What is the main purpose of Cosmology?
To study the evolution and structure of the large scales in our universe

Galaxies
2 1044 g
10 kpc=3 1022 cm

Galaxy Clusters
2 1047 g The universe: our "Hubble volume”
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What is a parsec (parallax of one arcsecond)?



A parsec (parallax of one arcsecond) is a length measure commonly used
in astrophysics and cosmology. A parsec was defined as the distance
at which one astronomical unit subtends an angle of one arc-second.

1 AU= 150 10° m
1 pc= 3.08 1016 m (3.26 light years)

A parsec amounts to go and come back from the Sun....... \
/1

reminder of some scales

» keep in mind some rough scales when considering

100 000 times! galaxies: /N =

— Sun’s distance from centre of Galaxy: ~ 8 kpc
— diameter of Galaxy: ~ 30 kpc

— nearest (non-satellite) galaxies: ~750 kpc
— sizes of groups and clusters: 1-3 Mpc

— nearest rich clusters: 20-100 Mpc

— sizes of ‘walls’ and large-scale structure: 100’s Mpc .
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TEMA 1:

INTRODUCTION:

FUNDAMENTAL INGREDIENTS
OF STANDARD COSMOLOGY



Standard Cosmology refers to FLRW Cosmology
(FRIEDMANN LEMAITRE ROBERTSON WALKER)
and it is based on two basic elements:

*FLRW Geomeiry (i.e. the metric, which determines
the geodesics)

*FLRW Dynamics (Friedmann Equations, which
determine the curvature of the space-time)



1.1 FLRW GEOMETRY

The FLRW geometry asumes that at large scales the universe is
homogeneous and isotropic.



The most robust confirmation of the isotropy of the universe at large scales is
provided by the CMB, the Cosmic Microwave Background radiation (Penzias & Wilson'64).
When one measures the sky temperature in any direction, one notices that the photons
have a thermal black body spectrum with a temperature of 2.725 K. This has been
measured with high accuracy by the spectrophotometer FIRAS on the NASA COBE
satellite. There are small fluctuations in the temperature across the sky at the

level of about 1 part in 100,000 ~(10-5)
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The existence of a CMB, that is, a relic photon bath, was predicted by Alpher &
Herman in 1948 while working on BBN. Penzias & Wilson, in 1965, discovered
accidentally the CMB while working with a very sensitive radio telescope at Bell

Labs in New Jersey. In 1978, Penzias and Wilson were awarded the Nobel Prize for
Physics for their joint discovery of the CMB.
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At distances larger than 100 Mpc, galaxy survey observations indicate that

the universe is homogeneous, that is, galaxies and clusters of galaxies are equally
distributed in the sky in all possible directions.


http://www.sdss3.org/press/dr9.php

The spatial geometry depends on the curvature, K:

K=1: three-sphere

Q=1

K= - 1 :
==, three-hyperboloid
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The FLRW metric tells us how to measure distances in each of these possible
geometries.



The metric g, connects the values of the coordinates to the more physical
measure of the interval (proper 1'irne)::3

ds? = Z g dat dx”

p,v=0

> dx0 refers to the time-like component, the last three are spatial coordinates.
° guv is the metric, necessarily symmetric.
* In special relativity, g..-n.» (Minkowski metric)

* In an expanding, homogeneous and isotropic universe the metric is the FLRW one:

dr?
1 — Kr?

ds® = —dt* + a*(t) ( -2 (df? + sin” Hdng))

If the universe is flat (K=0), the FLRW metric, with a(t) the scale factor:

[ -1 0 0 0

B 0 a(t) O
=1 "0 0 &2t 0
\ 0 0 0 a?(t) )



Geodesics

- A geodesic refers to the path followed by a particle in the absence of any forces,
(in the Minkowski metric it will be a straight line):

d*Z
Z 70
dt?
which should be generalised in the context of an expanding universe to:
d? _ e dz® dz’
A P dX\ d\

