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Abstract

In these lectures | review the present status of the soec&tandard Cos-
mological Model, based on the hot Big Bang Theory and the tiofiary
Paradigm. | will make special emphasis on the recent densdops in obser-
vational cosmology, mainly the acceleration of the unigethe precise mea-
surements of the microwave background anisotropies, amdotimation of
structure like galaxies and clusters of galaxies from tingnpdial fluctuations
generated during inflation.

1. INTRODUCTION

The last five years have seen the coming of age of Modern Cogiyych mature branch of science
based on the hot Big Bang theory and the Inflationary Paradigmparticular, we can now define rather
precisely a Standard Model of Cosmology, where the basianpaters are determined within small
uncertainties, of just a few percent, thanks to a host of ex@amts and observations. This precision era
of cosmology has become possible thanks to important erpetal developments in all fronts, from
measurements of supernovae at high redshifts to the migsol@ckground anisotropies, as well as to
the distribution of matter in galaxies and clusters of g&lax

In these lecture notes | will first introduce the basic comegmd equations associated with hot
Big Bang cosmology, defining the main cosmological parametad their corresponding relationships.
Then | will address in detail the three fundamental obs@matthat have shaped our present knowledge:
the recent acceleration of the universe, the distributiomatter on large scales and the anisotropies in
the microwave background. Together these observatioow &tle precise determination of a handful of
cosmological parameters, in the context of the inflationmding cold dark matter paradigm.

2. BIG BANG COSMOLOGY

Our present understanding of the universe is based uponutteessful hot Big Bang theory, which
explains its evolution from the first fraction of a second to present age, around 13.6 billion years
later. This theory rests upon four robust pillars, a thecaétframework based on general relativity,
as put forward by Albert Einsteiril[1] and Alexander A. Frieaim [2] in the 1920s, and three basic
observational facts: First, the expansion of the univatiseovered by Edwin P. Hubblgl[3] in the 1930s,
as arecession of galaxies at a speed proportional to tistédie from us. Second, the relative abundance
of light elements, explained by George Gamaw [4] in the 194@&inly that of helium, deuterium and
lithium, which were cooked from the nuclear reactions thaktplace at around a second to a few minutes
after the Big Bang, when the universe was a few times hottar the core of the sun. Third, the cosmic
microwave background (CMB), the afterglow of the Big Bangcdvered in 1965 by Arno A. Penzias
and Robert W. Wilson[]5] as a very isotropic blackbody radiatat a temperature of about 3 degrees
Kelvin, emitted when the universe was cold enough to formtna¢atoms, and photons decoupled from
matter, approximately 380,000 years after the Big Bang. aypthese observations are confirmed to
within a few percent accuracy, and have helped establishahBig Bang as the preferred model of the
universe.

Modern Cosmology begun as a quantitative science with therddf Einstein’s general rela-
tivity and the realization that the geometry of space-tianeg thus the general attraction of matter, is
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determined by the energy content of the univer$e [6]
1
Guw = Ry — ig,u,R +Agu, =8rGT,, . @

These non-linear equations are simply too difficult to salwthout invoking some symmetries of the
problem at hand: the universe itself.

We live on Earth, just 8 light-minutes away from our star, 8w, which is orbiting at 8.5 kpc
from the center of our galaxythe Milky Way, an ordinary galaxy within the Virgo clusterf size a
few Mpc, itself part of a supercluster of size a few 100 Mpahiwi the visible universe, approximately
10,000 Mpc in size. Although at small scales the univers&doery inhomogeneous and anisotropic,
the deepest galaxy catalogs like 2dF GRS and SDSS suggettehmiverse on large scales (beyond the
supercluster scales) is very homogeneous and isotropicedver, the cosmic microwave background,
which contains information about the early universe, iaths that the deviations from homogeneity and
isotropy were just a few parts per million at the time of pimotiecoupling. Therefore, we can safely
impose those symmetries to the univerge at large and deteriiné corresponding evolution equations.
The most general metric satisfying homogeneity and isgtimthe Friedmann-Robertson-Walker (FRW)
metric, written here in terms of the invariant geodesicatiseds? = guvdxztdx” in four dimensions/[6]
uw=0,1,2,32
dr?
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+ 72(dh* + sin? 0 d¢?) | (2)

characterized by just two quantitiesseale factora(t), which determines the physical size of the uni-
verse, and a constaif, which characterizes trspatial curvature of the universe,

oK K=-1 OPEN
R = —— K=0 FLAT (3)
a*(t) K=+1 CLOSED

Spatially open, flat and closed universes have differemietigeometries. Light geodesics on these uni-
verses behave differently, and thus could in principle bérfjuished observationally, as we shall discuss
later. Apart from the three-dimensional spatial curvature can also compute a four-dimensiosphce-
timecurvature, )

@R =62 +6 (9) el 4)

a a a

Depending on the dynamics (and thus on the matter/energgmmdrof the universe, we will have dif-
ferent possible outcomes of its evolution. The universe m@and for ever, recollapse in the future or
approach an asymptotic state in between.

2.1 The matter and energy content of the universe

The most general matter fluid consistent with the assumpmtfdromogeneity and isotropy is a perfect
fluid, one in which an observeomoving with the fluievould see the universe around it as isotropic. The
energy momentum tensor associated with such a fluid can tervas(|6]

™ =pg™ +(+p)U'U", (5)
wherep(t) andp(t) are the pressure and energy density of the fluid at a givenitintee expansion, as
measured by this comoving observer, &fttlis the comoving four-velocity, satisfying“U,, = —1. For
such a comoving observer, the matter content looks isatr@pits rest frame),

T*, = diag(—p(t), p(t), p(t), p(t)). (6)

1One parallax second (1 p@arsecfor short, corresponds to a distance of about 3.26 lightsyes3.09 x 10'® cm.
2| am usinge = 1 everywhere, unless specified, and a metric signdtuter, 4, +).



The conservation of energy’(*,, = 0), a direct consequence of the general covariance of theytheo
(G*,, = 0), can be written in terms of the FRW metric and the perfectlftansor[(b) as

ﬁ+3g(p+p)=0- (7

In order to find explicit solutions, one has to supplementcibreservation equation with aqua-
tion of staterelating the pressure and the density of the flgid= p(p). The most relevant fluids in
cosmology are barotropic, i.e. fluids whose pressure isitipgroportional to the density, = w p, and
therefore the speed of sound is constant in those fluids.

We will restrict ourselves in these lectures to three maiesyof barotropic fluids:

¢ Radiation with equation of stater = pr/3, associated with relativistic degrees of freedom (i.e.
particles with temperatures much greater than their mas}his case, the energy density of
radiation decays gsr ~ o~ with the expansion of the universe.

e Matter, with equation of state,,; ~ 0, associated with nonrelativistic degrees of freedom (i.e.
particles with temperatures much smaller than their mabs)his case, the energy density of
matter decays asy; ~ a3 with the expansion of the universe.

e Vacuum energywith equation of state,, = —py, associated with quantum vacuum fluctuations.
In this case, the vacuum energy density remains constahthkdtexpansion of the universe.

This is all we need in order to solve the Einstein equationst us now write the equations of
motion of observers comoving with such a fluid in an expandinigerse. According to general relativity,
these equations can be deduced from the Einstein equdliprsy(substituting the FRW metriEl(2) and
the perfect fluid tensof15). The = ¢, v = 57 component of the Einstein equations, together with the
u =0, v =0 component constitute the so-called Friedmann equations,

a\ 2 871G A K

&) = Feriw ®
a 4G A
S = ~ 3 (p+3p)+§. 9)

These equations contain all the relevant dynamics, sireeiiergy conservation equatidd (7) can be
obtained from these.

2.2 The Cosmological Parameters

I will now define the most important cosmological parametd?erhaps the best known is thieibble
parameteror rate of expansion todayf, = a/a(tp). We can write the Hubble parameter in units of 100
kms~'Mpc~!, which can be used to estimate the order of magnitude forrémept size and age of the
universe,

Hy = 100h kms 'Mpct, (10)
cHy' = 3000h~! Mpc, (11)
Hy' = 977317 Gyr. (12)

The parametek was measured to be in the rarigé < h < 1 for decades, and only in the last few years
has it been found to lie within 4% df = 0.70. | will discuss those recent measurements in the next
Section.

Using the present rate of expansion, one can deficrétiaal densityp,, that which corresponds
to a flat universe,

_ 3H;g

pe=g-5 = 188 h2107% g/cm® (13)

= 2.77h~ 110" My /(™! Mpc)? (14)
= 11.26 h? protons/m?, (15)



whereM,, = 1.989 x 10% g is a solar mass unit. The critical densitycorresponds to approximately
6 protons per cubic meter, certainly a very dilute fluid!

In terms of the critical density it is possible to define thasiy parameter

8tG p
Qo= —= ptg) = — (¢ 16
0 3H8 p( 0) pc(0)7 ( )
whose sign can be used to determine the spatial (threeafcuey Closed universed((= +1) have
Qo > 1, flat universes K = 0) have()y = 1, and open universe&( = —1) have()y < 1, no matter
what are the individual components that sum up to the depsitgmeter.

In particular, we can define the individual ratis = p;/p., for matter, radiation, cosmological
constant and even curvature, today,

87G pur 871G pr
Oy = 22 PM Qp = 17
M= T3hH? " T3H? a7
A K
)= —— 9] p—— 18
AT 3H? Ko 22 (18)

For instance, we can evaluate today the radiation compdngntcorresponding to relativistic parti-
cles, from the density of microwave background photgnsyp = m2k*Td\p/(15R3¢3) = 4.5 x
10734 g/em?®, which givesQcyp = 2.4 x 1075 h~2. Three approximately massless neutrinos would
contribute a similar amount. Therefore, we can safely reeghe contribution of relativistic particles to
the total density of the universe today, which is dominatéake by non-relativistic particles (baryons,
dark matter or massive neutrinos) or by a cosmological eosand write the rate of expansion in terms
of its value today, as

2 2 aé ag a%
H*(a) = H; QR—4+QM—3+QA+QK—2 . (29)
a a a

An interesting consequence of these definitions is that anenow write the Friedmann equation today,
a = ag, as acosmic sum rule
1=Qun+ Q%+ Qx, (20)

where we have neglectedr today. That is, in the context of a FRW universe, the totattfom of
matter density, cosmological constant and spatial curgatiday must add up to one. For instance, if we
measure one of the three components, say the spatial cigyvete can deduce the sum of the other two.

Looking now at the second Friedmann equatidn (9), we canealefimther basic parameter, the

deceleration parameter
aa drG
0 ==z (t0) = gz [e(t0) + 3p(t)] (21)
defined so that it is positive for ordinary matter and radiatiexpressing the fact that the universe expan-
sion should slow down due to the gravitational attractiomeftter. We can write this parameter using
the definitions of the density parameter for known and unknéwids (with density(2, and arbitrary

equation of statev,.) as
1 1
% :QR+§QM—QA+§Z(1+3wx)Qx. (22)

Uniform expansion corresponds ¢g = 0 and requires a cancellation between the matter and vacuum
energies. For matter dominatiog, > 0, while for vacuum dominationg, < 0. As we will see in a
moment, we are at present probing the time dependence oétetedation parameter and can determine
with some accuracy the moment at which the universe went fxatecelerating phase, dominated by
dark matter, into an acceleration phase at present, whais#o indicate the dominance of some kind
of vacuum energy.



Fig. 1: Parameter spa¢€ s, 24 ). The green (dashed) lif@y = 1 — Qs corresponds to a flat univerdex = 0, separating
open from closed universes. The blue (dotted) khe = Qas/2 corresponds to uniform expansioq, = 0, separating
accelerating from decelerating universes. The violet-(tisthed) line corresponds to critical universes, separatternal
expansion from recollapse in the future. Finally, the rash{muous) lines correspond te Hy = 0.5, 0.6, ..., oo, beyond
which the universe has a bounce.

2.3 The (7, Q) plane

Now that we know that the universe is accelerating, one caanpetrize the matter/energy content of
the universe with just two components: the matter, charaet by 2,,, and the vacuum energy, .
Different values of these two parameters completely spdiog universe evolution. It is thus natural to
plot the results of observations in the plafigf, 24), in order to check whether we arrive at a consistent
picture of the present universe from several differentes@ifferent sets of cosmological observations).

Moreover, different regions of this plane specify diffarbéehaviors of the universe. The bound-
aries between regions are well defined curves that can bewtethfor a given model. 1 will now describe
the various regions and boundaries.

e Uniform expansiongy = 0). Corresponds to the lin@, = /2. Points above this line
correspond to universes that are accelerating today, whige below correspond to decelerat-
ing universes, in particular the old cosmological model ofskein-de Sitter (EdS), witfk, =
0, 2 = 1. Since 1998, all the data from Supernovae of type la appeareathis line, many
standard deviations away from EdS universes.

e Flat universe(Q2x = 0). Corresponds to the lin@, = 1 — Q. Points to the right of this line
correspond to closed universes, while those to the lefespond to open ones. In the last few
years we have mounting evidence that the universe is dydtatl (in fact Euclidean).

e Bounce(tgHy = o). Corresponds to a complicated function(®f(€2,,), normally expressed as
an integral equation, where

1
toHo = / da [1+ Qu(1/a — 1) + Qp(a® — 1)]7/2
0



is the product of the age of the universe and the present fagpansion. Points above this line
correspond to universes that have contracted in the pasteaadater rebounced. At present, these
universes are ruled out by observations of galaxies andagsias high redshift (up te = 10).

e Critical Universe(H = H = 0). Corresponds to the boundary between eternal expansitre in
future and recollapse. Fét,, < 1, itis simply the lineQ2y, = 0, but forQ2,; > 1, itis a more
complicated curve,

carl Q=1 4 (- 1)3
— 32 M ~ 2 VIM T2
Qp = 4Q,ssin [3 arcsin ( "y )} ~ o 0z .

These critical solutions are asymptotic to the EdS model.

These boundaries, and the regions they delimit, can be sefeig.i 1, together with the lines of
equaltyHy values.

In summary, the basic cosmological parameters that are eewlbunted by a host of cosmological
observations are the following: the present rate of expangi; the age of the universig; the deceler-
ation parameteq; the spatial curvatur@ x; the matter conteri2 ,;; the vacuum energf2 ; the baryon
densityQ2z; the neutrino densit{?,,, and many other that characterize the perturbations reggerfor
the large scale structure (LSS) and the CMB anisotropies.

2.4 The accelerating universe

Let us first describe the effect that the expansion of theanseshas on the objects that live in it. In the
absence of other forces but those of gravity, the trajectdry particle is given by general relativity in

terms of the geodesic equation
du” m v\
E—FPV)\U’U, :O, (23)
whereut = (v, yv'), with? = 1 — v? andv’ is the peculiar velocity. HerE”, is the Christoffel con-
nection [6], whose only non-zero componenf% = (a/a) g;;; substituting into the geodesic equation,
we obtain|i| « 1/a, and thus the particle’s momentum decays with the exparigien « 1/a. In the
case of a photon, satisfying the de Broglie relatioa 1/, one obtains the well knowphoton redshift
)\1 a(tl) _ /\0 — )\1 . @

— = = z= =
)\0 a(to) )\1 al

where )\ is the wavelength measured by an observer at tignavhile A\, is the wavelength emitted
when the universe was younggr < tp). Normally we measure light from stars in distant galaxied an
compare their observed spectra with our laboratory (i@si#) spectra. The fraction{24) then gives the
redshiftz of the object. We are assuming, of course, that both the ednéthd the restframe spectra are
identical, so that we can actually measure the effect ofritesvening expansion, i.e. the growth of the
scale factor front; to ¢y, when we compare the two spectra. Note that if the emittitgxyaand our own
participated in the expansion, i.e. if our measuring rods (olers) also expanded with the universe, we
would see no effect! The reason we can measure the redshghofrom a distant galaxy is because our
galaxy is a gravitationally bounded object that has decmifilom the expansion of the universe. It is
the distance between galaxies that changes with time, adatitles of galaxies, nor the local measuring
rods.

We can now evaluate the relationship between physicalrdistand redshift as a function of the
rate of expansion of the universe. Because of homogeneityawealways choose our position to be at
the originr = 0 of our spatial section. Imagine an object (a star) emittiggtlat timet,, at coordinate
distancer; from the origin. Because of isotropy we can ignore the angtdardinateg6, ¢). Then the
physical distance, to first order, will b= ag ;. Since light travels along null geodesits [6], we can



write 0 = —dt? + a?(t) dr? /(1 — Kr?), and therefore,

i K=1
to qt - dr arcsin rq
/ _:/ ———==f(n)={ n K =0 (25)
noalt) 0 1-Kr arcsinh ry K=-1
If we now Taylor expand the scale factor to first order,
1 a(t) 2
=—>=14+Hy(t—t Ot —t 26
172 + Ho(t —to) + O(t —to)~, (26)
we find, to first approximation,
1 z
~ = —(tg—t L= R
r1 = f(r1) ao( 0o—t1)+ oty
Putting all together we find the famous Hubble law
Hyd = agHor1 = z ~ ve, (27)

which is just a kinematical effect (we have not included y&¢ dynamics, i.e. the matter content of
the universe). Note that at low redshfft < 1), one is tempted to associate the observed change in
wavelength with a Doppler effect due to a hypothetical reicesvelocity of the distant galaxy. This

is only an approximation. In fact, the redshift cannot beibsd to the relative velocity of the distant
galaxy because in general relativity (i.e. in curved spam) one cannot compare velocities through
parallel transport, since the value depends on the pathklilistance to the galaxy is small, iz« 1,

the physical spacetime is not very different from Minkowskyd such a comparison is approximately
valid. Asz becomes of order one, such a relation is manifestly falskxiges cannot travel at speeds
greater than the speed of light; it is the stretching of sti@eewhich is responsible for the observed
redshift.
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Fig. 2: The Type la supernovae observed nearby show a medéijp between their absolute luminosity and the timeschle o
their light curve: the brighter supernovae are slower aeddnter ones are faster. A simple linear relation betwherabsolute
magnitude and a “stretch factor” multiplying the light cartimescale fits the data quite well. From REF. [7].

Hubble’s law has been confirmed by observations ever sirc&9B0s, with increasing precision,
which have allowed cosmologists to determine the HubblamaterH, with less and less systematic
errors. Nowadays, the best determination of the Hubblenpeter was made by the Hubble Space
Telescope Key Projedtl[8H, = 72 + 8 km/s/Mpc. This determination is based on objects at digsnc
up to 500 Mpc, corresponding to redshifts< 0.1.



Nowadays, we are beginning to probe much greater distanoagsponding ta ~ 1, thanks to
type la supernovae. These are white dwarf stars at the erieeivflife cycle that accrete matter from
a companion until they become unstable and violently explioda natural thermonuclear explosion
that out-shines their progenitor galaxy. The intensityhe tistant flash varies in time, it takes about
three weeks to reach its maximum brightness and then itraectver a period of months. Although
the maximum luminosity varies from one supernova to anpttegpending on their original mass, their
environment, etc., there is a pattern: brighter exploslasslonger than fainter ones. By studying the
characteristic light curves, see Fig. 2, of a reasonablyelatatistical sample, cosmologists from the
Supernova Cosmology Projetl [7] and the High-redshift Bupe Project(|R], are now quite confident
that they can use this type of supernova as a standard c&idtz the light coming from some of these
rare explosions has travelled a large fraction of the siz@funiverse, one expects to be able to infer
from their distribution the spatial curvature and the rdtexpansion of the universe.
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Fig. 3: Upper panel: The Hubble diagram in linear redshifilec Supernovae witlhz < 0.01 of eachother have been
weighted-averaged binned. The solid curve representsetsiefip flat universe mode(2xs = 0.25, Q4 = 0.75). Two other
cosmological models are shown for comparis@a; = 0.25, Q4 = 0) and(Qa = 1, Q4 = 0). Lower panel: Residuals of
the averaged data relative to an empty universe. From [Hef. [7

The connection between observations of high redshift sigvaie and cosmological parameters
is done via the luminosity distance, defined as the distdncat which a source of absolute luminosity
(energy emitted per unit timée) gives a flux (measured energy per unit time and unit area afdtector)

F = L/4r d3. One can then evaluate, within a given cosmological motiel eipression fod;, as a



function of redshift[[10],

_ (1 —I—Z) sinn /z |QK|1/2 ds!
Q| 1/2 0 VI+ 220+ 2N — 22+ 2)0

HO dL(Z) ) (28)

wheresinn(z) = z if K = 0; sin(z) if K = +1 and sinh(zx) if K = —1, and we have used the cosmic
sum rule [ZD).

Astronomers measure the relative luminosity of a dista¢ailin terms of what they call the
effective magnitude, which has a peculiar relation withatise,

dr(z)
Mpc

m(z) = M +5 logyg |3+ — | + 25 = M +5 log;o[Ho di(2)] (29)
Since 1998, several groups have obtained serious evideat&igh redshift supernovae appear fainter
than expected for either an op&n,, < 1) or a flat(Q2;; = 1) universe, see Fig. 3. In fact, the universe
appears to be accelerating instead of decelerating, asipasted from the general attraction of matter,
see Eq.[[2R); something seems to be acting as a repulsive dorgery large scales. The most natural
explanation for this is the presence of a cosmological emtsht diffuse vacuum energy that permeates
all space and, as explained above, gives the universe aletmmn that tends to separate gravitationally
bound systems from each other. The best-fit results from tipergova Cosmology Proje¢t]11] give a
linear combination

0.8y —0.6Q4 =—0.16 £ 0.05 (1o),

which is now many sigma away from an EdS model with= 0. In particular, for a flat universe this
gives
Qp =0.71+£0.05 and Qpr =0.29+£0.05 (1o).

Surprising as it may seem, arguments for a significant dagkggncomponent of the universe where
proposed long before these observations, in order to acookat® the ages of globular clusters, as well
as a flat universe with a matter content below critical, whiels needed in order to explain the observed
distribution of galaxies, clusters and voids.

Taylor expanding the scale factor to third order,

, .
? =14 Ho(t —ty) — %H&(t —t0)? + ‘%Hg(t —t0)> + Ot — to)*, (30)
0 : '
where

__ 4 (t)—12(1+3w-)9-—19 - Q (31)

qo = CLH2O_2Z. 7 2—2M )

)

o=+ 5 (t0) = 5 D0 (L4 3ui) (2 + Bug) 2 = s + ., (32)

are the deceleration and “jerk” parameters. Substituting Eq. [Z8) we find

1 1 .
Hydp(z) =z+ 5(1 —qo) 22— 6(1 —qo — 3q8 + jo) 2+ O(z4). (33)
This expression goes beyond the leading linear term, quorebng to the Hubble law, into the second
and third order terms, which are sensitive to the cosmotbgiarameter§),; andQ2,. Itis only recently
that cosmological observations have gone far enough backhe early universe that we can begin to
probe these terms, see Fig. 4.

