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= Gravity is the most interesting
interaction in Nature, and the one
we know less about

s Gravity determines the Universe
evolution: Cosmology



Accelerators: CERN

= We study interactions in accelerators: CERN the world’s largest.
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Cosmology: the Lab of gravity

= Gravity cannot appear in accelerators. So we need to observe it in
the Universe: Cosmology




Aristotle - 350 BC

= According to Aristotle heavier bodies fall faster.
m Bodies fall in order to com back to thei “initial state”.

Schema huius pramiff divifionis Sphararum.,




Galileo - 1600

= Bodies fall with the same speed, independently from their weight.
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Brahe, Kepler- 1600

= Heliocentrism, elliptical Orbits
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Newton - 1700

s Law of Universal Gravitation:
All bodies (either apples or planets) attract mutually.
First time that gravity is related to astronomy




Mercury periliheimum - 1859

- The true orbits of planets, even if seen from the SUN
are not ellipses. They are rather curves of this type:

RN
\_ ‘\
‘!. ’ This angle is the
2 perihelion advance,
( N ) oredicted by G.R.
e For the planet Mercury 1t is
Agp =43"of arc per century



Michelson—Morley experiment - 1887

Michelson-Morley Experiment
I<ther
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Gravity: General Relativity

= Matter tells spacetime how to curve
Curved spacetime tells matter how to move

= [t seems weird but it has
been verified everywhere
(Satellites, GPS, etc)

12



General Relativity

= Einstein 1915: General Relativity:

energy—momentum source of spacetime Curvature

——[d“x/-g[R-2A]+[d*x L,(g,..)
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Now we have three terms of variation that
05gn = 05gn(1) + 05en(2) + 05EH(3)

The variation of first term 1s
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where Sy 1s the action for matter. We normalize the gravitational action so that we

S Sen + S (4.24)

cet the right answer. Following the above equation we have

1 a5 1 | I 25y
= 3 (Rﬂ.b - _gubR) + — v = 0.
vV—gdg® 167G 2 v —g dg®
We now define the energy-momentum tensor as
L 45y
Top = —2———.
vV —g0g°

This allows us to recover the complete Einstein’s equation,

1
Rap = 5 Rgab = 87G T, (4.26)



Observations

= SDSS (Sloan Digital Sky Survey) 2004: ~ clusters "above and below
the galactic plane” up to 1 Gpc



Observations

As the scale we observe the Universe increases, it looks as homogeneous
and isotropic.

Cosmological Principle: “"axiom” (indirect result)
I) We know that earth is an isotropic observation point.
IT) An anisotropic system has up to one isotropic observation point.

Hence, either we lie in the only isotropic observation point in an
anisotropic Universe, or all its points are isotropic observation points.

Thus, the Universe is homogeneous and isotropic (isotropic and
inhomogeneous is not possible)
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Observations

Hubble 1929: The Universe expands  Hubble’s Data (1929)

o ot
Ihlf prowess. He wias @
stor ployer i cotbcll botc:ou ndbolt !, and ran
track in hghschol nd at the Univers ry f(_h cago,
where he sarned a Bachelor of Science in 1210
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Observations

Since the Universe expands it is reasonable that it originates from a “too tiny”
and “too dense” “primordial atom” (Lemaitre 1927)

Alpher, Bethe, Gamow (1948): The Universe begun to expand from a very
high-density and high-temperature state towards less dense and hot states.
Hoyle named the theory “"The Big Bang Theory"|

r 1 1

M} s~14 Gy

r
tu—v——r-ﬁ—m[km

Prediction I: Nucleosynthesis has primordial origin, namely at first 3 minutes
(~10°K) (giving 25% Helium) and not in stars (1-4%)
As observed.
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Observations

= PredictionII: The primordial Universe became full of high-energy photons

Big Ba gN ucleosynthes
F’(“

/a;’ ’3{ &% A~7-10"2 cm
380.000 years after (~3000K) they decouple from electrons

(Recombination era). Black body radiation (today ~2.7 K)

s 1965 Penzias kal Wilson

T =2725 £/0.002 K
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Theoretical arguments

Big Bang Theory explained: Olbers paradox (1826) (why night sky is not
bright), Ryle (1970) (Radio galaxies density increases with redshift), Element
abundance, CMB, etc

Theoretical Problems:

I) Horizon problem: Why points at opposite directions have the same
properties

IT) Flatness problem: Why the universe is today almost spatially flat
Q, ~0.001. It must have started with ~10™"1

Monopole problem: They are not observed.
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Inflation

Kazanas, Guth, Linde (1982): The Universe|10*°sec| after the Big Bang, through
some mechanism went into an exponential expansion up to [10*sec| increasing
in size ~ [10%*|times: Inflation.

I) The observable Universe is a tiny part of the total one, and originates from
a small, causally connected region.

IT) Due to the huge expansion, the spatial curvature became almost zero.

IIT) Due to the huge expansion the monopoles spread in all regions, and thus
our own, observable universe, has at most one.

23



Inflation

Big Bang

quantum-gravity era

W -
Big Bang plus N A &5 inflation

10743 seconds

Big Bang plus
10735 seconds?

Big Bang plus
380000 years

Big Bang plus
14 billion years

cosmic microwave background

light

SIZE OF UNIVERSE

FOAM

SPACE-TIM

Inflationary Universe

PEN
INFLATIONARY QLAT
UNIVERSE SCENARIO CLOSED

\

UNIVERSE
— AT PRESENT TIME

STANDARD
BIG BANG MODEL

\

! OPEN
" 103 FLAT

PLANCK LENGTH \

S

CLOSED ;-3 1017
AGE OF UNIVERSE (SECONDS)

From lecture by Andrei
Linde, Munich, 2007
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NO inflation: observable universe (shaded) includes
parts that are different from each other

Inflation: observable universe (shaded) includes
only one part that is the same throughout

Now ~ o Prad
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Dark Energy

= The Supernovae type Ia (explosions of binaries with one being white dwarf) are
“standard candles”, since their absolute magnitude M can be determined.

