through the LARMEDA archive:
http _.-] ambdagsic.n ams gon ) pa odu q.-t_.- map,
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All these modds, while able to account for an high optical depth, have
problems in explaining the Lya and Gunn-Petarson data at z -~ &, While recent
analysis of luminceity function of Lya emitters indicate that the ionization
stats of the TGN is largely unchanged bebwemn z = 5.7 and ¢ = 6.5 (Rhoads
and Malhotra 2001 ), the apparent contradiction bebwesn WHIAPs findings and
DE0% observations implies that reionization is a more complex process than
previcusly thought.

3.3 Complex reionization histories

An intriguing hypothesis, bein g investigatad lately, is that reicnization occurred
twice, or even ssveral times (Cen 2003, Wyithe 2003 Sclkasian ot al. 2004).
Radiation emitted by PoplIl stars causes the photodissociation of Hy molecules,
thus inhibiting the formation of new objects until much later redshifts, at which
line coaling becomes a viable options. However, feedbaclk mechanisms, like X-
ray emission from supernova explosions or miniquasars, can efficiently trigger
the formation of new Ha, thus allowing for a prolonged production of Poplll
gtars. The resulting ionizing photon fAux is able to bring about a complete
reionization by z; ~ 15-16. This first ionization is followed by a shert { Az -~
1) epoch in which the IGK stays completely ionized. [Meanwhile supsrnova
excplozions enrich both galactic and intergalactic medium with metals.

When meballicity reaches a critical values, metal cooling supplant molscular

Hydrogen cooling, allowing for the formation of Popll stars with a Salpster
[MF. Ordinary stars are far less efficient smitters of ionizing photons than very
massive metal-free stars by a factor of ~ 10, The transition from PoplIl to
Popll star formation is associabed to astrong decrease of the ionizing fux, and
the icmized [GM fraction falls to =, ~ 0.5 — 0.6, In this phase, the thermady-
namical state of the IGM is regulated by two competing processes: Compton
cooling by CKME photons and photoheating by the stars themselves. Star forma-
ticn then happens almest exclusively in lar ge halos, where atomic line cooling
is efficient. Eventually, encugh Popll stars are formed, photoicnization again
cvercomes recombination and the Universe is reionized for the second time at
= i,
While numerical details depend on several parameters, the broad outline of
this double reionization history is a characteristic of all scenarios with top-heaxy
IMF, if feedback offects contimiously trigger a significant H. formation. In
Fig. 3.4, the behaviour of the neutral Hydrogen fraction, and the com pliment ary
icmized fraction, is plotted for a typical double reiomization model.

-,
-]
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Figure 3.4 Bedshift evolution of the neutral (s0lid)] and ionized (dashed) Hy-
drogen fraction in a model with deuble reicnization (from Cen 2003,

However the balance between TV photodissociation and X-ray production
of molecular Hydrogen depends on the spectrum of the earlisst sources (sse
Haiman fz Abe 2000). Under suitable assumptions, Poplll star formation can
end, due to complete destruction of Ha, before the Universe is completely reion-
izad. Popll star formation, being tisd to atomic line eocling, happens sfficiently
only in halos with virial tem perature T - LOPE, which collapse at lower red-
shift. In the intermediate period, lasting from 2 ~ 15 to 2 ~ 7-8, the Universs
iz laft in a stabe of partial reicnization, for suitable choices of efficiency and IMEF
parameters. At varianecs with double reionization modds, the ionized fraction
T, steadily increases during the Popll phass, reaching levels - 0.5, and then
remains approcimatbely stable until Popll stars begin forming at high rates. In
thiz cass, the Universs undergoes a zingle reionization event, achieved in two
stepe (Haiman and Holder 2003).

Alternative models of two-steps reicnization, involve more exofic sources,
like decaying heavy sterile neutrinos (Hansen and Haiman). Decay products
include highly ensrgetic alactrons and pogitrons, which could ionize the neutral
Hydrogen through direct collisions or inberact with CME photons via inverss
Compton scattering. In turn, the scattered photons could gain sufficient ener gy
to photoicnize additional atoms. In the end, a significant fraction (-~ 1/3) of
the ener gy produced by the decay is available to Hydrogen ionization, resulting
in a partial rsicnization (z, ~ 0.5) at redshifts = ~ 25, Again, reicnization is
completed by stallar emission around = ~ &7, In this scenario, reionization is
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cnly partially related to structures formation .

3.3.1 Effects on CMB

The modsls discussad in the previous ssction, even when corresponding to the
same optical depth, are characterized by widdy different reicmization histories.
It is commenly stabed that APS are dependent on total optical depth. While
it iz true that 7 is the main reionization parameter shaping the CME spectra,
differences in the reonization history may leave their imprint on APS, partic-
ularly on Cg;. In fact, the evolution of the radiation field due to Thomseon
scattering can be writben as (sse Zaldarriaga 1995), also see Sec. 26.1):

& T ()b = —20TaT 2. [ﬂﬁ] + fdfz’ﬁrfﬁ‘.ﬁ]] o (32)
7

Here §T(7 ,7) repressnts the contribution to radistion scattered into direction
T dus to radistion from direction 7' the explicit dependence of all quantities
an the conformal time, 17, has been omitted. Similar expressions hold for the
Stoles parameters.

Equation 3.2 show then, that evolution of temperature and polarization
anisctropies depends not anly on integrated optical depth, but alsa on the func-
tiom =_(z). I'n moreeaotic modds, like the decaying heayy neutrines, additional
degresa of freedom could be provided by a non-trivial scaling r_( ).

Before studying in detail the &fects of complex reonization histories on
APS, let us outline some general considerations. CWEB features are sensitive
to details of reionization cnly through = (z). CME messurements then allow
to comstrain reicmization’s parametsrs (ie., N, f., fes) only in an indirect and
model dependent fashion. Purthermere, different reicmization processes with
game evolution of o, z) cannat be distin guished at all.

Morecver, in Eq. 3.2 the spatial dependence of both the electron density and
iomization fraction has been neglected. From the above discussion of reicnization
processes, it is evident that ionization procesds in a non-homogeneous way, with
regions surrounding star formin g halee becoming iomized sarlier than regions in
the deep IGM. Cneos HIL regions begin overlapping, reionization complates very
quickly and patchiness is no lon ger relevant. It can then beexpectad that a non-
homogeneous reionization produces additional features on APS at multipoles
corresponding to the average separation betwesn ionizing sources. Typical star
formation models predict ~ 1 very massive Poplll star per DI halo; separation
between sources is then simply the inverse cubic root of the DB halo number
density, d, ~ ngo.. For Poplll stars forming in 10°~7 14 hales, the Press
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Figure 3.5: AFS for different reionization histories corresponding to a sharp
reicnization model with - =0.17 (sclid lines ) and to a partial reicnization with
x, = 0.60 and same 7 (dotbed lines). The main difference is in the position
of the first peak in Cg), which shifts to higher ["s for the partial reionization
model.

Ir Schecter formalism (Press and Schectsr 1974) leads to average comeving
geparation of d, ~ 1 A7 Mpe, in a concordance ACDI Universs. In turn this
corresponds to multipoles [ - 5000, Iore in general, we expect patchiness
features on scales [ 2 2000, In this thesis, we are interested in large angular
scales; thus, we do not consider patchiness further. However, it must be noticed
that even models with similar evclution of the spatially averaged = () could
differ in homogensity and predict different features at high CLIE multipoles.
In order to understand how different reionization histories with the same
optical depth mark the AFS%, it is usseful to compare a sharp reionization
model with 7 = 0.17 to a partial reionization model in which =, = 060 (s==
Fig. 3.5). Differences between the two models are restricted mainly to the low
multipoles (I 2 10-50) of Cg; spectra. The position of the reionization peal
in harmonic space is fived by the redshift at which =, changes rapidly to from
the post—recombination level, o, ~ 107, to the final value, either 0.60 cr 1.00.
Such redshifts define the positions of the maxima of the visibility function (sse
Fig. 3.6):
giz) = 7(z) exp [L d:"."li:"]] . (3.3)

where #{z) = —orye(z)n 2]zl 2) is the derivative of the optical depth with



53 Cosmological Eeionization

0. G

(RN LRES

gi=l

0.0a01 /I S
|

Figure 3.6: Visibility function for the three modds with + = 0.17 and sharp
reicmization (sclid line), partial reionization with =, = 0.6 (dashed line) and
double reionization (dottad line): only the low-: evolution is shown. In the
double reicnization modsl, maximum scattering rate correspond to the red-
ghift of first reionization, which then defines the angular position of the first
polarization peal.

respect to conformal time. The visibility function expresses the probahility
that a TME photon reaching an observer at z = 0 last scatbered betwesn
redshifts 2 and 24 dz. Maxima of the visibility function then mark the epochs
of maximum Thomson scattering; the redshift of the low—z maximum fives then
the angular positiom of the reionization peal:. As in the partial reicnization
model the change in =, z) must cccur earlier than in sharp reonization medel,
in the former case the peal iz shifted to higher multipoless. The peal:’s height,
depending mainly on 7, is instead unchanged.

At varianes with E-mode AFS, T spectra show almest no dspendsnce on
the additional detail of rdonization history, while the features in Crg) can be
understocd in terms of temperature and polarization spectra (under perfect
correlation, it is simply Cre; = /Cr;Cg;). It is then clear that moest in-
formation about reionization history encoded in APS is carried by (E-mods)
polarization.

The full assessment of the impact of complex reionization histories on AFS
requires suitably modified linear codes. Great care must be talken in order to
ensure stability in mumerical integration when z(:) variss rapidly (Colombo
et al 2005, Bruscoli Ferrara and Scannapieco 2002, Masslsky [z Chiang 2004,
Holder at al 2003).
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Figure 3.7: E-mode angular power spectra (top pand) and icnization history
(bottom pansl) for three different models considerad in our analysis with © =
0.17. Sclid line represent aionization profile with = = 18, long—dashed line has
z = 3 and short—dashed line 2, = 22, Different ionization levels are connectad
by smooth transition in order to guarantes stability in mumerical integration.

Besults shown in this section are obtained by modifying the public code
CLIBFAST.

As an example of more complicatad behaviour of =, (z), we consider hers
double reionization models similar to those discussed in the previous section.
In order to reduce the number of free parameters, we assume that the universs
iz com v redionized a first time at a redshift z.; and then again at z =7,
while in the intermediats low-ionization period the fraction of free electrons is
fized at o, = 1/3. The length of the first reonization epach is fived by the total
optical depth; each modd is then specified by two free parameters: T and =..

Figurs 3.7 shows the effects of changing the redshift of first reionization,
while kesping T = 0.17 fived; only Cg; spectra are plotbad. Again, the key dif
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Figure 38: Cg; power spectra and iomization histories for three modds with
z, =28 and v = 0.17 (z0lid line), v = 0.21 (leng-dashed line), © = 0.25 (shert-
dashed line].

ference between models consists in the position of the first peale, which depends
meatly on 2, and the APS actually coincide for [ 22 40, The increase in >, at
z = 7 present in the double reionization models produces an additional masd-
mum in the visibility function, as shown in Fig. 36, As all models considerad
have equal 7, the height of the peaks is almost the same

In Fig. 3.8, instead, we plot AFS for modds with same = but different .
Pogition of the first peak is unchangsd, while the peals" height increases with
increasing optical depth. In this case, differences between APS actend to high
multipoles and are found also in O, This follows from the different valuss of
and does not carry significant information on the evolution of the reicnization
history. In fact, in each model, the acoustic peaks structure corresponds to that
of a sharp reionization modd with equal .
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Barring patchiness effects, then, almest all information on the details of the
reicnization history encodad in COMWE radiation is carried by the low-multipoles
of polarization spectra

3.4 Measuring the optical depth with SPOrt

Az discussed in Tha 5, the SPOrt ecperiment is optimized to messure polar-
ization on scales of ~ 77, thus exploring multipoles up to I 2 30, while keeping
under strict control possible lealages from the much higher tamperature signal.
In the present configuration, the instrumental sensitivity allows for elean @ and
' maps for T 22 0.25, while for lower optical depths only a messurement of the
rms polarization levd is eipected. In both cases, SPOrt will be able to provide
serious checls on reicnizabion, in particular regarding the value of the optical
depth and the 7 — n, degenearacy.

However, on the explored angular scales OV iz significant, and the same
cosmological models can yield skies with significantly different statistical prop-
erties. Parameter estimation fromm CKME data usually follows a Bayesian ap-
proach (Zaldarriaga 1998). However, when dealing with situations in which
poor statistics can lead to misleading results, it is preferable to adopt a fre-
quentist approach. For each fiducial model to be tested, a large number of
sly realizationz are generated. Each realization includes both polarization and
anisotropy data, in order to assess the effects of correlating SF Ort s data, with
tem perature messurements from other experiments, ag. WLAF®. To each sim-
ulated map a white noise map is added: polarization pixel noise, op is varied
within the range expected for SPCOrt (ie., 2uk = op = LuK), while temper-
ature sensitivity is kept fixed at a reference level similar to that ecpected for
WHMAP's d-vears messures, oy = 2ull. The likelihood function is evaluated in
the m —n, for each realization, assuming other parametsrs to be known, e.g.
through analysis of high multipoles of Cr ), Large Scale Structure, Supsrmovas.

In Fig. 3.9, we show joint confidence regions in the 7 — r, plane, for four
random realizations of a fiducial model having T = 0.15, n, = 1.00 and conecor-
dance values of the remaining paramsters. Polarization noiss holds o p = dufC,
corresponding to l-year of SPOrts messurements. The plot cearly show how
the degeneracy between optical depth and spectral index affects obssrvational
constraints. Comparison of Fig. 3.9 with WHMAP results (Spergel 2003), shows
that SPOrt can constrain the optical depth with a precision comparable or bet-

*While WHAP ingtruments are sensitive to linear polarization, combining T and &, I
data from differant ecpariments allows to oncdd spurious corr=lations dus to systematios.
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Figure 3.9: Lilelihood comtours from the analysis of both polarization (@ and
U') and anisotropy data, with ¢p = dpK and oy = 2pk, for 7 = 0.15. We
aszsumed a flat model with DE due to coamological constant, 7,. =0.3, A = 065,
Ouh® =0.22,n, = 1. Four independent realizations of the model areshown (z=e
text]. More or less heavily shaded areas indicate 1 or 2-o confidence regions,
on the n,-7 plans,

ter than that achisvable by WELIAF after similar amount of data taking., Our
gimulaticnz include contributions by multipales up to [~ 40, whilse WHIAP
results take into account TT correlations for [ 2 900 and TE cross-correlations
up to [ ~ 450, It is then clear the weight carrisd by low Cg; multipoles in
determination of 7, a3 confirmed by analyzing only the polarization signal of
the maps. In this cass, estimates of the optical depth marginally worsen, while
1, is practically unconstrained.