This extra component of the critical density would have ®stegravitational collapse, otherwise
it would have been detected already as part of the energg indlos of galaxies. However, if most of the
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Fig. 4: The Supernovae la residual Hubble diagram. Uppeelpadround-based discoveries are represented by diamonds,
HST-discovered SNe la are shown as filled circles. Lower Ipdriee same but with weighted averaged in fixed redshift bins.
Kinematic models of the expansion history are shown reddtivan eternally coasting modglz) = 0. From Ref.[12].

energy of the universe resists gravitational collapss,impossible for structure in the universe to grow.
This dilemma can be resolved if the hypothetical dark enamy negligible in the past and only recently
became the dominant component. According to generalviatihis requires that the dark energy have
negative pressure, since the ratio of dark energy to magtesity goes likex(t) /. This argument
would rule out almost all of the usual suspects, such as @klmatter, neutrinos, radiation, and kinetic
energy, since they all have zero or positive pressure. Thwasgxpect something like a cosmological
constant, with a negative pressupesz —p, to account for the missing energy.

However, if the universe was dominated by dark matter in tet,pn order to form structure, and
only recently became dominated by dark energy, we must leetalsiee the effects of the transition from
the deceleration into the acceleration phase in the luritinodistant type la supernovae. This has been
searched for since 1998, when the first convincing resulte@present acceleration appeared. However,
only recently [[12] do we have clear evidence of this traosifoint in the evolution of the universe. This
coasting poinis defined as the time, or redshift, at which the decelergiamameter vanishes,

d
q(z):—1+(1+z)ElnH(z):O, (34)
where ’
rZ / dz’
H(z) = Ho[Qu(1 +2)* + Q¢ Jo HsENTT p 0p1 420277, (35)

and we have assumed that the dark energy is parametrized bpsiyd2, today, with a redshift-
dependent equation of state,(z), not necessarily equal tel. Of course, in the case of a true cosmo-
logical constant, this reduces to the usual expression.

Let us suppose for a moment that the barotropic parameigconstant, then the coasting redshift
can be determined from

(36)

w z3w
o) 1[ Qo+ (143w) Qy (1 +2) =

T2l (2P + Qx(1+2) L



1

_(Bw| = 1), 31T
= 2, = (T) -1, (37)

which, in the case of a true cosmological constant, redures t
2002\ 1/3
Ze=[—— —1. 38
: (QM) (38)

When substituting2, ~ 0.7 andQ;; ~ 0.3, one obtains,. ~ 0.6, in excellent agreement with recent
observations[[12]. The plan&,;, ) can be seen in Fig. 5, which shows a significant improvement
with respect to previous data.
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Fig. 5: The recent supernovae data on {f}a;, Q24) plane. Shown are the 1-, 2- ands3sontours, as well as the data from
1998, for comparison. Itis clear that the old EdS cosmokigimdel at2; = 1, Qa = 0) is many standard deviations away
from the data. From Ref. [12].

Now, if we have to live with this vacuum energy, we might ashvirgl to comprehend its origin.
For the moment it is a complete mystery, perhaps the bigggstemy we have in physics today |13].
We measure its value but we don't understand why it has theeviahas. In fact, if we naively predict
it using the rules of quantum mechanics, we find a number ghatany (many!) orders of magnitude
off the mark. Let us describe this calculation in some detaihon-gravitational physics, the zero-point
energy of the system is irrelevant because forces arisedradients of potential energies. However, we
know from general relativity that even a constant energysigigravitates. Let us write down the most
general energy momentum tensor compatible with the synigsetf the metric and that is covariantly

vac)

conserved. This is precisely of the foﬂ?iy = PV 9w = — PV 9w S€€ Fig. 6. Substituting into



the Einstein equationgl(1), we see that the cosmologicatanhand the vacuum energy are completely
equivalentA = 87 G py, SO we can measure the vacuum energy with the observations a€celeration
of the universe, which tells us th@t, ~ 0.7.

On the other hand, we can estimate the contribution to thewaenergy coming from the quan-
tum mechanical zero-point energy of the quantum oscikaassociated with the fluctuations of all quan-
tum fields,

Auy d2k 1 hA}
Z/ —hw;(k) = 16?’2 I N; + O(m2A%y), (39)
whereAyy is the ultraviolet cutoff S|gnaI|ng the scale of new physitaking the scale of quantum grav-
ity, Ayy = Mpy, as the cutoff, and barring any fortuituous cancellatidimsn the theoretical expectation
@39) appears to be 120 orders of magnitude larger than thenadas vacuum energy associated with the
acceleration of the universe,

P~ 1.4 x 10™ GeV?* = 3.2 x 10™ g/cm?® (40)
b ~ 0.7 pe = 0.66 x 1072% g/em® = 2.9 x 10711 eV, (41)

Even if we assumed that the ultraviolet cutoff associatetth uantum gravity was as low as the elec-
troweak scale (and thus around the corner, liable to be egblio the LHC), the theoretical expectation
would still be 60 orders of magnitude too big. This is by fag thorst mismatch between theory and
observations in all of science. There must be somethingussyi wrong in our present understanding of
gravity at the most fundamental level. Perhaps we don't igtdied the vacuum and its energy does not
gravitate after all, or perhaps we need to impose a new pla¢dr a symmetry) at the quantum gravity
level to accommodate such a flagrant mismatch.

NORMAL MATTER

pA>p | p>0

L L

d(pV)+ pdV =TdS

=P | pel

VACUUM ENERGY

Fig. 6: Ordinary matter dilutes as it expands. Accordingisecond law of Thermodynamics, its pressure on the walldgh

be positive, which excerts a force, and energy is lost in #paesion. On the other hand, vacuum energy is always the, same
independent of the volume of the region, and thus, accordittige second law, its pressure must be negative and of the sam
magnitude as the energy density. This negative pressuneshieat the volume tends to increase more and more rapidighwh
explains the exponential expansion of the universe doméhlay a cosmological constant.

In the meantime, one can at least parametrize our ignoranowaking variations on the idea of a
constantvacuum energy. Let us assume that it actually evolves slatlytime. In that case, we do not



expect the equation of state= —p to remain true, but instead we expect the barotropic paemét )

to depend on redshift. Such phenomenological models hase fr@posed, and until recently produced

results that were compatible with = —1 today, but with enough uncertainty to speculate on alterest

to a truly constant vacuum energy. However, with the recepésiovae results [12], there seems to be
little space for variations, and models of a time-depengantium energy are less and less favoured. In
the near future, the SNAP satellile [14] will measure sevir@usand supernovae at high redshift and
therefore map the redshift dependence of both the dark ydergsity and its equation of state with great

precision. This will allow a much better determination o tosmological parametefs,; and(2,.

2.5 Thermodynamics of an expanding plasma

In this section | will describe the main concepts associatigh ensembles of particles in thermal equi-
librium and the brief periods in which the universe fell ofieguilibrium. To begin with, let me make
contact between the covariant energy conservation[lawn@ }fze second law of thermodynamics,

TdS =dU +pdV, (42)

whereU = pV is the total energy of the fluid, and= w p is its barotropic pressure. Taking a comoving
volume for the universd;/ = a3, we find

s d

B = Ld) +p (e =0, (@3

dt

where we have usefll(7). Therefore, entropy is conservedglthie expansion of the universé&s = 0;
i.e., the expansion is adiabatic even in those epochs inhathie equation of state changes, like in the
matter-radiation transition (not a proper phase transjtit)sing [I), we can write

4 In(pa’®) = —3Hw. (44)

dt

Thus, our universe expands like a gaseous fluid in thermalilegum at a temperaturd’. This tem-
perature decreases like that of any expanding fluid, in a Walyi$ inversely proportional to the cubic
root of the volume. This implies that in the past the universs necessarily denser and hotter. As we
go back in time we reach higher and higher temperatures hatmiplies that the mean energy of plasma
particles is larger and thus certain fundamental reactoasiow possible and even common, giving rise
to processes that today we can only attain in particle phyesicelerators. That is the reason why it is
so important, for the study of early universe, to know thaurebf the fundamental interactions at high
energies, and the basic connection between cosmology ghdehiergy particle physics. However, |
should clarify a misleading statement that is often usedayHtenergy particle physics colliders repro-
duce the early universe” by inducing collisions among idlstic particles. Although the energies of
some of the interactions at those collisions reach simédwmes as those attained in the early universe,
the physical conditions are rather different. The intdomst within the detectors of the great particle
physics accelerators occur typically in the perturbategme, locally, and very far from thermal equi-
librium, lasting a minute fraction of a second; on the othandy the same interactions occurred within
a hot plasma in equilibrium in the early universe while it veepanding adiabatically and its duration
could be significantly larger, with a distribution in enertpat has nothing to do with those associated
with particle accelerators. What is true, of course, is thatfundamental parameters corresponding to
those interactions- masses and couplingsare assumed to be the same, and therefore present tetrestria
experiments can help us imagine what it could have beenrikad early universe, and make predictions
about the evolution of the universe, in the context of an egpey plasma a high temperatures and high
densities, and in thermal equilibrium.



2.51 Fluids in thermal equilibrium

In order to understand the thermodynamical behaviour cdisrph of different species of particles at high
temperatures we will consider a gas of particles witinternal degrees of freedom weakly interacting.
The degrees of freedom corresponding to the differentgestican be seen in Table 1. For example,
leptons and quarks have 4 degrees of freedom since theyspone to the two helicities for both particle
and antiparticle. However, the nature of neutrinos is stilknown. If they happen to be Majorana
fermions, then they would be their own antiparticle and theber of degrees of freedom would reduce
to 2. For photons and gravitons (without mass) their 2 daofrespond to their states of polarization.
The 8 gluons (also without mass) are the gauge bosons relsjgofte the strong interaction betwen
quarks, and also have 2 d.o.f. each. The vector boB6fisand Z° are massive and thus, apart from the
transverse components of the polarization, they also lemgitudinal components.

| Particle | Spin | Degrees of freedony) | Nature |
Higgs 0 1 Massive scalar
photon 1 2 Massless vector
graviton 2 2 Massless tensor
gluon 1 2 Massless vector
WyZ 1 3 Massive vector
leptons & quarks 1/2 4 Dirac Fermion
neutrinos 1/2 4(2) Dirac (Majorana) Fermior

Table 1: The internal degrees of freedom of various fundaah@articles.

For each of these particles we can compute the number densihe energy density and the
pressurep, in thermal equilibrium at a given temperature

3

n=g [ s o), (45)
3

ng/(gTr))gE(p)f(p), (46)
3 2

p=g / (;l;))g % (P), (47)

where the energy is given b2 = |p|?> + m? and the momentum distribution in thermal (kinetic)
equilibrium is

1 -1 Bose — Einstein

(48)

FP) = cmmr 41 Fermi — Dirac

The chemical potentiagl is conserved in these reactions if they are in thermal dxyitilin. For example,
for reactions of the type + j «— &k + [, we haveyu; + u; = ui + . For example, the chemical
potencial of the photon vanishes, = 0, and thus particles and antiparticles have opposite clamic
potentials.

From the equilibrium distributions one can obtain the nundensityn, the energyp and the
pressurep, of a particle of mass: with chemical potential, at the temperatur#’,

oy oo E(EZ_mZ)l/Z
n= g, B (49)
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For a non-degenerate  T') relativistic gas . < T'), we find

(50)

(51)

(52)

(53)

(54)

(55)

¢(3
g © F2dE —752) g1 Bosons
n=—= — =
272 E/T 41
e § @ T3 Fermions
4 72
2
T
g /oo B3 dE | 3 gT* Bosons
P=om2 Jo FIME17 ) 7a2 T4 Fermi
g % g €rmions
1
p= 307
where((3) = 1.20206. .. is the Riemann Zeta function. For relativistic fluids, themy density per
particle is
7'('4 B
T~2701T
o 30((3) 0osons
(E) = n - T2
m T~3151T Fermions

For relativistic bosons or fermions with< 0 and|u| < T', we have

n:%T?’e“/T,
T

ng—gT‘le“/T,
T

1

ngP-

(56)

(57)

(58)

For a bosonic particle, a positive chemical potential> 0, indicates the presence of a Bose-Einstein

condensate, and should be treated separately from thef thst modes.

On the other hand, for a non-relativistic gas & T'), with arbitrary chemical potential, we find

3/2
n = g (T;l—:) e_(m_u)/T

p=mn,
p=nT L p.

The average energy density per particle is

(E)

£:m+§T.
n 2

(59)

(60)
(61)

(62)

Note that, at any given temperatufé the contribution to the energy density of the universe cgmi
from non-relativistic particles in thermal equilibrium exponentially supressed with respect to that of



relativistic particles, therefore we can write

T _1 (63)
PR—309* ) pR_nga
TN\ 7 T\*
*T — T\ S i\ T ) 64
g( ) b(%):nsg (T> +8fer§)nsg (T> ( )

where the factof7 /8 takes into account the difference between the Fermi and Bagistics;g. is the
total number of light d.o.f.7¢ < T'), and we have also considered the possibility that parsipcies
(bosons or fermions) have an equilibrium distribution atraperaturel; different from that of photons,
as happens for example when a given relativistic speciesugdes from the thermal bath, as we will
discuss later. This numbey,, strongly depends on the temperature of the universe, simiteexpands
and cools, different particles go out of equilibrium or be@non-relativisticz > T') and thus become
exponentially suppressed from that moment on. A plot of ifme tevolution ofg.(7") can be seen in
Fig. 7.
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Fig. 7: the light degrees of freedogn andg..s as a function of the temperature of the universe. From REf. [1

For example, fofl' < 1 MeV, i.e. after the time of primordial Big Bang Nucleosynsise(BBN)
and neutrino decoupling, the only relativistic speciesthes3 light neutrinos and the photons; since the
temperature of the neutrinos B = (4/11)'/3T, = 1.90 K, see below, we have, = 2 + 3 x g X

4/3 .
(%)/:33&me%5:2+3x£x(%):&m.
For 1 MeV« T « 100 MeV, i.e. between BBN and the phase transition from a quarkig

plasma to hadrons and mesons, we have, as relativisticespegart from neutrinos and photons, also
the electrons and positrons, §0=2 + 3 x I +2 x I =10.75.

ForT >> 250 GeV, i.e. above the electroweak (EW) symmetry breakingeseat have one photon
(2 polarizations), 8 gluons (massless), W& andZ° (massive), 3 families of quarks & leptones, a Higgs
(still undiscovered), with which one finds = %7 = 106.75.

At temperatures well above the electroweak transition werig the number of d.o.f. of particles,
since we have never explored those energies in particlagshgscelerators. Perhaps in the near future,
with the results of the Large Hadron Collider (LHC) at CERMN, may may predict the behaviour of the
universe at those energy scales. For the moment we evereigrt@ther the universe was in thermal
equilibrium at those temperatures. The highest energye stalvhich we can safely say the universe



was in thermal equilibrium is that of BBN, i.e. 1 MeV, due teetfact that we observe the present
relative abundances of the light element produced at thmat. tFor instance, we can’t even claim that the
universe went through the quark-gluon phase transtion, 200 MeV, since we have not observed yet
any signature of such an event, not to mention the electlopkase transition, at 1 TeV.

Let us now use the relation between the rate of expansionhenigtnperature of relativistic parti-
cles to obtain the time scale of the universe as a functiotséémperature,

T2 1 _1/2 Mp T —2
H=166¢"—=_ t=0. 1*/—~( ) 65
66 g PR = 0.301¢g T2 MoV S, (65)
thus, e.g. at the EW scale (100 GeV) the universe wad just’ s old, while during the primordial BBN
(1 —0.1 MeV), itwas 1 s to 3 min old.

2.52 The entropy of the universe

During most of the history of the universe, the rates of ieactl’;,;, of particles in the thermal bath
are much bigger than the rate of expansion of the univdieso that local thermal equilibrium was
mantained. In this case, the entropy per comoving volumeireed constant. In an expanding universe,
the second law of thermodynamics, applied to the elemenbofowing volume, of unit coordinate
volume and physical volum& = a3, can be written as, seg{42),

TdS =d(pV)+pdV =d[(p+p)V]—Vdp. (66)
Using the Maxwell condition of integrability; s _ 5 we find thatdp = (p + p)dT/T, so that
J e rav ~ avar p=tprpjel/ty
V
dsS =d [(p —|—p)? + const.] , (67)

i.e. the entropy in a comoving volume iS = (p + p)%, except for a constant. Using now the first law,
the covariant conservation of ener@y,’, = 0, we have

v

dlp+pV]=vdp = d((p+p5)=0. (68)
and thus, in thermal equilibrium, the total entropy in a ceing volume,S = a?(p + p)/T, is con-
served. During most of the evolution of the universe, thisaay was dominated by the contribution
from relativistic particles,

272 3
S = 5 s (aT)° = const. , (69)

TN\ 7 \?
g(T)= > gi (—Z> < Y g (—Z> ; (70)
T 8 . T
bosons fermions

whereg,gs is the number of “entropic” degrees of freedom, as we canrs&ei 7. Above the electron-
positron annihilation, all relativistic particles had teme temperature and thys = g.. It may be also
useful to realize that the entropy density= S/a?, is propotional to the number density of relativistic
particles, and in particular to the number density of phsten= 1.80g.s n.; today,s = 7.04n,.
However, sincey,s in general is a function of temperature, we can't alwaysraftanges andn..

The conservation of implies that the entropy density satisfiesc =3, and thus the physical size
of the comoving volume ia® « s~!; therefore, the number of particles of a given species imaosing



volume, N = a3n, is proportional to the number density of that species dverentropy density,

N ~ n 274 gxS ’ (71)
5 7459 (@)3/2 e T T<Km
4775\/59*3 T

If this number does not change, i.e. if those particles aitberecreated nor destroyed, theris remains
constant. As a useful example, we will consider the barianimber in a comoving volume,

np _ np — Ny

S S

= (72)
As long as the interactions that violate barion number osafficiently slowly, the barionic number per
comoving volumenp /s, will remain constant. Although

BB 180 g.s -2 (73)
S

n=
Ty
the ratio between barion and photon numbers it does not regmaistant during the whole evolution
of the universe since,g varies; e.g. during the annihilation of electrons and posg, the number of
photons per comoving voluméy., = a3 n.,, grows a factori1/4, andn decreases by the same factor.

After this epoch, however, is constant so that ~ 7np /s andn /s can be used indistinctly.

Another consequence of E@,169) is tifat= const. implies that the temperature of the universe

evolves as

T x 9*—31/3 a t. (74)
As long asg,s remains constant, we recover the well known result that tieuse cools as it expands
according tdl’ < 1/a. The factorg*_s}/ 3 appears because when a species becomes non-relativisga (w
T < m), and effectively disappears from the energy density ofuhigerse, its entropy is transferred
to the rest of the relativistic particles in the plasma, mgki’ decrease not as quickly aga, until g.s
again becomes constant.

From the observational fact that the universe expands todayan deduce that in the past it must
have been hotter and denser, and that in the future it willdbdec and more dilute. Since the ratio of
scale factors is determined by the redshift paramgtere can obtain (to very good approximation) the
temperature of the universe in the past with

T="Ty(1+2z). (75)

This expression has been spectacularly confirmed thanks tbisorption spectra of distant quasars [16].
These spectra suggest that the radiation background wag asta thermal bath for the molecules in the
interstellar medium with a temperature of 9 K at a redshift 2, and thus that in the past the photon

background was hotter than today. Furthermore, obsensmtibthe anisotropies in the microwave back-

ground confirm that the universe at a redshift 1089 had a temperature 6f3 eV, in agreement with

Eq. (78).

2.6 The thermal evolution of the universe

In a strict mathematical sense, it is impossible for the ensig to have been always in thermal equilibrium
since the FRW model does not have a timelike Killing vectar.piactice, however, we can say that
the universe has been most of its history very close to theeaailibrium. Of course, those periods

in which there were deviations from thermal equilibrium @deen crucial for its evolution thereafter

(e.g. baryogenesis, QCD transition, primordial nucletisgsis, recombination, etc.); without these the
universe today would be very different and probably we wawdtibe here to tell the story.



The key to understand the thermal history of the universeescomparison between the rates of
interaction between particles (microphysics) and the odtxpansion of the universe (macrophysics).
Ignoring for the moment the dependencegobn temperature, the rate of changelofs given directly
by the rate of expansior‘f,/T = —H. As long as the local interactions necessary in order that the
particle distribution function adjustdiabatically to the change of temperature are sufficiently fast
compared with the rate of expansion of the universe, therlatill evolve as a succession of states very
close to thermal equilibrium, with a temperature propewictoa—". If we evaluate the interaction rates
as

Dint = (no vy, (76)
wheren(t) is the number density of target particlesis the cross section on the interaction and the
relative velocity of the reaction, all averaged on a therdustribution; then a rule of thumb for ensuring
that thermal equilibrium is maintained is

Fint Z H. (77)
This criterium is understandable. Suppose, as often octhasthe interaction rate in thermal equilib-
riumisIy, o< T, with n > 2; then, the number of interactions of a particle after tine

1 I‘int
t
— 7 )

oo
N = [ Tielt)dt! = (78)
therefore the particle interacts less than once from the embim whichT;,, ~ H. If T, % H, the
species remains coupled to the thermal plasma. This doesah that, necessarily, the particle is out
of local thermal equilibrium, since we have seen already tilativistic particles that have decoupled
retain their equilibrium distribution, only at a differet@mperature from that of the rest of the plasma.

In order to obtain an approximate description of the dedagpif a particle species in an expand-
ing universe, let us consider two types of interaction:

i) interactions mediated by massless gauge bosons, likexEmnple the photon. In this case, the cross
section for particles with significant momentum transfer ba written agr ~ o2 /T2, with a = ¢? /4w
the coupling constant of the interaction. Assuming locatal equilibrium,n(t) ~ 72 and thus the
interaction rate becomés~ n o |v| ~ o2 T. Therefore,
r 9 Mp
7o T
so that for temperatures of the univefBeS o Mp ~ 10'6 GeV, the reactions are fast enough and the
plasma is in equilibrium, while fof” 2 10'6 GeV, reactions are too slow to maintain equilibrium and
it is said that they are “frozen-out”. An important conseage of this result is that the universe could
never have been in thermal equilibrium above the grand atidic (GUT) scale.

(79)

ii) interactions mediated by massive gauge bosons, egthigll’* and Z°, or those responsible for the
GUT interactions X andY. We will generically call themX bosons. The cross section depends rather
strongly on the temperature of the plasma,

G%T? T < Mx
T2 (80)
ﬁ T > Mx

whereGx ~ a/M?% is the effective coupling constant of the interaction atrgies well below the mass
of the vector boson, analogous to the Fermi constant of detrelveak interactiorG = g2/(4v2M32,)
at tree level. Note that fdf’ > M x we recover the result for massless bosons, so we will coratent
here on the other case. FBr< My, the rate of thermal interactionslis~ n o [v| ~ G% T°. Therefore,

r
7~ G% Mp T3, (81)



such that at temperatures in the range

_ B M 4/3
M ZTZGQ/‘"’M”Z”N(iX) MeV 82
* X e 100 GeV o (82)
reactions occur so fast that the plasma is in thermal eqjuifiiy while for7' < (Mx /100 GeV)*/3 MeV,
those reactions are too slow for maintaining equilibriurd #rey effective freeze-out, see EQ.1(78).