11 March 1997

16 March 1897

= In 1998 ol Perlmutter, Schmidt,
Riess observed that 50 Snla
had smaller apparent magnitude , k g

than expected hence light
traveled more, and thus
the Universe today expands
faster than before!

20 e Visual-wavelength images
N

23

Calibrated apparent magnitude
N

Sy
Observations of type & supernova N
fit an accelerating universe but not % \i\
a decelerating universe. N

0.1 0.2 0.4 0.6 1.0
Redshift /2 26
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Dark Energy

The accelerated expansion is verified by independent observations, Cosmic

Microwave Background (CMB), Baryon Acoustic Oscillations (BAO), Large
Scale Structure (LSS), etc

Around 70% of the total energy density of the Universe is this unknown
dark energy (it does not interact electromagnetically).

Possible explanation: The cosmological constant A (Einstein’s “greatest
blunder™). A term that produces the extra “repulsion”.,

27



Dark Matter

s  Galaxy rotation curves:

vikmis)

Rikpc)

= Bullet cluster (collision of two galaxy clusters)

b - ‘Dark ;\'Ifa’t‘ter o :
." ; PR N T |
. = 80% of matter is an
“unknown"” dark matter
= _ j
(it does not interact

electromagnetically)!
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Dark Matter

7. billion light-years

500 millién light-years

© 2006 Pearson Education, Inc., publishing as Addison Wesley

35 million light-years
rF =
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Cosmic Microwave Background radiation

Since 1989, COBE, WMAP ka1 Planck satellites show that CMB has small
fluctuations:
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Cosmic Microwave Background radiation

From the fluctuation spectrum we extractinformation: The first peak provides
the spatial curvature (it results to flat universe), the second peak the baryon
energy density parameter, the third peak the dark matter energy density
parameter, etc.

Angular Scale

a0° 20 0.5" 0.2¢
6000 1 T T

T
first peak

5000 -
ao00 [

acoustic oscillations

3000

+1)C2 [ K3

ISW plateau
2000 |

1 1 T I | | 1 | 1 1 1 1
10 100 I ~ 220 500 1000
Multipole moment |/
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Inflation can also explain CMB and seeds
of LSS

= Additional success: Inflation provides the necessary primordial fluctuations,
which letter gave the Large Scale Structure of matter:
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Summary of Observations

The Universe history:

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Big Bang

Composition
of the
Cosmos

Heavy
clements
0.03%
Ghostly
neutnnos
0.3%

Stars
0.5%

Free hydrogen

energy
65%
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How to describe the Expanding Universe?

General Relativity: The evolution of the 4-
dimensional spacetime is determined by the
distribution of matter

" Ik e ’ﬁ cvy kI —gonlig

”‘ ‘ ,,' ? -:( -/'"'.‘ R .
'S (A

("1 ) 7‘,4"

(%) = 9,3,

The Centennial of Einstein’s
General Theory of Relativity
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G.R. model of the physical world

Physics

Geometry

The when and the where of any
physical physical phenomenon
constitute an event.

The set of all events is a
continuous space, named space-
time

Gravitational phenomena are
manifestations of the geometry
of space—time

Point-like particles move in
space—time following special
world-lines that are “straight”

The laws of physics are the
same for all observers

An event is a point in a
topological space
Space-time is a
differentiable manifold
M

The gravitational field is
a metric g on M

Straight lines are
geodesics

Field equations are
generally covariant under
diffeomorphisms




Describing Expanding Universe

sHomogeneous and Isotropic (Friedman-Robertson-Walker metric):

2

ds® = —c’dt’ + a(t)z[ dr

+ erggj

r2

a(t) : scale factor,
k=0,-1,+1 flat, closed open 3D spatial geometry

Positive Curvature Negative Curvature Flat Curvature



Describing Expanding Universe

T e LA
s =[d xﬁLGﬂG}sm

= Field equations in FRW geometry (Friedmann Equations):

, k  81G
H(t) +a(t)2— 3 p(t) - at)
| K a(t)
H (t = ]
a(t)’

= Conservation Equation of matter perfect fluid

p(t)+3H(t)|p(t) + p(t)]=0




Describing Expanding Universe

Equation of State:

Evolution of the universe for a fluid with constant w,

in flat space (k=0):

p(t)+3H()[p(t) + p(t)]=0

H () = %pa)

Matter Universe WV,, =0 ):

Radiation Universe

= p(t)=p,2

=3(1+w)

= a(t):{

2

2

3(1+ w) \/8726,00 T(HW) t
3

2
3(1+w)

a(t) o ’[%

(Wr:1/3):

a(t) oc t%




Describing Expanding Universe

=  We can use the redshift z as parameter of time evolution, up to
recombination epoch z=1100:

redshift

Ho = 68 km/s/Mpc, Omega_m = 0.3, Omega_Lam = 0.7




Standard Model of Cosmology

ACDM Paradigm + Inflation

.k _Py
O =T a0 a0+ ]y M,
H(t)- a(ﬁ)z = —47G [Py (1) + Pyn(t) + £, (1) + P, (1) + 2, (1) + P, (1)]

= Describes the thermal history of the Universe at the background level
»s Epochs of inflation, radiation, matter, late-time acceleration