* The Christoffer symbols will be extensively used in the following
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*We can apply the geodesic equation to compute the particle’'s energy changes as the
universe expands:

d  da® d d o s, dx®

D AN dd PR=(EP) P' ="
* The O-th component of the geodesic equation reads as:

dE ¢ 1

R E o —

dt a a



We'll cover two type of distances:

* Radial distance D (photon path length)

* Angular distance Da (associated to the angle
subtended by an object of known physical size)

The volume element is defined as:
dV = D5dDdS

We will see some examples of each possible distance/volume element:
* Distance to a Supernova
* Angular size of the universe at photon decoupling

* Galaxy number density



Horizon

- The distance that light has traveled without interactions from +=0 until the
present is known as the comoving horizon.

- The horizon ALWAYS increases with time.

* The comoving horizon corresponds to the conformal time (c=1):

n(t) = /O acéi:)

* The comoving horizon equals to the causal distance. Regions that lie apart from
each other by a distance larger than the comoving horizon were never in causal
contact.

- This problem is known as "The horizon problem":

 Why at large scales the universe is so homogeneous and isotropic?
- If these regions were never in causal contact, how is it possible that the CMB
temperature is so uniform in the sky?



Hubble parameter

- It provides the expansion rate of the universe as a function of time:

1 da dlna
H = —
a dt dt

 The cosmic time reads as:

t—/dt /1da

- The conformal time is given by:
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Cosmological redshift

* Doppler Effect:

* Cosmic time: The photon wavelength is stretched with the scale factor as the
universe expands.

- If we interpret the redshift z as the Doppler effect, galaxies recede (i.e.
they move further away) in an expanding universe.


https://www.youtube.com/watch?v=NnfSGh0vpOY
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https://www.youtube.com/watch?v=Y5KaeCZ_AaY

Hubble law

° The comoving distance to an object located at redshift z reads as:

1 / Z /
da dz
D — D <) =
(a) /a a’?H (a’) (2) o H(Z)
- At small redshifts, z« v/c.
The Hubble law can be written as: | . .
lim,_oD(z) = Hz = 0) -

with the Hubble constant, Ho:
Hy = 100~ km /s/Mpc

- Cosmological observations have determined that h=0.7

1929: Edwin Hubble measures the spectra of hundred of galaxies and notices
that they are redshifted, meaning that they are moving away from our galaxy.
Furthermore, the further the galaxy is located,the faster it moves away from

our galaxy. A
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* Warning! you will have to work

Distances in cosmology |’ nave
. . : ) with these expressions in the
*"Standard ruler”: If we have an object of known size thy,, . . Cosmology” session

A A
- Da(z)  da(z)

A =a(t)A Qo
Da(z)=comoving angular distance, da(z) is the physical angular distance da= a Da

*"Standard candle”: If we have an object of well-known luminosity, the

flux (energy/unit of time) observed is:
P L 1 L

InD%(2) (1+2)2  dnd?

where a factor (1+z) comes from the redshift in the photon energy: [ %

and the additional (1+z) factor comes from the photon propagation
Luminosity distance”: dr — (1 4 Z)DA _ (1 4 Z)QdA

* At very small redshifts, the three distances are the same:

Z%O,dL:dA:DA



http://icosmos.co.uk
http://www.atlasoftheuniverse.com/redshift.html

Distances in cosmology

- "Standard Candles”: Are celestial objects with well-known luminosities.
Their apparent magnitude is given by

m(z) = M + 5log,y(dr(z)/Mpc) 4+ 25

- Therefore, if we can determine the object's redshift (spectrography) we
can learn about the luminosity distance of that object as a function of
the redshift.

