mage: Dark Energy Camera, frem http:/darkenergydetectives.org
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Previous How to measurecelestialobjects

Position inthe sky
Distance
Recessionelocity

Otherproperties Temperaturedensity
chemicalcompositionX



Equatorialcoordinates right ascensiondeclination

north
celestial pole

Thelargecosmological
projectsdo useequatorial
cordinatesto locate
objectsin the sky

south
celestial pole

Thethird dimension
(distance iIs muchmore
difficult to measure




MeasuringDistances TheCosmidadder

v

431 Light-Years he
»
PROXIMA CENTAURI ’
* 4.2 Light-Years . e » -
170,000 Light-Years & "
g SIRIUS . ’
8.6 Light-Years . :
R
VEGA . ANDROMEDA \
% 26 Light-Years . GALAXY A 4
. 2.5M Light-Yoars M100
56M Light-Years Most-Distant
Galaxies
e
10 100 1000 10 000 100 000 1000 10 000 100 000 1000 10 000 BIG
000 000 000 000 000 | BANG
000 000

Distance in Light-Years

—T T —

Thedifferent methods
arechained
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Specttatell us the recessionvelocity of celestialobjects

Spectralineschangetheir
positionswhenthe sourceis - -

moving

ThemeasuremenbdDf line’s H ‘

‘ |Linespectrum ofanelement |

displacementllowsto obtain -

the recessionvelocityof the

- Absorption lines

source
226 L

Forsmallz, Vv ~Cz
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Red Shift



Distanceas afunction of z

Theformation andevolution of
cosmicstructures(superclusters
clusters galaxieX v



CosmidDistances StandardCandlesand StandardRulers

Luminosity
Distance

i Angular
co s Diameter
£ Distance

e Large-scale
structure
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LSSFormation and Evolution: General Idea

Generationof fluctuations: Quantumfluctuations of the inflaton becomeclassiadue to the
wild inflationary expansion. Athe end of inflation the inflaton field decaysinto particles
Quantumfluctuations of the field A fluctuationsin the number of particlesA fluctuationsin

the energydensity
Inflation generatesnitial conditions, (Gaussian) i. eseedsfor the LSS:

Gravitydoesthe rest

Years after the Big Bang

e
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion
| | DT | 1 - w J .
. ) 4 . N\
The Big Bang . » ’ " * : s\
: - ~ P Fa
e x d "
&Con - / 5 ' ~
g g ~. 7 ‘\ ‘."
35 & . g -
The Dark Age =i )y ; . *  Present day
2 ‘
o2 1% > % ® e
Eully ionised . - . Reionization A el iorised . - . .
ully ionize < : - » Fully ionize L
| 2 1 . D I I \ -
1000 100 10 1
1+Redshift

Thepropertiesof the initial fluctuationsdeterminethe propertiesof the LSS

Important point: Inflatonisa quantumfield A We cannotpredictthe specificvalueof the
fluctuations but only their statisticalpropertiesA Ourpredictionsfor the LSS aretatistical



. ¢How are observationsmade?

)
/

F 4 | Powerfultelescopes
F g on earth and inspace

jf ;s X In manywavelengths

Alsoother signals
(besidesof light) are
observed(cosmic
rays neutrinos,
gravitationalwavesX (

0.0001lnm 0.01nm inm 100nm 10um

0.00inm  0.1nm 10nm ipm 100pm




How observacionsare done
Many observationakffectsin the measurement

Celestial Background p . y L|ght source

* Source Aol
“PyL xis The atmosphere

Telescope and

L ~.  Telescope Camera
TS A Filter

Electronics+DaQ

. “f Detector
Differentkindsof <
telescopesand detectors Wi Electronics
dependingon the desired .
observations igital |

Image Computer




o — y
The - >
Blanco \
Telescope \V%
iIn Chile i\
Vv

Its mirror

has a

diameter

of 4m (the |

Iargestar =
~10m) ’
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. ’
Galaxy Cluster Abell 2218
Hubble Space Telescope e WFPC2

NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) * STScl-PRC00-08




Map of the CMBfrom the spacetelescope
Planck




TheMilky Wayin different wavelengthdof the electromagnetiaadiation

RAD
TN AVAVANYA

|

).

f X-ray emission from hot gas bubbles (diffuse blobs) and X-ray binaries (pointlike sources).
" w' St v—w ; -
*o B e e - ' s 2 : ‘
= A e wr VL o B a™ T . OJM'A

g Gamma-ray emission from collisions of cosmic rays with atomic nuclei in interstellar clouds.