= Synthesis

Planck’s Era

Radiation Era GUT Epoch Quantum-Gravity SB
gravitons decoupling
Inflation
Electroweak Epoch GUT SB
Baryogenesis
Quarks Epoch Electroweak SB
quarks — hadrons
Leptons Epoch
v decoupling
e /e* annihilation
Plasma Epoch P. Nucleosynthesis
Matter-radiation equality

Matter Era Recombination
vy decoupling (CMBR)
Star and galaxy formation
Reionization Epoch

A Era Accelerated Expansion Epoch

Now

Z Age T(K)

1032 5x10¥s 1032

1026 10-34s 10%7

10 10-1% [}
J= 103 1013

10° Is 10"
1010
108-10°  100s 108-107
4000  10.000a 62000
1400 3800

1100 380.000a 3000
10
6-15

0.3 3.6
0 13.7Ga

kT

10" GeV

10" GeV

100 GeV
1 GeV
150 MeV
1 MeV
500 keV

300 keV

54¢eV

0.33 eV
0.26 eV

2.725 2.35x1073%V



Horizon Problem Revisited

A decreasing comoving horizon means that large scales entering the present universe were inside the
horizon before inflation Causal physics before inflation therefore established spatial
homogeneity. With a period of inflation, the uniformity of the CMB is not a mystery.,

Comoving Scales

A

‘comoving’
Hubble length

horizon re-ent 'y ( I[)lll[)"--i“?_',

horizon exit
\/ l/ Horizon

density fluctuation

Inflation Hot Big Bang

smooth patch

-
Time [log(a)]

Left: Evolution of the comoving Hubble radius, (aH) !, in the inflationary universe. The
comoving Hubble sphere shrinks during inflation and expands after inflation. Inflation is
therefore a mechanism to ‘zoom-in’ on a smooth sub-horizon patch. Right: Solution of
the horizon problem. All scales that are relevant to cosmological observations today were
larger than the Hubble radius until @ ~ 10~°. However, at sufficiently early times, these
scales were smaller than the Hubble radius and therefore causally connected. Similarly,
the scales of cosmological interest came back within the Hubble radius at relatively recent
times.



COSMIC MICROWAVE
BACKGROUND
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Cosmic Microwave Background radiation

From the fluctuation spectrum we extractinformation: The first peak provides
the spatial curvature (it results to flat universe), the second peak the baryon
energy density parameter, the third peak the dark matter energy density
parameter, etc.

Angular Scale

a0° 20
T

0.5" 0.2¢
6000 — T

T
first peak

5000

a000 [

3000

acoustic oscillations|

+1)C2 [ K3

ISW plateau
2000 [

1
500

10 100 I ~ 220
Multipole moment |/
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Thomson
Seattering

df 8f

VoL X g ™ og O Qv PV f= L), (3121)

dt at ot

where v is the particle velocity and F is the force acting on the particle. The
operator L acting on f is similar to the convective derivative used in fluid dynamics
and is also called Liouville operator.
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Anisotropies from Inhomogeneities

We are interested in the temperature anisotropies observed today (ny) at our location (x3 = 0)
as a function of the direction n on the sky. Since a photon observed in the direction n had to be
travelling in the direction p = —n, we have

(1) =O(m,x0, p = —0). (5.2)



This may also be written as

13
O(h) = /(‘i ek%0 Q (). k, 1)

2m)3/2
(131{ ) E -
- / (2m)3/2 X0y (i)' Ouk)R(K) Pi(k - 1), (5.3)

[

where we introduced the Fourier components of the inhomogeneous temperature field in the first

line, expanded them into multipole moments in the second line, and introduced a transfer function
for the linear evolution in the third line:

©1(n0. k)

(5.4)

The transfer function ©;(k) provides the map from the initial power spectrum of curvature
perturbations to the angular power spectrum of temperature anisotropies:

47

o . . 5211, 2 ¢, Bl
C) = O / dink O7(k) A% (k)] . (5.5)




Contributions to temperature C,

Total

=W + other

0 00 1000



Power Spectrum

Figure 25 shows a sketch of the different contributions to the CMB power spectrum. The shape
of the Sachs-Wolfe and Doppler contributions can be understood from the analytical treatment
of the previous section. Note the the velocity v, =~ v, vanishes outside the sound horizon and
that the Doppler eflect is therefore suppressed on large scales. The Sachs-Wolfe transfer function
is a constant on large scales and the plateau in [(I+1)C; for small [ is therefore a direct reflection
of the scale-invariant initial conditions. The late ISW eflect leads to a small rise of the plateau.
This is a measure of dark energy. The early ISW adds extra power near the first peak. Finally,
diffusion damping suppresses all contributions to the power spectrum at large [.

1+ 1)C

» log(l)

o——2a Sachs-Wolfe: Oy + ¥ *----- » Late ISW

———= Doppler: 60, o— ——o Barly ISW

®--nn- + Potential: ¥
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Figure 26. The CMB power spectrum as a function of cosmological parameters



scalar

1000

tensor

100
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[

Figure 27. Comparison of the power spectra of CMB temperature anisotropies created by scalar and
tensor perturbations.



The scalar quantities £ and B completely specify the linear polarization field. E-mode po-
larization is often also characterized as a curl-free mode with polarization vectors that are radial
around cold spots and tangential around hot spots on the sky. In contrast, B-mode polarization is
diwergence-free but has a curl its polarization vectors have vorticity around any given point on the
sky.-  Fig. 21 gives examples of F- and B-mode patterns. Although E and B are both invariant
under rotations, they behave differently under parity transformations. Note that when reflected
about a line going through the center, the E-mode patterns remain unchanged, while the B-moe
patterns change sign.