- At small redshifts:
<

2?0

* Therefore, the Hubble constant extraction is possible via low-redshift
measurements of the apparent magnitude of objects whose absolute
magnitude M is known.

dr,


http://icosmos.co.uk

Hubble constant measurements

* Traditionally, the ideal objects are the Cepheids Variables, whose luminosity
follows a very precise and regular period. Knowing such a relation, one can
extract the luminosity distance to the galaxy where the Cepheid is located.
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Hubble constant measurements
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Hubble constant measurements

* Traditionally, the ideal objects are the Cepheids Variables, whose luminosity
follows a very precise and regular period. Knowing such a relation, one can
extract the luminosity distance to the galaxy where the Cepheid is located.
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Hubble constant measurements

HST Cepheids measurements have lead to a 2.4% determination of the Hubble
constant:
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Hubble constant measurements

HST Cepheids measurements have lead to a 2.4% determination of the Hubble
constant:
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GW170817

The detection of GW170817 in both gravitational waves and electromagnetic waves
represents the first 'multi-messenger’ astronomical observation

LIGO ‘
30° ,
LIGO/ . \ 2
Virgo —_ &
. Fermi/
GBM
16h 1 8h
IPN Fermi /
INTEGRAL
-30° T A -30°

Swope +10.9 h

Localization of the gravitational-wave, gamma-ray, and
optical signals.

The left panel shows an orthographic projection of the
90% credible regions from LIGO (light green),

the initial LIGO-Virgo localization (dark green),

IPN triangulation from the time delay between Fermi ar
INTEGRAL (light blue), and Fermi-GBM (dark blue).
The inset shows the location of the apparent host
galaxy NGC 4993 in the Swope optical discovery

image at 10.9 hr after the merger (top right)

and the DLT40 pre-discovery image from 20.5

days prior to merger (bottom right).

The reticle marks the position of the transient in both
images.
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On 17 August 2017, the Advanced LIGO! and Virgo? detectors ohservad the gravitational-wave
event GW170817—a strong signal from the merger of a binary reutron-star system”. Less than two
seconds a‘ter the merger, a y-ray burst (GRE 170817A) was cetacted within a region of the sky
consistent with the LIGO-Virgo-derived location of :he gravi:alional-wave source’ % 8 This sky
region was subsequently observed by optlca astronomy faciliies’ resaling in the identification® &
10, 71,92 73 of an opticzl ransient signabwithinrabesttes-arssecands of the galaxy NGC 4993. This
detecton oL )81/ 1n both grawtztional waves and electromajnetic wavas represeats the first

i=messenger’ askonumical obsenvation. Such observalions 2rable GW170817 Lo be used 4572
‘slandard siren' 4 15,16, 17,18 (meaning that the ateolute distance to the eource can be datermined
directly from the gravtational-wave measu-emens) to measure the Hubble constant. This quantity
represents the local expansion rate of the Uriverse, sets the cverzll scale of the Universe and is of
funcamental Imporiance © cosmology. Here we report a measurement of the Hubble constant that
combines ‘he distance ‘o th2 source irferred purely from the gravilatonal-wave signal with the
recession velocity inferred from measurements of the redshift using the electromagnetic data. In
conirast to previous measurements, ours coes not require the use of a cosmic 'distanze ladder''?
the gravitaticnal-yave analysis can be used to estimate the lumincsity distance out to cosmological
stales direcly, wiltoul the use of nilzrnedalke astronumical distance measurzments. We detenrine
the Hubble corstant fo be about 7) kilomeires per seconc per megaparsec. Ths valuz is consistent
with existing measurements?": 41 _wnile being completely independent of them_ Adcitioral standard

#en measurements from future gravitational-wave sources will anable the Hutble constant to be

constrainedToRigh precision.

Subject terms: High-energy astrophysice - Coemology



The method combines the distance to the source inferred purely from the
gravitational-wave sighal with the inferred from measurements of
the redshift using

= Hyd d = 43.872 5 Mpc

Using the optical identification of the host galaxy NGC 4993, they derive the Hubble
flow velocity. PROBLEM: the random relative motion of galaxies (peculiar velocity)
needs to be taken into account! In practice, the motions of galaxies are influenced
by more than just the Hubble flow: the local flow, and the motion of the galaxy
within its cluster and/or group environment. These deviations from the pure Hubble
flow are referred to as peculiar motions. The peculiar velocity is about 10% of the
measured recessional velocity.