2.61 The decoupling of relativistic particles

Those relativistic particles that have decoupled from fieerhal bath do not participate in the transfer of
entropy when the temperature of the universe falls belowrthss thershold of a given speciés- m; in
fact, the temperature of the decoupled relativistic spefeiks asl” « 1/a, as we will now show. Suppose
that a relativistic particle is initially in local thermabailibrium, and that it decoples at a temperature
Tp and timetp. The phase space distribution at the time of decouplingviergby the equilibrium

distribution, )

f(p,tp) = BT 11
After decoupling, the energy of each massless particlesuffedshift,E(t) = Ep (ap/a(t)). The
number density of particles also decreasgs) = np (ap/a(t))3. Thus, the phase space distribution at
atimet > tpis

(83)

a3 1 1

n a
g e _ 84

so that we conclude that the distribution function of a p#tthat has decoupled while being relativistic
remains self-similar as the universe expands, with a teatper that decreases as

T:TDG—DO(CL_I, (85)
a

andnot aSg*_Sl/3 a~ !, like the rest of the plasma in equilibriuf@{74).

2.62 The decoupling of non-relativistic particles

Those particles that decoupled from the thermal bath wheylere non-relativisticry >> T') behave
differently. Let us study the evolution of the distributifumction of a non-relativistic particle that was

in local thermal equilibrium at a timep, when the universe had a temperatilie. The moment of
each particle suffers redshift as the universe expapdss |pp| (ap/a), see Eq.[(24). Therefore, their
kinetic energy satisfie®€ = Ep (ap/a)?. On the other hand, the particle number density also varies,
n(t) = np (ap/a(t))?, so that a decoupled non-relativistic particle will havesanilibrium distribution
function characterized by a temperature

T:TDQ—Doca_z, (86)
a

and a chemical potential

() = m + (up —m) % , 87)

whose variation is precisely that which is needed for the lmemdensity of particle to decrease@s'.

In summary, a particle species that decouples from the #idpath follows an equilibrium dis-
tribution function with a temperature that decreases Tikex a~! for relativistic particles {p > m)
or like Ty o a2 for non-relativistic particlesXp < m). On the other hand, for semi-relativistic
particles 'p ~ m), its phase space distributi@moes not maintaitmn equilibrium distribution function,
and should be computed case by case.



2.63 Brief thermal history of the universe

| will briefly summarize here the thermal history of the umses from the Planck era to the present. As
we go back in time, the universe becomes hotter and hottetharscthe amount of energy available for
particle interactions increases. As a consequence, theenaitinteractions goes from those described at
low energy by long range gravitational and electromagr@tigsics, to atomic physics, nuclear physics,
all the way to high energy physics at the electroweak scads gnification (perhaps), and finally quan-
tum gravity. The last two are still uncertain since we do reatehany experimental evidence for those
ultra high energy phenomena, and perhaps Nature has fallavdéferent path.

The way we know about the high energy interactions of mastera particle accelerators, which
are unravelling the details of those fundamental intevastias we increase in energy. However, one
should bear in mind that the physical conditions that talkeelin our high energy colliders are very
different from those that occurred in the early universe.esehmachines could never reproduce the
conditions of density and pressure in the rapidly expantliegmal plasma of the early universe. Nev-
ertheless, those experiments are crucial in understarilngature andate of the local fundamental
interactions available at those energies. What interestsiologists is the statistical and thermal proper-
ties that such a plasma should have, and the role that caursabihs play in the final outcome of the early
universe expansion. For instance, of crucial importan¢kedime at which certain particlelecoupled
from the plasma, i.e. when their interactions were not geintugh compared with the expansion of the
universe, and they were left out of equilibrium with the phes

One can trace the evolution of the universe from its oriditdilay. There is still some speculation
about the physics that took place in the universe above temygrscales probed by present colliders.
Nevertheless, the overall layout presented here is a plausind hopefully testable proposal. According
to the best accepted view, the universe must have origiratede Planck eral('® GeV, 10=43 s)
from a quantum gravity fluctuation. Needless to say, we duwe any experimental evidence for such
a statement: Quantum gravity phenomena are still in thenwexdlphysical speculation. However, it
is plausible that a primordial era of cosmologidaflation originated then. Its consequences will be
discussed below. Soon after, the universe may have realebézrand Unified Theories (GUT) eren(®
GeV, 1073% s). Quantum fluctuations of the inflaton field most probabfy theeir imprint then as tiny
perturbations in an otherwise very homogenous patch of tiveetse. At the end of inflation, the huge
energy density of the inflaton field was converted into pkasicwhich soon thermalized and became the
origin of the hot Big Bang as we know it. Such a process is dakdeatingof the universe. Since
then, the universe became radiation dominated. It is pleb@ithough by no means certain) that the
asymmetry between matter and antimatter originated ataheedime as the rest of the energy of the
universe, from the decay of the inflaton. This process is knander the name diaryogenesisince
baryons (mostly quarks at that time) must have originated,tfrom the leftovers of their annihilation
with antibaryons. It is a matter of speculation whether bggnesis could have occurred at energies
as low as the electroweak scal®{ GeV, 10~'° s). Note that although particle physics experiments
have reached energies as high as 100 GeV, we still do not leesvational evidence that the universe
actually went through the EW phase transition. If confirmiearyogenesis would constitute another
“window” into the early universe. As the universe cooled dow may have gone through the quark-
gluon phase transitionl(?> MeV, 10~ s), when baryons (mainly protons and neutrons) formed from
their constituent quarks.

The furthest window we have on the early universe at the momdinat ofprimordial nucleosyn-
thesis(1 — 0.1 MeV, 1 s — 3 min), when protons and neutrons were cold enoughbibund systems
could form, giving rise to the lightest elements, soon aftastrino decouplinglt is the realm of nuclear
physics. The observed relative abundances of light elesvaetin agreement with the predictions of the
hot Big Bang theory. Immediately afterwards, electronifpos annihilation occurs (0.5 MeV, 1 min)
and all their energy goes into photons. Much later, at alibeM ~ 10° yr), matter and radiation have
equal energy densities. Soon after, electrons become koumdclei to form atoms (0.3 e\3 x 10°



yr), in a process known ascombination It is the realm of atomic physics. Immediately after, pimsto
decouple from the plasma, travelling freely since then.sEhare the photons we observe as the cosmic
microwave background. Much later (1 —10 Gyr), the small inhomogeneities generated during inflation
have grown, via gravitational collapse, to become galaxiesters of galaxies, and superclusters, char-
acterizing the epoch dftructure formation It is the realm of long range gravitational physics, peghap
dominated by a vacuum energy in the form of a cosmologicasteon. Finally (3K, 13 Gyr), the Sun,
the Earth, and biological life originated from previous geations of stars, and from a primordial soup
of organic compounds, respectively.

I will now review some of the more robust features of the Haij Bang theory of which we have
precise observational evidence.

2.64 Primordial nucleosynthesis and light element abucdan

In this subsection | will briefly review Big Bang nucleosya#iis and give the present observational
constraints on the amount of baryons in the universe. In E#fington suggested that the sun might
derive its energy from the fusion of hydrogen into helium.eTdetailed reactions by which stars burn
hydrogen were first laid out by Hans Bethe in 1939. Soon afietg; in 1946, George Gamow realized
that similar processes might have occurred also in the hibtlanse early universe and gave rise to the
first light elements4]. These processes could take pla@nuhe universe had a temperature of around

T ~ 1 —0.1 MeV, which is about 100 times the temperature in the core ®3tn, while the density

IS png = g—;g*T§S ~ 82 gcm 3, about the same density as the core of the Sun. Note, hovtbagr,
although both processes are driven by identical thermeauckactions, the physical conditions in star
and Big Bang nucleosynthesis are very different. In the &armravitational collapse heats up the core of
the star and reactions last for billions of years (exceptijpesnova explosions, which last a few minutes
and creates all the heavier elements beyond iron), whiledretter the universe expansion cools the hot
and dense plasma in just a few minutes. Nevertheless, Gaessomed that, although the early period of
cosmic expansion was much shorter than the lifetime of atsare was a large number of free neutrons
at that time, so that the lighter elements could be built upkdy by succesive neutron captures, starting
with the reactionn + p — D + ~. The abundances of the light elements would then be coerkiaith
their neutron capture cross sections, in rough agreemeintolservationd |6, 17].

Nowadays, Big Bang nucleosynthesis (BBN) codes computaia o around 30 coupled nuclear
reactions([18], to produce all the light elements up to bienyl-7. 3 Only the first four or five elements
can be computed with accuracy better than 1% and compard&dcasimological observations. These
light elements arel,*He, D,3He, Li, and perhaps alstli. Their observed relative abundance to
hydrogen ig1 : 0.25 : 31075 : 2-107° : 2 - 10~'9] with various errors, mainly systematic. The BBN
codes calculate these abundances using the laboratoryiredasiclear reaction rates, the decay rate of
the neutron, the number of light neutrinos and the homogen&®W expansion of the universe, as a
function of only one variable, the number density fraction of baryons to @®t) = ng/n,. In fact,
the present observations are only consistent, see Fig. Refadfld [18[ 1B], with a very narrow range of
values of

mo =109 =62+0.6. (88)

Such a small value af indicates that there is about one baryon p& photons in the universe today.
Any acceptable theory of baryogenesis should account fiir asmall number. Furthermore, the present
baryon fraction of the critical density can be calculatemin,g as

Qph? = 3.6271 x 103139 = 0.0224 +0.0022  (95% c..) (89)

Clearly, this number is well below closure density, so basyoannot account for all the matter in the
universe, as | shall discuss below.

3The rest of nuclei, up to iron (Fe), are produced in heavysstard beyond Fe in novae and supernovae explosions.
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Fig. 8: The relative abundance of light elements to Hidrodé¢ote the large range of scales involved. From Refl. [17].

2.65 Neutrino decoupling

Just before the nucleosynthesis of the lightest elementgiparly universe, weak interactions were too
slow to keep neutrinos in thermal equilibrium with the plasreo they decoupled. We can estimate the
temperature at which decoupling occurred from the weakast®n cross sectiow,, ~ G%1? at finite
temperaturd’, whereGr = 1.2 x 107° GeV~2 is the Fermi constant. The neutrino interaction rate, via
W boson exchange im + v <+ p+e~ and p + 7 <+ n + e, can be written a$[15]

T, = n,{owlv]) =~ GZT?, (90)

while the rate of expansion of the universe at that time £ 10.75) was H ~ 5.4 T2 /Mp, where
Mp = 1.22 x 10! GeV is the Planck mass. Neutrinos decouple when their ictierarate is slower
than the universe expansion, < H or, equivalently, afl;,_4.c ~ 0.8 MeV. Below this temperature,
neutrinos are no longer in thermal equilibrium with the afthe plasma, and their temperature continues
to decay inversely proportional to the scale factor of thevamse. Since neutrinos decoupled before
ete™ annihilation, the cosmic background of neutrinos has a ezatpre today lower than that of the
microwave background of photons. Let us compute the difieee At temperatures above the the mass
of the electron,l" > m,. = 0.511 MeV, and below 0.8 MeV, the only particle species contribgtto

the entropy of the universe are the photoms-€ 2) and the electron-positron pairg.(= 4 x %); total
number of degrees of freedogm = % At temperature§’ ~ m., electrons and positrons annihilate into
photons, heating up the plasma (but not the neutrinos, wiachdecoupled already). At temperatures
T < me, only photons contribute to the entropy of the universehwit = 2 degrees of freedom.



Therefore, from the conservation of entropy, we find thatrét® of 7, and7), today must be

T, /11
TZ:(

1/3
Z) =1401 = T,=1945K, (91)

where | have used,,, = 2.725 £ 0.002 K. We still have not measured such a relic background of
neutrinos, and probably will remain undetected for a lomgeti since they have an average energy of
order10~* eV, much below that required for detection by present erpenis (of order GeV), precisely
because of the relative weakness of the weak interactioegertheless, it would be fascinating if, in the
future, ingenious experiments were devised to detect suiatkground, since it would confirm one of

the most robust features of Big Bang cosmology.

2.66 Matter-radiation equality

Relativistic species have energy densities proportian#ii¢ quartic power of temperature and therefore
scale agr x a—*, while non-relativistic particles have essentially zeregsure and scale ag; « a~>.
Therefore, there will be a time in the evolution of the unségein which both energy densities are equal
pr(teq) = pMm(teq). Since then both decay differently, and thus

ap Sy

14 2eq = — = — = 3.1 x 10* Qyh?, (92)
Qeq QR

where | have usefgh? = Q. h% + Q,h% = 3.24 x 1075 for three massless neutrinosZat= 7,,. As

| will show later, the matter content of the universe todaletow critical, 2\ ~ 0.3, while h ~ 0.71,
and thereforg1 + z.q) ~ 3400, or aboutt,, = 1308 (Qh?)~2yr ~ 61,000 years after the origin of
the universe. Around the time of matter-radiation equathg rate of expansiofi (IL9) can be written as
(CL() = 1)

1/2 1/2
H(a) = Ho (QR at+ QMG_?’) " Hy Qllvfz a_3/2(1 + %) ? (93)

The horizon sizes the coordinate distance travelled by a photon since tiggnbmg of the universe,
dg ~ H™!, i.e. the size of causally connected regions in the univefée comovinghorizon size is
then given by

_ ¢ m10-1/2 12 Qeq\—1/2
A = ey = ¢ Hi ' (1+ - ) (94)
Thus the horizon size at matter-radiation equality= a) is
C]‘I_1 _1/2 1, —
di(aeq) = \/% QM/ aiéz ~ 12 (h) "t k™ Mpe. (95)

This scale plays a very important role in theories of stmectaormation.

2.67 Recombination and photon decoupling

As the temperature of the universe decreased, electrond ewventually become bound to protons to
form neutral hydrogen. Nevertheless, there is always azepo-probability that a rare energetic photon
ionizes hydrogen and produces a free electron. idheation fractionof electrons in equilibrium with
the plasma at a given temperature is given by the Saha equagp

1- ng o 4\/54(3) <£)3/2 eEion/T (96)
= v ’

whereFE;,, = 13.6 eV is the ionization energy of hydrogen, ands the baryon-to-photon ratio {B8). If
we now use Eq[{15), we can compute the ionization frach{f as a function of redshift. Note that




the huge number of photons with respect to electrons (inatie e : H : v ~ 1 : 4 : 10'°) implies
that even at a very low temperature, the photon distributWdhcontain a sufficiently large number of
high-energy photons to ionize a significant fraction of log#m. In factdefiningrecombination as the
time at whichX:4 = 0.1, one finds that the recombination temperaturé;is = 0.31 eV < FEjp,
for mo ~ 6.2. Comparing with the present temperature of the microwawkdraund, we deduce the
corresponding redshift at recombinati@,+ zy..) ~ 1331.

Photons remain in thermal equilibrium with the plasma ofybas and electrons through elastic
Thomson scattering, with cross section

2
o =% 665 x 1072 cm? = 0.665 barn 97
8
T 3m?

wherea = 1/137.036 is the dimensionless electromagnetic coupling constahé riean free path of
photons), in such a plasma can be estimated from the photon interanztten\;l ~ 1Ty, = neo,.. For
temperatures above a few eV, the mean free path is much siteltehe causal horizon at that time and
photons suffer multiple scattering: the plasma is like eséding. Photons will decouple from the plasma
when their interaction rate cannot keep up with the expansfathe universe and the mean free path
becomes larger than the horizon size: the universe becaarespairent. We can estimate this moment
by evaluatingl’, = H at photon decoupling. Using. = X, 7n,, one can compute the decoupling
temperature a%y.. = 0.26 eV, and the corresponding redshift Bg- zg.. ~ 1100. Recently, WMAP
measured this redshift to Het zq.. ~ 1089 £ 1 [20]. This redshift defines the so call&abt scattering
surface when photons last scattered off protons and electrons randlled freely ever since. This
decoupling occurred when the universe was approximatgly= 1.5 x 10° (Qyh?)~/2 ~ 380,000
years old.
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Fig. 9: The Cosmic Microwave Background Spectrum seen b¥tRAS instrument on COBE. The left panel corresponds to
the monopole spectrurfiy = 2.725 + 0.002 K, where the error bars are smaller than the line width. Tgletmanel shows the
dipole spectrumdT; = 3.372 =+ 0.014 mK. From Ref. [Z1].

2.68 The microwave background

One of the most remarkable observations ever made my maiskihd detection of the relic background
of photons from the Big Bang. This background was predictedsborge Gamow and collaborators
in the 1940s, based on the consistency of primordial nugtgbesis with the observed helium abun-
dance. They estimated a value of about 10 K, although a soatendre detailed analysis by Alpher and
Herman in 1950 predicte@, ~ 5 K. Unfortunately, they had doubts whether the radiation ivdnave

survived until the present, and this remarkable predicsigpped into obscurity, until Dicke, Peebles,



Roll and Wilkinson [22] studied the problem again in 1965fd8e they could measure the photon back-
ground, they learned that Penzias and Wilson had observedlaigotropic background signal at a radio
wavelength of 7.35 cm, corresponding to a blackbody tentperaf7’, = 3.5 & 1 K. They published
their two papers back to back, with that of Dicke et al. exptag the fundamental significance of their
measurement]6].

Since then many different experiments have confirmed trstence of the microwave background.
The most outstanding one has been the Cosmic BackgroundrérglCOBE) satellite, whose FIRAS
instrument measured the photon background with great acgwver a wide range of frequencies=£
1 —97 cm™!), see Ref.[[21], with a spectral resolutié,;# = 0.0035. Nowadays, the photon spectrum is
confirmed to be a blackbody spectrum with a temperature diyg@1]

T,

CMB

= 2.725 +0.002 K (systematic, 95% c.l.) &7 uK (1o statistical) (98)

In fact, this is the best blackbody spectrum ever measuesdi-g [, with spectral distortions below the
level of 10 parts per million (ppm).

AT = 2,353 mK

Fig. 10: The Cosmic Microwave Background Spectrum seen ®PMR instrument on COBE. The top figure corresponds to
the monopolefy = 2.725 £ 0.002 K. The middle figure shows the dipol&]} = 3.372 £ 0.014 mK, and the lower figure
shows the quadrupole and higher multipol&s; = 18 + 2 uK. The central region corresponds to foreground by the galax
From Ref. [28].

Moreover, the differential microwave radiometer (DMR)tmgnent on COBE, with a resolution
of about7° in the sky, has also confirmed that it is an extraordinaribtrigpic background. The devia-
tions from isotropy, i.e. differences in the temperaturéhefblackbody spectrum measured in different
directions in the sky, are of the order of 28 on large scales, or one part 10°, see Ref.[[23]. There
is, in fact, a dipole anisotropy of one partif?, 67 = 3.372 + 0.007 mK (95% c.l.), in the direction
of the Virgo cluster,(l,b) = (264.14° + 0.30,48.26° + 0.30) (95% c.l.). Under the assumption that a
Doppler effect is responsible for the entire CMB dipole, ¥kéocity of the Sun with respect to the CMB



rest frame is)., = 371 & 0.5 km/s, see Ref[[241}.When subtracted, we are left with a whole spectrum
of anisotropies in the higher multipoles (quadrupole, pote, etc.),07> = 18 + 2 uK (95% c.l.), see
Ref. [23] and Fig[I0.

Soon after COBE, other groups quickly confirmed the detactibtemperature anisotropies at
around 3Q:K and above, at higher multipole numbers or smaller angualaes. As | shall discuss below,
these anisotropies play a crucial role in the understandiiriige origin of structure in the universe.

2.69 Large-scale structure formation

Although the isotropic microwave background indicated tha universe in thpastwas extraordinarily
homogeneous, we know that the univeisgayis not exactly homogeneous: we observe galaxies, clus-
ters and superclusters on large scales. These struct@reg@acted to arise from very small primordial
inhomogeneities that grow in time via gravitational indliah and that may have originated from tiny
ripples in the metric, as matter fell into their troughs. $oipples must have left some trace as temper-
ature anisotropies in the microwave background, and indeet anisotropies were finally discovered
by the COBE satellite in 1992. The reason why they took so tortze discovered was that they appear
as perturbations in temperature of only one pait(n

While the predicted anisotropies have finally been seena©ifB, not all kinds of matter and/or
evolution of the universe can give rise to the structure wseoke today. If we define the density contrast
as [24]

5(%,a) = w = /d?’E Sr(a) e (99)
pla)
wherep(a) = poa~? is the average cosmic density, we need a theory that will gralensity contrast
with amplitudes ~ 10~° at the last scattering surface £ 1100) up to density contrasts of the order of
§ ~ 10? for galaxies at redshifts < 1, i.e. today. This is amecessaryequirement for any consistent
theory of structure formation [25].

Furthermore, the anisotropies observed by the COBE gateltirrespond to a small-amplitude
scale-invariant primordial power spectrum of inhomoggegi

P(k) = (|6x]*) < k™, with n=1, (100)

where the bracket§) represent integration over an ensemble of different us&/eealizations. These
inhomogeneities are like waves in the space-time metriceWthatter fell in the troughs of those waves,
it created density perturbations that collapsed graeitatfily to form galaxies and clusters of galaxies,
with a spectrum that is also scale invariant. Such a type edtspm was proposed in the early 1970s by
Edward R. Harrison, and independently by the Russian cagyistlYakov B. Zel'dovich, see Relf. ]26],
to explain the distribution of galaxies and clusters of g@a on very large scales in our observable
universe.

Today various telescopes — like the Hubble Space Telestopéwin Keck telescopes in Hawaii
and the European Southern Observatory telescopes in Chile exploring the most distant regions of
the universe and discovering the first galaxies at largamitsts. The furthest galaxies observed so far are
at redshifts of: ~ 10 (at a distance of 13.7 billion light years from Earth), whbgkt was emitted when
the universe had only about 3% of its present age. Only a fésxigs are known at those redshifts, but
there are at present various catalogs like the CfA and APlsixyatatalogs, and more recently the IRAS
Point Source redshift Catalog, see Higl 11, and Las Campadakift surveys, that study the spatial
distribution of hundreds of thousands of galaxies up toadists of a billion light years, or < 0.1,
or the 2 degree Field Galaxy Redshift Survey (2dFGRS) andstban Digital Sky Survey (SDSS),
which reachz < 0.5 and study millions of galaxies. These catalogs are tellsghout the evolution

4COBE even determined the annual variation due to the Eartbt®on around the Sun — the ultimate proof of Copernicus’
hypothesis.
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Fig. 11: The IRAS Point Source Catalog redshift survey dastaome 15,000 galaxies, covering over 83% of the sky up to
redshifts ofz < 0.05. We show here the projection of the galaxy distribution itagac coordinates. From Ref_[27].

of clusters and superclusters of galaxies in the univensé,adready put constraints on the theory of
structure formation. From these observations one can thémost galaxies formed at redshifts of the
order of2 — 6; clusters of galaxies formed at redshifts of order 1, andestlpsters are forming now.
That is, cosmic structure formed from the bottom up: fromag@s to clusters to superclusters, and not
the other way around. This fundamental difference is arcattin of the type of matter that gave rise to
structure.