Noso N S wee S

Figure 21: Examples of E-mode and B-mode patterns of polarization. Note that if reflected across
a line going through the center the E-mode patterns are unchanged, while the positive
and negative B-mode patterns get interchanged.
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Figure 22: Power spectrum of the cross-correlation between temperature and E-mode polarization
anisotropies ~ The anti-correlation for £ = 50 — 200 (corresponding to angular sepa-
rations 5° > ¢ > 17) is a distinctive signature of adiabatic fluctuations on superhorizon
scales at the epoch of decoupling confirming a fundamental prediction of the
inflationary paradigm.

In Fig. 22 we show the latest measurement of the T'E cross-correlation The EE spectrum has
now begun to be measured, but the errors are still large. So far there are only upper limits on the
BB spectrum, but no detection.
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Evolution of the LSS — a brief history

Somewhat after recombination --
density perturbations are small on nearly all spatial scales.

Dark Ages, prior to z=10 --

density perturbations in dark matter and baryons grow;
on smaller scales perturbations have gone non-linear, 5>>1;
small (low mass) dark matter halos form; massive stars
form in their potential wells and reionize the Universe.

z=2 --

Most galaxies have formed; they are bright with stars;
this is also the epoch of highest quasar activity;

galaxy clusters are forming. In LCDM growth of structure
on large (linear) scales has nearly stopped, but smaller
non-linear scales continue to evolve.

z=0 --

Small galaxies continue to get merged to form larger ones;
in an open and lambda universes large scale (>10-100Mpc)
potential wells/hill are decaying, giving rise to late ISW.
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e [rom the conservation of the stress-tensor, we derived the relativistic generalisations of

the continuity equation and the Euler equation
P P P
8 + 3H (*___‘)"F = _(1+T) (Vv —30") (4.4.173)
opp p
1P 6P
v' + 3H (——T)v = —_v — — V. (4.4.174)
3 g’ g+ 1

These equations apply for the total matter and velocity, and also separately for any non-
interacting components so that the individual stress-energy tensors are separately con-

served.
e A very important quantity is the comoving curvature perturbation

P H(D —|—'H(I?_j |
AnGa’(p+ P)

(4.4.175)

We have shown that R doesn’t evolve on super-Hubble scales, k < H, unless non-adiabatic

pressure is significant.



SVT decomposition

A very important result of General Relativity is the Scalar, Vector and
Tensor decomposition theorem: each type of metric perturbation
evolves independently at linear order.

Putting each type of perturbation together we get:

S:ds? = —(1+20)d +2a(t)Bdx'dt + o?(t)[(1 — 2W)5; + 2E j]dx'dx’
Vi ds? = —df? + 2a(t)Bidx'dt + o(1)[0; + 2V(; j]dx'dx’
T:ds® = —df? + o®(t)[0; + hj"]dxdx! (15)

Note: We can perform a similar decomposition for 7, , which is also
a symmetric and rank 2 tensor.



Coordinate systems- Gauges

General Relativity has diffeomorphism invariance — free choice
of coordinate system or gauge.

In certain systems some of the functions we introduced gauge
away.

e We will first consider the scalar perturbations:

t—t=t+((tX)
X' xi =X+ &i(t,X) (16)

e From (15):

Qoo = —(1 -+ 2<D)
Goi = —a(t)B;
gi = o?(1) [0;(1 — 2W¥) + 2E;]



Scalar Perturbations

e [he metric Is rank 2 tensor, thus it transforms as follows:

X oxP ..
g.“-'V(X) — 8X_u._ OXV gfld(x) (17)

e [he time- time component of (17) Is:

—(1+429) = —(1 +2c’b)(g—i)2 — —(1420) = —(1+2d)(1 +{)?

~—1-20-2( = d=0 -



Scalar Perturbations

e Similarly we can work out the transformation of the other
functions and find:

d=0 ¢

B=B-(/a+af

E=E—¢

V=WV + HC (18)

e Are all these perturbation functions necessary < are these
perturbations fictitious or real ? — Need to construct gauge
Invariants:

v = — Z[a?(E - B/a)]

Vs =W+ a?H(E - B/a) (19)

Bardeen {



Matter Perturbations

e From (23) we deduce that there are exactly two (4 - 2 = 2) such
independent gauge invariant combinations.

e [0 actually describe the structure in the universe — need matter
perturbations as well.

e We will consider perturbations around the homogeneous energy
momentum tensor:

TV = (p+ P)u" T, + po* (20)

and write them as follows:



Matter Perturbations

T8 = (5 + 6p)

T’ = (p + P)av;

To=—(+p) (v - B)/a

T/ = 6j(p+ 0p) + X (21)
where v' = dx’/dr and Zj IS the anisotropic stress.
For each different universe constituent we have:

5p =Y pi p=">_dp
/

(P+DPW' = (5 + Pr)v) =35} (22)

/ /



Matter Perturbations

e Velocities do not simply add — define 6q' = (5 + p)av’
which is the 3- momentum density and 6q' = ), 4q;

e A scalar function ®(x) under (16) becomes:

S(R) = d(F — ¢ x &) = B(F— )+ 00(F — ¢, xT — &)

~ do S . do
~ — (— , X! 00 =60 — (— 2
$() ~ ¢z +d0(t x) = Cq (@3
e From (23) and the tensor transformation law we get:
op =0p—pg
6p = dp — p¢
5§ = 8q + (5 + P)C (24)

where g is the scalar part of the momentum density.