Beducing polarization noise then greatly affects T estimates, while leaving
constraints on v, mostly unchangsd. Fig. 3.10 shows random realizations of
the same fiducial model as sbove, but for or = 2uK (1-years SPOrt’s mea-
surements|. Confidence regicns are now strongly elongated along the n. axis.
The width of the marginalized optical depth distribution is much tighter; de-
termination of the spectral index, instead, only slightly improves, mostly due
to improvernents in T estimates,

Fig.s 3.9 and 3.10 also illustrate the variance between different realizations.
In most realizations shown, the fiducial modsl liss inside the &% confidence
level (2.1) regiom, but this is not always true. In particular, in cne of the real-
izations of 3.10 the fiducial model is excluded at more than 95%e.1. This is not
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Figure 3.10: Same as Fig. 39 but for op = 2

surprising. In fact, not counting systematics, we would ezpect the fiducial model
to lie outside the 1o region ~ 32% of the times, if statystics were Gaussian. Far
real distributions, such figures are higher. In this case, discrepancies betwesn
normal and actual distributions become rdevant when considering fiducial maod-
els with T 2 0.10, and high level of noise, as precimity of the boundary begins
iz noticeable in this cases.

Under these circumstances, estimating the likelihood of detecting T on the
bagis of the expectad errors can lead to misleading results, and a more accurats
assessment of cosmic and noise variance is neadad. In Fig. 3.11 the fraction of
realizations in which a non-vanishing optical depth is found with given cl., is
plotted as a function of the optical depth of the fiducial model. The thres pands
illustrate results corresponding to (top to botbom), 4, 2 and 1 year mission
lifetime. Sclid vertical line corresponds to WHAP best estimate, 7 = 0.17. A
confirmation of this result at a 3 ¢l within a two-year mission lifetime shall
be achisved by SPOrt in ~ 95% of cases. Converssly, an estimate compatible
with vanishing T at 2o level, allows to rule out © = 0.17 with more than 99%
accuracy, regardless of the actual value found. Let us also notice that even for
very low cptical depths, © % 0.05, SPOrt obtains a marginal (lo] debection of
the optical depth in 60% of realizations; such figure drops to - 258% if a 3o
detection is requirsd.
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Figure 3.11: Fraction of realization in which a lower limit on the optical depth,
ad different confidence levds, is found, a5 a function of fiducial value of T and
for thres different polarization sensitivities.
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Figure 3.12: Likelihood contours from the analysis of both polarization (@ and
U') and anisctropy data, with op = 4pl and o = 2y, for T = 0.20 (left)
and v = 0.10 (right]. See caption of Fig. 3.9 for details.



Constraints on compler refonizafion hisfories G5

3.5 Constraints on complex reionization histories

Complex reionization historiss depend on additional paramesters, besides of T
In principle, all thess parameters leave a characteristic imprint on AF3% mul-
tipoles up to [ ~ 40 — 50, as discussed in Secs. 3.1.1 and 3.3.1; however the
actual detectability of such features by current or near future experiments is
not obvious. In this section we debate what constraints can be put on a second
reicnization parameter, through large angle CRE measurements.

We consider an instrumental design similar to that of SPOrt, in particular
assuming that the microwave sy is observed with ™ FWHM instruments, but
allew for increaszing levels of sensitivity and take into account two different kinds
of complex reionization histories. First, we study a toy model of partial reion-
ization, in which the Universe reionizes abruptly at redshift =, but the ionized
fraction, =, can be lower than unity. Then we analyze double reionization
maodels.

3.5.1 Partial reionization histories®

In this class of models, reionization history is specified by pairs 25 — 2. alter-
natively cne of the parameters can be replaced by 7. The different descriptions
are equivalent; however, as 7 is generally regardsad as the meost influsncing, and
eazily determinable, reicnization parameber, it is convenient to specify mod-
els by T and, e.g., = pairs. For fixed v values, a lower = is reflected by the
reicmization peal: shifting teward higher-[%s (sse Fig. 3.5), whils different s
correspond to different peak’s heights.

Current messurements are sensitive mainly to total optical depth, while
additional parameters are difficult to determine As an ecample, in Fig. 3.13
confidence regions in the z,; — =, plane are shown for two fiducial models with
equal 7 = 0,17, but with =, = 1.0 ar z, = 0.6. Polarization sensitivity holds
op = 2pl. Thess confidence regions are obtained by considering the distri-
bution of best-fit estimates for a large mumber of realizations of sach fiducial
modal, and ddimiting the portion of the plane containing the required frac-
tion of results. Tharefore, they represent exclusion regions, i.e, they define the
porticn of parameter space outside of which models can be miled out with a
given degres of confidence. In this way, both OV and instrumental noise are
accountad for. As we are concerned with detectability of reicnization parame-
ters, wa assume the other parameters to be known and fix them to their trus

Parth: bassd on Colombo 3004
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Figure 3.13; Expectad likdihood contours in the =, — 2. plane for models with
T =017 and two different reionization histories: or = 2ul Solid and short-
dashed linse trace the boundary of the 88% and 95% confidence lavel regions,
respectively. In red we plot results for a model in which reionization is com-
plete, while blue lines refar to & model in which =, = 0.6. Likelihood eontours
are elongated along direction of comstant optical depth end do not allow to
distin guish bebwean the two modds.
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Figura 314 Bame as figs?, but with ome = 0.5u. Likelihood function are
elongated along lines of constant 1, it is possible to distinguish betwesn the two
maodels at least at G8% ¢ 1.

valus.

The resulting regicns are strongly elongated along curves of equal 7. Bore-
cver distritutions for the two different models strongly overlap, even at Lo laval,
and it is not possible to discriminate between the different reicnization historiss.
It is then clear why it is convenient to parametrize the models using, ez, 7 —2,
rather than z,; — =, Lowering noise by a factor ~ 4 allows to constrain the
additional parameter with &8% ¢ 1., ag shown in Fig. 3.14. The optical depth is
again the best constrained parametsr. Although the joint 2D constraints show
slight tendency in overestimating v, the distribution of the optical depth is not
bissad (ses Fig. 3.15).

MMarginalization cover z,; provides the pd.f for =, plotted in Fig. 3.16, for
both neoise levels considerad. At noise level eipected for SPOrt, the distribu-
tions for the two fiducial models overlap considerably, Both distributions have
fairly long tails, which include the value corresponding to the other fiducial
model. For instance, o valus x, = 0.6 resulted in about -~ 35% realizations of
the partial reionization fidueial modd, and ~ ™% of realizations of the com-
plebe reicnization model. These figures then provide the degres of confidence
with which a given fiducial model can be excluded by an cbesrvation. Faor
op =05k, the overlap is greatly reduced , and some clean conclusions can b
reachad; &g, detection of =, = 0.6 allows to reject ., = 1.0 at almost 3o laval.

Complete separation betwean the two distribution is achisved by a further
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Figure 3.15; Probability distribution for the optical depth for the modds of
3.13. Solid lines refer to complete reonization, dashed lines to =, = 06. o
gignificant bias in the determination of the optical depth is imtroduced by the
reicnization historiss considered here.

recluction of polarization noise by a facktor ~ 2 — 3, which should be within
the capabilities of the PLAMNCE experiment. However, ab thess noise levels
contribution from B-modes should no longer be ignored, and could provide
additional constraints on reionization.

These results depend slightly on the value of the optical depth of the fiducial
models, For fived op, lower 7% cormespond to worse signal-to-noiss ratios,
and discriminating betwean two modals analogous to those discussed above is
glightly harder. Variations of other parameters, instesd do not significantly
alter the above considerations. However, simultansously estimating additional
parameters, instead of assuming them to be known, would lead to a small
widening of the distributions of reicnization parameters dus to the increased
number of degress of freedom .

3.5.2 Double refionization histories*

The toy model discussed in the previous ssction provide an order of magnitudes
egtimats of the sansitivity level required to strongly constrain an additional
reicnization paramester. The double reicnizatiom histories considered in this
section, based on physical models of double reionization , provide an example of
more camplicatad =z, which can lead to several interesting conssquences for
T eatimates.

*This mection Tem mes the remlts of Chlombe ot al. 2004
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Figure 3.16 Distribution of best-fit ionization fractions, after marginalizing
over ;. Solid lines refer to complste reionization, dashed lines to =, = 0.6.
These distribution provide the probakility with which one or the other fiducial
model can be excluded by available data., instead of tdling us the likelihood of
4 given model being the correct one.

In order to be consistent with observations of high—: IGL, the Universs is
required to be completely ionized for 2 < 7, and to further reducs the number of
free parameters the value of =, bebwean the two reionization periods is fixed at
the constant value z, = 1,/3. Each model is then defined by two paramsters: T
and the redshift of first reicnization ;. Observational and technical considera-
tioms lead to consider the part of parameter plane delimited by 0.07 £ ¢ 2 0.30
and 10 % =z = 35 Mot all point falling into this region are however allowed ,
e.x., for T = 0.17, viable models must satisfy 18 2 = 2 32 in a conecordance
ACDM cosmology, while for z; = 25 we have 0.12 2 7 2 0.27. Examples of
these reicnization histories, together with corresponding O are plotbed in
Figs. 3.7 and 3.3.

Faramebers’ estimation often assumes a sharp reionization prior; however,
CIME spectra depend directly on z.iz), rather than on 7, and for the class of
models considerad here, a wrong prior leads to strong biss in T estimates.

In fact, if prior on the reicnization history did not introduce any bias in T
estimates, the distribution of best-fit T values for a large s&b of realizations of
the same cosmological model should not depend on the prior. Motice that this
in not necessarily true for 4 single realization. Comparing then the probability
distribution obtained by fitting sharp reionization model to simulated data,
with that obtained by analyzing them as double reicnization models, provides
a check of the priors.
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Figure 3.17: Distribution of 7 for a with m = 0.17 and z; = 22, at different
noise sensitivity (left to right, op = 3.0, 09, 0.3 xK). Solid lines show results
obtained mar ginalizing over =, dottad lines refer to results of checking the same
realizations against single reionization models. At high sensitivity, the latter
Prior give rise to a noticeable bias.

In Fig. 3.17, results of this comparizon are shown for a double reicnization
model with ™ = 0.17, =,; = 22, analyzad at thres increasing sensitivity levels
for polarization, 1eft to right, o = 3.0, 09, 0.3uE. Dottad line repressnt the
distribution of 7 under sharp reicnization prior, while solid lines are cbtained by
mar ginalizing over z,. the joint distribution resulting from a double reicnization
analysis. At each sensitivity lewel, no significant difference between the width of
the two distributions is apparent. Heowever , while all marginalized distributions
suitably peal on the frue value ™ = 0.17, the single reionization distributions
show a noise—dependent bias. For op = 3.0 uE, a.single reonization prior leads
to undersstimating the optical depth. However, the statistical error is fairly
wide and surpasses the bias, Decressing op, however, leads to an incresss of
the peak’s 7 value and, at the highest sensitivity considerad, T is overestimated
by more than two standard deviations,

This behavior is sasily explained considering how angular spectra. respond
to 7 and 2. variations. As mentioned in Sec. 3.1.1, T accounts for the mum-
ber of CWE photons which underge a scattering and directly affects the to-
tal amount of large scals polarization. Therefare, E-polarization (and TE-
corrdation | spectra corresponding to models with a different — but the same =,
(and other relevant paramsters] differ mainly in the height of the first reion-
ization peal; on the other hand, a variation of 2. at fixed value of the optical
depth also shifts the peak in ['s. Fig. 3.5.2 shows the E-mode power spectra
for a st of models with 7 = 0.17, including both zingle and double reionization
histories, and two sharp reionization models corresponding to different T (s2e
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Figure 3.13: E-mode angular power spectra for three models with sharp reion-
ization and v = 0.15, 0.17, 0.19 {dot-dashed, scalid and dotted lins respec-
tively)and two double reicnization modds with © =0.17, z; = 22 (long-dashad
lines),or 7 = 0.17, z,; = 26 (short-dashed ). At given valueof the optical depth,
spectra of models with double reionization fall bedow the APS of a sharp reion-
ization with same 7 for [ 2 8-10 and above for 10 2 1

-
-

= 40, The long-shaort
dashed lines, instead, show the noisse spectra for different pixel noises on po-
larization (top to bottom op = 3., 0.9, 0.3 41, eorrectad for pivelization and
beam smoothing,
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figure’s caption for details). As :, increases, the first reionization pealk for the
models with T = 0.17 moves to higher ["s and its height slightly decreasss. The
first multipoles of the double reicnization models then approach those of a sin-
gle reionization history with alower optical depth, whilein therange® 21 = 20
the same modds resemble a sharp reionization with higher + At multipoles
higher than -. 30-40 differences betwesn Cg; spectra for different reicnization
histories bacome nagligible.

At SPOrt’s noise level, the main contribution to debermination of reicn-
ization parameters is provided by the first 7 — 8 multipoles of the E-maode
polarization spectrum (ses Fig. 3.5.2). Trying to fit a singls reionization his-
tory to A double reionization scenario therefore leads to underestimating T As
noise decreases and multipolss in the range 10 = [ 5 20 acquire greater waight, a
double reionization history is misinter preted as single reionization with a higher
7. This noise dependent bias is confirmed by quantitative results. In general,
the biss has a greater impact for higher T values and, at fixed 1, it increases
with z.. At noise levels accessible to current experiments the statistical error
mostly exeesds the bias, and current + estimates are reasonably safe, although
would be systematically smaller than real values if the Universe had a doubls
reicnization. However, correctness of priors has greater weight for future exper-
iments; wrong assumptions can lead to a T oversstimates excesdin g 2-3 standard
deviations.

Analyzing sharp reionization models assuming a two-reionization history
produces an opposite behaviour. The same arsuments as above shows that
estimate becomes lower than the true value as sensitivity incresses. In this
cass, however, the biss is less sevare In fact, a single reionization history can
be thought as the limiting cass of a double reionization meodd.

It must be stressad that thess results concern the probability distribution
of 7; analysis of & single map at fived noise level may well result in T estimates
depending on pricrs, but this doss not give any information on which prior is
correct. In principle, the above shift can be ussd to test the nature of reioniza-
tion by analyzing early and late cutputs of a long lived experiment. This point
requires two major remarks. Detection of a clear trend requires an increass
in semsitivity between outputs by at least a factor of 3; such an improvement
iz unlikedy within the planned lifebime of current ecperiments, but could be
suggestad a3 an option for future missions. Morecver, the obesrved trend is
a global process; however only one realization of the Universs iz accessible to
current experiments. A diagnostic criteria for real maps is then required. We
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Figure 3.19: Top. Open circlss: %5 from a WHAPHSPOt-like experiment,
with ep = 0.80uF in 5 years, for 100 realizations of model with & = 0.17 and
Zp; = 22, assuming a double reionization prior. Crosses: average 78 obtained by
dividing the whaole data set into 10 subssts (6 months obesrvation time). Error
bars indicate the l-o ¢l Bottom. Same as Top panel but assuming a sharp
reicnization prior. Global (averaged ) estimabes are shifted up(down)-ward in
respect to the actual T value,

performed some more detailed tests on the latter point

(i) For each realization, the estimated optical depth at the three different sen-
sitivities, under single (double] reicnization prior, were labelad 3, 5, T34,
respectively (5o, T4y Tas)-

(ii) Ameong all realizations, we selected cnly those in which the T estimates,
under zingle reonization prior, steadily incressed at both reductions in noise
level, ie. ™5, < g < Toa

(iii) The sdectad realizations were further prunsd by requiring that the differ-
EMCE Ty — TS, was greater than twice 'TS_E - Téﬂ.