We know from Big Bang nucleosynthesis that all the baryonh@universe cannot account for
the observed amount of matter, so there must be some extier ifuztrk since we don't see it) to account
for its gravitational pull. Whether it is relativistic (Hobr non-relativistic (cold) could be inferred from
observations: relativistic particles tend to diffuse frone concentration of matter to another, thus trans-
ferring energy among them and preventing the growth of giracon small scales. This is excluded by
observations, so we conclude that most of the matter regpgerfsr structure formation must be cold.
How much there is is a matter of debate at the moment. Somatranalyses suggest that there is not
enough cold dark matter to reach the critical density reguio make the universe flat. If we want to
make sense of the present observations, we must concludstha other form of energy permeates the
universe. In order to resolve this issue, 2dFGRS and SD8®8dtaking data a few years ago. The first
has already been completed, but the second one is stilltakita up to redshifts ~ 5 for quasars, over
a large region of the sky. These important observationshellb astronomers determine the nature of the
dark matter and test the validity of the models of structorenation.

Before COBE discovered the anisotropies of the microwac&draund there were serious doubts
whether gravity alone could be responsible for the fornmatibthe structure we observe in the universe
today. It seemed that a new force was required to do the joliuately, the anisotropies were found
with the right amplitude for structure to be accounted forgigvitational collapse of primordial inho-
mogeneities under the attraction of a large component ofralativistic dark matter. Nowadays, the
standard theory of structure formation is a cold dark mattedel with a non vanishing cosmological
constant in a spatially flat universe. Gravitational caklpmplifies the density contrast initially through
linear growth and later on via non-linear collapse. In thecpss, overdense regions decouple from
the Hubble expansion to become bound systems, which stattiatg eachother to form larger bound
structures. In fact, the largest structures, superckistetve not yet gone non-linear.

The primordial spectruni_(ID0) is reprocessed by gravitationstability after the universe be-
comes matter dominated and inhomogeneities can grow. iLpggturbation theory shows that the grow-



ing mode® of small density contrasts go like [24.,]25]

2

§(a) o a3 = { s @ < Geq (101)
a, a > Qeq

in the Einstein-de Sitter limitt{ = p/p = 1/3 and 0, for radiation and matter, respectively). There are
slight deviations folw > acq, if v # 1 or Q4 # 0, but we will not be concerned with them here.
The important observation is that, since the density centrilast scattering is of ordér~ 10~°, and

the scale factor has grown since then only a faetQr ~ 103, one would expect a density contrast
today of orders, ~ 1072, Instead, we observe structures like galaxies, wikiere 102. So how can
this be possible? The microwave background shows anisesraue to fluctuations in the baryonic
matter component only (to which photons couple, electroratigally). If there is an additional matter
component that only couples through very weak interactifiastuations in that component could grow
as soon as it decoupled from the plasma, well before photecsupled from baryons. The reason why
baryonic inhomogeneities cannot grow is because of photesspre: as baryons collapse towards denser
regions, radiation pressure eventually halts the condraeind sets up acoustic oscillations in the plasma
that prevent the growth of perturbations, until photon dgtiog. On the other hand, a weakly interacting
cold dark matter component could start gravitational gaéamuch earlier, even before matter-radiation
equality, and thus reach the density contrast amplitudesrebd today. The resolution of this mismatch
is one of the strongest arguments for the existence of a ywaatklracting cold dark matter component
of the universe.
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Fig. 12: The power spectrum for cold dark matter (CDM), tlt®ld dark matter (TCDM), hot dark matter (HDM), and mixed
hot plus cold dark matter (MDM), normalized to COBE, for lesgcale structure formation. From Ré&f.][28].

How much dark matter there is in the universe can be deduoedtfre actual power spectrum (the
Fourier transform of the two-point correlation function agnsity perturbations) of the observed large
scale structure. One can decompose the density contrasiuimeF components, see E.199). This is
very convenient since in linear perturbation theory indiiédl Fourier components evolve independently.
A comoving wavenumbek is said to “enter the horizon” wheh = d;;'(a) = aH(a). If a certain
perturbation, of wavelength = k! < dy (aeq), €nters the horizon before matter-radiation equality, the
fast radiation-driven expansion prevents dark-mattetupeations from collapsing. Since light can only
cross regions that are smaller than the horizon, the sugipresf growth due to radiation is restricted
to scales smaller than the horizon, while large-scale geations remain unaffected. This is the reason

*The decaying modes go lik&t) ~ t=*, for all w.



why the horizon size at equality, EG._{95), sets an imporaate for structure growth,
keq = A (aeq) =~ 0.083 (i h) h Mpe ™. (102)

The suppression factor can be easily computed fiom (10£).85= (denter /deq)? = (keq/k)?. In other
words, the processed power spectrixfi) will have the form:

k. k < keq
P(k) (103)
k=3, k> keq

This is precisely the shape that large-scale galaxy cat@ogbound to test in the near future, see[F1h. 12.
Furthermore, since relativistic Hot Dark Matter (HDM) tsd@r energy between clumps of matter, they
will wipe out small scale perturbations, and this should &ensas a distinctive signature in the matter
power spectra of future galaxy catalogs. On the other hamahrelativistic Cold Dark Matter (CDM)
allow structure to form orall scales via gravitational collapse. The dark matter wilhtipall in the
baryons, which will later shine and thus allow us to see thaxigs.

Naturally, when baryons start to collapse onto dark mattezitial wells, they will convert a large
fraction of their potential energy into kinetic energy obfmns and electrons, ionizing the medium. As a
conseguence, we expect to see a large fraction of thosertsacpastituting a hot ionized gas surrounding
large clusters of galaxies. This is indeed what is obserard,confirms the general picture of structure
formation.

3. DETERMINATION OF COSMOLOGICAL PARAMETERS

In this Section, | will restrict myself to those recent measnents of the cosmological parameters by
means of standard cosmological techniques, together vidtv énstances of new results from recently
applied techniques. We will see that a large host of obsenstare determining the cosmological
parameters with some reliability of the order of 10%. Howetlee majority of these measurements are
dominated by large systematic errors. Most of the recenkwoiobservational cosmology has been
the search for virtually systematic-free observableg tilose obtained from the microwave background
anisotropies, and discussed in Section 4.4. | will devotsydver, this Section to the more ‘classical’
measurements of the following cosmological parameters rate of expansiott/y; the matter content
Qur; the cosmological constafity ; the spatial curvatur@ g, and the age of the universg

3.1 The rate of expansionH

Over most of last century the value &fy has been a constant source of disagreement [29]. Around
1929, Hubble measured the rate of expansion té/pe= 500 km s 'Mpc—!, which implied an age of
the universe of ordety ~ 2 Gyr, in clear conflict with geology. Hubble’s data was basadCepheid
standard candles that were incorrectly calibrated witlse¢hio the Large Magellanic Cloud. Later on,
in 1954 Baade recalibrated the Cepheid distance and obtaitmver value H, = 250 kms 'Mpc~1,
still in conflict with ratios of certain unstable isotopesndlly, in 1958 Sandage realized that the bright-
est stars in galaxies were ionized HIl regions, and the Hubdtie dropped down tB, = 60 kms™!
Mpc—, still with large (factor of two) systematic errors. Foréely, in the past 15 years there has
been significant progress towards the determinatiof pfwith systematic errors approaching the 10%
level. These improvements come from two directions. Fiesthnological, through the replacement of
photographic plates (almost exclusively the source of fitata the 1920s to 1980s) with charged couple
devices (CCDs), i.e. solid state detectors with excellent $ensitivity per pixel, which were previously
used successfully in particle physics detectors. Seconthebrefinement of existing methods for mea-
suring extragalactic distances (e.g. parallax, Cephsigsernovae, etc.). Finally, with the development
of completely new methods to determiig, which fall into totally independent and very broad cate-
gories: a) Gravitational lensing; b) Sunyaev-Zel'dovidfeet; c) Extragalactic distance scale, mainly



Cepheid variability and type la Supernovae; d) Microwavekigaound anisotropies. | will review here
the first three, and leave the last method for Section 4.destnnvolves knowledge about the primordial
spectrum of inhomogeneities.

3.11 Gravitational lensing

Imagine a quasi-stellar object (QSO) at large redshifts{ 1) whose light is lensed by an intervening
galaxy at redshiftz: ~ 1 and arrives to an observer at= 0. There will be at least two different
images of the same backgrouwdriable point source. The arrival times of photons from two différen
gravitationally lensed images of the quasar depend on fferatit path lengths and the gravitational
potential traversed. Therefore, a measurement of the tatagy dnd the angular separation of the different
images of a variable quasar can be used to deterfdineith great accuracy. This method, proposed in
1964 by Refsdael[30], offers tremendous potential becdwse be applied at great distances and it is
based on very solid physical principlés[31].

Unfortunately, there are very few systems with both a faablg geometry (i.e. a known mass
distribution of the intervening galaxy) and a variable lrckind source with a measurable time delay.
That is the reason why it has taken so much time since thenatigroposal for the first results to come
out. Fortunately, there are now very powerful telescopas ¢hn be used for these purposes. The best
candidate to-date is the QS057 + 561, observed with the 10m Keck telescope, for which there is a
model of the lensing mass distribution that is consistettt thie measured velocity dispersion. Assuming
a flat space witlf2y; = 0.25, one can determiné[32]

Hy = 72 4 7 (10 statistical) 4 15% (systematic) kms™'‘Mpc™?. (104)

The main source of systematic error is the degeneracy betiieemass distribution of the lens and
the value ofH,. Knowledge of the velocity dispersion within the lens as laction of position helps
constrain the mass distribution, but those measuremeatgeay difficult and, in the case of lensing by
a cluster of galaxies, the dark matter distribution in theggtems is usually unknown, associated with a
complicated cluster potential. Nevertheless, the methgast starting to give promising results and, in
the near future, with the recent discovery of several systith optimum properties, the prospects for
measuringdy and lowering its uncertainty with this technique are exadll

3.12 Sunyaev-Zel'dovich effect

As discussed in the previous Section, the gravitationdapsé of baryons onto the potential wells gen-
erated by dark matter gave rise to the reionization of therpéa generating an X-ray halo around rich
clusters of galaxies, see Fig.J13. The inverse-Comptortesitag of microwave background photons
off the hot electrons in the X-ray gas results in a measurdigrtion of the blackbody spectrum

of the microwave background, known as the Sunyaev-ZeldtoySZ) effect. Since photons acquire
extra energy from the X-ray electrons, we expect a shift tdedigher frequencies of the spectrum,
(Av/v) ~ (kTgas/mec?) ~ 1072, This corresponds todecremenbf the microwave background tem-

perature at low frequencies (Rayleigh-Jeans region) amacaement at high frequencies, see Ref] [33].

Measuring thespatial distribution of the SZ effect (3 K spectrum), together withigh resolution
X-ray map (0% K spectrum) of the cluster, one can determine the densityt@mgerature distribution
of the hot gas. Since the X-ray flux is distance-depend@nt=( L /4rd?), while the SZ decrement is
not (because the energy of the CMB photons increases as wacfiarbredshift,y = (1 + z), and
exactly compensates the redshift in energy of the photatsrétach us), one can determine from there
the distance to the cluster, and thus the Hubble kate

The advantages of this method are that it can be applied ge ldistances and it is based on
clear physical principles. The main systematics come frossile clumpiness of the gas (which would



Fig. 13: The Coma cluster of galaxies, seen here in an optieade (left) and an X-ray image (right), taken by the regentl
launched Chandra X-ray Observatory. From Hefl [34].

reduceH,), projection effects (if the clusters are prolafé, could be larger), the assumption of hy-
drostatic equilibrium of the X-ray gas, details of modelstfte gas and electron densities, and possible
contaminations from point sources. Present measuremietshg value[[33]

Hy = 60 & 10 (1o statistical) + 20% (systematic) kms 'Mpc™!, (105)

compatible with other determinations. A great advantaghisicompletely new and independent method
is that nowadays more and more clusters are observed in thg, dnd soon we will have high-resolution
2D maps of the SZ decrement from several balloon flights, dsasérom future microwave background
satellites, together with precise X-ray maps and spectna fihe Chandra X-ray observatory recently
launched by NASA, as well as from the European X-ray sateXiyM launched a few months ago by
ESA, which will deliver orders of magnitude better resantthan the existing Einstein X-ray satellite.

3.13 Cepheid variability

Cepheids are low-mass variable stars with a period-luntinoslation based on the helium ionization
cycles inside the star, as it contracts and expands. Thévariability can be measured, and the star’s
absolute luminosity determined from the calibrated refathip. From the observed flux one can then
deduce the luminosity distance, see [Eql (28), and thus thélelwateH/,. The Hubble Space Telescope
(HST) was launched by NASA in 1990 (and repaired in 1993) withspecific project of calibrating the
extragalactic distance scale and thus determining the ldubke with 10% accuracy. The most recent
results from HST are the followin@ [35]

Hy =714+ 4 (random) = 7 (systematic) kms™!Mpc~!. (106)

The main source of systematic error is the distance to thgd Etagellanic Cloud, which provides the
fiducial comparison for Cepheids in more distant galaxiekeOsystematic uncertainties that affect the
value of Hy are the internal extinction correction method used, a ptessnetallicity dependence of the
Cepheid period-luminosity relation and cluster populatiecompleteness bias, for a set of 21 galaxies
within 25 Mpc, and 23 clusters withia < 0.03.

With better telescopes already taking data, like the Vemgéarelescope (VLT) interferometer
of the European Southern Observatory (ESO) in the Chileasakha desert, with 8 synchronized tele-
scopes, and others coming up soon, like the Next GeneratiaaeSTelescope (NGST) proposed by
NASA for 2008, and the Gran TeCan of the European Northerre@hbtory in the Canary Islands, for
2010, it is expected that much better resolution and thezedocuracy can be obtained for the determi-
nation of H.



3.2 Dark Matter

In the 1920s Hubble realized that the so called nebulae vatually distant galaxies very similar to our
own. Soon afterwards, in 1933, Zwicky found dynamical enethat there is possibly ten to a hundred
times more mass in the Coma cluster than contributed by thimbus matter in galaxies 186]. However,
it was not until the 1970s that the existence of dark mattgabeo be taken more seriously. At that time
there was evidence that rotation curves of galaxies did albbff with radius and that the dynamical
mass was increasing with scale from that of individual galsxip to clusters of galaxies. Since then,
new possible extra sources to the matter content of the te@eve been accumulating:

Qv = QB 1um (stars in galaxies) (207)
+ Qp, dark (MACHOs?) (108)
+ Qecpm (weakly interacting : axion, neutralino?) (209)
+ Qupm (massive neutrinos?) (110)

The empirical route to the determination Qfi; is nowadays one of the most diversified of all
cosmological parameters. The matter content of the urdvean be deduced from the mass-to-light ratio
of various objects in the universe; from the rotation curvegalaxies; from microlensing and the direct
search of Massive Compact Halo Objects (MACHOSs); from thstelr velocity dispersion with the use
of the Virial theorem; from the baryon fraction in the X-ragggof clusters; from weak gravitational
lensing; from the observed matter distribution of the urseevia its power spectrum; from the cluster
abundance and its evolution; from direct detection of nvasseutrinos at SuperKamiokande; from direct
detection of Weakly Interacting Massive Particles (WIMBSLCDMS, DAMA or UKDMC, and finally
from microwave background anisotropies. | will review hr&t a few of them.

3.21 Rotation curves of spiral galaxies

The flat rotation curves of spiral galaxies provide the masatl evidence for the existence of large
amounts of dark matter. Spiral galaxies consist of a cehtrigle and a very thin disk, stabilized against
gravitational collapse by angular momentum conservatmal, surrounded by an approximately spher-
ical halo of dark matter. One can measure the orbital vedsciif objects orbiting around the disk as a
function of radius from the Doppler shifts of their spectmés.

The rotation curve of the Andromeda galaxy was first meashyeBabcock in 1938, from the
stars in the disk. Later it became possible to measure gatatation curves far out into the disk, and
a trend was found [37]. The orbital velocity rose linearlgrfr the center outward until it reached a
typical value of 200 km/s, and then remained flat out to thgelsrmeasured radii. This was completely
unexpected since the observed surface luminosity of tHefdls off exponentially with radius [37],
I(r) = Ipexp(—r/rp). Therefore, one would expect that most of the galactic mas®mcentrated
within a few disk lengths p, such that the rotation velocity is determined as in a Kéguheorbit, v, =
(GM/r)'/? « r=1/2, No such behaviour is observed. In fact, the most convinolpgervations come
from radio emission (from the 21 cm line) of neutral hydrogethe disk, which has been measured to
much larger galactic radii than optical tracers. A typiadeis that of the spiral galaxy NGC 6503, where
rp = 1.73 kpc, while the furthest measured hydrogen line is at 22.22 kpc, about 13 disk lengths
away. Nowadays, thousands of galactic rotation curves aoavik, see Fig. 14, and all suggest the
existence of about ten times more mass in the halos of sg@takigs than in the stars of the disk. Recent
numerical simulations of galaxy formation in a CDM cosm@ld88] suggest that galaxies probably
formed by the infall of material in an overdense region of timverse that had decoupled from the
overall expansion.

The dark matter is supposed to undergo violent relaxatiah aeate a virialized system, i.e.
in hydrostatic equilibrium. This picture has led to a simpiedel of dark-matter halos as isothermal
spheres, with density profile(r) = p./(r? + r?), wherer. is a core radius angd. = v2 /47G, with
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Fig. 14: The rotation curves of several hundred galaxieppddpanel: As a function of their radii in kpc. Middle paneher
central 5 kpc. Lower panel: As a function of scale radius.

Uso €qual to the plateau value of the flat rotation curve. This ehdsl consistent with the universal
rotation curves seen in Fig. 6. At large radii the dark mattstribution leads to a flat rotation curve.
The question is for how long. In dense galaxy clusters one&gpthe galactic halos to overlap and
form a continuum, and therefore the rotation curves shoeidain flat from one galaxy to another.
However, in field galaxies, far from clusters, one can stindyrbtation velocities of substructures (like
satellite dwarf galaxies) around a given galaxy, and detexmwvhether they fall off at sufficiently large
distances according to Kepler's law, as one would expedate dine edges of the dark matter halo have
been reached. These observations are rather difficult becdwncertainties in distinguishing between
true satellites and interlopers. Recently, a group fromSioan Digital Sky Survey Collaboration claim
that they have seen the edges of the dark matter halos aralddyéilaxies by confirming the fall-off
at large distances of their rotation curvesl|[39]. Theseltgsiicorroborated by further analysis, would
constitute a tremendous support to the idea of dark mattarflasd surrounding galaxies and clusters,
while at the same time eliminates the need for modificatidridesvtonian of even Einstenian gravity at
the scales of galaxies, to account for the flat rotation airve

That'’s fine, but how much dark matter is there at the galactide® Adding up all the matter in
galactic halos up to a maximum radii, one finds

Qhalo =~ 10 U > 0.03 — 0.05.. (111)

Of course, it would be extraordinary if we could confirm, tigb direct detection, the existence of dark
matter in our own galaxy. For that purpose, one should medsirotation curve, which is much more



difficult because of obscuration by dust in the disk, as wep@blems with the determination of reliable
galactocentric distances for the tracers. Neverthelégsydtation curve of the Milky Way has been
measured and conforms to the usual picture, with a platelae ed the rotation velocity of 220 km/s.
For dark matter searches, the crucial quantity is the datiemaensity in the solar neighbourhood, which
turns out to be (within a factor of two uncertainty dependimgthe halo modelppy = 0.3 GeVien?.
We will come back to direct searched of dark matter in a latbssction.

3.22 Baryon fraction in clusters

Since large clusters of galaxies form through gravitaliamwlapse, they scoop up mass over a large
volume of space, and therefore the ratio of baryons overdted matter in the cluster should be rep-
resentative of the entire universe, at least within a 20%egyatic error. Since the 1960s, when X-ray
telescopes became available, it is known that galaxy ckisie the most powerful X-ray sources in the
sky [40]. The emission extends over the whole cluster andalevthe existence of a hot plasma with
temperaturel’ ~ 107 — 10® K, where X-rays are produced by electron bremsstrahlunguviing the
gas to be in hydrostatic equilibrium and applying the vitlE@orem one can estimate the total mass in
the cluster, giving general agreement (within a factor ofvh the virial mass estimates. From these
estimates one can calculate the baryon fraction of clusters

feh¥? =008 = 28 0.14, for h=0.70. (112)
Qur
SinceQum =~ 0.002 — 0.006, the previous expression suggests that clusters contamdee baryonic
matter in the form of hot gas than in the form of stars in gaaxiAssuming this fraction to be repre-
sentative of the entire universe, and using the Big Bangewsgihthesis value ¢z = 0.04 + 0.01, for
h = 0.7, we find

Qp = 0.3+ 0.1 (statistical) £+ 20% (systematic) . (113)

This value is consistent with previous determination8 gf. If some baryons are ejected from the cluster
during gravitational collapse, or some are actually boumdadnluminous obijects like planets, then the
actual value of?,, is smaller than this estimate.

3.23 Weak gravitational lensing

Since the mid 1980s, deep surveys with powerful telescopee bbserved huge arc-like features in
galaxy clusters. The spectroscopic analysis showed teaftister and the giant arcs were at very differ-
ent redshifts. The usual interpretation is that the arcedriage of a distant background galaxy which
is in the same line of sight as the cluster so that it appeatsrtitd and magnified by the gravitational
lens effect. the giant arcs are essentially partial Einstgigs. From a systematic study of the clus-
ter mass distribution one can reconstruct the shear fiefbnssble for the gravitational distortion [41].
This analysis shows that there are large amounts of darlematthe clusters, in rough agreement with
the virial mass estimates, although the lensing massestoeng systematically larger. At present, the
estimates indicat®;; = 0.2 — 0.3 on scalesS 6 h~! Mpc.

3.24 Large scale structure formation and the matter poweicgpim

Although the isotropic microwave background indicated tha universe in thpastwas extraordinarily
homogeneous, we know that the univeisgayis far from homogeneous: we observe galaxies, clusters
and superclusters on large scales. These structures aetedtpo arise from very small primordial inho-
mogeneities that grow in time via gravitational instapjlend that may have originated from tiny ripples
in the metric, as matter fell into their troughs. Those mgpimust have left some trace as temperature
anisotropies in the microwave background, and indeed snislotaopies were finally discovered by the
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COBE satellite in 1992. However, not all kinds of matter and#volution of the universe can give rise
to the structure we observe today. If we define the densityrasinas

5(7,0) = LED = P@) _ / &F y(a) €57 (114)
p(a)

wherep(a) = poa~? is the average cosmic density, we need a theory that will gralensity contrast

with amplitudes ~ 10~ at the last scattering surface £ 1100) up to density contrasts of the order of

§ ~ 10? for galaxies at redshifts < 1, i.e. today. This is mecessaryequirement for any consistent

theory of structure formation.

Furthermore, the anisotropies observed by the COBE gateltirrespond to a small-amplitude
scale-invariant primordial power spectrum of inhomoggegi

P(k) = (|0p*) x k™, with n=1, (115)

These inhomogeneities are like waves in the space-timaan@lhen matter fell in the troughs of those
waves, it created density perturbations that collapseditgtnally to form galaxies and clusters of
galaxies, with a spectrum that is also scale invariant. Sugipe of spectrum was proposed in the early
1970s by Edward R. Harrison, and independently by the Russiamologist Yakov B. Zel'dovict [26],
to explain the distribution of galaxies and clusters of gigs on very large scales in our observable
universe, see Fig. 15.