Matter Perturbations

e Given (24) we can construct gauge invariant quantities like:
1) The comoving density perturbation:

dpm = op — 3HIQ (25)
i) The curvature perturbation on uniform density hypersurfaces:
—( =W+ Hép/p (26)

i) The comoving curvature perturbation :

H
— VU — _ 27
R el (27)

e The Fourier transformation is: f(X) = | % ?E olk-%



Einstein Equations

e Can relate the metric and stress-energy perturbations via the
perturbed Einstein equations:

0G,, =81GdT,, (28)

which to linear order and for scalar perturbations in Fourier
space yields:

e Energy and momentum constraint equations:

: k2 .
BH(V + H®) + — [V + H(a®E — aB)| = —4rGdp
Y

U+ Hb = —47Gdqg (29)
e From (19), (25), (29) — gauge-invariant Poisson Equations:

k2
= W5 = —47Gopnm (30)

(}:'2



Einstein Equations

e From (29) we can also get the evolution equations:

U+ 3HV + HO + (3H2 4+ 2H)d = —4xG(p — 2k?6%/3)

(9% +3H)(E ~ Bfa) + *—° = 87 Gox (31)
e From (19) and (49) we can write:
Vg — &g = 871G’ 5L (32)

Note: From (32) if 0>~ 0 = Vg = &5



Conservation Equations

o V, T" =0 — continuity equation and Euler equation :

k2 ~ . .
0p +3H(dp+ 0p) = —50q + (7 + P) 3V + k*(E — B/a)]  (33)

6q+ 3Héq = —6p — (p+ P)® + 2k?5% /3 (34)

Note: It would be useful to note the 0th version of (33):
p=—3H(7 + p) (35)
We are almost ready to pick a gauge and do explicit calculations

— need /nitial conditions for our perturbations.



Initial Conditions

e |t is standard to assume that these perturbations are generated
from inflation, which predicts that they are isentropic or adiabatic
- also preferred by the data.

e Adiabatic perturbations are induced by a common, local shift in
time of all background quantities so:
o dpa dpp

on = —- = —— foreachspeciesaandb (36)
Pa Pp

where conformal time is dn = dt/« and from (35) :

53 5b

j— 7
14+w;, 14w (37)

where we defined § = 6p/p the fractional overdensity and
wy, = P,/pa the equation of state parameter.



Newtonian Gauge

the Newtonian gauge for it simplifies the analytic calculations greatly.
Newtonian gauge: Definition: B=E =0
The equations we have presented become:

ds® = —(1 4+ 2d)adt? + a?()[(1 — 2V)d;]dx’ dx’ (38)

1) The Einstein equations:

: k2
SHV + H®) + -V = —-4nGdp

(}:'2
V+ H® = —47Gdq
U+ 3HW + H® 4 (3H? + 2H)® = —4xG(dp — 2k?5%/3)

Voo 871G (39)

Y 2




Newtonian Gauge

The gauge invariant Poisson equation (30) becomes:

2
k—lll = —47Gdp

Y 2

Il) The conservation equations:

k? .
op+3H(dp+ op) = (?cﬁq +3(p+ p)V

6q+ 3Héq = —op — (p+ P)® + 2k?6% /3

It is useful to make (41) and (42) more explicit:

5+3H(5'6 - 5'6)5_ ~(1+ 5)("’“ — 30)

p 17 p/ «

. 1 Py 1 /Ki6P N
| R Y _ A/ A
u+3H(3 ﬁ)u ,5+P( - +ij) k'V

(41)
(42)

(43)



Growth Equations

We will now consider inhomogeneities in a fluid with w = P/, ¥ = 0,
¢z = P/dp and adiabatic perturbations — ¢ ~ w

Under these assumptions equations (43) become:

. ki .

§=—(1+ w)(gu - 3w) (44)
y . K K

U =—-HA -3w)u' - Cs —6— —V (45)
14+w «

On subhorizon scales, that is k >> aH, W ~ 0 and by taking the
divergence of (45) and the Poisson eqguation (30) we get:

. . k2
0+ (2—3w)Hé + c5— = (1 + w)4nGpo (46)

Y

Which is called the Jeans equation.



Growth Equations

If we now consider the /ate time evolution of perturbations (= ¢s ~ 0)
In the matter domination era (w ~ 0). Then (46) yields:

0+ 2Ho = 47 Gpy 6 (47)

¢ By using this linear equation we can study the distribution of
matter in the universe

e An analogous equation we can get in modified gravity theories,
where the Newtonian G in (47) is replaced by Ge .



Linear growth of density perturbations:

Sub-horizon, radiation dominated, pre recombination

| | [ ] | |
Jeans linear perturbation q oc 2 dark matter has no pressure of its owr
: - i . it is not coupled to photons, so there
analysis applies: i %_f‘l 7 P P

. Az . no restoring pressure force.
oy + EHE};‘- -+ [lil .ff - -T-.?I'l_’}p,]] O = 0 “‘ g p

B _ 1 .. 7 . N Ry B
“=H=, & +2H5+ [%ﬁm 472Gp,1 5, =0

radiation dominates, and
because radiation does
not cluster > alby=0....

O, + % 0, =0 "-...but the rate of chang

of 8,’s can be non-zel

o =Aln(r)+ B
—

growing “decaying’
mode mode

DM growing mode solution 0, o« 2In(a)




Linear growth of density perturbations:

Sub-horizon, matter dominated, pre & post recomb.
| | [ ] |
Jeans linear perturbation aot’ dark matter has no pressure of its owr
analysis applies: G oe 271 it is not coupled to photons, so there
T3

. 21 . _ no restoring pressure force.
Op +2HOp +[ - —41Gp,]0p =0 d _ o2 gp
‘ - T3

a " O + 2H3; + [ —4aGp,] 6 = 0
Hit = 3 “ Zero
also, can assume that total density

is the critical r.ia:-z-nsityr at that epoch:

P=FPo= gm,
— daGGp, = v
log( =1 - | -
ﬂ rl:ﬁl'l'l“ - -
5;; -+ ﬂié}; = - =0
>t : Two linearly indep.
5‘&_ = AIZH 4 B;‘l solutions: growing
—_ = mode always comes
growing  decaying  { dominate: ignore
mode mode decaying mode soln.