The regidual fraction, averaged over different fid ueial modsls, holds - G5%:
although varyving from ~ 20% in modes with low optical depth and high reion-
ization redshift, ie. T = 0.12, z; = 17, to more than 90% in modds with
high optical depth (+ =0.22). Therefore, while this is not a definitive check, a
progressive shift to higher values in T estimates, when sensitivity increases and
double reionization estimates remain -~ stable, can be considered as a sericus
clue that a more refined description of reicnization is neadsd.
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Figure 3.20; Distribution of the ratio bebwesn global and averaged T estimates
in 100 realizations of model P, assuming sither doubls realizations (sclid lins)
or sharp reionization (dotted line) priors.

An additional test, for long lived eiperiments, is provided by dividing the
global datasst into subssts corresponding to shorter observation periods, and
comparing the T valus estimated by the analysis of the full dataset with the
weighted average of the estimates in the smaller subssts. For reference purposss,
we considered a SPOrt-like experiment lasting 5 years, and achieving a polar-
ization pivel ssnsitivity o = 0.80uk). Meglecting correlated noiss effects and
assuming that a full sl coverage requires & months of observations, the global
data can be divided into 10 amaller subests, characterized by op ~ 2.50p8. We
then compared the global + estimate with the average of the estimatss in the
smaller subset. Repeating this analysis for 100 random realizations of maodel 17,
we found global and averaged estimates to be consistent with each other and
with the actual 7, when correct priors are made (top panel in Fig. 6). Cn the
contrary, when sharp reicnization is assumed, averaged estimates are systemat-
ically lower than the correct value, whils global messurements overestimats it
(bottom pansl in Fig. ). In thess plots the sffect is shown for 100 realizations of
model, averaging among 10 noise realization for each modd. Then, in Fig. 3.20,
we plot the distribution of the ratio between the full 5-years estimate and the
averaged G-months estimates. Assuming a correct pricr, such ratio averages
Ty /(T | = 0992007, while for sharp reionization my./ (Tes) =1.204+0.10.

Focusing now on & double reicnization prior, it is interesting to discuss
the precizion with which + and =, can be recovered. Probability distribution
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Table 3.1: Average statistical errors and percent accuracy for the recovered
parameters as a function of polarization sensitivity op.
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for cne parameter are obtained by marginalizing the joint probability density
in the 7 — 2z, over the other parameter. Averaging over fiducial modds the
variances of these distribution provides a rough estimate of the capability of
distinguishing different meodds, as a function of noise level and taking into
account TV, Results are displayed in Table 3.1, together with estimates of
relative accuracy, again averaged over fiducial models. For instance, two equal-
7 models can be distinguished if their z; are farther apart than -~ twice the
value of A. | shown.

Kelative accuracy on 7 is mar ginally better than that on 2, ;, however the
shape of the allowed region of ™ — 2,; plane is typically wider in the T direction,
with respect to the precision with which each parameter can be fived. In this
senss, optical depth is determined with an higher accuracy than z;, If priors
on rejonizafion higfory are adeguafe.

Begides averages figures, some additional considerations can be made. At
fixed noise level, models with higher + generally allow for abebber estim ation of
both parameters, due to their higher 3/ ratio; among models with the same
optical depth those with lower 2. have slightly sharper redshift distributions,
as discrepancies betwesn spectra tend to safurafe for 2, 2 30 — 35,

Idore in detail, Fig. 3.21 shows the distribution of z.; for models with T =
0.17 (see caption for details). For or = 3.0uK (left panel), the probability
distributions overlap significantly, and z,; cannct be recovered, while for op =
0.3 (right panel) they are slmost complatdy distinguished. The middle panel
displays an intarmediate situation where models with single reionization can ba
distinguished from double reionization models with =, ; in the uppear half of the
allowed range (ie. z; = 25 for 7 = 0.17). Moreover, distributions for z,; in
double reionization models are wider by a factor ~ 2 than in single reionization
models. Figure 3.22 shows that probability densities for 7 in models with double
reicnization are indistinguishable at all sensitivities: thus, differences in 2, do
not greatly affect the capabilities of recovering -+, if correct priors are used. The
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Figure 3.21: Distribution of maximum likelihood -, after marginalizing cver
7, for 5000 realizations of madels with + = 0.17 and sharp reionization (dashed
lines), z; = 22 (s0lid lines) or =y = 26 (dotted lines). From left to right, panels
refer to o p = 3.0, 0.9, 0.3 uI, respectively.

11 = A R A = A BTN =

o8 i | + {08
Hh i
e OB L ik + II‘ ¥ 408
0.4 f J,' I [ i - { 0.4
- I i I il ]

v.ep fd- T N EY [ i -4 02

-l..TdTl i ||E| |-L Tl iaedipsl oo N D

01 02 03 01 02 03 01 02 03

T T T

Figure 3.22: Same as Fig. 3.21, but for + after marginalization over z,.

gharp reionization model, instead, displass a bias, as discussed above. In this
case, T is progressively underestimated for decreasing op, a3 asingle reicnization
model is analyzed assuming a double reionization prior.

In Fig. 3.23 distributions of the optical depth for models with same - ; but
different T are plotted. Even at the highest noizse, some differences can be ssen
and for o = 0.9 the two distributions are clearly ssparated. In both cases,
the correct T is recovered. Figure 3.24, instead, shows results for z,;. The
probability functions of both models significantly overlap and correctly peak
at the true value of the reionization redshift. Model with higher v, however,
iz characterized by a sharper and better defined distribution, due to its higher
2.

The discussion of thissection can besummarized as follows. Wiong priors an
reionization history may bias T's estimates. This bias is particularly relevant
when sharp reicnization histories are fitbed to simulated data corresponding
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to double reicnization models. At current noiss leves, statistical uncertainty
erceads the bias. As sensitivity increass, so doss the relevance of the bias; if
noise is decreased by an order of magnitude, discrepancy betwean estimabad
and true value of the optical depth can excesd 3 standard deviations.

If correct priors are assumed, a polarization ssnsitivity of or = 3.0uK
allows to constrain the total optical depth with average accuracy of ~ 17%:; no
further par ametar can be simultansously constrained. Inereasing the ssnsitivity
by an order of magnitude allows for a simultansous detection of + and =,
while intermed iate noise level allows to discriminate a sin gle reionization history
from double rdonization with high z.; (e.g., z.; = 25 for © = 0.17). Moreover,
the actual z; value only slightly affects the estimate of 7. On the contrary,
capability of debarmining z; depends on the actual T value.

3.6 Dizcussion

Coamic Mictoware Background messurements provide a complementary win-
donw to infrared obeervations of the reionization epoch. In particular, both single
and comples reionization histories leave aclear imprint on the low-multipoles of
U, spectra, which can be inspectad through large angle polarization measures.

Before the last year, ssveral obsesrvational and theoretical worls lead to
concluds that the Thomson optical depth to reionization = 2 0.05. Large angls
polarization would then be difficult to detect. This fairly established picturs
was drastically changed by relesss of first year-measurements by the WLIAP
satellite, which estimated v = 0.16 £ 0.04 in a model independent way, from
T E—carrdlations (kogut 2003).

However , altsrnative analysis methods (Spargel 2003) gave different values,
such as 7 = 017 £ 0.07 ar even T = 0.12 & 0.06, when data. on Large Scals
Structure and the Lya forest were taken into account. WELIAP's data, then,
clearly showed that the optical depth is higher than expected, however the
actual value of 7 is still uncertain. This picture has been further muddled by
recent results (Hansen et al. 2004) indicating significant, i.e. at more than
2o levd, discrepancies betwesn parameter estimates in Southern and Morthern
hemispheres. In particular, in Southern hemisphere = 0.24 £0.07, while in
Maorthemn one only an upper limit T < 0.08 (95 % c.1.) is found.

Considering also results on high—: 980%, indicating the presence of neutral
Inter Galactic Medium at z ~ & — 7, confirmation of WEIAP s results acquires a
critical significance. With its high acouracy messurements of large angles CIE
polarization, the SFOrt ecpariment will play a rdevant role in further investi-
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gaticons of reionization history ( Chlombeo and Bonometto 2003). Assuming an
aptical depth + = 0.17, 8P COrt will provide an high significance (30 detection
of T with a probability of 95%. On the contrary, finding a valus compatible
with vanishing optical depth at 27 levd, would allow to rule cut + = 0.17 with
Q9% accuracy. In amy cass, correlation of SF Ort and WLIAP messurements
allews for measuraments of Crg; free from spuricus instrumental correlations.

If the high value of 7 is eventually confirmed, reconciling CRME and 930%s
obearvations requires to abandon simple modds of sharp reionization in favour
of more complex reicnization histories. Current measurements, however, do
not reach sensitivities allowing to reconstruct the additional details character-
izing these models. An order of magnitude increass in sensitivity is required
in order to constrain reionization history defined by 2-3 parameters, whils a
further increass by a factor of ~ 10 allows to fully assess the effect of generic
reionization histary en E-mode polarization. At this sensitivity, Oz estimates
are dominated by OV up to multipolss |~ 50, while reicnization histories affect
multipoles | = 40, barring patchiness effects relevant on scales [ 2 2000, Fur-
ther increases in sensitivity would not strongly affect the quality of constraints
on reicnization models.

However, with bebter accuracy, a careful modseling of reiomization asquires
A critical relevance. Wrong priors, in particular assuming a sharp reionization
in the analysis of double, or complex, reionization histories, bias T estimates.
For current measurements, the biss is expected to be smaller that the statisti-
cal uncertainty (Colombo et al. 2005), and results can be considered safe As
senzitivity increases, however, the bias becomes stronger, and correct and esti-
matbad values of theoptical depth may disagres at more than 3o level. Working
around such biss may prove difficult; for some models of double reionization ,
wrong priors are reflected by well defined trend of v estimates as sensitivity
increases. Detection of this trend in experimental data is a strong hint that a

more accurate modeling of reicnization is in order.
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Chapter 4

Dynamical and coupled Dark
Energy vs. CMB data

In this chapter we perform a systematic fit of WLIAP data to thess different
cosmologies: dDE, ccDE, wDE, and ACDK. For the first 3 of them a SUZEA
self-interaction potential will be taken (Brax fr Martin 1999, 2000; Brax, Mar-
tin fr Riszuels 2000); its expression is given in Sec. 2, together with essential
information on eoupled and uncoupled DE models. Further information on
coupled modsls can be found, e.g., in Colombao et al. (2004).

The fit is performed by using & MOMC (MonteCarlo Markev Chain) alge-
rithm, in the same way as the WMAP team fit the ACDH model. In Sec. 3,
we describe the fitting procedure. In the cass of that modd we re—obtain ther
results.

The number of parameters to be fittad depends on the nature of the model.
ACOM and vwDE models have the sams number of paramstas. In dDE modss
there iz cne extra parameter and ccDE modsls have a further parameter in
respect to the previous cathegory, Inm evaluating the success of a fit, however ,
the number of parameters is taken into account. In Sec. 4 we perform sich

comparizon and in Sec. 5 we draw some conclusions.

4.1 Comparison with WMAP data through a
MCMC algorithm

WIAP data have been ectensively used to constrain coemological parameters.
They are high precisicn estimates of the anisctropy power spectrum O up to
[ ~ 900, as well of the TE carrdation power spectrum OF F up to [ ~ 450 We
shall fit these data to possible cosmologies, by considering a parameter space
of 6 to & dimensions. A grid-bassd likelihood analysis would requirs a luge
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CPU time and we uss a Marlow Chain Mante Carla (MCLC) approach, as it
has become customary for CME analysis (Christenssn et al. 2001, Fnoe et al.
2001, Lewis et al. 2002, Hosowski et al. 2002, Dunkley et al. 2004).

To this aim, a3 in any attempt to fit CME data to models, a linear code
providing ©%s is neaded. Here we uss our optimized extension of CMEFAST
(Saljak and Zaldarriaga 1996), able to inspect also ccDE and wDE cosmologies.
The likelihood of each model is then evaluated through the publicly available
code by the WIMAP team (Verdeet al. 2003) and accompanying data ( Hinshaw
st al. 2003, Kogut =t al. 2003).

A4 MOCMC algorithm samples a known distribution £(x%) by means of an
arbitrary trial distribution pix). Hare £ is a likelihood and x is a point in the
parameter space. The chain is started from a random position x and moves
to a new poaition %', according to the trial distribution. The probability of
accepting the new paint is given by £(x") /C(x); if the new paint is acceptad, it
iz added to the chain and used as the starting pesition for a new step. If %' is
rejected, a replica of x is added to the chain and a new x' is tesbed.

In the limit of infinitely long chains, the distribution of points samplad by
a MCKC describes the underlying statistical process. Real chains, however,
are finite and comvergence criteria. are critical. Moreover, a chain must be
requirad to fully explore the high probability region in the parameter space.
Statistical properties estimated using a chain which has yet to achieve good
convergenos of mixing may be misleading. Several methods exist to disgneoss
mixing and convergence, imvolving either single long chains or multiple chains
gtarting from well separated points in the parameter spacs, as the one usad
here. Onece a chain passes convergence tests, it is an accurate repressntation of
the underlying distribution.

In arder to ensure mixing, we run six chains of -~ 30000 points sach, for sach
model category. We disgnoss convergencs by raquiring that | for each parametar,
the variances both of the single chains and of the whole sst of chains (W and
B, respectively) satisfy the Gdman £ Rubin test (Gelaman £ Rubkin 1962),
B = 1.1 with:

B [V —1)/W]w 4 (14 1/0)8 |

(4.1
= .1

Here each chain has 2V points, but only the last WV points are used to estimate
variances, and 14 iz the total number of chains. In most model categories
conziderad , we find that the slowest parameter to converge is A
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Figure 4.1: Marginalized distributions for the 7-parameters SUGHE A mode] with
no prices (solid lines), BENS prior (long dashed) or HST prior (dot—dashed).
Shart dashed (dotted) vertical lines show the boundaries of 83.3% 1. (954 %
ol ] interval; for A only upper limits are shown.

4.2 Re=zult=

The basic results of this work are shown in the Tables 4.1-4.3. For each model
category we provide the expectation values and the variance of each parameter,
as well as the values of the parameters of the best fitting models. The corre-
sponding marginalized distributions are plotted in figures 4.1-4.3, while joint
2D confidence regions are shown in figures 4.d-4.6.

The values of 1~ can also be comparsd, taking into account the number of
degrees of freedom. This is shown in Table 4.4, The smallest +* is obtained for
the uncoupled SUGHR A model, which performs slightly better than A CDLI.

Tables 1 and 2 and the corresponding figures, concerning wnooupled or
congfani—couplng SUGHEA modds, show that WHAP data scarcely constrain
A =lag(A/GeV), allowsd to vary from -~ —12 to 16, On the contrary, in the
cass of o ¢~ ! coupling, looss but precise limitations on A are set, as is shown in
Table 3. In the presence of this coupling, the 2~ A-intarval ranges from - 10
to ~ 3. 10M%Gev.