The Hubble flow causes all galaxies to receed from each other. The local flow and the motion of the galaxy within its cluster environment
also contribute.


http://astronomy.swin.edu.au/cosmos/cosmos/C/cluster+environment
http://astronomy.swin.edu.au/cosmos/cosmos/G/group+environment
http://astronomy.swin.edu.au/cosmos/H/Hubble+Flow
http://astronomy.swin.edu.au/cosmos/G/Galaxy
http://astronomy.swin.edu.au/cosmos/L/Local+Flow
http://astronomy.swin.edu.au/cosmos/C/Cluster+Environment

NGC 4993 is part of a collection of galaxies, ESO 508, which has a
center-of-mass recession velocity relative o the frame of the cosmic

CMB of 3 327 + 72 km/s. The authors correct the group velocity by 310 km/s,
due to the local gravitational fields.

The standard error on their estimate of the peculiar velocity is 69 km/s, but
recognizing that this value may be sensitive to details of the bulk flow motion,

in their analysis adopt a more conservative estimate of 150 km/s

for the uncertainty on the peculiar velocity at the location of NGC 4993 and
fold this in their estimate of the uncertainty on .

From this, they obtain a Hubble velocity vi= 3 017 + 166 km/s.

Using this recessional velocity, one can find Ho= 68.9 km/s, which is very close
to the value obtained through the more refined statistical method you will work
on fomorrow afternoon in the "Hands in cosmology” session.
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Supernova: star that dies
causing a very violent nuclear
explosion. It emits the energy
equivalent to a full galaxy!

SN Ia: objects of very well-
known luminosity. If we know their
apparent luminosity, we can
determine their distance:

Standard candles



2011 HST: 14 Supernovae Ia extra and with z>1!
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as measured
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By knowing u, we can obtain the luminosity distance and
compare to the theoretical predictions.
To which curve match data better?
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Imagine an object with well-known luminosity L: standard candle

If we measure the flux S and we know L, we can determine d. and compare fo what
we expect from theory:

L
 Adrndy

o | H%z)

What we observe from the SNIa data is that the measured d. is larger than what one
estimates in a universe with only matter. It seems that light has been fravelled since

longer ago, or for a larger distance, or, maybe, that the universe is not only
expanding, but it is doing so in an accelerated way!

S
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http://www.nobelprize.org/nobel_prizes/physics/laureates/2011/press.html

The JLA SDSS-SNLS joint SNIa sample

- Source Number
Calan/Tololo 17
CIAl 7
Ciall 15
CIAIN® 55
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CSp 13
Other low-z 11
SDSS“ 374
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Total 740
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1.1 DYNAMICS FLRW

General Relativity relates the metric with the matter and energy
content in the universe. The sale factor a(t) will evolve in time
accordingly to the matter-energy content of the universe.

In other words, matter and energy will tell us how the geometry
of the space-time is curved via the Einstein equations.



Einstein Equations

1
°Ruv is the Ricci tensor, depending on the metric g,vand its derivatives:

o) o) a 173 B
R, =T%, , —T%  +T%.I% -1 17

UV, o Uo, v

(It seems tedious but there are only two components different from O, the 00 and
the ii ones)

*R is the Ricci scalar, R=g»Ry.

* Tu is the energy-momentum tensor.

° The Christoffel symbols:




Einstein Equations




Einstein Equations

- Lets compute the 00 component for the Einstein equations:

1
Rop — 59007z = 8mGTpo
Roo = 'gg.o. — Tono T I‘O‘aI‘gO — %‘ofga

- But we know that Mg0=0, therefore:
R _—Fi _Fz' Fj __g 9 & — 9 25..__3 é_ 9 . 3 g 2__3é
00 — 02,0 70+ 07 — at a 27 a i = . . - — -

Ri; = d;; (2a° + ad)

* And consequently: » 1 a a\ >
REg RMV:—ROQ—F?RMZG E_I_ E

- Finally we find that:

SWGTOO



[(—=p 0 0 0)
| 0 p 0 O
TM’/_OOpO

\ 0 0 0

N\ 2
3 (ﬁ) = 8wGp
a

- Exercisel From:

* Derive the Friedmann Equation (2):




Friedmann Equations

*First Friedmann Equation reads as:

3H2
(G

HQ(CL) — Hg ,O(CL) Perit =

Perit

* The second Friedmann Equation reads as:

4G
3

(p + 3p)

Q| Lo

and it determines the accelerated processes in our universe's expansion.
In order to have such an accelerated expansion it is required that:

p+3p <0

i.e. a negative pressure fluid!



Energy-momentum tensor conservation
- Time evolution of the T, components

*In the absence of external forces, the energy momentum tensor is conserved.
*In an expanding universe, the energy momentum tensor conservation implies that
its covariant derivative equals zero.

™, = a;;u -+ T, =T, T, TMV;M _ 0
TMO;M =0 881;0 FIP o T — 10, T,
Zit) P 0up = 1% 0u T,
85’5 I Z (3'0 T 3p) =0 Equation of
op - ~ state
Ot p(L R uwy=0

. . -3
° Matter (either cold dark matter or baryonic one) has zero pressure: POy, X Q

* Radiation is characterised by p=p/3: p, X a_4
- While dark energy should behave as:

p—+3p <0 w< —1/3  pge oxa P



Friedmann Equations

* The first Friedmann equation can be written as:

p(a) Dorip = 3HY  Hy = 100h km/s/Mpc
Crit —

Perit St Perit = 1.879h° X 10_29g cm™ S

H*(a) = Hp




Friedmann Equations

* The first Friedmann equation can be written as:

Hy = 100h km/s/Mpc
Perit = 1.879h% X 10_29g cm”°

(0, (@) + e (a))

Qe (a) — pde(a)/pcrit — pde,OOJ_S(l_'_w)/pcrit — Qcie,OCL_S(l—|_w)

* These expressions are valid for a FLAT universe. In case the universe is not flat:

dr?
1 — Kr2

ds® = —dt* + a*(t) (

+ 1%(df? + sin? ¢9d¢2)>




“Cosmic sum rule”
Qm,O -+ QT,O -+ Qde,O -+ QK,O =1

*In a flat universe, K=0, therefore:

Qfrn,O - Q’P,O -+ Qale,O =1

- In an open universe, K=-1, therefore the
curvature contribution is positive:

Q"m,O =+ Q’I“,O =+ Qde,O <1

*In a close universe, K=+1, therefore the
curvature contribution is negative:

Qm,O - Q?“,O - Qde,O > 1

Current cosmological observations indicate that the universe as a geometry
very, very close to the FLAT one:

Qp = —0.037+0:043




Heavy Elements:
2=0.0003

Neutrinos (v):
)=0.0047

Cosmic Pie/ .
_ Stars:
€2=0.005
2 | Free H
g W & He:
(2=0.04

Cold Dark Matter
(2=0.25

Dark Energy (A):
=0.70




Radiation: photons and neutrinos

*Photons: The cosmic microwave background radiation temperature is 2.725 K,
measured with a precision of 50 parts in a million. The energy of such a photon
bath is given by the integral of the Bose-Einstein distribution times E=p
(massless):

d’p 1 _ gnT* [ x3dx T,
pV_Q/(zw)Sep/T_ﬁ? ©=p/T p”_(zw)i%/o o 17" 15"

Q,(a) =

py (2.725 K>4 1 247x107% 475 x 1075

perit 15 a Perit ath? at

* Neutrinos: Neutrinos are fermions and therefore follow the Fermi-Dirac
statistics. As we shall soon see, neutrinos decouple from the thermal bath
before electron positron annihilation and therefore they did not share in the
entropy release, being their temperature lower than that of photons:

1.68 x 105 (T> _ (4>1/3
Q,(a) = plj:,;t =73 (m, = 0) T, 11
But neutrinos are massive particles! ™(1) = / (5;2)93 ep/:r1 1= %”W(T)
0 () = Mot _ Xme 1 BT 0006 < Quoh? < 0.0025

Derit 94 eVh2 g3



Matter: baryons and dark matter

- Baryons: The baryon density can not be inferred from temperature
measurements. Currently we know that:

Qph? = 0.0220519-00056

from the CMB anisotropies. Other methods to extract the present baryonic mass-
energy density are light element abundances, quasar spectra or the gas population

in galaxies.