DM growing mode solution 0 o a




Linear growth of density perturbations:

Sub-horizon, lambda dominated, pre & post recomb.

Jeans linear perturbation dark matter has no pressure of its owr
analysis applies: H2 = H.;}E[u.k] it is not coupled to photons, so there
50 £ 2HS +[E — dmip] 5 = 0 H = const no restoring pressure force.
= ' J =E AT : Ht . . 2,2
& “we NS -
a S, +2HS; + [ﬁK — 472G, 18 =0
o

Zero

""""""""""" can assume the amplitude of
perturbations is zero, because

lambda, which dominates,
does not cluster:

R . =10
S— .
108(Feomor) ~
3 — | |

5&- + ~H5A- - 9 Two linearly indep.

o, =A+ Be=241 solutions: growing
o mode always comes

growing” decaying to dominate; ignore
mode mode decaying mode soln.

DM "growing" mode soln 9, oc const




Linear growth of density perturbations:

Sub-horizon, curvature dominated, pre & post recomb.

Jeans linear penurbatinan i 0 dark matter has no pressure of its owr
. . - = P L s T T H .-
analysis applies: Hy;r i it is not Fnupled to photons, so there
s el g e no restoring pressure force.
op +2Hop + |75 —4aGp | oy =10 a = const

1
ol

Er:::rl (SA + EHLS‘& + [%{{ = ‘-|-Fl"l’rpu] §.ﬂ' = ()

can assume the amplitude of
perturbations is zero, because
curvature, which dominates,
does not cluster:

IEero

(5&- — U
L -
. Y
2 =
(S‘fr + t 5ﬂ' ql Two linearly indep.
o, = A+ Bt solutions: growing
v mode always comes
growing® decaying g dominate: ignore
mode mode decaying mode soln.

DM "growing" mode soln o, ¢ const
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Growth of large scale structure

Dark Matter density maps from N-body simulations

Z=3 2=

Lambda (DE)
spatially flat
Qpatter=0-3

fractional

overdensity
~const

Standard
spatially flat
Qmcﬁ’rer:l-o

fractional
overdensity

~1/(1+Z)

<«—— 350 Mpc —> the Virgoe Collaboration (1996



Summary

Fig. 5.3 shows the evolution of the matter density contrast d,, for the same modes as in fig. 5.2.
Fluctuations are frozen until they enter the horizon. Subhorizon matter fluctuations in the
radiation era only grow logarithmically, d,, o< Ina. This changes to power-law growth, d,, o a
when the universe becomes matter dominated. When the universe becomes dominated by dark

energy, perturbations stop growing,

ﬂ'i"(i
1 - k= knq
'
_ k= ‘i':ml
_ 10+
32 ¢
'E"f' -
0= - Fo< keg
1074 -
107" =
il sl [ AR NN 11 B N SO W70 B N W A 17| B S WA A i Lot

10" 10" 104 103 102 101

1

Figure 5.3: Evolution of the matter density contrast for the same modes as in fig. 5.2
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The linear matter power spectrum in the fiducial ACDM cosmology at different redshifts. Scales to the
left of the vertical lines, which indicate kyi(z) for each of the redshifts shown, are still evolving approximately
linearly at each redshift.



summary:

ACDM concordance
model is almost perfect!
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Issues of ACDM Paradigm

= ACDM is a successful cosmological model:
1) Describes the evolution of the universe at the background level
2) Describes the evolution of the universe at the perturbation level

However there are open issues:

1) General Relativity is non-renormalizable. It cannot get quantized.

2) The cosmological-constant problem. Calculation of A gives a
number 120 orders of magnitude larger than observed.

Worst error in the histery-of-physies, histery-oef-seienee, history

3) How to describe primordial universe (inflation)
4) Tensions with some data sets, e.g. HO, fo8, AL data

5) Missing galaxy satellites, curspy-core problems.
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Can General Relativity be quantized?
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COSMOLOGICAL CONSTANT
PROBLEM

E, ~ (n+1/2)hw(k)

py ~ 10” 120/0/\



Tensionl — HO

= Tension between the data (direct measurements) and Planck/ACDM (indirect
measurements). The data indicate a lack of “gravitational power”.

08—~ 1T T T T T T T T T T T T ]
; Pianck15+BAGISN :
0.9 1
HOL/COW + 11, pror [
HOLCOW
P15 (TT1 £ = 10 = CMB ACDM+N -
P15 (1T £ <1 = HOLICOW - R . Tl G\ R e .
P15 (T+7)+ ensing+ex = CMB ACDM [ ]
P15 (T+P}+BAD = R16
P15 (T+7}+ kensin ]
P15 (T+P1 -1.1F .
P15 (TT)
WMAPS+BAD
WMAPG !
= B P | 1 I, SR

60 65 70 75 80 62 64 66 68 70 72 74
H, (Mpc 'km/s) TR MR

[Bernal, Verde, Riess, JCAP1610] [Riess et al, Astrophys.] 826]



Tensionl — HO

Tension between the data (direct measurements) and Planck/ACDM (indirect
measurements). The data indicate a lack of “gravitational power”.

This tension could be due to systematics.

If not systematics then we may need changesin ACDM in early or late time
behavior.