Since the primordial spectrum is very approximately repnésd by a scale-invariaaussian
random field the best way to present the results of structure formasdoyiworking with the 2-point
correlation function in Fourier space, the so-caledver spectrum|If the reprocessed spectrum of in-
homogeneities remains Gaussian, the power spectrum isaleed to describe the galaxy distribution.
Non-Gaussian effects are expected to arise from the neasligravitational collapse of structure, and
may be important at small scales. The power spectrum meatheedegree of inhomogeneity in the
mass distribution on different scales, see Fig. 16. It dépempon a few basic ingredientes: a) the pri-
mordial spectrum of inhomogeneities, whether they are &8anor non-Gaussian, whethadiabatic
(perturbations in the energy density)isocurvature(perturbations in the entropy density), whether the
primordial spectrum haslt (deviations from scale-invariance), etc.; b) the receaation of inhomo-
geneities, whethecosmic stringsor some other topological defect from an early phase tiansdre
responsible for the formation of structure today; and c) ¢hemic evolution of the inhomogeneity,
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whether the universe has been dominated by cold or hot dattemnaa by a cosmological constant since
the beginning of structure formation, and also dependinthemate of expansion of the universe.

The working tools used for the comparison between the obdepower spectrum and the pre-
dicted one are very precise N-body numerical simulatiortsthaoretical models that predict thbape
but not theamplitudeof the present power spectrum. Even though a large amounbik kaas gone
into those analyses, we still have large uncertainties tathewnature and amount of matter necessary for
structure formation. A model that has become a working pgnads a flat cold dark matter model with
a cosmological constant afith; ~ 0.3. This model is now been confronted with the recent very geeci
measurements from 2dFGRS[42] and SDS$ [43].

3.25 The new redshift catalogs, 2dF and Sloan Digital Sky&ur

Our view of the large-scale distribution of luminous obgett the universe has changed dramatically
during the last 25 years: from the simple pre-1975 pictura dfstribution of field and cluster galax-
ies, to the discovery of the first single superstructuresvands, to the most recent results showing an
almost regular web-like network of interconnected clustélaments and walls, separating huge nearly
empty volumes. The increased efficiency of redshift surveyade possible by the development of spec-
trographs and — specially in the last decade — by an enornmausaise in multiplexing gain (i.e. the
ability to collect spectra of several galaxies at once, ltkao fibre-optic spectrographs), has allowed
us not only to dacartographyof the nearby universe, but also to statistically char&aesome of its
properties. At the same time, advances in theoretical nmgleff the development of structure, with
large high-resolution gravitational simulations coupted deeper yet limited understanding of how to
form galaxies within the dark matter halos, have providedoaemealistic connection of the models to
the observable quantities. Despite the large uncertaittte still exist, this has transformed the study of
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cosmology and large-scale structure into a truly quaivéagcience, where theory and observations can
progress together.

3.26 Summary of the matter content

We can summarize the present situation with Fig. 17{¥gr as a function of{,. There are four bands,
the luminous mattef;,.,,; the baryon conter2z, from BBN; the galactic halo componef¥, ,;,, and
the dynamical mass from cluste€3;,. From this figure it is clear that there are in futeedark matter
problems: The first one is where are 90% of the baryons? Bettieefraction predicted by BBN and
that seen in stars and diffuse gas there is a huge fractiorhvidhin the form of dark baryons. They could
be in small clumps of hydrogen that have not started therleaureactions and perhaps constitute the
dark matter of spiral galaxies’ halos. Note that altho@ighandy,.;, coincide atH, ~ 70 km/s/Mpc,
this could be just a coincidence. The second problem is wiastitutes 90% of matter, from BBN
baryons to the mass inferred from cluster dynamics? Thiseistandard dark matter problem and could
be solved in the future by direct detection of a weakly intéregy massive particle in the laboratory. And
finally, since we know from observations of the CMB that thévarse is flat, the rest, up tQ, = 1,
must be a diffuse vacuum energy, which affects the very laggdes and late times, and seems to be
responsible for the present acceleration of the univeemeSgction 3. Nowadays, multiple observations
seem to converge towards a common determinatidief= 0.25 4+ 0.08 (95% c.l.), see Fig. 18.

3.27 Massive neutrinos

One of the ‘usual suspects’ when addressing the problemrkfrdatter are neutrinos. They are the only
candidates known to exist. If neutrinos have a mass, coelgdbnstitute the missing matter? We know
from the Big Bang theory, see Section 2.6.5, that there isen@mneutrino background at a temperature
of approximately 2K. This allows one to compute the presemiver density in the form of neutrinos,
which turns out to be, for massless neutrinag(7T,,) = % n~(Ty) = 112 cm ™3, per species of neutrino.
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If neutrinos have mass, as recent experiments seem to $ggges Fig. 19, the cosmic energy density
in massive neutrinos would hg = >~ n,m, = % n~ > m,, and therefore its contribution today,

_oXmy

O h% = )
93.2 eV

(116)
The discussion in the previous Sections suggest(hat< 0.4, and thus, for any of the three families
of neutrinos,m,, < 40 eV. Note that this limit improves by six orders of magnitutie present bound
on the tau-neutrino mass ]19]. Supposing that the missirgsnmanon-baryonic cold dark matter arises
from a single particle dark matter (PDM) component, its dbation to the critical density is bounded
by 0.05 < Qppwmh? < 0.4, see Fig. 17.

I will now go through the various logical arguments that exle neutrinos as thdminantcompo-
nent of the missing dark matter in the universe. Is it poedidit neutrinos with a maskeV < m, < 40
eV be the non-baryonic PDM component? For instance, coulssiveyneutrinos constitute the dark
matter halos of galaxies? For neutrinos to be gravitatiprimund to galaxies it is necessary that their
velocity be less that the escape velodity,, and thus their maximum momentumyig... = My Vesc.
How many neutrinos can be packed in the halo of a galaxy? DubketdPauli exclusion principle,
the maximum number density is given by that of a completelgederate Fermi gas with momen-
tUM pr = Puax, 1€ NMmax = Po./372. Therefore, the maximum local density in dark matter
NEUtrinoS iSpmax = NmaxMy = mavs,./372, which must be greater than the typical halo density
Phalo = 0.3 GeVcnt3. For a typical spiral galaxy, this constraint, known as therfaine-Gunn limit,
givesm, > 40 eV, see Ref.[147]. However, this mass, even for a single spesiay the tau-neutrino,
gives a value fof2,h?> = 0.5, which is far too high for structure formation. Neutrinossafch a low
mass would constitute a relativistic hot dark matter congmbnwhich would wash-out structure below
the supercluster scale, against evidence from presentvalisas, see Fig. 19. Furthermore, apply-

8For a review on Neutrino properties, see Gonzalez-Gardetures on these Proceedings.
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ing the same phase-space argument to the neutrinos as daek mahe halo of dwarf galaxies gives
m,, > 100 eV, beyond closure density (116). We must conclude thatithpls idea that light neutrinos
could constitute the particle dark matter on all scalesledrout. They could, however, still play a role
as a sub-dominant hot dark matter component in a flat CDM mdadéhat case, a neutrino mass of order
1 eV is not cosmological excluded, see Fig. 19.

Another possibility is that neutrinos have a large massraéioa few GeV. In that case, their num-
ber density at decoupling, see Section 2.5.1, is supprdssadBoltzmann factory exp(—my, /Tgec)-
For massesn, > Ty ~ 0.8 MeV, the present energy density has to be computed as aasoluti
of the corresponding Boltzmann equation. Apart from a litlgatic correction, one find$), h? ~
0.1(10 GeV /m,,)? for Majorana neutrinos and slightly smaller for Dirac néds. In either case, neu-
trinos could be the dark matter only if their mass was a few.G&@¥oratory limits forv, of around 18
MeV [19], and much more stringent ones fgr andv., exclude the known light neutrinos. However,
there is always the possibility of a fourth unknown heavy atable (perhaps sterile) neutrino. If it
couples to the Z boson and has a mass below 45 GeV for Diradmzu{39.5 GeV for Majorana neu-
trinos), then it is ruled out by measurements at LEP of thisiiole width of the Z. There are two logical
alternatives, either it is a sterile neutrino (it does naipaie to the Z), or it does couple but has a larger
mass. In the case of a Majorana neutrino (its own antipajti¢heir abundance, for this mass range,
is too small for being cosmologically releva?, h? < 0.005. If it were a Dirac neutrino there could
be a lepton asymmetry, which may provide a higher abundasiceldr to the case of baryogenesis).
However, neutrinos scatter on nucleons via the weak axielev current (spin-dependent) interaction.
For the small momentum transfers imparted by galactic WINBsh collisions are essentially coherent
over an entire nucleus, leading to an enhancement of thetigéfecross section. The relatively large
detection rate in this case allowes one to exclude fourtfeiggion Dirac neutrinos for the galactic dark
matter [48]. Anyway, it would be very implausible to have si@cmassive neutrino today, since it would
have to be stable, with a life-time greater than the age ofitineerse, and there is no theoretical reason



to expect a massive sterile neutrino that does not osciliiehe other neutrinos.

Of course, the definitive test to the possible contributibmeutrinos to the overall density of
the universe would be to measul@ectly their mass in laboratory experiments. There are at present
two types of experiments: neutrino oscillation experimemthich measure onlglifferencesn squared
masses, and direct mass-searches experiments, liketine tbi-spectrum and the neutrinoless douple-
decay experiments, which measure directly the mass of dwtreh neutrino. The former experiments
give a boundmn,, < 2.3 eV (95% c.l.)[[4B], while the latter claini [50] they havepasitive evidence
for a Majorana neutrino of mass, = 0.05 — 0.89 eV (95% c.l.), although this result still awaits
confirmation by other experiments. Neutrinos with such aswamild very well constitute the HDM
component of the univers&upy S 0.15. The oscillation experiments give a range of possibilities
for Am2 = 0.3 — 3 eV? from LSND (not yet confirmed by Miniboone), to the atmospbareutrino
oscillations from SuperKamiokand@\(n? ~ 2.2 + 0.5 x 1073 eV?, tan’# = 1.0 + 0.3) and the
solar neutrino oscillations from KamLAND and the Sudburyulimo Observatory £ m? ~ 8.2 +
0.3 x 1075 eV?, tan?6 = 0.39 + 0.05), see Ref.[[46]. Only the first two possibilities would be
cosmologically relevant, see Fig. 19. Thanks to recentrgbiens by WMAP, 2dFGRS and SDSS, we
can put stringent limits on the absolute scale of neutrineses, see below (Section 3.4).

3.28 Weakly Interacting Massive Particles

Unless we drastically change the theory of gravity on largges, baryons cannot make up the bulk
of the dark matter. Massive neutrinos are the only alteraaimong the known particles, but they are
essentially ruled out as a universal dark matter candidate if they may play a subdominant role as
a hot dark matter component. There remains the mystery of iwlilae physical nature of the dominant
cold dark matter component. Something like a heavy stabl#rine, a generic Weakly Interacting
Massive Particle (WIMP), could be a reasonable candidatause its present abundance could fall
within the expected range,

G32T3h? 3% 107% cm®s!

= 117
Hg <Uannvrol> <Uannvrel> ( )

Qppamh? ~

Herew, is the relative velocity of the two incoming dark matter pess and the brackets) denote a
thermal average at the freeze-out temperatilire;x mppn /20, when the dark matter particles go out
of equilibrium with radiation. The value Ofoa,nvrel) Needed fol2ppy ~ 1 is remarkably close to
what one would expect for a WIMP with a masspy = 100 GeV, (0anntrel) ~ a2 /8T mppy ~

3 x 10727 cm3s~!. We still do not know whether this is just a coincidence ormpartant hint on the
nature of dark matter.

There are a few theoretical candidates for WIMP's, like thénaéno, coming from supersymme-
tric extensions of the standard model of particle phy$iost at present there is no empirical evidence that
such extensions are indeed realized in nature. In fact, dheobservation of supersymmetric particles
at current accelerators places stringent limits on therakubd mass and interaction cross section [52].
If WIMPs constitute the dominant component of the halo of galaxy, it is expected that some may
cross the Earth at a reasonable rate to be detected. The ekgerimental search for them rely on
elastic WIMP collisions with the nuclei of a suitable targddark matter WIMPs move at a typical
galactic “virial” velocity of around200 — 300 km/s, depending on the model. If their mass is in the
rangel0 — 100 GeV, the recoil energy of the nuclei in the elastic collisisauld be of order 10 keV.
Therefore, one should be able to identify such energy déposiin a macroscopic sample of the target.
There are at present three different methods: First, onlel s@arch for scintillation light in Nal crystals
or in liquid xenon; second, search for an ionization sigmahisemiconductor, typically a very pure
germanium crystal; and third, use a cryogenic detector aik@nd search for a measurable temperature

"For a review of Supersymmetry (SUSY), see Kazakov’s coatidin to these Proceedings.
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Fig. 20: The annual-modulation signal accumulated overafsis consistent with a neutralino of massrof, = 59 *17 GeV
and a proton cross section gfr, = 7.0 722 x 107 pb, according to DAMA. From Ref{151].

increase of the sample. The main problem with such a typepsdraxent is the low expected signal rate,
with a typical number below 1 event/kg/day. To reduce natradioactive contamination one must
use extremely pure substances, and to reduce the backgrausdd by cosmic rays requires that these
experiments be located deeply underground.

The best limits on WIMP scattering cross sections come fromesgermanium experiments, like
the Criogenic Dark Matter Search (CDMS) collaboration a@n®&ird and the Soudan mirie [53], as well
as from the Nal scintillation detectors of the UK dark mateltaboration (UKDMC) in the Boulby salt
mine in England[[54], and the DAMA experiment in the Gran ®dsboratory in Italy [[51]. Current
experiments already touch the parameter space expectedsfnpersymmetric particles, see Fig. 21,
and therefore there is a chance that they actually disctnenature of the missing dark matter. The
problem, of course, is to attribute a tentative signal unigodusly to galactic WIMPs rather than to
some unidentified radioactive background.

One specific signature is the annual modulation which agsdle Earth moves around the $un.
Therefore, the net speed of the Earth relative to the galdatk matter halo varies, causing a modulation
of the expected counting rate. The DAMA/Nal experiment hesialy reported such a modulation
signal, from the combined analysis of their 7-year data,ige20 and Ref.[151], which provides a
confidence level of 99.6% for a neutralino masssef, = 52 T{° GeV and a proton cross section of
§op = 7.2 tg;g x 1075 pb, where¢ = p, /0.3 GeVcnr3 is the local neutralino energy density in
units of the galactic halo density. There has been no contibmget of this result from other dark
matter search groups. In fact, the CDMS collaboration da@m exclusion of the DAMA region at
the 3 sigma level, see Fig. 21. Hopefully in the near futurewile have much better sensitivity at
low masses from the Cryogenic Rare Event Search with Supduocting Thermometers (CRESST)
experiment at Gran Sasso. The CRESST experiment [55] upehisa crystals as targets and a new
method to simultaneously measure the phonons and thdlsting light from particle interactions inside

8The time scale of the Sun’s orbit around the center of thexgatatoo large to be relevant in the analysis.
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Fig. 21: Exclusion range for the spin-independent WIMPtscatg cross section per nucleon from the Nal experiments an
the Ge detectors. The blue lines come from the CDMS expetiméich exclude the DAMA region at more than 3 sigma.
Also shown in yellow and red is the range of expected countitgs for neutralinos in the MSSM. From Ré&R[53].

the crystal, which allows excellent background discrirtiora Very recently there has been also the
proposal of a completely new method based on a SuperheatgdeDbDetector (SDD), which claims to
have already a similar sensitivity as the more standard edstescribed above, see REfI[56].

There exist otheindirect methods to search for galactic WIMRs[57]. Such particladcself-
annihilate at a certain rate in the galactic halo, producmptentially detectable background of high
energy photons or antiprotons. The absence of such a barldjia both gamma ray satellites and
the Alpha Matter Spectrometer |58] imposes bounds on theisitly in the halo. Alternatively, WIMPs
traversing the solar system may interact with the mattemttzkes up the Earth or the Sun so that a small
fraction of them will lose energy and be trapped in their sptiilding up over the age of the universe.
Their annihilation in the core would thus produce high epargutrinos from the center of the Earth or
from the Sun which are detectable by neutrino telescopefactn SuperKamiokande already covers a
large part of SUSY parameter space. In other words, neutelescopes are already competitive with
direct search experiments. In particular, the AMANDA expemt at the South Polé [59], which has
approximatelyl0® Cherenkov detectors several km deep in very clear ice, ovetume ~ 1 km?, is
competitive with the best direct searches proposed. Thardages of AMANDA are also directional,
since the arrays of Cherenkov detectors will allow one tomstruct the neutrino trajectory and thus its
source, whether it comes from the Earth or the Sun. AMANDAergly reported the detection of TeV
neutrinos(|59].

3.3 The age of the universé,

The universe must be older than the oldest objects it cantdihose are believed to be the stars in the
oldest clusters in the Milky Way, globular clusters. The ediable ages come from the application
of theoretical models of stellar evolution to observatiofi®ld stars in globular clusters. For about 30
years, the ages of globular clusters have remained redsosialble, at about 15 Gyr [60]. However,
recently these ages have been revised downwaid [61].

During the 1980s and 1990s, the globular cluster age estintregtve improved as both new obser-



vations have been made with CCDs, and since refinementsliar geolution models, including opaci-
ties, consideration of mixing, and different chemical atamces have been incorporatzdi [62]. From the
theory side, uncertainties in globular cluster ages cowm funcertainties in convection models, opac-
ities, and nuclear reaction rates. From the observatiadal sncertainties arise due to corrections for
dust and chemical composition. However, the dominant soofsystematic errors in the globular clus-
ter age is the uncertainty in the cluster distances. Falyndhe Hipparcos satellite recently provided
geometric parallax measurements for many nearby old sitrdow metallicity, typical of glubular clus-
ters, thus allowing for a new calibration of the ages of siaglobular clusters, leading to a downward
revision to10 — 13 Gyr [62]. Moreover, there were very few stars in the Hipparcatalog with both
small parallax erros and low metal abundance. Hence, aedserin the sample size could be critical in
reducing the statatistical uncertaintites for the catibraof the globular cluster ages. There are already
proposed two new parallax satellites, NASAs Space Interfeetry Mission (SIM) and ESA'S mission,
called GAIA, that will give 2 or 3 orders of magnitude more acte parallaxes than Hipparcos, down
to fainter magnitude limits, for several orders of magnétudore stars. Until larger samples are avail-

able, however, distance errors are likely to be the largmsice of systematic uncertainty to the globular
cluster agel]29].
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Fig. 22: The recent estimates of the age of the universe atdofithe oldest objects in our galaxy. The last three points
correspond to the combined analysis of 8 different measemésnforh = 0.64, 0.68 and 7.2, which indicates a relatively weak
dependence oh. The age of the Sun is accurately known and is included fareefce. Error bars indicater limits. The
averages of the ages of the Galactic Halo and Disk are shadgthy. Note that there isn’t a single age estimate more than

20 away from the average. The restjt> ¢, is logically inevitable, but the standard EdS model doessatisfy this unless
h < 0.55. From Ref.[[63].

The supernovae groups can also determine the age of theseivem their high redshift observa-
tions. The high confidence regions in tff@y;, 25 ) plane are almost parallel to the contours of constant
age. For any value of the Hubble constant less tHan= 70 km/s/Mpc, the implied age of the universe
is greater than 13 Gyr, allowing enough time for the oldestssin globular clusters to evolve 162]. In-
tegrating ovef)y; and(2,, the best fit value of the age in Hubble-time unitddgty = 0.93 4+ 0.06 or
equivalentlyty = 14.1 4+ 1.0 (0.65 h~!) Gyr, see Ref[]l7]. Furthermore, a combination of 8 indepahde
recent measurements: CMB anisotropies, type la SNe, closies-to-light ratios, cluster abundance
evolution, cluster baryon fraction, deuterium-to-hideagratios in quasar spectra, double-lobed radio
sources and the Hubble constant, can be used to determimeethent age of the universe [63]. The



result is shown in Fid._22, compared to other recent detextioins. The best fit value for the age of the
universe is, according to this analysig,= 13.4 + 1.6 Gyr, about a billion years younger than other
recent estimates [63].

Fig. 23: The anisotropies of the microwave background nreashy the WMAP satellite with 10 arcminute resolution. It
shows the intrinsic CMB anisotropies at the level of a fewtpar10°. The galactic foreground has been properly subtracted.
The amount of information contained in this map is enoughetieiinine most of the cosmological parameters to few percent
accuracy. From Ref__[20].

3.4 Cosmic Microwave Background Anisotropies

The cosmic microwave background has become in the last fawes yee Holy Grail of Cosmology, since
precise observations of the temperature and polarizati@otopies allow in principle to determine the
parameters of the Standard Model of Cosmology with very higguracy. Recently, the WMAP satellite
has provided with a very detailed map of the microwave aropigs in the sky, see Fig. 23, and indeed
has fulfilled our expectations, see Table 2.

The physics of the CMB anisotropies is relatively simple][64rhe universe just before re-
combination is a very tightly coupled fluid, due to the lardecekomagnetic Thomson cross section
or = 8ma?/3m? ~ 0.7 barn. Photons scatter off charged particles (protons ararehs), and carry
energy, so they feel the gravitational potential assogiatigh the perturbations imprinted in the metric
during inflation. An overdensity of baryons (protons andtreans) does not collapse under the effect of
gravity until it enters the causal Hubble radius. The pédtion continues to grow until radiation pres-
sure opposes gravity and sets up acoustic oscillationsipldsma, very similar to sound waves. Since
overdensities of the same size will enter the Hubble raditiseasame time, they will oscillate in phase.
Moreover, since photons scatter off these baryons, thesticascillations occur also in the photon field
and induces a pattern of peaks in the temperature anisesrapthe sky, at different angular scales, see
Fig. 24. There are three different effects that determiretéimperature anisotropies we observe in the
CMB. First,gravity. photons fall in and escape off gravitational potentiallsyelharacterized b in the
comoving gauge, and as a consequence their frequency isagianally blue- or red-shiftedjv /v = ®.

If the gravitational potential is not constant, the photwerils escape from a larger or smaller potential
well than they fell in, so their frequency is also blue- or-gdufted, a phenomenon known as the Rees-
Sciama effect. Secongressure photons scatter off baryons which fall into gravitatiopatential wells
and the two competing forces create acoustic waves of casipreand rarefaction. Finallyelocity
baryons accelerate as they fall into potential wells. Thayehminimum velocity at maximum compres-
sion and rarefaction. That is, their velocity wave is exagtl° off-phase with the acoustic waves. These
waves induce a Doppler effect on the frequency of the photdhe temperature anisotropy induced by



Angular Scale

g 2 . .2°
6000 — 1 : g 2
E TT Cross Power
5000 E- Spectrum E
E — A-CDMAIData
E \ 3 wmap
& 4000 B § cBl 3
b4 E 3 CBAI
X E ‘ 3 ACBAR
[ E
& 3000 E \ K
9\ E ‘
3 2000 F x Y \
= E \;/ . E
\
¢ =
s

1000 £
Eoe ' ‘ ?