* Dark matter

A number of observations (galaxy rotation curves, galaxy clusters, gravitational
lensing, large scale structure and the CMB anisotropies) indicate that the
majority of the matter in the universe is unknown: dark matter

0.0053
Qamh® = 0.11997 5 025

Furthermore, observations of the large scale structure of our universe tell us that
a COLD dark matter component provides an excellent fit to data.



There is way more matter in the universe than that we
can see (stars, gas, planets...)

u-!\

by

7

.
B .

Dark matter

We know that should be there due to its gravitational
effects:
Nothing escapes from gravity!
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expected
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T ==~o_ luminous disk
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- M33 rotation curve
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Newton tells us that velocity must
decrease with the radius!

v(r) = \/ GM (r)

If it would exist, furthermore,
an amount of additional matter
whose distribution:

M(r) ocr pox1/r?
then, we could explain the galaxy
rotation curves




NGC 6503
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Elnsfems Y predlc’rs that the presence of a massive body will curve space time,
distorting the light trajectory. The shape of the background objects will change/
multiplied by the presence of intervening galaxies.



Einstein rings: Perfect alignment |'|' AGM d LS
f

C.2 deS'

Lensin d Gala Ky

This movie shows a spiral galaxy acting as a lense of a background quasar
(Quasi-stellar radio source) moving behind the galaxy. When the alignment
source-lens-observer is perfect, we see the formation of the Einstein ring!



Grauvitacional Lensing




Grauvitacional Lensing

Anillo de Einstein doble! 3 galaxias perfectamente

SNDSE[DOA6+100€

alineadas (posiblemente menos de 100 casos en
todo el universo, y hemos visto uno!)

Observer .- \
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Quasar

hST Telescope



Dark energy
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In 1998, two independent groups, observed that type Ia Supernovae were
much fainter than what one would expect in a universe with only matter.

An additional ingredient was mandatory to make the universe to expand in an
accelerated way!

Today the evidence for an accelerated expansion of the universe is 4.20-4.60
with JLA SNIa data alone, and 11.20 in a flat universe.

) A
g: gG(,oJrSp) p+ 3p <O
















u",/ k-'«,f’m *f.l (742 y L R 7#1) =




Hubble, 1929:
The universe is not static

>

"My biggest blunder”

2,
H 4:;::--
A AL




Today, the comological constant comes back!

The most economical explanation for the universes accelerated expansion is to
assume that there is an energy associated to the vacuum, with an equation of
state w=-1, and that has been constant along the universe’s history.

1
R'uy — §gW72 -+ AgMVZSTFGTMV

SnG A
H%(a) = 222, 42
(@) = —=p +3

A

H?(a) = Hi (Qn(a) + Q,.(a)+Q0) QAZE

Or to assume the existence of a dark energy fluid with a w# -1 ( and also time
dependent):

H*(a) = Hy(Qm(a) + Q(a)+Qae(a))

Qge(a) = Qcle,()Cl_S(Hw)
Such that: ) < _1/3



@ We know how to compute the vacuum energy:

A 0O
= <T00>vac X / V k2 + m2k2dk
0

87

@ But, if we compute it, we get a value which is
100000000000000000000000000000000000000
000000000000000000000000000000000000000
000000000000000000000000000000000000000

@ = 1020 times larger than the one we measure

@ NI 29°09°090?0?07?077?

@ This is the so-called cosmological constant
problem
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Exercise: compute the matter-radiation and

matter-dark energy transitions