Higher number of effective relativistic speC|es dynamical dark energy, non-
Zero Curvature ¢  aof == Fmkisaadia:

i 1 1 1 1 1 1
62 64 66 68 70 g/ 74
H, (km s Mpc™)

Or Modified Gravity.
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Tension2 — fo8

= Tension between the data and Planck/ACDM. The data indicate a lack of
“gravitational power” in structures on intermediate-small cosmological

scales.
0.7 e
Parameter Planck15/ACDM [12] WMAP7/ACDM [4] [ Planckl5/ACDM: g, Best Fxt
QWh? 0022254000016 0.02258 +0.00057 06l ' Planck15/ACDM
0, h? 0.1108+ 00015 0.1100+ 0.0056 oLy
n 0.0645 + 0.0049 0.963 + 0,014 :
H, 67.07 + 0.6 T1.0+25 05t
Qom 0.3156 + 0.0001 0.266 + 0,025
w -1 -1 N[
4 [ L L
0 0.831 £ 0.013 0.801 £ 0,030 £oal
0.3
0.2F ACDM Best Fit(©g,,=0.28.05=0.78) WMAP7/ACDM
0.5 1.0 1.5

0.0



TABLE II:

Tension2 — fog8

A compilation of RS data that we found published from 2006 since 2018

Tndex Datasat = Fosl=) Waar Fiducial Cosmology

1 SDSELRG 0.35 0440 = 0.050 30 October 2006 (£20mm . 25 o )= (0.25, 0,00 r,.vB [ ]|
2 VVDS 077 0,490 + (.13 G Oworober 2009 (20, Ty, o8 (0.2,

3 2dFCRS 017 0510 = 0060 G October 2009 (2o, Q) (0.3, 0, D.Q}

4 2MRS 0.02 13 Novemver 2010 (o, O . oT=) (0.266,0,0.65)
5 Snla+TRAS 0.0z & 20 October 2011 (£20m. i, o8 (0.2,0,0.814)
6 SDSS-LRG-300 0.25 i O December 2011 ($2gam. 2y, 75 ) = (0.276, 0, 0.8)
T SDES-LRG-200 0.37 ] 0 Decembser 2011

a SDSS-LRG-G60 0.25 i 9 December 2011 (£20m. s, ou ) = (OL2T6, 0, 0.8)
9 SDS5-LRG-60 0.37 20 0 Decembser 2011

10 Wigglad 044 15| 12 Junme 2012 (o, o, oa) = (0.27,0.71,0.8)
11 Wigmlal 0.60 16| 12 June 2013 - . [3.3]

12 Wiggled 073 115] 12 Junme 2012

13 8AFCS 0067 a1 4 July 2012 ($20m, O, @) = (027, 0, 0.76)
14 BEDSS-BOSS 0.30 | 11 August 3012 (o, Qx ., o=) = (025, 0,0.804)
15 SEDSS-B0OS8s8 040 11 August 2012

LG SDSS-BOSS 0.50 11 August 2012

17 SDSS-B0OSs8 0.0 11 August 2012

18 Vipers 0.80 9 July 2013 ($2gan. Sy, 75 ) = (0.25, 0, 0.82)
19 SDSS-DRT-LRG 0.35 8 August 2013 (20, E2x , oa )= (0.25, 0, 0. S09)[85)
20 GAMA 0.18 22 September 2013 (Dom . Rk ,os) = (0.27,0,0.8)
21 GAMA 0.38 22 September 2013

22 BOSS-LOWE 0.32 17 December 3013 (L0, s, T8 (0.274,0,0.8)
23 SDES DRI10 and DR11 032 17 December 3013 (o, R , os)= (0.274, 0, 0.8) B3]
24 SDES DRI10 and DR11 057 17 December 3013

a5 SDE=E-MOCS 0.15 30 January J015 (o, 1, o) = (0.21,0.67,0.83)
26 SDEs-veloc 010 16 Junme 2015 (L0, L2, Fa )

27 FastSound 1.40 25 November 2015 (£20mm, 2 , @s)= (0.27,0,0.82)[93]
28 SDSS-CMASSE 0.59 a July 2016 (oan. fa, os) = (D. 3071 15, 06777, D.E288)
ag BOSS DR12 0.38 11 July 2016 (f2gem, Sl , s} = (0.31,0,0.8)
30 BOSS DR12 0.51 11 July 2016

a1 BOSS DR12 051 11 July 2016
a2 BOSS DR12 0.38 11 July 2016 (gem, o, o) = (0.31,0.676,0.8)
a3 BOSS DR12 0.51 11 July 2016
a4 BOSS DR12 051 x ] 11 July 2016
a5 Vipers vT 076 0440 £ 0.040 26 Owetober 2016 (C20m, or ) = (0.306, 0.81409)
a6 Vipers w7 105 0.280 = 0.0E0 26 Oetober 2016
a7 BOSE LOWE 0.32 26 October 2016 (0, L35, o8) = (031,00, 0.3475)
a8 BOSS CMASS 057 0426 £ 0.020 26 October 2016
20 Vipers 0727 0.2096 + 007635 21 November 2016 (Do, (e o) — (0.31.0,0.7)
a0 GAFES+Snla 0.02 0428 4 0465 20 November 2016 ({20, fe. oa) = (0.3,0.683,0.8)
41 Vipers 0.6 16 Decembar 2016 (120w, 25, Tle, o= )= (0.3, 0,045, 0.96, 0.831)[12]
42 Vipers 0.86 16 December 2016