E TE Cross Power
3 Reionization Spectrum 4

0— + 1?1\,,47 ?Ttﬂ,mﬁi/\/*vw

C 1 1 1 1 1 1 1 1
0 10 40 100 200 400 800 1400
Multipole moment (/)

(1+1)C/2r (UK2)

Fig. 24: The Angular Power Spectrum of CMB temperature dropies, compared with the cross-correlation of tempegatu
polarization anisotropies. From R€f.[20].

these three effects is therefore given by [64]

to . .

%T(r) = B(r, tgec) + 2 td; d(r,t)dt + é%ﬂ - % . (118)
Metric perturbations of different wavelengths enter theizem at different times. The largest wave-
lengths, of size comparable to our present horizon, areiegteow. There are perturbations with wave-
lengths comparable to the size of the horizon at the timestfdeattering, of projected size abadlit
in the sky today, which entered precisely at decoupling. #mde are perturbations with wavelengths
much smaller than the size of the horizon at last scattetivag,entered much earlier than decoupling, all
the way to the time of radiation-matter equality, which hgeme through several acoustic oscillations
before last scattering. All these perturbations of diffitreavelengths leave their imprint in the CMB

anisotropies.

The baryons at the time of decoupling do not feel the grawitat attraction of perturbations with
wavelength greater than the size of the horizon at lastesoadt because of causality. Perturbations with
exactly that wavelength are undergoing their first conimactor acoustic compression, at decoupling.
Those perturbations induce a large peak in the temperatuseteopies power spectrum, see Fig. 24.
Perturbations with wavelengths smaller than these wilehgane, after they entered the Hubble scale,
through a series of acoustic compressions and rarefactiagmsh can be seen as secondary peaks in
the power spectrum. Since the surface of last scatteringtigrsharp discontinuity, but a region of
Az ~ 100, there will be scales for which photons, travelling from @mergy concentration to another,
will erase the perturbation on that scale, similarly to wheititrinos or HDM do for structure on small
scales. That is the reason why we don't see all the acoustitati®ns with the same amplitude, but in
fact they decay exponentialy towards smaller angular scale effect known as Silk damping, due to
photon diffusion[[65] 64].



Table 2: The parameters of the standard cosmological modelThe standard model of cosmology has about 20 different
parameters, needed to describe the background spacettienmatter content and the spectrum of metric perturbativves
include here the present range of the most relevant paresr(@tith 1o errors), as recently determined by WMAP, and the error
with which the Planck satellite will be able to determinerthim the near future. The rate of expansion is written in uafts

H = 100 h km/s/Mpc.

physical quantity symbol WMAP Planck
total density Qo 1.02 £+ 0.02 0.7%
baryonic matter Qp 0.044 + 0.004 0.6%
cosmological constant Qa 0.73 £ 0.04 0.5%
cold dark matter Qm 0.23 +£0.04 0.6%
hot dark matter Q,h? < 0.0076 (95%c.l.) 1%
sum of neutrino masses >my (eV) < 0.23(95%c.l.) 1%
CMB temperature Ty (K) 2.725 +0.002 0.1%
baryon to photon ratio n x 1010 6.1+0.3 0.5%
baryon to matter ratio Qp /M 0.17 +£0.01 1%
spatial curvature 957% < 0.02 (95% c.l.) 0.5%
rate of expansion h 0.71 £ 0.03 0.8%
age of the universe to (Gyr) 13.7 £ 0.2 0.1%
age at decoupling tdec (kyr) 379 +£8 0.5%
age at reionization t, (Myr) 180 100 5%
spectral amplitude A 0.833 + 0.085 0.1%
spectral tilt Ng 0.98 +£0.03 0.2%
spectral tilt variation dng/dInk —0.031 £ 0.017 0.5%
tensor-scalar ratio r < 0.71 (95% c.l.) 5%
reionization optical depth T 0.17 £ 0.04 5%
redshift of equality Zeq 3233 £ 200 5%
redshift of decoupling Zdec 1089 +1 0.1%
width of decoupling AZgee 195 + 2 1%
redshift of reionization Zr 20+ 10 2%

From the observations of the CMB anisotropies it is posdibldetermine most of the parame-
ters of the Standard Cosmological Model with few percentuesty, see Table 2. However, there are
many degeneracies between parameters and it is difficulsémthngle one from another. For instance,
as mentioned above, the first peak in the photon distribut@nesponds to overdensities that have un-
dergone half an oscillation, that is, a compression, aneéapgat a scale associated with the size of the
horizon at last scattering, aboift projected in the sky today. Since photons scatter off barytrey
will also feel the acoustic wave and create a peak in the kedioa function. The height of the peak
is proportional to the amount of baryons: the larger the tmargontent of the universe, the higher the
peak. The position of the peak in the power spectrum dependseogeometrical size of the particle
horizon at last scattering. Since photons travel along ggiod, the projected size of the causal horizon
at decoupling depends on whether the universe is flat, opetosed. In a flat universe the geodesics
are straight lines and, by looking at the angular scale ofiteacoustic peak, we would be measuring
the actual size of the horizon at last scattering. In an opéretse, the geodesics are inward-curved tra-
jectories, and therefore the projected size on the sky appaaaller. In this case, the first acoustic peak
should occur at higher multipoles or smaller angular scal@s the other hand, for a closed universe,
the first peak occurs at smaller multipoles or larger angsdaies. The dependence of the position of



the first acoustic peak on the spatial curvature can be ajppately given byl,c.x ~ 22082, v 2 where

Qo = Qu+Q4 = 1-Qk. Present observations by WMAP and other experiments{give 1.00+0.02
at one standard deviation_[20].
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Fig. 25: The(Qar, 24) plane with the present data set of cosmological obsenatiothe acceleration of the universe, the
large scale structure and the CMB anisotropieas well as the future determinations by SNAP and Planck diuthéamental
parameters which define our Standard Model of Cosmology.

The other acoustic peaks occur at harmonics of this, carrespg to smaller angular scales. Since
the amplitude and position of the primary and secondary pea& directly determined by the sound
speed (and, hence, the equation of state) and by the geoaratrgxpansion of the universe, they can
be used as a powerful test of the density of baryons and daitkemand other cosmological parameters.
With the joined data from WMAP, VSA, CBIl and ACBAR, we havelrat good evidence of the existence
of the second and third acoustic peaks, which confirms orfgeaiiost important predictions of inflation
— the non-causal origin of the primordial spectrum of peratidns—, and rules out cosmological defects
as the dominant source of structure in the universé [66]. ddwer, since the observations of CMB
anisotropies now cover almost three orders of magnitudedrsize of perturbations, we can determine
the much better accuracy the value of the spectraktiks 0.98 £+ 0.03, which is compatible with the
approximate scale invariant spectrum needed for struétuneation, and is a prediction of the simplest
models of inflation. Soon after the release of data from WMA&e was some expectation at the claim
of a scale-dependent tilt. Nowadays, with better resalutiothe linear matter power spectrum from
SDSSI[67], we can not conclude that the spectral tilt has dsgrwable dependence on scale.

The microwave background has become also a testing grourideiories of particle physics. In



particular, it already gives stringent constraints on tlessof the neutrino, when analysed together with
large scale structure observations. Assuming a\f&éDM model, the 2-sigma upper bounds on the sum
of the masses of light neutrinos)$m, < 1.0 eV for degenerate neutrinos (i.e. without a large hierachy
between them) if we don't impose any priors, and it comes dwwhn m, < 0.6 eV if one imposes
the bounds coming from the HST measurements of the rate afnsign and the supernova data on the
present acceleration of the univer5el[68]. The final bounthemeutrino density can be expressed as
O, h? = > m,/93.2 eV < 0.01. In the future, both with Planck and with the Atacama Cosmgglo
Telescope (ACT) we will be able to put constraints on the meatmasses down to the 0.1 eV level.

Moreover, the present data is good enough that we can sfauit tonstraints on the models of in-
flation that give rise to structure. In particular, multiiehodels of inflation predict a mixture of adiabatic
and isocurvature perturbatiofsind their signatures in the cosmic microwave backgrounsbéaipies
and the matter power spectrum of large scale structure afepand perfectly distinguishable. Nowa-
days, thanks to precise CMB, LSS and SNla data, one can phérratringent limits on the relative
fraction and correlation of the isocurvature modes to thmidant adiabatic perturbatioris |69].

We can summarize this Section by showing the region in paemspace where we stand nowa-
days, thanks to the recent cosmological observations. W flatted that region in Fig. 25. One could
also superimpose the contour lines corresponding to egéi&l lines, as a cross check. It is extraordi-
nary that only in the last few months we have been able to eethe concordance region to where it
stands today, where all the different observations seemreectge. There are still many uncertainties,
mainly systematic; however, those are quickly decreasmigogcoming predominantly statistical. In the
near future, with precise observations of the anisotropi¢lse microwave background temperature and
polarization anisotropies, thanks to Planck satellite wilebe able to reduce those uncertainties to the
level of one percent. This is the reason why cosmologistsamxcited and why it is claimed that we
live in the Golden Age of Cosmology.

4. THE INFLATIONARY PARADIGM

The hot Big Bang theory is nowadays a very robust edifice, mginy independent observational checks:
the expansion of the universe; the abundance of light elanéme cosmic microwave background; a
predicted age of the universe compatible with the age of ttiesb objects in it, and the formation of
structure via gravitational collapse of initially smallhiomogeneities. Today, these observations are
confirmed to within a few percent accuracy, and have help&bksh the hot Big Bang as the preferred
model of the universe. All the physics involved in the abobseyvations is routinely tested in the
laboratory (atomic and nuclear physics experiments) dnensblar system (general relativity).

However, this theory leaves a range of crucial questionsmswared, most of which are initial
conditions’ problems. There is the reasonable assumptiahthese cosmological problems will be
solved or explained bgew physical principlest high energies, in the early universe. This assumption
leads to the natural conclusion that accurate observatibtige present state of the universe may shed
light onto processes and physical laws at energies abose tieachable by particle accelerators, present
or future. We will see that this is a very optimistic approautieed, and that there are many unresolved
issues related to those problems. However, there might theeinear future reasons to be optimistic.

4.1 Shortcomings of Big Bang Cosmology

The Big Bang theory could not explain the origin of matter aticture in the universe; that is, the
origin of the matter—antimatter asymmetry, without whicé tiniverse today would be filled by a uniform
radiation continuosly expanding and cooling, with no teaoématter, and thus without the possibility
to form gravitationally bound systems like galaxies, stard planets that could sustain life. Moreover,

®This mixture is generic, unless all the fields thermalizewsiameously at reheating, just after inflation, in whichec#tse
entropy perturbations that would give rise to the isocum&atmodes disappear.



the standard Big Bang theory assumes, but cannot explamrigin of the extraordinary smoothness
and flatness of the universe on the very large scales seerebyitihowave background probes and the
largest galaxy catalogs. It cannot explain the origin ofifimordial density perturbations that gave rise
to cosmic structures like galaxies, clusters and supdeskisvia gravitational collapse; the quantity and
nature of the dark matter that we believe holds the univegether; nor the origin of the Big Bang itself.

A summary [[10] of the problems that the Big Bang theory camxgiain is:

e The global structure of the universe.
- Why is the universe so close to spatial flatness?
- Why is matter so homogeneously distributed on large seales
e The origin of structure in the universe.
- How did the primordial spectrum of density perturbationgioate?
e The origin of matter and radiation.
- Where does all the energy in the universe come from?
- What is the nature of the dark matter in the universe?
- How did the matter-antimatter asymmetry arise?
e The initial singularity.
- Did the universe have a beginning?
- What is the global structure of the universe beyond our vlagte patch?

Let me discuss one by one the different issues:

411 The Flatness Problem

The Big Bang theory assumes but cannot explain the extreamdispatial flatness of our local patch of
the universe. In the general FRW metfit (2) the param&ténat characterizes spatial curvature is a free
parameter. There is nothing in the theory that determinegptrameter a priori. However, it is directly
related, via the Friedmann equati@h (8), to the dynamias tlams the matter content, of the universe,

- 87TG 2 2 2 87TG 2 Q — 1
K—Tpa — H%a* = 3pa( O ) (119)
We can therefore define a new variable,
Q2 —1 const.
= =" 120
whose time evolution is given by
dx
= — 121
= (14 3w)x, (121)

where N = In(a/a;) characterizes thaumber ofe-folds of universe expansiond(N = Hdt) and
where we have used E (7) for the time evolution of the tatargy, pa®, which only depends on the
barotropic ratiaw. It is clear from Eq.[(I21) that the phase-space diagfam’) presents an unstable
critical (saddle) point at = 0 for w > —1/3, i.e. for the radiationg = 1/3) and matterg = 0) eras.

A small perturbation fromx = 0 will drive the system towards = +oc. Since we know the universe
went through both the radiation era (because of primordialaosynthesis) and the matter era (because
of structure formation), tiny deviations frofd = 1 would have grown since then, such that today

Qp—1 T
eq

2
) (1 + zeq) - (122)
In order that today’s value be in the ranga < Qy < 1.2, orzp =~ O(1), it is required that at, say,

primordial nucleosynthesig| ~ 10° T,,,) its value be

Qtyg) =1+1071, (123)



which represents a tremendous finetuning. Perhaps thersmiwedeed started with such a peculiar
initial condition, but it is epistemologically more sayisfg if we give a fundamental dynamical reason
for the universe to have started so close to spatial flatiEssse arguments were first used by Robert
Dicke in the 1960s, much before inflation. He argued that tlstmatural initial condition for the
spatial curvature should have been the Planck scale coevatlk = 6K/l2 , where the Planck length
islp = (hG/c*)Y/? = 1.62 x 10733 cm, that is, 60 orders of magnitude smaller than the preseat s
of the universegy = 1.38 x 10%® cm. A universe with this immense curvature would have cekap
within a Planck timefp = (hG/c®)'/? = 5.39 x 10~* s, again 60 orders of magnitude smaller than
the present age of the universg,= 4.1 x 10'7 s. Therefore, the flatness problem is also related to the
Age Problem, why is it that the universe is so old and flat wiweder ordinary circumstances (based on
the fundamental scale of gravity) it should have lasted arfiyanck time and reached a size of order the
Planck length? As we will see, inflation gives a dynamicasogeto such a peculiar initial condition.

4.12 The Homogeneity Problem

An expanding universe hamarticle horizons that is, spatial regions beyond which causal communica-
tion cannot occur. The horizon distance can be defined as &x@mum distance that light could have
travelled since the origin of the universe[15],

dt’

antt) = alt) [ S~ 0, (124)

which is proportional to the Hubble scdféFor instance, at the beginning of nucleosynthesis the tworiz
distance is a few light-seconds, but groliveearly with time and by the end of nucleosynthesis it is a
few light-minutes, i.e. a factor 100 larger, while the sdaletor has increaseonly a factor of 10. The
fact that the causal horizon increases fastgr~ t, than the scale factos, ~ ¢'/2, implies that at any
given time the universe contains regions within itself tlaatcording to the Big Bang theory, wenever

in causal contact before. For instance, the number of dgudiatonnected regions at a given redshift
present in our causal volume today; (o) = ag, IS

3
Nep(z) ~ <d(;(2)> ~ (1+2)%?, (125)

which, for the time of decoupling, is of ord&¥cp (24ec) ~ 10° > 1.

This phenomenon is particularly acute in the case of therebdemicrowave background. Infor-
mation cannot travel faster than the speed of light, so theataegion at the time of photon decoupling
could not be larger thaihy (t4..) ~ 3 x 10° light years across, or aboift projected in the sky today. So
why should regions that are separated by more ilian the sky today have exactly the same tempera-
ture, to within 10 ppm, when the photons that come from thagedistant regions could not have been
in causal contact when they were emitted? This constithiesd-called horizon problem, see Higl 26,
and was first discussed by Robert Dicke in the 1970s as a profiogonsistency of the Big Bang theory.

4.2 Cosmological Inflation

In the 1980s, a new paradigm, deeply rooted in fundamentgdigdy was put forward by Alan H.
Guth [71], Andrei D. Lindell7R] and other5 173,174.1 75], to eekb these fundamental questions. Ac-
cording to the inflationary paradigm, the early universe mlerough a period of exponential expansion,
driven by the approximately constant energy density of d#asdi&ld called the inflaton. In modern
physics, elementary particles are represented by quanglds,fiwhich resemble the familiar electric,
magnetic and gravitational fields. A field is simply a funatiof space and time whose quantum oscil-
lations are interpreted as particles. In our case, the anflaéld has, associated with it, a large potential

1%E0r the radiation era, the horizon distance is equal to theblduscale. For the matter era it is twice the Hubble scale.
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Fig. 26: Perhaps the most acute problem of the Big Bang thie@xplaining the extraordinary homogeneity and isotrojthe
microwave background, see Higl 10. Atthe time of decouplimgvolume that gave rise to our present universe contaizaty
causally disconnected regions (top figure). Today we oleseilackbody spectrum of photons coming from those reginds a
they appear to have the same temperatiires 75, to one part inl0®. Why is the universe so homogeneous? This constitutes
the so-called horizon problem, which is spectacularlysdloy inflation. From Ref[[40].

energy density, which drives the exponential expansiomdunflation, see Fid.27. We know from gen-
eral relativity that the density of matter determines thpamsion of the universe, but a constant energy
density acts in a very peculiar way: as a repulsive forcertgites any two points in space separate at
exponentially large speeds. (This does not violate the tavesusality because there is no information
carried along in the expansion, it is simply the stretchihgpace-time.)

This superluminal expansion is capable of explaining thgelacale homogeneity of our observ-
able universe and, in particular, why the microwave baakgdolooks so isotropic: regions separated
today by more than® in the sky were, in fact, in causal contact before inflatiout, Were stretched to
cosmological distances by the expansion. Any inhomogesgiresent before the tremendous expansion
would be washed out. This explains why photons from supppsmdisally disconneted regions have
actually the same spectral distribution with the same teaipee, see Fi§.26.

Moreover, in the usual Big Bang scenario a flat universe, nivehich the gravitational attraction
of matter is exactly balanced by the cosmic expansion, ibtesunder perturbations: a small deviation
from flatness is amplified and soon produces either an empense or a collapsed one. As we dis-
cussed above, for the universe to be nearly flat today, it hrawst been extremely flat at nucleosynthesis,
deviations not exceeding more than one part(f°. This extreme fine tuning of initial conditions was
also solved by the inflationary paradigm, see Eig. 28. Thfiatian is an extremely elegant hypothesis
that explains how a region much, much greater that our owerglble universe could have become
smooth and flat without recourse &al hocinitial conditions. Furthermore, inflation dilutes awayyan
“unwanted” relic species that could have remained fromyaariverse phase transitions, like monopoles,
cosmic strings, etc., which are predicted in grand unifiedties and whose energy density could be so
large that the universe would have become unstable, arapselt,, long ago. These relics are diluted by
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Fig. 27: The inflaton field can be represented as a ball rollmgn a hill. During inflation, the energy density is approabely
constant, driving the tremendous expansion of the univevBben the ball starts to oscillate around the bottom of thie hi
inflation ends and the inflaton energy decays into particlascertain cases, the coherent oscillations of the inflatmuict
generate a resonant production of particles which soomidlére, reheating the universe. From Rgt][70].

the superluminal expansion, which leaves at most one oétpagicles per causal horizon, making them
harmless to the subsequent evolution of the universe.

The only thing we know about this peculiar scalar field, itigaton is that it has a mass and
a self-interaction potential’(¢) but we ignore everything else, even the scale at which itsuhycs
determines the superluminal expansion. In particular,tiltele not know the nature of the inflaton field
itself, is it some newundamentakcalar field in the electroweak symmetry breaking sectois drjust
someeffectivedescription of a more fundamental high energy interactidopefully, in the near future,
experiments in particle physics might give us a clue to itsimea Inflation had its original inspiration in
the Higgs field, the scalar field supposed to be responsibkaéamasses of elementary particles (quarks
and leptons) and the breaking of the electroweak symmetrgh & field has not been found yet, and its
discovery at the future particle colliders would help urstiend one of the truly fundamental problems in
physics, the origin of masses. If the experiments discomereshing completely new and unexpected, it
would automatically affect the idea of inflation at a fundauta¢ level.

4.21 Homogeneous scalar field dynamics

In this subsection | will describe the theoretical basistifi@e phenomenon of inflation. Consider a scalar
field ¢, a singlet under any given interaction, with an effectivéeptial V' (¢). The Lagrangian for such

a field in a curved background is

1
Lt = 59 0u00,6 = V(9). (126)

whose evolution equation in a Friedmann-Robertson-Watietric [2) and for @omogeneouseld ¢(t)
is given by

¢+3Ho+V'(p) =0, (127)
whereH is the rate of expansion, together with the Einstein eqoatio

K2

o= TR ve), (128)
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Fig. 28: The exponential expansion during inflation mader#iuéus of curvature of the universe so large that our obsésva
patch of the universe today appears essentialy flat, anado@o three dimensions) to how the surface of a balloon agpea
flatter and flatter as we inflate it to enormous sizes. This isiei@ prediction of cosmological inflation that will be ted to
extraordinary accuracy in the next few years. From Rel.[fT3,

. H2 .
H = - ¢, (129)

wherex? = 87G. The dynamics of inflation can be described as a perfect f)idith a time dependent
pressure and energy density given by

b= 5PV, (130

p = 5¥ V). (131)
The field evolution equatiof (TR7) can then be written as teggy conservation equation,

p+3H(p+p) =0. (132)

If the potential energy density of the scalar field domindbeskinetic energyl/ (¢) > $?, then we see
that
p~—p = p~const. =  H(¢)~ const., (133)

which leads to the solution
a(t) ~exp(Ht) = 250 accelerated expansion . (134)
a

Using the definition of the number effolds, N = In(a/a;), we see that the scale factor grows expo-
nentially, a(N) = a; exp(N). This solution of the Einstein equations solves immedyateé flatness



problem. Recall that the problem with the radiation and erattas is thaf2 = 1 (z = 0) is an un-
stable critical point in phase-space. However, during tioita withp ~ —p = w ~ —1, we have
that1 + 3w > 0 and thereforer = 0 is a stableattractor of the equations of motion, see EG_{121).
As a consequence, what seemedadrhocinitial condition, becomes a naturpfediction of inflation.
Suppose that during inflation the scale factor increa$edfolds, then

2o = e 2N (&)2(1 Freq) = e2N10% <1 = N >65, (135)
Teq
where we have assumed that inflation ended at the 3¢ale and the transfer of the inflaton energy
density to thermal radiation at reheating occurred almustaintaneously at the temperaturel}, ~
Vcln/f ~ 10'® GeV. Note that we can now have initial conditions with a langeertainty,z;, ~ 1, and
still have todayry ~ 1, thanks to the inflationary attractor towards= 1. This can be understood very
easily by realizing that the three curvature evolves duirfigtion as

@ p_ K
a2

= ORpe®  — 0, for N>1. (136)
Therefore, if cosmological inflation lasted over &%olds, as most models predict, then today the uni-
verse (or at least our local patch) should be exactly flatFegé?8, a prediction that can be tested with
great accuracy in the near future and for which already séetns some evidence from observations of
the microwave background [87].