These constraints apparently arise from polarization data: when DE begins
to affect cosmic expansion, the ¢ evolution acts on DE density and pressure, as
well az on its coupling, and requires an [—-dependence of multipols amplitudes
ablt to mest data only for a limited ranges of A values. This can be noticed
in Figures 4.7 and 48, where the best-fit &7 and & F spectra for all best-fit
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Table 4.1: SUZHA parameters for dDE models: for each parameter =, the
expectation value (), its variance o, and its maximum likdihood value e,
in the T-dimensicnal parameter space, are shown.

e I:-T:I ﬂ’.‘r T‘I |

N.ph” 0025 0001 0.026
Dogmh® 012 002 Qll

] 063 006 053
T 021 .07 0.Z8
T, Lol o LOF
A a9y 013 L1l
A 3.0 [ 13.7

Tahle 4.2 SUGRA paramsters for ccDE models; the parameter spacs is 7-
dimenzional and parameter are shown as in the previous Table.

Nk 0024 0001 0.024
Nogeh” 011 002 012

1] 0.7 011 QavY
T 0.1 0907 alv
s 103 o0 Loz
A 092 014 093
A -0.5 7.6 &.3
) 0.1 .07 04y

Table 4.3 SUZHEA parameters for wDE models. At variance from other model
cabegories, A here is constrained. Parameter values are shown as in Tahble 1.

x {T:I '-J: T‘I ==

M.ph” 0025 0.001 0.026
MN.4..0° 01l 002 009

1] 093 005 098
T 0.2 004 029
s .23 0. L.23
A 1L.17  04.1d L.20

A 4.8 24 5.7
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Table 44 Goodness of fit. We lists the number of degress of freedom (d.af],
the raducad 7., and the corresponding probability of the best-fit maodel.
ACDM models have 1342 degress of freedom, uncoupled and veDE models have
1341, while ceDE models haye 1340,

1.5“. prob.
dDE 1062 52%
ceDE 10686 47%
wDE 1074 29%
ACDOM 1066 4.7%
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Figure 4.2 AsFig. 4.1 but for the S-parameters ccDE model. For A and J only
the upper ¢.1. boundaries are shown.
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Figure d.3: As Fig. 4.1 but for the T-parametars wDE modd.
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Figure 4.4 Joint 2D constraints for SUGK A models. Light (dark) shadsd areas
delimit the region enclesing 68.3 % (95.4 %) of the total peints.
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Figurs 4.5: As Fig. 4.4 but for ceDE modds.
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Figure 4.6. As Fig. 4.4 but for wDE models. Heae, cosmological parameters
are more stringently constrained than in other modds.



23 Dynamical and coupled Dark Energy va. CME dafa

a0
vncoupled DE
F-eoupling
A000 ¢ —coupling
E
2
]
2 2006
[ 5] |
= _ l
1000 el
A0D [ oppt
1 i 100 1000

Figure 4.7: f spectra for the best fit SUGRA (solid ling), ceDE (dottad lina)
and wDE (dashed). Dual-axion {dot-dashed | models are alsa shown; they can
be considerad a particular case within wDE models, for which 10 < X < 10.5
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Figure 4.8: Best fit O F spectra.
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Figure 4.9: Best fit & spectra.

maodels (apart of ACDM) are compared.

Fiz. 4.7 also shows why no model neatly prevails. At large [ all best-fit
modals yield similar behaviors. Discrimination could be improved only through
better large angular scale observations, especially for polarization, able to re-

duce errors on small-! harmonics.

4.3 Discussion
4.3.1 TUncoupled SUGRA models

SUGKHA uncoupled modds are found to be consistent with WRAP data. The
ratio w = p/p, for thess models is typically —0.30 at = = 0. However, they
exchibit a fast variation of w, which is already -~ —0.6 at z ~ 1-2. Such a
decrease, however, does not cause a conflict with data. and these madels perform
even beffer than ACDM.

We also considered the effect of adding some priors. For uncoupled or
constant—coupling SUGZHA modds, the analyszis in the pressnce of priors leads
to analogous conclusions. There are however variations in the estimats of cos-
mological parametsrs. First, the opacity T is pushed to values excesding the
ACDM estimates (see also Corasaniti at al. 2004). This can be understood in
two complementary ways: (i) I3W effect is stronger for ADE than for ACDM, as
the field ¢ evolves during the expansion: hence, DE effects extend to a greater
redshift, inereasing CF valuss in the low-! platsan. To compensate this ofect
the fit tends to shift n, greater valuss. Dwing to the ™n degensracy, this is
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then balanecsd by inereasing ©. (i) It must alsc be reminded that the expactad
TE correlatiom for ADE, at low [, is smaller (Colombs et al. 2003). Then, when
TE correlation datais included, a given correlation level is fit by o greater v In
any case, however, 7 ~ 0.07 keeps consistent with data within less than 2-o%.

Greater T8 affect also Ny h® sstimates, whose best—fit value is then greatsr,
althcugh congistent with ACDL within 1-o. Adding a prioron Ty A% = 002144
0.0020 lowers A, slightly bedew HST findings, but still well within 1-o. We
therefore consider the effect of adding a prior also on h.

The afects of these priors are shown in Figures 4.1 and 4.2, The new dis-
tributicms are given by the dashed red line (prior on 2.4%) and the dot—dashed
blue line (prior on A). The former prior affects mainly T and n,; T and n,
are lowered to match WRIAP: findings, the high tail of + distribution is partly
suppresssd. The physical analysis of primeval chjects causing reicmization | Cia-
rdi et al. 2003, Ricotti et al. 200d). which are still allowed but certainly not
reguITed.

4.3.2 ccDE SUGHA models

The latter prior favors greater A valuss. In the absence of coupling, this favors
lew—X models, doser to ACDRIL. In fact, the sound horizon at decoupling is not
affectad by the energy scale A, while the comoving distancs to last scattering
band is smaller for greater A%s. Then, for greater A%z lower i values are favored,
20 to mest the first peal In the presence of coupling, there is 4 simultansous
effect on F: greater 3% yidd a smaller sound heorizon ab recombination, so that
the distribution on A is smoother.

A previous analysis of WRAP limits on constant coupling models had been
carried on by Amendola fr Quercellini ( 2003). Their analysis concerned poten-
tials 7' fulfilling the relation &1'/dp = BV ™, with suitable B and . Further-
more, they assume that + = 0.17. Our analysis deals with a different potential
and allows more general parameter variations. The constraints on J wefind are
less severs. It must be however outlined that 30.1-0.2 ssem however forbidden
by & non-linear analysis of structure formation (Maceis et al. 2004).

4.3.3 wcDE SUGHRA models

The main peculiarity of ¢—*-models is that, although the £5 value is not much
worsenad in respect to other cases, parameters are more strongly constrained
in this caseq. This is evident in Fig. 4.6, In particular, at varianes from the
former case, the enargy scale A is significantly constrained.
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Several other parameters are constrained, similarly to coupled or uncouplad
SUGHA modds. What is peculiar of ¢~ '-models is the rangs of A valuss which
turn cut to be favored. The best-fit 2—o interval does not extend much below
085,

This iz a problem for these models in their present form. Should new data
support a greater i valus, wDE models would however be favored. CQuite in
reneral, however , we must remind that wDE models were considerad here only
in association with a SUGR A potential; vweDE modds with different potentials
can posesibly agres with a smaller A,

4.34 Dual axon models

A particular but significant case, among veDE models, are dual axion modds
(DA for a detailed analysis see IMainini Jr Bonometto 2004, Colombo et al
2004).

These models arise from a generalization of the PO solution of the strong-
CF problem (Peccsi fr Quinn 1977), obtained by replacing the MG potential
acting on & complex scalar fidd T with a quintessence potential admitting a
tracker solution. While, in the usual PO approach and its generalization, only
the phase & of the T field is physically sgnificant, in the DAR also itz modulus
¢ iz physically observable. In both cases, quanta of the @ field are axions and,
if DM is made of axicns, its density paramster 0. is set sither by the Feg
parametear, in the I & potantial, or by the ensergy scale A, in the quintessence
potential. In the latter cass, thersfore, both DM and DE features follow from
fixing the single parameter A

A detailed analyziz of DAR shows that it belongs to the set of veDE cos-
mologiss; its main peculiarity is that A and 0., are no longar independent
degress of freadom. Henceforth, this model is strongly constrained and de-
pends cn the same number of parameters as SCOM. By varying 0, . in its
physical range, A kesps however close to 10, This great value of A therefore
causes a conflict with the obesrved h range All previous comments on vweDE
models however hold, whils it is also possible that extra contribution to DR,
arising from topological singularities expected in axion theoriss, can sase the A
problam.

4.4 Conclusions

The first evidences of DL are fairly old: they date some 70 years ago. However,
only in the late Seventies limits on CHME anisotropiss showead that non-baryonic
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DI had to be dominant. DE can also be dated back to Einstein’s cosmological
congtant, although only SIM [a data revived it, soon followed by data on CHME
and desp galasy samples.

The main topic of this chapter is the fit of WKAP data with various DE
models: ACDR], SUZEA dynamical and constant coupling DE models, as well
as variable coupling DE models. In the last modd DR and DE are couplsd in
a non-parametric way, with & = o~

Thefits of WLAP data to these modes yield similar %8, At variance from
other model categories, however, in veDE modds, CKHWE data constrain A, This
iz due to the stronger effects of ¢ variations on the detailed ISW offect, as they
affect both DE pressure and energy demnsity, as well as DE-DI coupling. In
principle, this stromg impact of ¢ variation aould badly disrupt the fit and mals
veDE models significantly farther from data. It is noticeabls that this does not
COCUT.

The success of wDE models would be complete if the favored range of
valuss of the Hubble parameter (A ~ 0.8-1) could be slightly lowered. This
range is however obtained just for a SUGHA potential. Furthermore, primeval
Auctuations were assumed to be strictly adisbatic whils, in axion meodels, a
contribu tion from isocurvaturs modes can be ecpactad. This could legitimataly
affect the apparent position of the first pealk in the anisctropy spectrum, so
completing the success of the model, in a fully self-consistent wagy.



Chapter 5

The Sky Polarization
Observatory

This chapter is a sort of parenthesiz in this thesis. It concerns an experiment
ta which we took part, dubbed SPOrt | Cortiglioni et al. 2004 [34], which was
suspendad when AST (the Italian Space Agency) unmetivatsly stopped its fi-
nancial support. The eiperiment had beon selected by ESA, in 1997, to be
flown cn board the International Space Station (53] during the Early Utiliza-
tion Phass, The ressarch team was based on an international collaboration of
Institutes, headad by the [ASF-CIMR in Bologna, to whemn AST initially cffersd
itz finantial support.

The payload , shown in Fig. 5.1, was built to house four corrugated feed horms
feeding a 22, a. 32, and a. pair of 90 GHz channels providing direct messurements
of the @ and U Stoles parameters.

The eccperiment tock into acccunt that the 33 arbit is tilked by 5167, with
respect to the Celestial equator, and is characterized by a period of about 5400 3
and a precession of about 70 daya. This allowed asly coverage of - 80%, with
4 sl seanning patbern shown in Fig. 5.2, Pull coverage of the accessible region
required 70 days. In Fig. 5.2 a map of the time spent over each pixel, of about
7° (HEALPix! parametsr V., = 8), iz also shown.

SF Ort primary goals initially consisted in the detection of CIE polarization
on large angular scales, and in the mapping of Galactic synchrotron emission.
The former task asked for both a nearly all-sky survey and a multifrequency
approach to control possible contaminations from Galactic foregrounds; the
latter was expacted from the chanmels at 22 and 32 GHz. The experiment’s
main features, summarized in Table 5.1, had been accurately chosen to allow
the accomplishment of thess objectives.

Lhtt P www .s:.n:g_.-s:ience_.-hea] P
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Figure 5.1: Left: The SPOrt position on the Columbus External Payload Fa-
cility, enboard the ISS (courtesy by Alenia Spazic). Right: Expansion of the
SPOrt payload. (From Cortiglioni et al. 2004 [34])

After WHAFP first year releass, apparently indicating a high value of the cos-
mic opacity to CKE photons, T, the debection of a. polarization signal appeared
almost granted. In principle, SPOrt could not only be the first independent con-
firm of WKIAP findings, but, being expressely build to detect polarization, was
also free of quite a few biasss, which made (and still maks) WMAP detaction
somehow questionable.

From this point of view it could successfully rival even with the PLATITCE
project, which will also detect the polarization signal, but whose design was
only lately modified to this aim.

In particular, SPOrt aimed at the direct and simultanecus messurement of
both Stokes parameters @ and U, optimizing the obssrving time afficiency, a
remnarkable improvement compared to other schemes providing either @ or U
and thus reducing it by a factor 2.

The SPCOrt expectad sensitivity to CME, resulting from the combination
of the four channels and taking into acocount the worsening due to foreground
subtraction [42], is reported in Table 5.2

In the following section we shall provide further details on SP Ort planned
features, refraining to add any further comment on the reasons leading to its
suppression, which should be trasparent from what we cutlined here above.
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Table 5.1: SPOrt main feafures: N is the numbe of FWHM pivels covarad
by SPOrt (80% sky coverage), o1. is the instantanscus sensitivity (1 sscond),
and oy, is the pivel ssnsitivity for a two-year mission.

v channels BW FWHM Orbit Time Ny 1a Tpt
(GHz) (&) =) (s) (mE '®)  (uE)
22 1 0.5 1G
32 1 10 T 5400 EE0 0.5 1.G
ag 2 0.57 1.8

AAMA T — s [P TR

Figure 5.2 Top: The sky, in Telestial coordinates, as scannad by SPOrt in few
orhits. Bottom: Pivd chearving time (ssconds) for twao years of data taking.
The pitel gize iz about 7% (HEALPix resclution Vside = 8).(From Cortiglioni
et al. 2004 [34])
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Table 5.2: SPOrt senzitivity to CME, in thermodynamic temperaturs, com-
bining the four channels and including Falactic synchrotron subtraction, for a

two—year mission.

T1a Opi=  O(Pima)
(mis'?)  (u)  (uE)
.53 1.7 al5

5.1 Instrument Design and Analysis

The main concern in designing an experiment to measure CHE polarization
is the low level of the expectad signal (1-10% of the already tiny temperature
anisctropies, depending on the scale), requiring specific instrumentation.
SPOrt design had been optimized with respect to systematics generation,
lemg tarm stability and obssrving time efficiency.
The following solutions were implementad while designing the polarimetar:

¢ correlation architecturs to improve stability;

# correlation of the two creularly polarized components E; and Ez to
directly and simultanecusly measure both © and T from the real and
imaginary parts of the correlation, respactively,

Qo M EgE;): U o F{EgE]) (5.1)
while keeping 100% efficiency:

# detailsd analysis of the correlation scheme to identify erifioal components
and sst their specifications in order to keep the systematics at a level
suitable to measure CKWE polarization;

» on axis simple optics (corrugabed feed horns) to minimize the spuricus
polarization indueed by both the f pattern (see [23] for its definition) and
the CKE temperature anisotropy on the beam scals

Implementing thess features involved the custom development of components
when state—of-the—art was not compliant with SPOrt requirements.
Radiometer sengmitivity was governsd by the equation [154]

1212 fAGH T :
_‘-.J'm_:lll:-::: + T2 L') + AT L - (5.2)

Mot et ?
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Figure 5.3 Schematic block diagram of the SPOrt radiometers. Polarizer and
DT extract the two circularly polarized components ZH P and B EP collectad
b the horn. After amplification, the corrdation unit (bassd on o Hybrid Phass
Diiseriminator [T ]) provides directly both @ and . (From Cortiglioni = al.
2004 [34])

which provides hints on parameters eritical to systematics minimization. Here
Tovds ottt ANd AT Tepresent the system temperature, the offsst equiva-
lent temperature and its Auctuation, respectively; & is the radiometer gain,
the integration time, Ar the radicfrequency bandwidth and & = 1 a constant
depending on the radiometer type.