13 Vipers PDR-2 0.60 16 December 3016 (C20em, St or) = (0.3, 0.045, 0.523)
44 Vipers FPDDR-2 0.86 s 16 Dwecember 2016

45 SDSE DR13 0.1 048 =0.16 22 Dwecembear 2016 (gam. og)= (0.25,0.80)[31]

46 AMTF 16 Junme 2017 (£20m, T ) 03121, 0.815)

a7 Vipers PDR-2 31 July 2017 (€24, C¥opm, B) = (0.045_ 0.30,0.8)
48 BOSS DR12 15 September 2017 (e, i, o8) = (0,307, 0.6777, 0.8288)
49 BOSS DR12 15 September 2017
50 BOSS DR132 15 September 2017
51 BOSS DR12 15 September 2017
52 BOSS DR12 15 September 2017
53 BOSS DR12 15 Saptamber 2017
54 BOSS DR12 15 September 2017
55 BOSS DR12 15 September 2017
56 BOSS DR12 15 September 2017
57 SDSS DRT 12 December 2017 (om0, or) = (0.282, 0.046,0.817)
58 SDSS-IV 8 January 2018 (an, 2ak? os) = (026470, 002258, 0.8)
50 SD3E-IV 8 January 2018 (£20m. Nah?, oa) = (0.31,0.022, 0.8225)
G0 SD3E-IV 9 January 2018 (gm, =) = (0.31, 08)
61 SDE5-TV 9 January 2013
62 SDEE-IV x I 9 January 2018
63 SDEE-IV 0.364 = 0,106 9 January 2018

Model Dependence: Distance to
galaxies is not measured directly, so a
cosmological model is assumed in
order to infer distances (ACDM with
different parameters).

Double counting: Some data points
correspond to the same sample of
galaxies analyzed by different
groups/methods etc.

[Kazantzidis, Perivolaropoulos, PRD97]
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Tensionl — fo§&

= Tension between the data and Planck/ACDM.
= This tension could be due to systematics. E.qg:

P e T T T o o A A
4 127 1 12F
4 Llip 1 1.1
4 1.0p 1 1.0
! € | &
| Planck ACDM 1 0% | Planck ACDM 109
__________ '___-___-_____________-: 08:_-___ _‘____-_________________: 08_
- | Early Data Best—fit -
! Best—fit 1 o7f 1 07f
1
0.6k 0.6t Late Data Best—fit ]
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S)GM

01 02 03 04 05 06 07
QOM

01 02 03 04 05 06 0.7
gZOM'
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Tension2 — fo&

= Tension between the data and Planck/ACDM.
= This tension could be due to systematics. E.qg:
""""" *m osf '“:'""E';;l;fi,';t;];;;;};i 0

01 02 03 04 05 06 07

S)‘Um

01 02 03 04 05 06 07
QUM

01 02 03 04 05 06 0.7
%M

[Kazantzidis, Perivolaropoulos, PRD97]

If not systematics, the data indicate a lack of “gravitational power” in
structures on intermediate-small cosmological scales (expressed as smaller
Qm at z<0.6, or smaller a8, or wDE<-1).

It could be reconciled by a mechanism that reduces the rate of clustering
between recombination and today: Hot Dark Matter, Dark Matter that
clusters differently at small scales, or Modified Gravity.
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LEPTONS

Knowledge of Physics

Knowledge of Physics: Standard Model + General Relativity
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Modified/new knowledge of physics

So can our knowledge of Physics describes all these?

Afterglow Light iti
erg owanlg CompOSl(IOn

of the
Cosmos

Pattern
400,000 yrs.

about 400 million yrs.

Big Bang Expansion
13.7 billion years

Most probably, no!

We definitely need new physics for Inflation and Dark matter. Maybe for dark energy.
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Theories of
Dark Matter
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Axion-like Particles



Why Modified Gravity?

We need to modify something:

The universe content
or
The theory of Gravity



Dark Energy-Inflation

= Add a scalar field ¢ in the Universe content
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General Relativity

= Einstein 1915: General Relativity:

energy—momentum source of spacetime Curvature

——[d“x/-g[R-2A]+[d*x L,(g,..)

167ZG

1
— Rﬂv—EgﬂvR+gﬂV/x=87zG TW

t

2
\/_g ®,uv 101

with T#"=




Modified Gravity
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Cosmology-background

. . 2
Homogeneity and isotropy: d.ﬁ:_dtua?(t)( dr +-r2dn‘2)

1 — kr?

Background evolution (Friedmann equations) in flat space

oy
H? = 5~ (Pm + PDE)
H = —AnG (Pm + Pm + PDE + PDE) ,

(the effective DE sector can be either A or any possible modification)

One must obtain a H(z) and 2m(z) and wDE(z) in agreement with
observations (SNIa, BAO, CMB shift parameter, H(z) etc)
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Cosmology-perturbations

Perturbation evolution: & +2HS —4nG.spd~0 where 6§ = 6p/p
where G.g(2, k) is the effective Newton'’s constant, given by

V26 ~ AtGegp 6.

under the scalar metric perturbation ds* = —(1+ 2¢)dt* + a*(1 — 2¢)dz?

AV ‘ 2
Hence: & + ((H )1 ){m ?(1+z)H“ Goit(2, k) Qomd

2 H? 1+z 2 H? Gy
: _ dindo . B ~(a) ~ Qom a3
with f(a) = == the growth rate, with f(a) = Qu(a) and O, (a)=

H(a)2/H3

0g

One can define the observable: |fos(a) = f(a) - o(a) = 31 ° &'(a)

with o(a) = 755 the z-dependent rms fluctuations of the linear density field within spheres of

radius R = 8h~'Mpc, and o8 its value today.
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0.2} ACDM Best Fit(Q0,=0.28.05=0.78)
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