Furthermore, inflation also solves the homogeneity probfeenspectacular way. First of all, due
to the superluminal expansion, any inhomogeneity exigtingy to inflation will be washed out,

2

O ~ (i) P, x e N — 0, for N>1. (137)
aH

Moreover, since the scale factor grows exponentially, evliile horizon distance remains essentially

constantdy (t) ~ H~! = const., any scale within the horizon during inflation will &teetched by the

superluminal expansion to enormous distances, in such dahaawat photon decoupling all the causally

disconnected regions that encompass our present horizoallgccome from a single region during

inflation, about 6%-folds before the end. This is the reason why two points sépdrmore thani®

in the sky have the same backbody temperature, as obsenthe IKBOBE satellite: they were actually

in causal contact during inflation. There is at present nerofitoposal known that could solve the

homogeneity problem without invoquing an acausal mechalfiie inflation.

Finally, any relic particle species (relativistic or nogisting prior to inflation will be diluted by
the expansion,

o x a P ~eN 0, for N>1, (138)

prR x at~e?™ 0, for N>1. (139)

Note that the vacuum energy densityremains constant under the expansion, and therefore, gery s
it is the only energy density remaining to drive the expamgibthe universe.

4.22 The slow-roll approximation

In order to simplify the evolution equations during inflatjeve will consider the slow-roll approximation
(SRA). Suppose that, during inflation, the scalar field esslvery slowly down its effective potential,

"There could be a small delay in thermalization, due to thenisic inefficiency of reheating, but this does not change
significantly the required number effolds.



then we can define the slow-roll parametérd [76],

_ _H K P
€E = - m - ? m <K 1, (140)
s = -2 <1 (141)
Ho
_ b
£ = — -5 < 1. (142)
H2¢
It is easy to see that the condition )
<l = g >0 (143)

characterizes inflation: it is all you need for superlumiggbansion, i.e. for the horizon distance to grow
more slowly than the scale factor, in order to solve the hanedy problem, as well as for the spatial
curvature to decay faster than usual, in order to solve theelia problem.

The number ot-folds during inflation can be written with the help of EQ. (O)4s

Gend te Pe "id(b
N = In%nd / Hat = [ 42 (144)
Qi t; ¢ \/26(9)
which is an exact expression in termse¢p).
In the limit given by Eqs.[{140), the evolution equationsAland [I2B) become

2

2 €\ 2 _ k7
H (1—5) ~ H' = V() (145)
3H (1— g) ~ 3H¢ = —V'(¢). (146)

Note that this corresponds to a reduction of the dimensiynal phase-space from two to one dimen-
sions, H (¢, <;5) — H(¢). In fact, it is possible to prove a theorem, for single-figdlation, which
states that the slow-roll approximation is an attractorhef €quations of motion, and thus we can al-
ways evaluate the inflationary trajectory in phase-spatkeimwihe SRA, therefore reducing the number
of initial conditions to just one, the initial value of theadar field. If H(¢) only depends o, then
H'(¢) = —r2¢/2 and we can rewrite the slow-roll parametérs {140) as

_ 2 (H(@\ 1 (V) _
- wlmw) =m(ng) =o<t a4
2 H'(9)

L1 Ve 1 <V’(¢>)
k2 H(p) — w2 V(p) 262 \V(9)

2
> =y —ey < 1, (148)

5 _ iHl(¢)H///(¢) N iv/(¢)vl//(¢)_ivl/(¢) (V/((b))2
)YOH29) o RY VE(9) 2r1 V(9) \V(9)
3 V(o)
+ A (V(((f))) = gV_3nV€V+3€%/ < 1. (149)

These expressions define the new slow-roll parameters), andéy,. The number ot-folds can also
be rewritten in this approximation as

Pe  Kdd 2 Pe V(¢) d¢
N ~ P _ vi9)dp 150
= e (130)

a very useful expression for evaluatingfor a given effective scalar potenti&l(¢).



4.3 The origin of density perturbations

If cosmological inflation made the universe so extremelydtad homogeneous, where did the galaxies
and clusters of galaxies come from? One of the most astowggiedictions of inflation, one that was not
even expected, is that quantum fluctuations of the inflatdehdie stretched by the exponential expansion
and generate large-scale perturbations in the metric. tdnflductuations are small wave packets of
energy that, according to general relativity, modify thacgtime fabric, creating a whole spectrum of
curvature perturbations. The use of the word spectrum Beslosely related to the case of light waves
propagating in a medium: a spectrum characterizes the fmliof each given wavelength. In the
case of inflation, the inflaton fluctuations induce waves égpace-time metric that can be decomposed
into different wavelengths, all with approximately the saamplitude, that is, corresponding to a scale-
invariant spectrum. These patterns of perturbations imtegic are like fingerprints that unequivocally
characterize a period of inflation. When matter fell in theughs of these waves, it created density
perturbations that collapsed gravitationally to form gada, clusters and superclusters of galaxies, with
a spectrum that is also scale invariant. Such a type of spaatras proposed in the early 1970s (before
inflation) by Harrison and Zel'dovich [26], to explain thestfibution of galaxies and clusters of galaxies
on very large scales in our observable universe. Perhapsdbeinteresting aspect of structure formation
is the possibility that the detailed knowledge of what selagiaxies and clusters of galaxies will allow
us to test the idea of inflation.

4.31 Reparametrization invariant perturbation theory
Until now we have considered only the unperturbed FRW melggcribed by a scale facta(t) and a
homogeneous scalar fieddt),
ds? = a*(n)[—dn* + v da'da’], (151)
¢ = on), (152)

wheren = [dt/a(t) is the conformal time, under which the background equatafnsotion can be
written as

2
W = %Gw%asz), (153)
H—H: = —"‘;M, (154)
¢+ 2HY +a®V'(¢) = 0, (155)

where = aH and¢’ = ag.
During inflation, the quantum fluctuations of the scalar figilinduce metric perturbations which

will backreact on the scalar field. Let us consider, in lingarturbation theory, the most general line ele-
ment with both scalar and tensor metric perturbations {7 #dgether with the scalar field perturbations

ds? = a%(n) [— (1+ 2A4)dy® + 2B),dz'dn + {(1 + 2R)yi; + 2B + 2hij}dxidxﬂ'] . (156)
¢ = o(n)+dp(n,a'). (157)

The indices{s, j} label the three-dimensional spatial coordinates with imejy;, and the|: denotes
covariant derivative with respect to that metric. The gaumgariant tensor perturbatiofy; corresponds
to a transverse traceless gravitational wavés;; = h! = 0. The four scalar perturbatiorfs!, B, R, E)

aregauge dependeffinctions of(n, z*). Under a general coordinate (gauge) transformafion [ 77, 78

n=n+&mal), (158)
=2+, 2"), (159)

2Note that inflation cannot generate, to linear order, a vgmaurbation.




with arbitrary functiong¢?, ¢), the scalar and tensor perturbations transform, to linegerpas

A=A—¢Y — e, B=B+¢ ¢, (160)
R=R—HE, E=E-¢, (161)
hij = haj (162)

where a prime denotes derivative with respect to conforima.t It is possible to construct, however,
two gauge-invariant gravitational potentiglsi[if7], 78],
®=A+(B-FE)+HB-FE), (163)
UV=R+H(B-FE), (164)

which are related through the perturbed Einstein equations
o = U, (165)

k‘2— K 2
My %5,), (166)

a2
wheredp is the gauge-invariant density perturbation, and therlatpression is nothing but the Poisson
equation for the gravitational potential, written in raledtic form.

During inflation, the energy density is given in terms of dacheld, and thus the gauge-invariant
equations for the perturbations on comoving hypersurféoasstant energy density hypersurfaces) are

"+ 3HY + (H + 21D = %2[525'&;5' —a®V'(¢)0¢), (167)
—V20 + 3HP + (H +2HH)D = —%2 [¢/6¢" + a*V'(9)0¢], (168)
P +HD = %2¢’5¢, (169)

8¢" + 2HOPY — V359 = 4¢P — 22V (¢)® — a®V"(¢)d¢. (170)

This system of equations seem too difficult to solve at firghtsi However, there is a gauge
invariant combination of variables that allows one to find@&solutions. Let us define [I78]

U= adp+ 2P, (171)
i=al 172)

Under this redefinition, the above equations simplify ermusty to just three independent equations,

7

u" — V2 — %u ~0, (173)
2
V2 = %%(zu/ —2'u), (174)
a’®dy\/ K2

From Equation[{I43) we can find a solutiefk), which substituted intd(IT5) can be integrated to give
®(z), and together withu(z) allow us to obtair¢(z).



4.32 Quantum Field Theory in curved space-time

Until now we have treated the perturbations as classicalwvbishould in fact consider the perturbations
® andd¢ as quantum fields. Note that the perturbed action for thesoabdeu can be written as

55 = % / dz dn () — (Vu)? + %ﬂuﬂ . (176)

In order to quantize the field in the curved background defined by the meffic {151), we caie \the
operator

3 . .
) = [ s [ ) e ™ i) a7 )

where the creation and annihilation operators satisfy timengutation relation of bosonic fields, and the
scalar field’s Fock space is defined through the vacuum donglit

[, al,] = 6(k—K), (178)
agl0) = 0. (179)
Note that we are not assuming that the inflaton is a fundarhecadar field, but that is can be written as
a quantum field with its commutation relations (as much a®a pan be described as a quantum field).
The equations of motion for each modg(n) are decoupled in linear perturbation theory,
"

uf + (k2 - %)uk ~0. (180)

The ratioz” /=~ acts like a time-dependent potential for this Schrodiriiger equation. In order to find
exact solutions to the mode equation, we will use the sldiparameters[{140), see Ref.[76]

H K222
B ¢// B Z,
5—1—H¢/—1—|—6—@, (182)
g——(2—6—35+52— ‘bm) (183)
- 7‘[2(25’ :

In terms of these parameters, the conformal time and thet®#epotential for theu, mode can be
written as

-1 eda
= — 184
n=-rt | o (184)
"
% =12 [(1+e—0)2-0)+H (¢ - o). (185)
Note that the slow-roll parameterE, {181) abd {182), carakert asonstant'® to ordere?,
€ =21 (62 - 65) = 0O(e?),
(186)
5 =H(ed—¢€) =0(&).
In that case, for constant slow-roll parameters, we carewrit
-1 1
S — 187
=T (187)
214 01 l+e—0 1
?—W(V _Z)’ where V—ﬁ—i-i. (188)

3For instance, there are models of inflation, like power-laflation,a(t) ~ t*, wheree = § = 1/p < 1, that give constant
slow-roll parameters.



We are now going to search for approximate solutions of theemeguation[{I80), where the
effective potential[[I85) is of order’/z ~ 2H? in the slow-roll approximation. In quasi-de Sitter there
is a characteristic scale given by the (event) horizon sizéubble scale during inflationlf —*. There
will be modesuy, with physical wavelengths much smaller than this scale, > H, that are well
within the de Sitter horizon and therefore do not feel thevature of space-time. On the other hand,
there will be modes with physical wavelengths much gredtan the Hubble scalé,/a < H. In these
two asymptotic regimes, the solutions can be written as

1

up = —e "N k> aH, (189)
V2k

u =Ch 2 k<al. (190)

In the limit £ > aH the modes behave like ordinary quantum modes in Minkowskgepime, ap-
propriately normalized, while in the opposite limit/ >z becomes constant on superhorizon scales. For
approximately constant slow-roll parameters one can firattegolutions to[{180), with the effective
potential given by[(188), that interpolate between the taynaptotic solutions,

k(o) = T ODE ()2 (o), (191)

where H" (z) is the Hankel function of the first kind [79], andis given by [I8B) in terms of the
slow-roll parameters. In the limitn — 0, the solution becomes

2T, o, OW) kb
il = 5 ey 0¥ = 5 (L) (192)
s I'(v 1
Cv)=2""2 FE%; (I—¢e¥ 2 ~1 for €d<1. (193)

We can now comput® andd¢ from the super-Hubble-scale mode solutibn{190),kfox aH.
Substituting into EqI{145), we find

H H
o = 1— — 2d - 194
Cl ( (12 /CL Tl) + 02 CL2 ) ( )
5= /a2d77 & (195)
a a

The term proportional t@'; corresponds to the growing solution, while that proposdicio C, corre-
sponds to the decaying solution, which can soon be ignordmbsd quantities are gauge invariant but
evolve with time outside the horizon, during inflation, arefdre entering again the horizon during the
radiation or matter eras. We would like to write an exprasdir a gauge invariant quantity that is
alsoconstantfor superhorizon modes. Fortunately, in the case of admpetturbations, there is such a
quantity: .
(=04 eH
which is constant, see Eq.{190), for< aH. In fact, this quantityC is identical, for superhorizon
modes, to the gauge invariant curvature metric perturb&ip on comoving (constant energy density)
hypersurfaces, see Ref. [17] 80],

(@' + HD) = % , (196)

1
C=TRe+ 7 V2. (197)

Using Eq. [I7#) we can write the evolution equationdor % as ¢’ = % V2®, which confirms that
¢ is constant for (adiabafit) superhorizon modes, < aH. Therefore, we can evaluate the Newtonian

¥This conservation fails for entropy or isocurvature pdrations, see Ref180].



potential ®;,, when the perturbation reenters the horizon during radiAtiatter eras in terms of the
curvature perturbatiof®;, when it left the Hubble scale during inflation,

3+ 3w { %Rk radiation era,
_ L =

H
o), = (1— - /a2dn) Ri= 55" R (198)

Let us now compute the tensor or gravitational wave metritupeations generated during infla-
tion. The perturbed action for the tensor mode can be wréten

% Ry matter era.

55— 2 [ dBedn L0V — (Vi) 199
=5 [ Pwdn g (0 = (Vhi)?] (199)
with the tensor fieldh;; considered as a quantum field,

7 d3k ~ ik-x

g (1, %) = / o o [ () €35 (0, ) e € + hc] (200)

wheree;; (k, A) are the two polarization tensors, satisfying symmetrandwerse and traceless conditions
eij = eji, keij=0, e;=0, (201)

eij(_kv /\) = e;‘kj (kv /\) ’ Z 62} (kv /\)eij (k> >\) =4, (202)
A

while the creation and annihilation operators satisfy theallcommutation relation of bosonic fields,
Eq. (I78). We can now redefine our gauge invariant tensoriardglas

v(n) = ﬁ hi(n), (203)

which satisfies the following evolution equation, decodpler each modey(n) in linear perturbation
theory,

a//

P4 (k= —)u =0. 204
o+ (K = =)o (204)
The ratioa” /a acts like a time-dependent potential for this Schrodirigerequation, analogous to the

termz” /= for the scalar metric perturbation. For constant slow-pallameters, the potential becomes

a” 9 € 1,45 1
1 1

= —. 206

p=1—.15 (206)
We can solve equatiof{204) in the two asymptotic regimes,
1 :
= e~ n k> aH, (207)
vp=Ca k< aH . (208)

In the limit £ > aH the modes behave like ordinary quantum modes in Minkowskgepime, ap-
propriately normalized, while in the opposite limit, the tnie perturbationh; becomesconstanton
superhorizon scales. For constant slow-roll parametezscan find exact solutions 0 (204), with effec-
tive potential given by[(205), that interpolate betweentthe asymptotic solutions. These are identical
to Eq. [191) except for the substitution— . In the limit kn — 0, the solution becomes

_Cw) ( k \an
k| = Nor (E) : (209)

Since the modé;, becomes constant on superhorizon scales, we can evaleatendor metric pertur-
bation when it reentered during the radiation or matter eectly in terms of its value during inflation.



4.33 Power spectrum of scalar and tensor metric perturbvegio

Not only do we expect to measure the amplitude of the methitug@ations generated during inflation
and responsible for the anisotropies in the CMB and dengsittifations in LSS, but we should also be
able to measure its power spectrum, or two-point correaidiimction in Fourier space. Let us consider
first the scalar metric perturbatiori®;, which enter the horizon at = k/H. Its correlator is given
by [7€]

. ug)? Pr(k
(0|R;Ri|0) = %’ Bk-K)= 47;23) (2m)3 83 (k — k'), (210)
k3 \ukP k2 S HN2, k \3-2v 19 k \ns—1
Prb) =55 =5 (55) ) =40 (211)

where we have u_se(?Rk = (i = “t and I_Eq.[CIEZ). This last equation determines the power spedh
terms of its amplitude at horizon-crossindlg, and a tilt,

_ dnPr(k)

see Eqs[{147)[{I48). Note from this equation that it is ipbessin principle, to obtain from inflation a
scalar tilt which is either positiven(> 1) or negative ¢ < 1). Furthermore, depending on the particular
inflationary model[[81], we can have significant departuremfscale invariance.

Note that at horizon entryn = —1, and thus we can alternatively evaluate the tilt as
0 — 2¢

:3—21/:2(51_ 2¢

— €

_ dlnPr _ -
ne— 1= =S = 2 (1= = (=0 —1] =2( - ) = 2y — Gev, (213)
and the running of the tilt
dns N dns - 2 N 2
Tk~ amn = (26 + 8¢* — 1068) ~ 26y + 24}, — 16pvey (214)

where we have used EqE.(186).

Let us consider now the tensor (gravitational wave) meteidysbation, which enter the horizon
ata=k/H,

. 212 Py(k
S 0l al0) = 4 2 P~ ) = 21 o <1y, (21)
A
H\2/ k \3-2u k \n

where we have used EqE.(203) ahd{209). Therefore, the pEpeetrum can be approximated by a
power-law expression, with amplitudér and tilt

dInPy(k) —2¢
=— 2 =3-2u=——1~-2 217
nr din k 3 M 1—¢ ey < 07 ( )
which is always negative. In the slow-roll approximatiean 1, the tensor power spectrum is scale
invariant.

Alternatively, we can evaluate the tensor tilt by

__dlnPy _ —2¢
e (=) —1] = 77 = ey, (218)
and its running by
dnT o dnT . 9 a2
dnk~ dmg (46 — 4e8) = 8¢f — dnvey, (219)

where we have used EgE._(186).



4.4 The anisotropies of the microwave background

The metric fluctuations generated during inflation are ndg cesponsible for the density perturbations
that gave rise to galaxies via gravitational collapse, m& should also expect to see such ripples in
the metric as temperature anisotropies in the cosmic marevbackground, that is, minute deviations
in the temperature of the blackbody spectrum when we lookferent directions in the sky. Such
anisotropies had been looked for ever since Penzias andwéildiscovery of the CMB, but had eluded
all detection, until COBE satellite discovered them in 1,992 Fig[II0. The reason why they took so
long to be discovered was that they appear as perturbatidesniperature of only one part i9°. Soon
after COBE, other groups quickly confirmed the detectioreaiperature anisotropies at aroundu3Q

at higher multipole numbers or smaller angular scales.

4.41 The Sachs-Wolfe effect

The anisotropies corresponding to large angular scalesrdyegenerated via gravitational red-shift
and density perturbations through the Einstein equatiémng = —2® for adiabatic perturbations; we
can ignore the Doppler contribution, since the perturlmaisonon-causal. In that case, the temperature
anisotropy in the sky today is given Hy [82]

- S0s) QU 0,0)+2 [ dr /(i — 1) Q(r,0,6), (220)

3 LS

wherer) is thecoordinate distancéo the last scattering surface, i.e. the present conforimag, twhile
nLs ~ 0 determines that comoving hypersurface. The above expressknown as the Sachs-Wolfe
effect [82], and contains two parts, the intrinsic and thiednated Sachs-Wolfe (ISW) effect, due to
integration along the line of sight of time variations in tjravitational potential.

In linear perturbation theory, the scalar metric pertudvest can be separated infixn, x) =
®(n) Q(x), where@(x) are the scalar harmonics, eigenfunctions of the Laplacidghree dimensions,
V2Quim(r,0,0) = —k? Qum(r, 0, ¢). These functions have the general fofml [83]

Qk’lm (Tv 97 ¢) = HM(T‘) lem(ev ¢) ) (221)

whereY;,,, (0, ¢) are the usual spherical harmonicsl[79].

In order to compute the temperature anisotropy associatiidtie Sachs-Wolfe effect, we have
to know the evolution of the metric perturbation during thattar era,

" +3HD +a’AD—-2KD=0. (222)

In the case of a flat universe without cosmological constifuet,Newtonian potential remains constant
during the matter era and only the intrinsic SW effect ctwites to)7'/7T'. In case of a non-vanishing,
since its contribution is negligible in the past, most of ph@ton’s trajectory towards us is unperturbed,
and the only difference with respect to the= 0 case is an overall factdr [B6]. We will consider here the
approximation® = constant during the matter era and ignore that factor, sed&2a.

In a flat universe, the radial part of the eigenfunctidns§22h be written as [83]

Hkl(T) = \/gk]l(/ﬁ“) s (223)

wherej;(z) are the spherical Bessel functions|[79]. The growing motigisa of the metric perturbation
that left the Hubble scale during inflation contributes t®timperature anisotropies on large scéled (220)
as

o 1<I>(77Ls)62 = —RQ 10,9, ®) Z Z A Yim (0 (224)

3 =2 m=-1



where we have used the fact that at reentry (at the surfaestfdattering) the gauge invariant Newtonian
potential® is related to the curvature perturbati@at Hubble-crossing during inflation, see HQ. {1198);
and we have expanded’ /T in spherical harmonics.

We can now compute the two-point correlation function oruidagpower spectrunt;’(6), of the
CMB anisotropies on large scales, defined as an expansionltipoie number,

Cc(0) = <5?T (n)‘s?T(n/)> , ; = % Z 214+ 1) Cy Pi(cos9), (225)
n-n’=cos =2

where P;(z) are the Legendre polynomials[79], and we have averageddifferent universe realiza-
tions. Since the coefficients,,, are isotropic (to first order), we can compute the= {|a;,,|?) as

() _Am [ dk oy 2k 226
C’l 25 0 Lk PR( )jl( 770)7 ( )
where we have used Eq§._(224) ahd {210). In the case of scalsic mperturbation produced during
inflation, the scalar power spectrum at reentry is giverfy(k) = A%(kno)"~!, in the power-law
approximation, see EQ.{2111). In that case, one can ine{@ab) to give

or o, T[3]T[1 - 23T [l+"—1]
C(S) _ 242 212 PEERS 227
25 " T[3 — 2 [ 4 2 — 251 (227)
11 1 () 2
% = ﬁ = constant , for n=1. (228)

21 ~ 25
This last expression corresponds to what is known as thesS&clfe plateau, and is the reason why the
coefficientsC; are always plotted multiplied bl + 1), see Fig[:3 1.