The first term in ag. 5.2 represents the white noise of an ideal and stable
radiometer, whils the sscond and the third term represent the contributions of
zain and offset fuctuations generatad by instrument instabilities. It is clear
that the noise behaviour can be kept cloge to the ideal (white) case provided
the offset is kept under due contral.

A acheme of the SPOrt radiometers is shown in Fig. 5.3, The Polarizer and
the OMT extract the two circularly polarized components E; and Eg collected
by the dual-polarization feed horn. After amplification, the two components
are correlated by the Corrdation Unit (CU), consisting of an Hybrid Phass
Diiscriminator (HPD), four dicdes and two differential amplifiers. In details,
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the HPD generates the four cutputs:

&, o E;+ Ejg (5.3)
s o E;—Ejg i5.4)
Oy o E;r+iEg (5.5)
O, o E;—jEgs (5.6)

which are square-law detected by the four diodes

|C1F e |ELf +|Ex|? + M{ERE]) (5.7]
|Ca* e |EL] —|Ex|® — M(EREZ) (5.8)
|Ca]* o |EL] +|Ex|” + 22 ERE;) (5.9)
|Cuf? e |Ez|® —|Er|” — 2(ERE]). (5.10)

The differences performed by the two differential amplifiers provide

|c1]F = |Caff & W(ERE;) = @

|Cs* = |Cuff o DERE;) o U (5.11)

allowing the simultanecus messurement of the two Stoles parameters @ I U,
With this implementation, an error on the difference between Eg and E; dur-
ing signal propagation within the instruments, simply results in a polarization
angle rotation , well recoverable in the calibration procedurs Omn the contrary,
measuring linear polarization by correlabing the two linear polarizations E., E,.
would only provide one Stoles parameter (/). Moreover, srrors in the phass
difference lead to a combination of U and 7 in the output. Therefore, great
cars was neaded in equalizing the path of the two components.

The analyzis of radiometers had shown that the prominent sources for off-
sat generations are found in O and the antenna system (horn, polarizer and
COLIT). Im turn, antenna details were critical for a successful destriping,.

The contribution to the offset coming from the antenna system is given
by [22]:

. _ —
T st = SFoar [I.t}-+f:;:_;l + S (I.k}-+-1':_1:—%) . (5.12)

where Ty, is the signal coming from the sky, Iﬁ: iz the noise generated by
the horn alone, T2 iz the noiss temperature of the whole antenna system, 7
is the efficiency of the feed horn and ijfj iz the physical temperature of the
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Figure 5.4: Magitude of both the isolation between the two rectangular ports
and the cross-talk between the two polarization states for the 32 GHz OMT of
SPCOrt. The vertical dottad lines define the 10% band.(From Cortiglioni et al.
2004 [34])

polarizer. The two quantities

(5 4 5°
o = E%zﬂﬂa (5.13)
1
1 s
Fpa = 1—]|5—*|,_7 i (5.14)
|

describe the performances of the ORIT and the polarizer, respectively, in terms
of offset genmeration. Uncorrdated signals like noise and sky emission are par-
tially detectad as correlated becanss of the OMT cross—talk (54 and Ss1 rep-
resenting the transmission and eross—talk coefficients of the ORT, respectively)
and the polarizer attenuation difference (5] and 5. giving the transmissions of
the two polarization states).

Specification requirements for OMT and polarizer are then set by consider-
ing the radiometer knes frequency, fioe. which is defined by the time scales ab
which the low frequency compeonent of the noise, also lmown as 1) f, prevails
cver the white one.

The 1/f noise component give rise to correlated noise patterns (see
Sect. 5.2), which may be greatly removed through destriping techniques. How-
ever, successful destriping requires that the radiometer knes frequency be
lower than the signal modulation frequency, flue < fo (with an idsal goal
Of fipne < 0.1F,). For SPOrt, the latter corresponds to the orbit frequency
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Figure 5.5: Co-polar, cross-polar and §f patterns, with respect to the axis
distance &, for the 90 GHz feed homns of 3P0t . The spurious polarization
coming from the harn is gensrated by the anisctropy distribution AT(#g) in
combination with the f pattern (see tect).(From Cortiglioni ot al. 2004 [34])

£, =0.18 mH=.
The knes frequency of acorrelation receiver isrdated to that of its am plifiers
by the formula:

ﬁ_—ll\ “ﬂ"'\l . (5.15)

where T, the system temperature a.nd o =~ 1 [LEd] is the power-law inde:
of the amplifiers” 1/ f noise behaviour, and typical fraquencies are fi, _im ~
100 — 1030H=.

SPOrt design guaranteed that Tog 4 ~ 50 mE, while T, ~ 100 K. Together
these values translate into:

Flnee =~ 2.5 % 10 fla= (5.16)

fully satisfying the requirements for an efficient destriping.

Besides the offsst generation, the spurious polarization generated by the op-
tics introduced further systematics effects which must be put under contrel [23].
This is due to the anisotropy distribution of the unpolarized radiation , modu-
lated by the F patiern:

AT

f mﬂdﬂf [ATw(8,a)
- _"'.;ILH-:D+’ 2) + AT8,0 +7)
— AT8,0 4+ 3/27)] fl8,0)da, (5.17)
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fle,a) = —Fle,a)y" (#.0+x/2)
+ (80P 8,0+ 5/2], (5.18)

where P and + are the co-polar and cross-polar patterns, normalized to the P
maximuim, respectively, and 74 is the antenna beam. The f pattern conszists
of a d-lobe structure, with lobe zize closs to the FWHDR of the instrument. A
worst-case analysis of the contamination gives

AT ™ — 58 AT e (FWHM) | (5.19)

with h
]. rr L e . .
=2 gind df da f8 .0 (5.20
SPun=257 | | darleq) 5.20)

and AT (FWHRL) the rms temperaturs anisctropy cn FWHRL scals.  As
shown in Fig. 5.5, in case of the SPOrt feed horns the contribution of the §
pattern is SAan ~ —24 dE and the rms contamination due to the 30 pIK-CME
anisotropy is thus lower than 0.2 pE

5.1.1 Calibration procedure

The accuracy nesded for CLIE polarization measuring requires a very efficient
calibration of the instrumental response to small polarized signals. Laking well-
characterized astrophysical sources, calibration occurs through messurements
of predefined signals, the markers, which must be insarted directly into the
radiometer. Moreover, as polarization is a tensor quantity, standard marker
injectors can not be used and a new concept calibrator, valid for any radico—
polarimeter and based on the insertion of three signals at different position
angles, has thus been developed.

The entire radicmeter may be schematically representad as a systam con-
necting two input signals 4 and B, representing the high frequency signals
in the circular polarization bass (E; and Eg), to two low—frequency outputs
e and U, corresponding to the Stoles parameters directly messured by the
radiometer. The cutput of the radiometer can be thus described by the expres-

e H, H.||[@ | A7 .
o] -l &G [ mllE:] e
where @ and U arethe input S‘b:ukea parameters, while H and T are generic real

matrices; they transform polarization cireles in the QU -plane into rotated and
translated ellipses. Assuming that the intensities of the total signals A and B
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arsequal (|AF = |B|F e« P),eq. 5.21 canbe rewritken a3 ¥ = H X4 C P, where
i iz a two—element vector. The calibration procedure consist then in the evalu-
ation of the matrices & and the vector © and can be accomplished by directly
measuring the quantities @, and U, in presence of markers. In SPOrt cass,
three markers consist with Imown polarization angles #;, each corresponding to
a linearly polarized field, are injected. The matrix 5 is then given by:

where AX;, AY; and AP are the variations of the input and cutput Stoles
parameters and of the total power, respectivdy. To obtain a well-conditioned
matrix the markers should correspond to signals with a relakive rotation of
gither 45% ar G,

5.2 Destriping and Map Making

Low frequency noise introduces correlations among successive samplss of the
measured signal and leads to typical striping effects when producing sky maps.
However, when data are talen from spinning spacecrafts, most of the low
frequency noise can be removed by software, provided the radicmeter lmes
frequency is lower than the satdlite spin fraquency. The low frequency noise of
the BP0t radicmeters is expectad to have a 17 f-like spectrum dominated by
transistor gain fAuctuations [34]. The present state of the instrument already
muarantess a knes frequency fip.. lower than the ISS orbit frequency 7.

Various destriping algorithms have besn proposed in recent years to clean
CME anisotropy data, e.g., [95], together with a first algorithm specifically
designed for the pelarization cass [118]. They are generally based en y* mini-
mizations and involve large matrix inversions.

A different technique had been implemented for SPOrt, consisting of a sim-
ple but effective iterative algorithm relying upon minimal assumpticns: the ra-
diometer must be stable during the signal modulation period (the time nesded
to complets one orbit in case of SPOrt), so that the instrumental offsst can be
assumed to be constant over the same pariod, and there must beencugh averlap
betwean different crbits. In such situations, noiss could be split into two parts:
for time scales shorter than the orbit period it is essentially white, whereas for
longer timescales the 1) f component can be modeled as a different constant
offset for each orbit. A simple iterative procedure can then be applied to re-
move thess offssts from the Time Ordered Data (T0OD) before map-malking.
Mo assumptions nesd to be made about the statistical propertiss of the noisa.
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Figure 5.6: Moise simulated mape before (top) and after (bottom) destriping,
for the case fi., = 1.8 10%, in Kelvin. The HEALPix paramster Vside is 32
(From Cortiglioni et al. 2004 [34]).

The map-making itself conzsists of a simple average of the messurements corre-
sponding to the same pixel, which is the optimal method cnes only white noiss
is laft [143].

Although the algorithm had been studied to destripe @ and U data, it can
be eazily simplified to deal with scalar quantities. However, the average of the
messured signal is lost in the latter case. On the contrary, for @ and U maps
the average signal can be recovered provided the polarimeter reference frame
rotates about the standard reference frame (i.e., polar basis [10]) while running
along each orbit, a8 in cass of SPOrt. This feature is espacially ussful when
measurin g foreground contributions.

Table 5.3: Excess rms noise dus to low-frequency contributions, with respect
to the white noise level, for pixels of = ™.

fines |Hz] Before Destriping After Destriping
L8 = 10—* 310% &%
L8 = 10" 38% = 1%
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Figure 5.7 Average and lo band of correlation funections C%(8) measured from
500 noise maps, before and after destriping, for two values of the knes frequency
Finee: Before destriping the v scale is not the same for the two fip.. values.
Each simulation corresponds to about one year of SF Ort realistic data taking.
The case of purely whits noiss is shewn for comparisen (From Cortiglioni et al.
2004 [34]).
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Figure 5.3 Increment, dus to the pressnce of residual corrdated noiss, in the
rms of messured noise power spectra, after destriping, as a function of the
multipole, in percentage of the rms of purely white-ncise power spectra (From
Cortiglioni et al. 2004 [34]).
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Figure 5.6 shows a simulated noiss map (both 1/ f and white) hefore and
after destriping. A possible way to quantify the quality of the destriping is mea-
suring the fractional excess pixve noiss with respect to the case of puraly whits
noise. Besults are shown in Table 5.3 for two different values of the knes fre-
quency, corresponding to the SPOrt goal Ines frequency, fine. = 1.8 #10-2 Hz,
and the SPOrt orbit frequeney, f, = 1.8 » 10-* Hz, the latter representing a
conservative cass.

Another way to quantify the residual corrdatsd noise is measuring and in-
specting the two—point correlation functions C9(#) = (Q(1)@(2)) and S (#) =
(L)0(2)) (see See. 2.3) of simulated @ and U noise maps. Averages and lo
bands of 500 correlation functions % (#) measured from maps containing both
white and 1, Ff noise, before and after destriping, are comparsd to the pursly
white noise cass in Fig. 5.7 for the same knes frequencis as in the previous
test. As ecpectad, the correlabed ncise is stromgly reduced by the destriping
procedure, the residuals falling within the statistical error of the white noise
cass for fipe = ff:d_.

The polarization power spectra. Cg and Cg; can be obtained from the mea-
gurad corrdation functioms by inverting eqe. 2.21 [&7, 156, 109]. If the correla-
ticn functions are measured directly on @ and U maps via I_'-'I_r.'".';“] operaticns
{ Nps= being the number of pivels in the measurad map), this method has the
advantage of avoiding edge problems arising when using fast spherical trans-
forma [26].

The region of low multipoles is the meost sensitive to low frequency residuals,
some contributions being always found here even after the application of other
destriping techniques [95]. Even though residual noiss correlations can be mod-
eled and subtracted from the measured 9% (#) functions before integration ,
their presence translates into an increment of the rms of the messured power
spectra. A rough estimate for the case of 3P Ort is shown in Fig. 5.8
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Chapter 6

Linear & post—linear
Huctuation growth

A completely different approach to detecting DE nature can be based on the
study of structure formation. From this chapter we begin to deseribe our work

According to the gravitational instability theory of structure formation, the
initial demsity field pir) is homegeneous, apart of small Auctuations described
by the density contrast

5= gl 1
(o)

that, under the effect of gravity, shall grow into the present structures of the
world, over all scales, up to galaxies, groups and clusters.

The growth of density perturbation under their self-gravity can be treated
in the linear theory until § -« 1, but linear theory is inadequate when gravity
itzelf tales density Auctuations above unity, into the strongly non-linear regime.
Overdensities characterized by § > > 1 are known to exist, in the present world:
e.z., clusters of galaxies, the largest bound structures in the sky, are character-
ized by values of J of crder of several hundreds, although being, among cosmic
systems, these for which J kesps smallest, because of the difficulty they have to
disposs of the heath produced by gravitational contraction.

To follow structure formation we therefore nesd techniques or approccima-
tions able to deal with the non linear evolution of perturbations. In this chapter
we ghall deal with some semi-analytical approaches, studying the growth of a
spherical density enhancement and using the results of this study to work out
mazs functicns and their evolutions within the Pregs & Schechfer approach.

We shall refer to these treatments az posf-Enear, az they concern a regime
when linearity is certainly overcome, but, thanks to suitable geometrical restric-
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ticns, can still lead to results whese validity is not restrictad by probabilistic
ar puments. From this point of view, their significance is similar to linear out-
puts.

In particular, we shall repart in this chapter the post-linear trestment of
DDE models (Mainini, Maceia & Bonometto 3003a; Mainini st al. 2003), while
the numerical approach based on M-body simulations will be despenad in the
next chapter.