Tensor metric perturbations also contribute with an appnately constant angular power spec-
trum, /(I + 1)C;. The Sachs-Wolfe effect for a gauge invariant tensor peation is given by([82]

0,6) — /n P A W g — 1) Que(r, 0, 6) | (229)

whereqQ),.. is therr-component of the tensor harmonic along the line of sigh}. [8Be tensor perturba-
tion h during the matter era satisfies the following evolution eigua

4+ 3Hh, + (k* +2K)hy =0, (230)

which depends on the wavenumligicontrary to what happens with the scalar modes, seé¢Eq). (2ae
aflat (" = 0) universe, the solution to this equationig(n) = h Gi(n), whereh is the constant tensor
metric perturbation at horizon crossing a@g(n) = 3 ji (kn)/kn, normalized so thaf;(0) = 1 at the
surface of last scattering. The radial part of the tensombaic Q... in a flat universe can be written
as (83

(L =D+ 1)1+ 2)]1/2 i(kr)
ar) = | ay (231)
The tensor angular power spectrum can finally be expressed as
o™ m T =D+ +2) / d: Py (k) T2, (232)
0
Ik;l / dr j2 l'() - :E)]lg ) , (233)
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wherez = kn, andP,(k) is the primordial tensor spectruri{216). For a scale inmargectrum,
n7 = 0, we can integratd (ZB2) to givie [85]

(T 1 4871'2 2
1o = o (1+ T ) 43 By, (234)
with B, = (1.1184,0.8789,...,1.00) for I = 2,3,...,30. Therefore,l(l + 1)C\" also becomes
constant for largé. Beyond! ~ 30, the Sachs-Wolfe expression is not a good approximationttzad
tensor angular power spectrum decays very quickly at largee Figl3il.

4.42 The consistency relation

In spite of the success of inflation in predicting a homogeseand isotropic background on which to
imprint a scale-invariant spectrum of inhomogeneitiess difficult to test the idea of inflation. A CMB
cosmologist before the 1980s would have argued dldabocinitial conditions could have been at the
origin of the homogeneity and flatness of the universe orelamales, while a LSS cosmologist would
have agreed with Harrison and Zel'dovich that the most magpectrum needed to explain the formation
of structure was a scale-invariant spectrum. The surprésethat inflation incorporated an understanding
of boththe globally homogeneous and spatially flat background,tb@dpproximately scale-invariant
spectrum of perturbations in the same formalism. But thatcchave been just a coincidence.

What is uniqueto inflation is the fact that inflation determines not just doug two primordial
spectra, corresponding to the scalar (density) and tegsavitational waves) metric perturbations, from
a single continuous function, the inflaton potentiglp). In the slow-roll approximation, one determines,
from V' (¢), two continuous functionsPr (k) andP,(k), that in the power-law approximation reduces
to two amplitudesAg and A7, and two tilts,n andny. Itis clear that there must be a relation between
the four parameters. Indeed, one can see from Eqsl (234[P38) that the ratio of the tensor to scalar
contribution to the angular power spectrum is proportidadhe tensor tiltl[ /5],

o™ o5 A8
r=CG__2%(
o 5 (1 355

) 2¢ ~ =21 ny. (235)

This is a unique prediction of inflation, which could not hdeaen postulated a priori by any cosmol-

ogist. If we finally observe a tensor spectrum of anisotejiethe CMB, or a stochastic gravitational

wave background in laser interferometers like LIGO or LISAth sufficient accuracy to determine their

spectral tilt, one might have some chance to test the ideaflafion, via the consistency relatidn (235).

For the moment, observations of the microwave backgrouisbtropies suggest that the Sachs-Wolfe
plateau exists, see Fig_B.4, but it is still premature temeine the tensor contribution. Perhaps in the
near future, from the analysis of polarization as well agterature anisotropies, with the CMB satellites
MAP and Planck, we might have a chance of determining thelisalof the consistency relation.

Assuming that the scalar contribution dominates over thedeon large scales, i.& < 1, one
can actually give a measure of the amplitude of the scalarierrturbation from the observations of
the Sachs-Wolfe plateau in the angular power spectruin [20],

11+ 1)

1/2
_ As -5
o ] = — = (1.03£007) x 1077, (236)

n = 0.97+0.03. (237)

These measurements can be used to normalize the primopdietrism and determine the parameters
of the model of inflation[I81]. In the near future these parrewill be determined with much better
accuracy, as described in Section 4.4.5.



4.43 The acoustic peaks

The Sachs-Wolfe plateau is a distinctive feature of Fig.T2#ese observations confirm the existence of a
primordial spectrum of scalar (density) perturbations lbeaales, otherwise the power spectrum would
have started from zero &&= 2. However, we see that the spectrum starts to rise arben@0 towards
the first acoustic peak, where the SW approximation breaks @md the above formulae are no longer
valid.

As mentioned above, the first peak in the photon distributomesponds to overdensities that
have undergone half an oscillation, that is, a compressiod,appear at a scale associated with the size
of the horizon at last scattering, abdutprojected in the sky today. Since photons scatter off bayon
they will also feel the acoustic wave and create a peak indghelation function. The height of the peak
is proportional to the amount of baryons: the larger the tmargontent of the universe, the higher the
peak. The position of the peak in the power spectrum dependkleogeometrical size of the particle
horizon at last scattering. Since photons travel along ggiod, the projected size of the causal horizon
at decoupling depends on whether the universe is flat, opetosed. In a flat universe the geodesics
are straight lines and, by looking at the angular scale ofiteeacoustic peak, we would be measuring
the actual size of the horizon at last scattering. In an opeévetse, the geodesics are inward-curved
trajectories, and therefore the projected size on the skga smaller. In this case, the first acoustic
peak should occur at higher multipoles or smaller angulalesc On the other hand, for a closed universe,
the first peak occurs at smaller multipoles or larger angsdaies. The dependence of the position of
the first acoustic peak on the spatial curvature can be apppataly given byl,c. ~ 220, v ? where
Qo = Qv + Q4 = 1 — Q. Past observations from the balloon experiment BOOMERANEY, [
suggested clearly a few years ago that the first peak was &efwe 180 and 250 at 95% c.l., with an
amplitudedT = 80 + 10 p:K, and therefore the universe was most probably flat. Howevién the high
precision WMAP data we can now pinpoint the spatial cuneatora few percent,

Qo =1.02+0.02 (95% c.l.) (238)

That is, the universe is spatially flat (i.e. Euclidean),hmt2% uncertainty, which is much better than
we could ever do before.
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Fig. 29: The dependence of CMB anisotropies and LSS powetrsipe on the sum of the mass of all neutrino species. The
blue(red) data corresponds to WMAP(Boomerang, etc.) af8ERdFGRS), for the CMB and LSS respectively.

With Boomerang, CBI, VSA, and specially with WMAP, we havédance of at least three distinct
acoustic peaks. In the near furture, even before Planck, ayebm able to distinguish anothes two. These
peaks should occur at harmonics of the first one, but aredlpimuch lower because of Silk damping.
Since the amplitude and position of the primary and secgngdaaks are directly determined by the



sound speed (and, hence, the equation of state) and by theetigoand expansion of the universe,
they can be used as a powerful test of the density of baryotislark matter, and other cosmological
parameters.

By looking at these patterns in the anisotropies of the miax@ background, cosmologists can de-
termine not only the cosmological parameters, but also timegpdial spectrum of density perturbations
produced during inflation. It turns out that the observedperature anisotropies are compatible with
a scale-invariant spectrum, see HQ.{237), as predictedflagion. This is remarkable, and gives very
strong support to the idea that inflation may indeed be resblenfor both the CMB anisotropies and the
large-scale structure of the universe. Different modeisfidition have different specific predictions for
the fine details associated with the spectrum generatedgiinflation. It is these minute differences that
will allow cosmologists to differentiate between alteimatmodels of inflation and discard those that do
not agree with observations. However, most importantlyhg@es, the pattern of anisotropies predicted
by inflation is completely different from those predicted dyernative models of structure formation,
like cosmic defects: strings, vortices, textures, etc. sehare complicated networks of energy density
concentrations left over from an early universe phase ittansanalogous to the defects formed in the
laboratory in certain kinds of liquid crystals when they goough a phase transition. The cosmolog-
ical defects have spectral properties very different frowse generated by inflation. That is why it is
so important to launch more sensitive instruments, and katker angular resolution, to determine the
properties of the CMB anisotropies.

4.44 The new microwave anisotropy satellites, WMAP anddRlan

The large amount of information encoded in the anisotropfdke microwave background is the reason
why both NASA and the European Space Agency have decidedinatiatwo independent satellites to
measure the CMB temperature and polarization anisotrépiesprecendented accuracy. The Wilkinson
Microwave Anisotropy Probé [88] was launched by NASA at thd ef 2000, and has fulfilled most of
our expectation, while PlanckIB9] is expected to be landhe8SA in 2007. There are at the moment
other large proposals like CMB Pal95], ACT_[96], etc. whiatfill see the light in the next few years,
see Ref.[[90].

As we have emphasized before, the fact that these anisegrbpive such a small amplitude allow
for an accurate calculation of the predicted anisotropidiméar perturbation theory. A particular cosmo-
logical model is characterized by a dozen or so parameteestate of expansion, the spatial curvature,
the baryon content, the cold dark matter and neutrino dmritan, the cosmological constant (vacuum
energy), the reionization parameter (optical depth to aélsé dcattering surface), and various primordial
spectrum parameters like the amplitude and tilt of the adialand isocurvature spectra, the amount of
gravitational waves, non-Gaussian effects, etc. All theggameters can now be fed into very fast CMB
codes called CMBFAST[93] and CAMB [94], that compute thedicted temperature and polarization
anisotropies to better than 1% accuracy, and thus can beaaisedhpare with observations.

These two satellites will improve both the sensitivity, dotw 4K, and the resolution, down to arc
minutes, with respect to the previous COBE satellite, tedokarge numbers of microwave horns of var-
ious sizes, positioned at specific angles, and also thamesémt advances in detector technology, with
high electron mobility transistor amplifiers (HEMTSs) foefluencies below 100 GHz and bolometers for
higher frequencies. The primary advantage of HEMTSs is tha&se of use and speed, with a typical sen-
sitivity of 0.5 mKs'/2, while the advantage of bolometers is their tremendousitigtys better than 0.1
mKs'/2, see Ref[[97]. This will allow cosmologists to extract infation from around 3000 multipoles!
Since most of the cosmological parameters have specifiatsiggs in the height and position of the first
few acoustic peaks, the higher the resolution, the moregpeak is expected to see, and thus the better
the accuracy with which one will be able to measure thosenpatiers, see Table 2.

Although the satellite probes were designed for the aceursasurement of the CMB tempera-
ture anisotropies, there are other experiments, like tiallworne and ground interferometers|[90]. Prob-



ably the most important objective of the future satelliteeyond WMAP) will be the measurement of
the CMB polarization anisotropies, discovered by DASI invBimber 2002[198], and confirmed a few
months later by WMAP with greater accuracyl[20], see Fig. PAese anisotropies were predicted by
models of structure formation and indeed found at the levatioroKelvin sensitivities, where the new
satellites were aiming at. The complementary informationtained in the polarization anisotropies
already provides much more stringent constraints on theclogjical parameters than from the temper-
ature anisotropies alone. However, in the future, PlandkG¥iB pol will have much better sensitivities.
In particular, the curl-curl component of the polarizatpower spectra is nowadays the only means we
have to determine the tensor (gravitational wave) corinbuo the metric perturbations responsible for
temperature anisotropies, see [Eig. 30. If such a composédotind, one could constraint very precisely
the model of inflation from its spectral properties, spdgitie tilt [91]].
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Fig. 30: Theoretical predictions for the four non-zero CMBhperature-polarization spectra as a function of mukijpebment,
together with the expectations from Planck. From Refl [92].

4.5 From metric perturbations to large scale structure

If inflation is responsible for the metric perturbationsttbave rise to the temperature anisotropies ob-
served in the microwave background, then the primordiattspe of density inhomogeneities induced

by the same metric perturbations should also be resporfsibkbe present large scale structurel[99].

This simple connection allows for more stringent tests anitfilationary paradigm for the generation

of metric perturbations, since it relates the large scaiésrder the present horizon) with the smallest
scales (on galaxy scales). This provides a very large lewefa the determination of primordial spectra

parameters like the tilt, the nature of the perturbatiornisetiver adiabatic or isocurvature, the geometry
of the universe, as well as its matter and energy contenttheh€ DM, HDM or mixed CHDM.

4,51 The galaxy power spectrum

As metric perturbations enter the causal horizon duringrdldéation or matter era, they create density
fluctuations via gravitational attraction of the potentieglls. The density contrastcan be deduced from
the Einstein equations in linear perturbation theory, sedI68),

8P <k)22 <k>22—|—2w
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where we have assuméd = 0, and used Egq[{I98). From this expression one can compujeother
spectrum, at horizon crossing, of matter density pertiohatinduced by inflation, see EQ.{210),

k n
P(k) = (|0x]*) = A [ — 240
)=o) =4 (o) (240)
with n given by the scalar tilf{212); = 1 + 2n — 6¢. This spectrum reduces to a Harrison-Zel'dovich
spectrum[{100) in the slow-roll approximatiom;, ¢ < 1.

Since perturbations evolve after entering the horizon,pihveer spectrum will not remain con-
stant. For scales entering the horizon well after matteridation = > k:c—ql ~ 81 Mpc), the metric
perturbation has not changed significantly, so Ratfinal) = Ry (initial). Then Eq.[Z39) determines
the final density contrast in terms of the initial one. On deracales, there is a linear transfer function
T'(k), which may be defined as [76]

Ry (final) = T'(k) Ry (initial) . (241)

To calculate the transfer function one has to specify thialntondition with the relative abundance
of photons, neutrinos, baryons and cold dark matter longrbéforizon crossing. The most natural
condition is that the abundances of all particle speciesuai®rm on comoving hypersurfaces (with
constant total energy density). This is called dagabaticcondition, because entropy is conserved inde-
pendently for each particle specid&s i.e. dpx = pxdt, given a perturbation in time from a comoving
hypersurface, so

opx _ dpy ’ (242)

pPx +px Py + Py

where we have used the energy conservation equation forspaciespx = —3H (px + px), valid to
first order in perturbations. It follows that each speciesagfiation has a common density contrést
and each species of matter has also a common density cahrastth the relationd,,, = %57«.

Given the adiabatic condition, the transfer function ised®ined by the physical processes oc-
curing between horizon entry and matter domination. If thdiation behaves like a perfect fluid, its
density perturbation oscillates during this era, with dasing amplitude. The matter density contrast
living in this background does not grow appreciably beforter domination because it has negligible
self-gravity. The transfer function is therefore givenghbly by, see EqL{103),

T(k) =

{ 1, k < kg 043)

(k/keq)?, k> keq

The perfect fluid description of the radiation is far fromrigecorrect after horizon entry, because
roughly half of the radiation consists of neutrinos whosdysbation rapidly disappears through free
streeming. The photons are also not a perfect fluid becaesgediffuse significantly, for scales below
the Silk scale]cg1 ~ 1 Mpc. One might then consider the opposite assumption, tigatadiation has
zero perturbation after horizon entry. Then the matter itleperturbation evolves according to

O + 2H0p, + (3 ky, — 4mGp) 6 = 0, (244)

which corresponds to the equation of a damped harmonidatscil The zero-frequency oscillator defines
the Jeans wavenumbet; = /4nGp/c2. Fork < kj, 0, grows exponentially on the dynamical
timescale,ray, = Imw™" = (47Gp)~'/2 = T4y, Which is the time scale for gravitational collapse.
One can also define the Jeans length,

A= e [ (245)
ky



which separates gravitationally stable from unstable mmolleve define the pressure response timescale
as the size of the perturbation over the sound spegd, ~ \/cs, then, if e > Torav, gravitational
collapse of a perturbation can occur before pressure foaresesponse to restore hydrostatic equilibrium
(this occurs forA > X ;). On the other hand, if,es < Tgrav, radiation pressure prevents gravitational
collapse and there are damped acoustic oscillations\(for) ;).

We will consider now the behaviour of modes within the homizturing the transition from the
radiation ¢2 = 1/3) to the matter eracf = 0). The growing mode solution increases only by a factor of
2 between horizon entry and the epoch when matter startsndte, i.ey = 1. The transfer function is
therefore again roughly given by Eq._(243). Since the ramhiatonsists roughly half of neutrinos, which
free streem, and half of photons, which either form a perfieid or just diffuse, neither the perfect
fluid nor the free-streeming approximation looks very selesi A more precise calculation is needed,
including: neutrino free streeming around the epoch ofzworientry; the diffusion of photons around
the same time, for scales below Silk scale; the diffusion afybns along with the photons, and the
establishment after matter domination of a common mattesitdecontrast, as the baryons fall into the
potential wells of cold dark matter. All these effects apgdyparately, to first order in the perturbations, to
each Fourier component, so that a linear transfer funcsigndduced. There are several parametrizations
in the literature, but the one which is more widely used is$ tfid&Ref. [100],

v1—1/v
T(k) = [1+ (ak + 002 + (ek)2)] ", v=113, (246)
a=6.4(h)" A~ Mpc, (247)
=3.0(h) A7 Mpec, (248)
c=1.7(Quh)" R~ Mpc. (249)

We see that the behaviour estimated in EQ.J243) is roughtech although the break at= k. is not

at all sharp, see Fig._B1. The transfer function, which easdte soltion to linear equations, ceases to
be valid when the density contrast becomes of order 1. Affiat;, the highly nonlinear phenomenon of
gravitational collapse takes place, see Eig. 31.
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Fig. 31: The CDM power spectruR(k) as a function of wavenumbeéy, in logarithmic scale, normalized to the local abun-
dance of galaxy clusters, for an Einstein-de Sitter unevarish 2 = 0.5. The solid (dashed) curve shows the linear (non-linear)
power spectrum. While the linear power spectrum falls & k2, the non-linear power-spectrum illustrates the increased
power on small scales due to non-linear effects, at the esgpefithe large-scale structures. From Refl [41].



4.52 The new redshift catalogs, 2dF and Sloan Digital Sky&ur

Our view of the large-scale distribution of luminous obgeirt the universe has changed dramatically
during the last 25 years: from the simple pre-1975 pictura distribution of field and cluster galaxies,
to the discovery of the first single superstructures andsyaathe most recent results showing an almost
regular web-like network of interconnected clusters, feams and walls, separating huge nearly empty
volumes. The increased efficiency of redshift surveys, naussible by the development of spectro-
graphs and — specially in the last decade — by an enormowesasein multiplexing gain (i.e. the ability
to collect spectra of several galaxies at once, thanks te-fiptic spectrographs), has allowed us not
only to docartographyof the nearby universe, but also to statistically charatesome of its properties,
see Ref.[[101]. At the same time, advances in theoreticaktirggof the development of structure, with
large high-resolution gravitational simulations coupled deeper yet limited understanding of how to
form galaxies within the dark matter halos, have providedeamealistic connection of the models to the
observable quantitie5 [1D2]. Despite the large unceitanbat still exist, this has transformed the study
of cosmology and large-scale structure into a truly quaiii science, where theory and observations
can progress side by side.

| will concentrate on two of the new catalogs, which are tgkitata at the moment and which
have changed the field, the 2-degree-Field (2dF) Catalogren8loan Digital Sky Survey (SDSS). The
advantages of multi-object fibre spectroscopy have beengou® the extreme with the construction of
the 2dF spectrograph for the prime focus of the Anglo-AlistnaTelescopell42]. This instrument is
able to accommodate 400 automatically positioned fibres @2Zedegree in diameter field. This implies
a density of fibres on the sky of approximately 130 tegand an optimal match to the galaxy counts
for a magnitudeb; ~ 19.5, similar to that of previous surveys like the ESP, with thiedence that
with such an area yield, the same number of redshifts as i@ survey can be collected in about 10
exposures, or slightly more than one night of telescope timtie typical 1 hour exposures. This is the
basis of the 2dF galaxy redshift survey. Its goal is to measedshifts for more than 250,000 galaxies
with b; < 19.5. In addition, a faint redshift survey of 10,000 galaxiegibter thanR = 21 will be done
over selected fields within the two main strips of the Soutti Borth Galactic Caps. The survey has
now finished, with a quarter of a million redshifts. The finedult can be seen in Ref.[42].

The most ambitious and comprehensive galaxy survey clyrienprogress is without any doubt
the Sloan Digital Sky Survey [43]. The aim of the project isstfof all, to observe photometrically the
whole Northern Galactic Cap, 3@way from the galactic plane (aboift* de@) in five bands, at limiting
magnitudes from 20.8 to 23.3. The expectation is to detextrat 50 million galaxies and arouri@®
star-like sources. This has already led to the discovergwdral high-redshift{ > 4) quasars, including
the highest-redshift quasar knownzat 5.0, see Ref.[]43]. Using two fibre spectrographs carrying 320
fibres each, the spectroscopic part of the survey will thélectospectra from about0® galaxies with
r’ < 18 and10® AGNs with+/ < 19. It will also select a sample of abol® red luminous galaxies with
r’ < 19.5, which will be observed spectroscopically, providing arhegolume-limited sample of early-
type galaxies with a median redshift ot~ 0.5, that will be extremely valuable to study the evolution of
clustering. The data that is coming from these catalogs usstanding that already cosmologists are
using them for the determination of the cosmological patarseof the standard model of cosmology.
The main outcome of these catalogs is the linear power speaf matter fluctuations that give rise to
galaxies, and clusters of galaxies. It covers from the laagdes of order Gigaparsecs, the realm of the
unvirialised superclusters, to the small scales of huredafdiloparsecs, where the Lymansystems
can help reconstruct the linear power spectrum, since theejeas sensitive to the nonlinear growth of
perturbations.

As often happens in particle physics, not always are ob8engafrom a single experiment suffi-
cient to isolate and determine the precise value of the patem1of the standard model. We mentioned
in the previous Section that some of the cosmological patensereated similar effects in the tem-
perature anisotropies of the microwave background. Welsaythese parameters ategeneratevith



respect to the observations. However, often one finds catibirs of various experiments/observations
which break the degeneracy, for example by depending offieaetift combination of parameters. This is
precisely the case with the cosmological parameters, asureghby a combination of large-scale struc-
ture observations, microwave background anisotropiepef®vae la observations and Hubble Space
Telescope measurements. It is expected that in the neae fweiwill be able to determine the param-
eters of the standard cosmological model with great pr@tiiom a combination of several different
experiments.

5. CONCLUSION

In the last five years we have seen a true revolution in theitguahd quantity of cosmological data
that has allowed cosmologists to determine most of the clogiwal parameters with a few percent
accuracy and thus fix a Standard Model of Cosmology. The arteafsuring the cosmos has developed
so rapidly and efficiently that one may be temped of renantiigdcience as Cosmonomy, leaving the
word Cosmology for the theories of the Early Universe. In swary, we now know that the stuff we are
made of— baryons— constitutes just about 4% of all the matter/energy in thevehsie, while 25% is
dark matter— perhaps a new particle species related to theories beyenStdmdard Model of Particle
Physics—, and the largest fraction, 70%, some form of diffuse tensitso known as dark energy
perhaps a cosmological constant. The rest, about 1%, cedldthe form of massive neutrinos.

Nowadays, a host of observatiorsfrom CMB anisotropies and large scale structure to the age
and the acceleration of the universeall converge towards these values, see Fig. 25. Fortunately
will have, within this decade, new satellite experimenke IPlanck, CMBpol, SNAP as well as deep
galaxy catalogs from Earth, to complement and preciselydpinn the values of the Standard Model
cosmological parameters below the percent level, see Table

All these observations would not make much sense withoutticempassing picture of the infla-
tionary paradigm that determines the homogeneous angsotrackground on top of which it imprints
an approximately scale invariant gaussian spectrum obat@fluctuations. At present all observations
are consistent with the predictions of inflation and hogeful the near future we may have information,
from the polarization anisotropies of the microwave baokgd, about the scale of inflation, and thus
about the physics responsible for the early universe dycami
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