6.1 Linear growth

As discussed in the previous chapter, when approaching the present epoch, DDE
pressure (ppe) and energy density (ppg) have a ratio (w) comprissd betwesn
-1 and 0, but typically closs to - 1.
In the equation _
3+2§£—4xr_:p5=-:| (6.1]

ruling Auctuaticm linear evolution (here dots yidd differentiation with respect
to ordinary time), the ratio &/a o 1)1 with a proportionality coefficient which
depends on w and its time evalution, while alao the dependence of pon t iz fived
by the solution of the Frisdmann equation, linked to w. Eq. (6.1), however, has
analytical integrals, bath in the cass of a fat model with 0, = 1 (SCOM)
and in a few other casss. For instance, Carrol et al (1992) and Lahay et al
(1993) found analytical expression of the incressing mode of (6.1), in the casss
of w = —1 and w = —1,3, reading
i

c_ Mo T g a3
dla) = :-.:,-rf:])i. ) da (6.2)

where fla] = 'fI' is to be viewsd as known function of @ or .

On the contrary, in the case of DDE, no analytical ecpression for d(a) is
available and =q. (6.1) is to be integrated numerically onee aft) is lmown. In
Fig. 6.2, we report the behavior of the increasing mode for BP and SUGZHRA
models. Far the sale of comparison the behavior of dla) for SCOM is alsa
shown.

The results of eg. (6.1), which is linear, do not depend on the initial nor-
malization of 4. COnee such normalization is fixed, the values £, or a,; , above
which linearity is lost can be easily seelen. The initial value of § depends,
first of all, on the length scals of the Auctuation, usually determined by the
waye-number 2. However, until linearity holds, the generic assumption is that
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the distribution of initial amplitudes, around the average value characterizing
A given scale, is Gaussian. This however means that, even once an initial Aue-
tuation spectrum, suitably normalized, has been assigned and the length scals
iz fized, there are no single values for £, and a, ;.

In spite of that, the sclution of eg. (6.1) doss matter until = = 0, even on
scales which have surely gained non-linearity well before the present epoch.
In fact, instead of giving an initial value of § at an initial reference time to
be suitably agresd, we can avoid to refer to such time, simply telling which
value § should have today, if it obeyed linear evolution, even though such value
excesds unity, This eriterion will be followed , 2.z, to build the sovcalled Press
& Schechfer mass function.

6.2 Non-linear growth: analytical approach

Ancther preliminary step, to construct such ecpression, amounts to studying the
non-lingar evolution of a spherical density enhancement. Real density enhance-
ments are expectad to be highly irregular and random. A-prier, a requirement
of sphericity has no motivation apart of reducing the number of variables in
dynamical equations. Buch work has been however done in this line, starting
with Gunn fr Gott (1972), Gott £z Bess (1975) and Pasbles { 1980), who studisad
the problem in 3COM. Then, Lahay et al. (1991), Eke ot al. (1996), Brian f=
IMorman (1998 ) and others generalized the results to ACDM maodels. In spite of
the lack of cogent physical motivations, results obtained under the restriction
of sphericity wers extremely useful to predict physical features.

The reason of this success is only partially understood. As amatter of fact,
the standard Auctuations will have an asymmetrical growth, even when, ini-
tially, they are approximately spherical, giving place to typical pancakes. This
iz expected on & theoretical basis and has been verified since early simulations.
In spite of that, when an individual system is formed, it undergoes a phass
dubbed viclen! relarafion, after which it approaches virial equilibrium. During
thiz phase, an approcimate spherical shape is regained.

Eesides of the complete loes of sphericity in intermediate states, which can
even cause a full disruption of the system in sub-entities, there is a further point
which should be taken into account: the fact that no system is fully isclabed
during its growth.

The discussion on these points could be extended to discuss the scale de-
pendence of various effects (Sheth et al. 2001), the actual size of the virialized
region (Maccid, Murants fr Bonomebto 2003), ete. . Here we want just to out-
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line that problems exist and have been considered, although the relevance of
spherical dynamics is however mostly linked to the concordance between its
results and the real world.

In this thesis we shall discuss, in particular, the spherical growth of a den-
gity enhancement when the coemeological model comprises DDE, reporting and
widening the results, for BP and SUGRA modals, obtainad by Mainini, Maceié
Ir Bonomebto (20034) and Mainini et al. (2003h).

Lat us therafore consider a spherical perturbation, with uniform inner den-
gity within an initial radius K;, whose initial amplitude, at an initial time
to=t,__.is

A, =144, . (6.3)

The radius K = rE; of the parturbation , at later times, can be found using an
equation which is formally identical the Friedmann equations yielding cosmic
acceleration and reads

f Iy fas ot (L4 3w _
E=—.H]-' l_:% +'-!".i|:i) +w‘| ] fﬁ-'“
r 2r L

2P

Hera all quantitiss with subscript ¢ refer to the initial time. In particular 0..;
and 1. ; are the density parameters for non-relativistic and relativistic mather
at that time.

If A; > 1 the Auctuation will eventually stop its growth and start to recon-
tract at a time ty. (furn-arownd), when its radius is H.. [gnoring pressure and
assuming that the configuration remains spherically symmetric, ab a laber time
t.; (corresponding to a redshift =) of arder 2 ¢, the recontraction will lead to
full recollapes and Auctuation density would be infinite, becanse the radius B
formally goes to zsro. The value of - depends on the amplitude of the initial
fAuctuation 4; and, to give its value, we should first agree on the exact time ;.

As above outlined, it is simpler and model independent to use, instead of 4;,
the amplitude 4. that the fAuctuation would reach at ., in the linear theory,
evenn though such value is obwiously % 1. For SCDL, independently of the
scale mize and o_,

J7°FM = 188 (6.5

(s==, ax., Colss £ Luecchin 1995). For any other modd, §_ does depend on =_.

The process of recollapes down to nil is obviously unphysical. In the con-
traction stages, potential energy turns into heat and, unless microscopic kinetic
energy can be successfully radisted away, contraction will stop when virial equi-
litrium is attained and the Auctuation size is B,. Requiring energy conserva-
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Figure 6.1: Time dependence of the radite of a density fuctustion in various models:
hotizembal lines, st the right, indicate the Ry /R; abbained at #. Similar plobs can be
given when full recollapes iz expected ak £ < #.

tion and virial equilibrium we obtain the following algebric cubic equation for
T = H,/ Fi:
5 l4wie.) 1

B 2y * dulaa) =5 (58)
where f 5 5
. ].—'.-:l.n _ﬂ] ".H}': "ﬂj _a
(o) = L= =10 _) _) | (61
vle) = o= i_ﬂ_ I:~.'= (6.7)

These equations can be applied to the case when the underlyin g model comprises
DDOE. We can use, in particular, the expression of ¢(a) of the meodel assigned
and the dependence of 7, on the scale factor e, obtained for such modsl.

Results of such approach are shown in figure 6.1, wheare we plot B(t) for
two BP potentials (A/GeV = 107 and 10°) and ACDM. SUGRA potentials
vield curves intermediate between BP and ACDM modds and just slightly
dependent on the energy scale A A careful inspection of the figures shows
that, at variance form SCOL and ACDR, BEP models have a slight asymmetry
betwesn expansion and recontraction, dus to the evolution of DE density. In
Fig. 6.1, the virialization radius & ;. from which A is computed, is also shown
(shert horizontal lines).

The actual radius of the final virialized halo is often larger than B, ow-
ing to deviations from spherical growth in the real world (Maccis, Murante f-
Bonometto 2003). However, H, is a good starting point for statistical analysis.
Multiplying eq. (6.6) by 2y and taking then v =0 (ie. 0,. = 1: SCOM), we
recover that @ = 1,2 In general, the roct = lags slightly below this value

Figure &.2 shows the linear and non-linear growth of adensity contrast, for
SCDL, ACDH and a KPP models normalized to have 2, =0. Similar plots can
be made for any redshift of collapse. The Figure can be usad to find the initial
amplitude A; ab any given redshift z; and the value of 4. for a perturbation
collapsing ab present. Using the final valus of A we obtain the virial density
contrast

A_=0 A (6.3

In the linear and nen-linesr casss, dewvistions from the SCDOM behavior
often compensats and the final values of 4. are just slightly model dependent:
in figure 6.3 we report the dependence of J. on the matter density parameter
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figure=fig,/lin.pe angle=0. height=3.0truscm

Figure 6.2; Nermalized linear {beobbom curres) and non—linear (bop cimres) amplitide
of denzity Auchiations for SCOM (dotbed), (dashed), and BP (full] models. The am-
plitude of Auckuation was normalized bo have collapss the perbirbation at o = 0.
Similar plote can be given for collapse ab any other redshift. The density contmast
A= _";i_-_,'ﬂ.'m. wo = the alve of w ak - =

figure=fig/ deltac ps.angle=0. height=8 0truscm

Figure 6.3 The dependence of §, on the matker demmity patameter 2 ab - = 0 for d
EF (A/GeV = 107, 10*, 10F and 10F) and 2 SUGEA models (A/GeV = 107 and 10°).
A rahies increass fom bop b0 bolbom cutres.

D at 2 =0, for 4 BP and 2 SUZRA modds and in figure 6.4 its dependence
on redshift for 0,, = 0.3 for the same models.

Cm the contrary, the spread among the virial density contrasts A, is large
as indicated by figure 6.6, which shows A, as function of 0., for different
models. The evolution of A, with redshift is also model dependent, as shown
by Figurs 6.7,

For practical uses it is important to provide an analytical approcimation for
A .. The expression we shall give is valid at any redshift -, providad that we
know the matter density parameter 0, at that redshift, and reads

Ao = 178 nilSmdd (6.9)

s0 that the essential quantity is w(,,,A), for which the general expression
a+507 haolds, with ¢ = 1(2) for BP (SUGKEA) models. The paramsters a and
b are given by

a=or+ta. b=bi+b, {&.10]

whers
A= log (A /3aV) {(G.11)

and the cosfficients are given in Table 1. Figure 5 shows the dependence on
A of the differences |AT™/AS™ — 1|, at = = 0, for modsls with h = 0.7 and
different values of X, a5 a function of 0,,. (Here A™™ iz obtained from the
full numerical treatment, while A" is the expression (6.9) ) Discrepanciss stay
beloow 0.5 % for any 0, = 0.15. However, for large A, the approximation is even
betber: = 0.2 %, for any 0,

figure=fig /deltac 2 pe,an gle=0. height=2.0truscm

Figure 6.4 The dependence of §, on the tedshift - is shown for 2, =03 and = 0.7,
A vahies ate the same as m fig. 6.2



The mags funciions and thelr evolufion 113

figure=fig /D if pe angle=0. height=8 0truscm
Figure 6.5, Frachional dizcre pancy betresn mimerical and analrfical resilts on A,

Table 6.1 Interpolation cosfficients for &
I'ﬂl:IdE]. 29 [en] b]_ bty

EF —L45 x10-% 0186 —0.011 0.zz
SUGRA —225 »10-% 03545 001875 —0.1225

6.3 The mass functions and their evolution

One of the meost frequent applications of the spherical collapss modd is to
predict the mass function of bound abjects using the Press £r Schechter (Press
£z Schechter 1974) formalism. According to their arguments, the cumulative
mazs function (the comoving mmber density of cbjects of mass greater then
M)

N> M]:i[:ﬂ(mm (6.12)
is obtainable from
2% i -5 Sy &
o= () S lEe(g) . e

n({1{) being, therefore, the number density of cbjects with mass between 04
and M 4 d04:

In the above expression, holding at any redshift =, {p.) is the background
matter density at such 2. Then, according to the previous section, 4. is the am-
plitude attained by a Auctuation at such redshift - according to the linear equa-
tiom (G.1), if its initisl amplitude is such that it would fully reccllapse at that
z,in the spherical non-linear approximation. Finally o, is the rms fuctuation
amplitude, at that z, over a comoving smoothing scale B = EEH.-'I-J.‘II:'P.,H:I:II"E.
In the expression of

o
Ty =

deLP (ke z) WEg(kR) (6.14)

(2=

fi sure=fig,/ Del Om.pe angle=0._height=8 Otruscm

Figure 6.6: 2,, depandence of A for diffetent commoksgies. B P and SUGEA modals,
at : =0, have a pressure/densiby ratio w, = w of the comstant w models shoorn, The
full cuirve i= for A CDLL
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figure=fig,/Ddz ps angle=0. height =8 Otruscm
Figure 6.7 Bedehift dependence of Ap for difletent commologies. BP and SUGEA

models, at - = 0, have a pressure/ denmity rabio wo = w of the constant w models
shown. Salid ctitves are for SCOM [upper hetizortal line) and ACDM.

figure=fig /pk.psangle=0_height==8 Otruscm
Figure 6.3: Power spectrum at z = 40 for and DE modds, all power spectrum
are normalized to have the same og at 2 =0.
the main quantity to be specified is the filker Wrg(x); in meoat applications, a
top-hat filber, wheose Fourier transform reads

zin

—v:n:-s:..r') . {6.15]

\ 3
17'THfTJ=—"[
=Y T

iz suitabla. The power spectrum of density Auctuations Pk, 2] is cbtainsd from
the primeval spectrum Ak™ and the transfer function Tk, z):

Pilk,a) = AT,z . (@.16)

Here below a Harrison-Zel’'dovich primordial power spectrum (m = 1) has been
however assumedd.

In order to work out the mass function at ant :, thersfors, the essential
ingredients are (i) The spectrum normalization. (i) The transfer function
T. Accordingly, the mass function and its evalution can be evaluatad, also for
CCOE models, as soon as a linear program vislding Tk, =) is available and a
normalization is assigned | e.g. through a value of o on a given scale, at = = 0.
As is usual, the normalization length scale considersd in our wark is 8 A~ hipe.

Quite in general, o3, and N > 1f were caleulated for DDE models, us-
ing the transfer function obtained from a suitable generalization of the public
program CHEFAST, obtained in our ressarch group. Initial conditions for den-
gity fluctuations in DDE were set according to the tracker solution in radiation
dominabed era (Steinhardt, Wang & Datev 1999; Zlater, Wang, & Steinhardt
1999 . DDE fuctuations, taken into account in primeval fluctuation evolution,
are dampad scon after a scals enters the horizon and, therefore, are not im-
portant in further fuctuation evolution. Aeccordingly, in ocur problem, their
relevance amounts to causing some modification of the transfer function. {Cn
the contrary, they cause major modifications of CME anisctropy and polariza-
tiocn ). In figure & .2 is shown an example of the power spectrum for BP, SUGZHRA
and models. The first finding of cur analyzis is that the difference betwesn the
mass functions for BP or SUGHA models and the mass function of a ACDL
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fisure=fig /MF1.ps,an gle=0. height=8 truscm

Figure 6.9: The number density of clusters is shown for standard COMM ( lowest
curve|, OCDOM (long-short dashed upper curve), ACDR (solid intermediats
curve), 2 HP (long dashed curves) and 2 SUGHA (dotted curves) models. The
valuss of A/ @V are 10°, 10° for RP and 107, 10" for SUGKHA, starting from
the lower curves.

figsure=fig /MF 2 ps,an gla=0. height=8 Otrusem

Figure §.10: The number demszitiss of the previous plot normalized to the valuss
in OCD are shown.

model, at z =0, bear quite a scarce significance, being smaller than the differ-
ence dus to 4 shift by 0.05 in the primeval spectral index. The intrinsic noiss
of data is then asaricus obstacle to any abtempt to determine the nature of DE
uzing cumulative mass functions at - = 0.

On the contrary, we found a clear imprint of the nature of DE in the eve-
lution of the number density of clusters above a suitable mass scale 14, In fig.
6.9, we give the number V of the cluster with 14 = 69 . 101 h 104, expectad
in a box of side L = 100 A~ Mpe, as a function of redshift. The numbers at
z =0 are normalized to an identical number of clusters at z =0, for all modes
(N{z =0) = 0.18). In figure 6.9 we give the ratio between the number of
clusters expectad in various models and the number expected in an open COLI
model with the same value of 17,,. The mass here is sslectad 20 to correspond
to a cluster whoss virial radius is an Abell radiuz in a standard CDOL model.
A similar plot, for a slightly smaller mass, was given by Baheall, Fan £z Can
(1997), far standard COM, ACDK and OCDM only (for a recent analysis of
the constraints that cluster mumber counts set to the coemological maodel, s2a,
e.g., Holder, Haiman fz Mohr, 2001).

The main results of this analysis (Mainini Maceis and Bonometta 2003,
ses alzso Bainini et al 2003b ) is that the cluster evolution depends on the nature
of DE in a significant way. Models with BP potentials approach the evolution
of open OO models as the energy scale A increasss. On the contrary, the
evolution of SUZEA models is intermediate between open CDM and ACDLI
maodels.
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Chapter 7

Nbody Simulations

When Auctuations enter in 4 strongly non linear regime (ie. § == 1) the cnly
way to follow ther evolution is via mumerical tachniques.

Structures formation models atbempt to reduce cosmology to an initial con-
diticns problem. Given the initial conditions (a background coamological modsl
with specified composition of matter, radiation and fields, such a5 cosmelogi-
cal constant or DDE, and primordial fuctuations for all these components) the
poal is to computs, using wal-known laws of physics, the evolution of structures
from the Big Bang to the present daxy.

Mumerical simulations play a very significant role in ccemeology. The first
sirmuilation of interacting galaxies was performed in 1947 by Holmber g, using an
analog optical computer. Gravity was representad by the flux from 37 lighbulbe,
with photocells and galvanometers used to messure and display the square
inverse law force. The first astronomical V-body computations using digital
computers were made in the early 19608 | Aarseth 1963). Thess early simulaticns
were limited to at most about 100 particles (now simmulations are able to handls
billions of particles).

In this chapter we first summarized the equations of motion that it nesds
to integrats in an M-body simulation, and their modification in the presence of
DE. Than we describe in detail the M-body code ART (Kravtsov et al 1997)
and its new versions able to deal with dynamical dark energy and coupled dark
energy (Maccid et al. 2003). For a more general discussion on the different
aspects of the simulations, including history of the subject, see the review by
Bertachinger (1998 ).
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7.1 Particles Dynamics

Usually the problem of the formation and dynamics of cosmological objects
is formulated as W-body problem: for W pointlike objects with given initial
positions and velocities find their positions and veocities ab any later moment.

The correct approach to follow the motion of particles is to start with the
Vlasov equation:

"-Il-i'_:r-i + |:~£) 'l'l_l.'_:r- - m'l"_l:r-"lrj{"t]'l"_Pf =0 |r|_]._|

where f; are the distribution functions of the different custered components §
{here we neglect the baryomic compeonent, which of courss is very interssting , but
would com plicats our situation even meors) and ¢ is the gravitational potential.
This equation for the evolution of f; must be considered together with the
poission equation in comoving coordinabes:

T = dvCd (p(%.t) — (om(t))] = 470" Nndmie .
Jml(%,t) = (pm— (om))/Oml], (7.2)
a™ E m,-ll||' dpfiilxa.®,1)

Pm (x,)

Here @ = (1 + z)~! iz the eipansion parameater, p = a“% is the momentum,
My is the contribution of the clustersd dark matter to the mean density of the
Universs, m; is the mass of a particle of i —th component of the dark mattar.
From eqs. (7.1) (7.2] it is possible to work cut the equation of motion in an
expanding universs:

.:'.'_p ax P

=—Vas, —— = (7.3]
dt Vg T 3

It is convenient to use the expansion factor @ as time variable instesd of

d ,

EP = —g(n,Ooe,a] Tap

S (0. Rpg.a) L (7.4
da a

Tie = ArGN,d.p.p/a,

In these equations g, g is the eritical density at » = 0 and g = dt/da. If there
iz no coupling ¢ can e writben as:

.
gt f | 0.0 .
" da l'\ "\ e*n.ig) -4
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where .0 is the present day dark matter density parametsr. In this case (no
coupling] the different cosmological models contribute to the motion of parti-
cles only trough &g (7.5), 50 to include dynamical dark energy we just nesd to
compute g, this means that we nead to know the time evolution of 7,,. Unfor-
tunately for DDOE modes no analytical eccpression of 0, (2] is readily availabls,
in section 7.5 we provide an accurabe approximate expression of 0, , for various
redshifts and for different Dark Energy models. To solve numerically the above
equations different techniques can be applied, they are brisfly describes in the

neit saction.

7.2 Codes

There are many different numerical tachniques to follow the evolution of 4 svs-
tem of many particls (Bertshinger 1998). hlost of the methods for cosmological
applications can be dividsd in thres main categories: Particle—Nhlssh (PL) code,
direct summation or ParticleParticle (PP) code and THREE code. All methods
have their advantages and their disadvantages.

# PP: Particles Particles approach is the simplest way to computs the force
among particles: the force experimentad by cne particle is obtained by a
direct summation of the force dus to all the other V particles:

Gi‘ﬂji‘ﬁjb{i —J{]_I

o (@4 —xf2)?

i

(7.6

where ¢ iz the softening parameter used to suppress forces on scale < &,
Becanse of the number of aparation to be done at sach step is O VF) this
approach becomes prohibitively expensive onee N = LO*.

# PN [t uses a mesh to compute density and potential. The equation of
motion are the solved an the mesh using & FFT (Fast Fourier Transform)
algorithm . The main advantages of this method are: i) it is faster than
FFP,the number of operation is linked with the number of cells of the mesh
(W) and it scales as [V log IM,) ii) it permits to use a large number of
particles. The problem is that the grid method iz only able to produce
reliable inter particles forces down to a minimum of At least two grid cdls.

# TREE code: particles are divided in groups and subgroups in a sort of
tree-like hierarchy, The baszic idea to computs the force on a particlss is
to treat the groups of particlss far from it a5 a single big particles with
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pogition in the baricenter of the group and total mass equal to the sum
af the massss of all the particles belonging to the group (Bammes £ Hu
1986; Hercuist 1987 ). This is the most fexible cods to but it is more time
expensive than a PII.

7.3 ART CODE

Kultigrid methods were introduced long ago, but only recently they starbed
to show a potential to produce real results. An example of a fully adaptive
multi grid code iz the Adaptative Refinement Tres cods { ART). The ART code
starts with a uniform grid, which covers the whole computational box. This
orid defines the lowest (zercth) lavel of resolution of the simulation. The stan-
dard Particles-Iesh algorithms are ussd to compute density and gravitational
potential on the zercth-levd mesh. The ART code reaches high foroe resalution
by refining all high density regions using an antomated refinement algorithm.
The refinements are recursive: the refined regioms can also be refined, sach
subsequent refinement having half of the previous levd’s cdl size. This e
ates ahierarchy of refinement meshes of different resclution, size, and geometry
covering regions of inberest. Because each individual cubic cell can be refined
{cr de-refined), the shape of the refinement mesh can be arbitrary and match
effectively the geometry of the region of interest.

The criterion for refinement is the local density of particles: if the number
of particles in a mesh cell (a5 estimated by the Cloud-In-Csll method) awcesds
the level my,e. the cell is aplit (“refined”) into 8 cells of the nevt refinament
Ievel. The refinement threshold depends on the refinement level. For the zero™s
Ievel it i3 ek = 2. For the higher levels it is set to Mikeh = 4. The
Poisson equation on the hierarchy of meshes is solved first on the base grid
using FFT technique and then on the subssquent refinement levels. Theare is
no particle-particls summation in the ART code and the actual fores resolution
is exual to ~ 2 edls of the finest refinement mesh covering a particular region.
The code uses the ecpansion paramster & as the time variable. During the
integration, spatial refinement is accompanied by temporal refinement. Mamely,
each level of refinement, [, iz integrated with its own time step Aay = Agy /T,
where Aay = 3 # 10~2 iz the global time step of the zeroth refinement leval.
When a particle moves from one level to another, the time step changes and
its position and wvelocity are interpolated to appropriate time moments. This
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figure=fig/ Omegafit.ps angle=0. height =8 Mtruecm

Figure 7.1: Frackional discrepancies bebween the apptasimabed expression (7.9) and
nummetical daka.

variable time stepping is very important for accuracy of the results. As the
foree resclution incresses, more steps are nesded to integrate the frajectories
accurately. Thecode adopt a standard second order leapfrog integration scheme
of advancing particles to the next time step. For a step n, corresponding to
time step @, = @in: + ndha, the moments and position of particles (sse age
(7.58]) are updated as follows:

Pyt =P, t — 8. Moe.8) Vi, la (7.7)
V4L

J{n+1=3'{n—5'|.r-'-!=m-'-’-'.:'£=ﬂ] ;+':—"'-f-' (7.8)
ek

Here the indices n, 7 4+ 1 and rz:l:% refer to quantities evaluated at a,, a,
and o, £+ Ao/ ? respectively. Extensive tests of the code and comparisons with
ather numerical V-body codes can be found in Kravtsoy (1999) and Knebe a
al. (2000).

7.4 ART CODE modiications for DE

For what regards DDE modd the ccameological model enter into the code only
in the g acpression (eg 7.5) through the 0. (e) evolution. In BP and SUGHA
models, ab variance from models with w = const, no analytical expression of
Mele) iz readily available, the cnly way is to solve numerically the Fredmann
equations. This approach is very time consuming for the code, because we nead
to re—caleulate it ab every time step. An accurate approximate expression of
1,,.. for various redshifts and for different models is then ussful. We found the
following fitting formula. (Mainini et al. 2003b):

Dafa) =1 = (1 =R /(14 2) =0, (79)

where aiz, }) =a+b4+d/(1+z) with d =0 for KP modsls. Paramsters a, b,
¢ and d have the same structure as eq. 6.10. The coefficients are given in table
(7.1].

Figure (7.1) shows theerrors of approcdmation [0 /050 — 1| as a funetion
of the redshift » for two BP and for two SUGHA models with 7, = 0.3 and
h=0.7.
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Table 7.1: Coefficients far 0, (2]

Parameter 0, = 0.2 N,. =03 N, =04
RF

a4 —RG38 % 10~% —2119 % 10—° —3.365 = 10—°
an —03813 —0.253 0.207

by —2460 % 10~% —1833 % 10~° —1.38d = 10"
bo 1.382 0.975 0628

£y —5060 « 10~% —@G975 « 10— —8.394 = 10—
£o 8460 % 10°° 977l »10°% 0.119

SUGRA

a4 —8.466 « 10~ —9.16L « 10— —2.035 = 10—°
n 1.383 1415 1.427

by —1.38G » 10— —1.753 » 10-% —1.336 = 102
b —8.521 % 10~% G890 £ 10— —1.280 « 10"
e1 —3.935 % 1077 —4421 © 107 —4.203 = 107
i 0.710 0 G 0.@82

d 2088 » 107 1875 = 10-* 2,212« 10°°
dn —0.883 —0&21 —0.416

7.5 ART: combining openMP MPI

The resscns to design a hybrid MPI+OMP code is to combat two issues: (i
ORFP parallelization is not very efficient. Scaling depends on particular com-
puter architecture. (ii) Memory is very substantial to run the code. OMP
provides a way to access a larger memory. When we use OpenlIP all memory
of a node is accessible for the code. When using 4 processors, the memory
accessible for a task quadruples.

We use rectangular domains for MPL paralldization. The whole simulation
volume - a cube - is split into non-overlapping fully covering parallelepipeds.
Each domain is handled by one MFT task and can spawn OpenlIP threads.
Boundaries of the parallelepipeds can meove as time goes on in order to equalize
the load of different MPT tasks. Figureon the right gives an example of possible
splitting of the computational volume in 20 case. HNote that boundaries in
si-direction are allignad, but they are not alligned in 3 {and z-) directions.
Each boundary can move but only ab the beginning of a zero-level time-step.
Cnee the zero-level time-step is completed, information on cpu consumed by
different BIFT tasks is used to adjust the boundaries to improve the load balance.
Boundaries of the domains can have only discrete positions: they can anly be
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placed at boundaries of the zero-level mesh. The number of degress of fresdom
can be very large. @t depends on the mumber and the configuratiom of the
deomains. For the division of the volume by n. domans in x-direction and ny,
7, in ¥- and z-directions, the number of degress of fresdom is I:-i'I_,_.i'IHi'L —1].

Even if ART provides two routine for two different ways of using this large
number of degress of freedom to improve the load balance, the problem of
time scaling is reduced but not eliminated. When it is not neadad a larze
number of particles you can simulate separately a lot of boxes simultaneously,
and the openlP code inserted in a simple MIPL driver is very appropriate. In
this case, every similation is indipendent, there is not communications betwesn
processors, the time scaling is the best (scaling with the number of processcrs)
and time tail of singles jobe is missad.

As we will s=a this program is utilized to produce many beoces of G004 peh 1
in short time to build power spectrum, bispectrum, trispsctrum in nonlinear
regicm under the 1004pech—?, in fact the contribution from scale bigger than
G0 pch—?! is unimportant, so to increase the statistics in shorter time as pos-
sible this solution is the meost rewarding,.
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Chapter 8

Open Physical Problems and
N-Body Simulations

In this chapter we aim to interface some open physical questions against the
potentiality of n-body codes in general, and ART in particular, when used on
axailable supercomputers.

The critical issue, in this respect, is the available dynarweal range, 1.e..
the ratio betwesn the zize of the box we plan to simulate and the resolution
we can achieve. Limitations on the dynamical range are seb by the available
SUpSTCOINPULST MeTnory.

Uzing a n-body code besed on adaptive PIY, it is possible to predict the
mamnory requirements nesded to define initial conditions, but it is harder to
get a pricri the actual memory request during the run. Inm particular, there
will be a further dependence on the size of the box itsdf, as wider boxes deal
with scales where non-linearities are less developed and therefore require not
g0 many refinement levels as amaller boxes.

An indicative request, however, is that, if we run a simulatiom with 3
cells, W? particles and NV = 512, we approcimately nesd 10 GE of memory. As
meamory requirsments scals approcdmately as V3, a memory limitation ~ 1314
ZE, forbids dealing with any greater dynamical range.

We can however get partially rid of this limitation by running first a sim-
ulation with a smaller resclution. This can allow us to inspect where clusters
are. Then we shall magnificate the envircnments of clusters, with a resolution
corresponding to W = 1024, In a single run we may be unable to magnify all
interesting clusters, tut we have no a—prior limitation on the numbser of runs.

In Fig. 7T we show how this technique works in a case where it was pushed
to ita extrems.
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figure=fig,/ magnif eps angle=0. height=10.0truecm
Figure 3.1: A cluster selected in a 300A-1Mpe simulation box is gradually
magnifisd, to be finally shown in a box enclosing just its virial radius. When
magnifisction is operated, the resclution of the simulation is incresassd in the
restrictad frame, but the whele simulation still runs, although with a smaller

resolution, in the whole b, so that the formation process correctly feels also
all excternal gravitational acticns.

8.1 Concentration Distribution Analys=is

La us then discuss which result we can achieve if we simulate a box of the
Universe whoss sideis L = @0A~ Mpe . In tarms of wavenumbers

2z L, (8.1)

ll'|
=

this correspondss to & = 0.105 ALdpe—?!. Mon-linearities, in the present epoch,
eccbend up to ~ 10A~'MMpe and then to & ~ 0.6 Akdpe~!. Accordingly, on the
boundary of this box, the cosmic evolution is still widely linear and, even ne-
glecting longer wavelengths, we run little risls to neglect important physical
features.

The minimal scale resclved by a similar run is then - 2 ® &0/102d4 =
0.11 A= *Mpe. The virial radius of & galaxy cluster of mass 11, in the present
epach, reads

h_fT'_’IPC =168 [xm =
whera A is the virial density contrast of the model considerad . For instance, a
cluster of 4 - LOMA~1 45 in a ACDBI model with A = 100, has a virial radius
B, = 15h"! Mpe h—t.

If we are able to solve ~ 0.11A~'Mpe, this means that we can test the
shape of its radial concentration down to ~ 1/ 14 of its radius. The expected
concentration, in this range of masses, is ~ 5§ and we are therefore able to study
the concentrations of such clusters.

However , when we inspect smaller mass systems, their virial radius decresses
az ~ MVY2 while the expectad concentrations increass. Hence, if we study
chjects with 14 ~ 8. 10%a~ 14y, their virial radius is B, ~ 0.75 2~ Mpe, and
a resolution of 0.11 A~ 'Mpe allows to inspect their concentration only if it is
<= 7. This iz just a little more than the expected average concentration cn
this mass scale and, therefors, we can hardly study concentration distributions
for elusters beow 14 ~ 8- 102~ 04,.

1.3
Py lsn) 52)
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In order to push ocur study to lower mass acales, we nesd considering a
smaller bo andjor using a higher dynamical range The former option is risky,
as we exclude more and mors long wave lengths; the latter one clashes against
compubsr features,

Accordingly, the optimal choice with the available mumerical facilities
amounts to dealing with -~ @1h ~Mpe berea,

Another important question concerns the mumber of clusters we can ax-
pect, in 4 given mass range, in such & box. This is fixed by data and spectral
normalization must be such to produce the cbearvational numbers.

For the above scals of 4- 10 A~ 4 , in a 100 A~ Mpe cube, we can expect
~ 3 cluster. Mo significant statistics can be however done with less than - 10
clusters. Heneewenesd a total valume - 3-1+100% A~ Mpe? ~ (150 A~ Mpe)®.
Accordingly, we nesd to run, at least, ~16 boces with a side of 602~ Mpe.

Dur computer facility doss however allow us to run up to 32 simultanous
bores, making use of MFPL paralldization. Hence, we can test 2 different choices
of parameters with a single run.

8.2 Non Linear Spectra Analysis

A B0A-1Mpe box can however be also an optimal choice to study non-linear
sp=ctra.

In the present epoch, non-linearity erctends up to &k ~ 0.6 AlMpe—?!, but, at
4 greater redshift, it gradually concerns only greater and greater wavenumbers.

The comeoving length reached by non-linearity, in a S3COL modd increases
with the scale factor 2. In this model, therefore, we can soon indicate at which
redshift non linear features will no longer be visible within our dynamical range.
It must however be clear that such inspection does not only require that non-
linearity can be noticed; we do need to see a wide spectral inberval where it
iz developped. Accordingly, at : = 0, where non-linearity extends up to ~
10 A= 1pe, we nead to inspect ~ 2-3A~!Lipe. In arder to reach a redshift - 4,
we nead a resolution ~ 0.5 A~ Lipe.

Let us however cutline that this aim must be achisved bafore applying the
magnification device, a5 we nesl to uss whale box harmonics. With a 256°
resolution, we can eipect to study non-linearity up to this scale, in a SCDL
maodel.

If the model comprises a DE component , however, the evolution is slower
and we can tentatively plan to go up to a redshift » =5 .

Az a general conclusion we can now focus on the features of the simulations
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to run: They should deal with ~ 16 boges with side L = G0h~ Mpe. The
whale boress should then be run with a 256% mass and foree resclution. This
will unable us to inspect the spectra up to = ~ 5.

Later we shall perform further runs, aiming to magnify ~ 10 clusters for
each mass interval we plan to use. For instance, if we plan to devide the mass
interval 0.8-4 . 10%Aa~114, in 8§ intervals, we need magnifying 30 clusters, i.e.
5 clusters per nods. Each cluster requires approccimately a 5h~0pe b, a
fracticm -« 5.8.10~* of the whole beee, whers a 1024% resoluticn will be applisd.
In each computer node, a fractiom ~ 0.3 - 10~ of the whole bov nesds then to
be pushed to maximum resolution.

If the whole box weare to be pushed to such resclution the memory require-
ment would be ~ 30 ZB. The requirement for the fraction considered is therefore
quite accessible, - 0.23 FB and can be achieved in a single run.

Altogether we must therefore run twice the same 2 modds, in order to obtain
the mumerical cutputs we nesd to inspect.

8.3 Weak Lensing Analysis

In this final section we wish to outline that simulations performed with this
criterion haye an immediate use to study weak gravitational lensing and cosmic
ghear.

This phenomenon provides a unique method to directly map the distribu-
tion of mass in the Universe (for reviews see Bartelmann [ Schnede 2001,
Mlellier et al. 2002: Hoelstra et al. 2002 Refregier 2003). The coherent distor-
ticns that lensing induces on the shape of background galaxies have now besn
firmly messured from the ground and from space. The amplitude and angular
dependence of this *cosmic shear” signal can be usad to sst strong constraints
on coemological parameters. Several survesys are now in progress to map larger
areas and thus reduce the uncertaintise in these parameters. However, future
ground based surveys will eventually be limited by the systematics induced by
atmospheric seaing. Space based obsarvations do not suffer from this &ffect, but
their statistics are currently limited by the small field of view of existing space
telescopes.

The wealk lensing power spectrum is given by (eg. Bartdmann £ Schneider
1999 Hu fr Tegmark 1999; see Bacon et al. 2001 for conventions)

-
| F

- _ 9 (Ha 4'.-,: e T el £ .
Ge=g | ) a2, [ax [mm] P[ﬁ_rnu), (3]
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where (v ] is the comaoving angular diamster distance, and v, carresponds to
the comoving radius to the horizon. The radial weight function g is
rivr(y’ —x)

rix)
n(y) bang the probahility of finding & galaxy at comoving distance v, nor-
malisad 50 that [dy niy) = 1. In eq. (8.3) the non linear power spectrum
Pk, z) play a key wole

Analytical expressions for it have besn provided by various authors, but
the basic pattern to build it amounts to perform adequate simulations. Up to
now suitable simulations, reasonably spanning the parameber spacs, wheare anly
performed for ACDR modals.

Figure 3.3 shows the lensing power spectrum for the ACDH model. Devia-
tions from the modd corresponding to variations in 0, and w are also shown,
highlighting the im portancs of non-linear evolution for £100.

Infermationon Pk, ) is nesdad up to where n(y) becomes negligibly small.
In turn this depends on the depth of the sample wherefrom n(y) is obtained.
Reasonnably complete samples can be expectad to peak around - ~ 1, and
consequently we aim at building non linear power spectrum at least up to
z ~ 2.5

We however saw that our numerical approach enables us to arrive up to
z =~ &, 80 enabling us to exploit extremely faint samples of galaxies.

gly) =12 _{ V! niy') (8.4)
Y
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Chapter 9

Conclusions

This thesis is substantially a report on work in progress. We however believe
that all scientifical texts bdong to this cathegory, as any achievement iz the
starting point of further advancements and amy reply to physical gquestions
opens new problems.

The cverall connection of the work reported here is the quest for the nature
of cosmic dark components, and Dark Energy (DE) in particular. Its very
presence, in coemological models able to fit data, is a clear indication of the
distance still running from a resascnable understandin g of the nature and origin
of the world. When Albert Einstein discoversd the poesibility to introduce a
DE term in his gravity equaticns, he first wrote a paper on it, then stabed that
it was fthe worsf blunder in his scientifical life; as though he had evocafed an
evil, which should have been kept hidden in ignorance.

We are however confident that, when DE nature will become clear and its
role will be fully peresived, the ugliness fading will be completely erasad by the
gelf consistency of the general picture. In cur opinicn, however , this step is still
far and much work is still neadead.

Difficulties in understanding DE nature essentially arise from the weakness
of signals. Laboratory esperiments on DE seam completely unimaginable, We
must therefore refer to large scale analysis, and accept those data the Universe
serves us, being unable to forge experimental devices to put ocurselves in more
favorable conditions.

In this thesis we considerad two frameworks where DE nature affects obesr-
vational materials: The anisotropies and polarization of the Cosmic Microwaye
Background (CLME| and the formation of coamic structures.

As far as CKIE is concerned, we also took part to the preparation of an
eriperiment, aimead at measuring polarization em (fairly) large angular scals
(8 =-. T, az in the COBE experiment]. This was the basic aim of cour e
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search work until the finantial support of ASL faded and the SPOrt experiment,
selectad by ESA to fly on the I35 in 2007, was substantially closed.

CKIE data are directly affectsd by DE naturs. On large angular scales,
the integrated Sachs fr Wolfe (ISW) effect bends the O, curves and doss so
differently, according to DE stabe equations. It must be however acknowledged
that using this effect is not simple, becauss of two main ressons: (i) On small
scales cosmic variance is still high; the obesrvable Universs contains too little
realizations of the process creating fuctuations, when angles comparable with
dx are considered. (i) There is a wids interplay between DE parameters and
other parameters; when compared with the expacted errors, only a detailad
analysis can allow to state how much DE parameter can be fived.

A first part of this thesis is thersfore dadicatad to the patberns to be followed
to obtain information on DE nature from CRIE ecperiments, taking then also
into account 3P Ort expected features. This work led to significant results,
collected in & mumber of papers.

Among them a particular mention is dessrved by a4 waork discussing the
measure of & cosmic features, which desply intereferes with the [SW offest, and
lead do the coemic opacity to CRE photons, . The lar ge valus of T, suggestad by
WIIAFL results, had strongly strengthened the SPOrt cass, which appeared as
the best seller experiment, to confirm W AP findings and detail their features.
Within this framework, various modds of cosmic reionization were analysad,
not only finding the related T value, but also discussing how T measures would
depend on the ecperiment sensitivity, in the pressnce of different forms of DE.
WLIAFP 3 release yielded a value of  smaller by a factor - 0.7 but the whole
ar pument stil leeps its full validity.

We concluded the first part of this thesis with a very description of the
BP0t experiment itsslf, whiose cancallation we deaply regrat.

DE nature however affects also structurs formation. While CME features
are obtainable from linear analysis, howeaver, the formation of cosmic structures,
a3 galaxies, galaxies groups and galaxy clusters, is intrinsically a non linear
precess, and thers is little hope to inspect it, if we prescind from simulations of
model realizations.

There can be however little doubts that the dynamics of these systems fesls
the effects of DE nature. In order to make this peoint, it is worth reminding that
galactic bodies are the smallest systems whoss formation is essentially ruled by
gravity. Smaller systems, inside galaxies, are essentially shaped by dissipative
dynamics. Even galaxy formation is partially affected by non-gravitational
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phaenomena. However, galasxy distributions on mass and in space are essentially
ruled by non—dissipative dynamics, which can still be approached by n-body
simulations.

Then, on scales greaber than galaxies, pure gravity is the main dynamical
agent. This doss not mean that dissipative phasnomens are unimportant in
our understanding of galaxy systems. For instance, the main emmission from
galasy custers is due to X-ray photons, emitted by accderated charges in
free—fres encounters, within the hot gas which fills them. However, the overall
energy emitted in the whale history of a single cluster is negligible in comparison
with its potential and kinetic energiss. Times scales for dynamical actions of
dissipative phasmomena. are therefore too long, and the whole dynamics is to
be raferred to gravity.

This is why purely gravitational n-body simulations are suitable to gain
knowledge on super—-galactic systems. DE affects gravitational phasnomena in
various ways. The basic actions, however, amount to a change of the overall
expansicn rate of the Universe and to a desp modification of its gecmetry.

The former effect must betalen into account when performin g simulations,
while the latter one becomes essential when we aim ab comparing simmlakion
results with observational maberial.

We started our simulation work within the ccemology group of MMilano—
Bicooca University, where a mimerical algorithm (ART), created by Klypin
£z Bravtsov, had been modified to account for expansion rate alterations in
different DE models. The first simulations of dynamical DE modds have been
performed there in 2003 and only a couple of groups are still able to parform
similar sirmilatioms, all cver the world.

In this thesis we report the phyzical modifications to be included in the
ART code, in arder to perform DE n-body simulations. We then describe the
structure of the ART program, a fully parallel program, simultanecusly using
openlF and MPIL parallalization tachniques. We finally describe our approach
to implementing this program on the Sph machine of the CIME CA consortium.

We did so in ainnovative fashion, which tales into aceount the tar get of our
whole regsarch program, and exploits in an criginal way the MPL parallalization,
to run separate realizations rather than to inspect separate areas of a unique
wider realization. This choice spesds up the computational procedurs by a
factor = N-VT N = 37 being the number of the nodes used. Without this
device, our research would require -~ 3 months of computations, reduced to
little more than 2 wesls by our implementation.
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When this thesis is being written, the compu tational work is in progress. We
are therefore unable to report its results. It should be however cutlined that,
also when the whols set of cutputs will become available, so that an important
step forward wil have besn accomplished, there will still be much work to do,
to insert our cutputs within a precise cbeervational program.

This program is aimed af inspecting DE nature through cosmie shear anal-
yvais. Cosmic shear essentially arises from the weak lensing effect. Waak lensing
doss not produce astonishing pictures, with multiple images, as strong lens-
ing doss. However, while strong lensing requires suitable geometrical settings
of coamic bodies, weak lensing iz a systematic effect, difficult to analyse, but
widespread.

Ciite a few experimenal proposals were formulated to improve the analysis
of weal: lensing. Among them a particular mention is dessrved by the DUNE
excperiment, which will be submitted to the ESA call issusd om Iarch 5, 2007
Theresults of the simulations in progress bear a significant weight in supporting
such proposal, although their role is much farther reaching, and canncot be cnly
connectad with such important experimental program.

Lat us tharefore conclude this chapter by cutlining once again that this
thesis is areport on work in progress, which is inssrted in far reaching research
programs and will contimie in the next faw years.
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