g
MITAYAY) | AVAVANS




Fromimagesto results

Theobjects(usuallygalaxie$ aredetectedusingdedicatedcomputing

| | | | | I UIREOGUH O O E
- SDSSDRY . G : _ D®DssdR o
ra: 237.397 dec: -0.599 . . o ; rai‘?_;ﬂ?BQ? dec:=0.599,
scale: 1.5845 arcsec/pix & \ . > scafef135~34'5.ar"esec.fpix.‘
image zoom: 1:16 im.e»ge._‘zocirn‘:1:1(‘}";l
20 " . . ~ ";"ﬁ' {
e | s ’ 2 = — ~
¥, S
.
— € > {77 —
.
° -
.
= p =
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Toobtain cosmologicafesults
A Measureobject's position inthe sky
A Clasifyobjets Stars galaxiajesquasar¥X K
A Measurez



Dark Energy

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

U
7

Fluctuatio

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years



THE BIG BANG
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TheUniversestarted in aninitial state
extremelydense andot, andsincethenit is
expandingand cooling
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Thecosmologicabrinciple

The Universe is homogeneous and isotropic

Theuniversepropertiesare
Independentof the position
and of the direction.

It is verified only for regions TR A R
with a size around 100 Mpc S ARy
or larger

5 Springel et al, 2005

The Big Bang theory is able to explain why this happens. It
describes how structures that we observe in the Universe are
formed.



GeneralRelativity Theory

Gravityis spacetimecurvature

ySpacetimetells matter how to move matter tells spacetime how
to BT QUMD A. Wheeler




Themetricisa consequenc®f the cosmologicaprinciple

FLRWMetric

FriedmannLemaitreRobertsonWalker

ds® = dt’ - (12(1)[(/1'2 + Si(r)(db’2 +sin” 9(/(]53)]

a: scalefactor oftheuniverse
R: Radiusof curvature(cte.)
t: propertime

SO(I") =T r: comovingdistance

S_,(r) = Rsinh(r/R)

TheGeneralRelativity predicts
an expanding(or contracting
Universe

S.,(r)=Rsin(r/R)

ScaleFactor Howdistancegyrow
with time

Cosmidime: Thetime measured
by a comovingobserver(follows
the expansion)
ComovingCoordinates They
expandwith the Universe

3 possiblegeometries

" "£A open qyperbolig
"EA flat (euclidear)
"BA closed(eliptic)




The
comoving
coordinates
do expand
with the
Universe

L Eahbound
ight

Flat space obeys the familiarrules of Euclidean geometry. The angular size of identical
the usual vanishing-point perspective

spheresis inversely proportional to distance

3 pOSS|bIegeometr|es

taught in artclass.

N

Spherical space has the geometric properties of a globe. With increasing distance, the
spheres at first seem smaller. They reach a minimum apparent size and subsequently
look larger. [Similarly, lines of longitude emanating from a pole separate, reach a
maximum separation at the equator and then refocus onto the opposite pole.] This

framework consists of dodecahedra

Hyperbolic space has the geometry of a saddle. Angular size shrinks much more rapidly

with distance than in Euclidean space. Because angles are more acute, five cubelike
- FromScientificAmericar

objects fit around each edge, rather than only four




Theobervedlight of the galaxiess redshifted
becausethe Universeis expanding

The expansion of the
space pulls the light and
Increases Iits wavelength

A Redshift

The redshift 1Is a measurement of the Universe scale
when the light was emitted




Substitutingthe FLRWhetric in the EinsteinEgs, we obtainthe
Friedmanreqs:

_AnG () 4 D) Ac?
3 c? SIN G = Newtorts Constant

| = EnergyDensity

p = Pressure

S GosmologicalConstan

We need to specify the matter species that the Universe
contains to solve the equations

Equation of State foperfect barotropicfluids: p=wi

Energymomentum

T;uv — (p —+ p/CQ)“U,M’U,V —+ J4¢My tensorfor aperfect
fluid



In additionto Friedmanneqgs, the continuity equation

Given theEoS it relates the density with
the scale factor

TheUniversecontainsa mixof fluids, with p=w’

- matter (both ordinary or dark): p=0, w=0

- radiation P=}/3, w=1/3

- CosmologicaConstantp=-}, w=-1

- Dark Energy=w(t)<-1/3 (to have accelerated expansio

Foreachmatter type, the densitychangesn adifferent waywith the
scalefactor:

Matter: a
p X a_?’(l_I_w) Radiation a#

CosmologicaConstant Constant!!




d(pa’) = —Pda® = —wpda®
a’dp + p3a*da = —3wpa’da
a’dp = —3(1 + w)a’pda

o _ —3(1 + w)
P

da
a

—3(1 + w)d(Ina)
3(1+w)

d(Inp)

pxXa

Theexpansiorrate of
the Universedepends
onthe E0SOf Its
components

daa

How densities and scale
factor evolve for the
different matter/energy
species in the cosmos

_ 8mG po q—3(1+w)
3
. _ 87TG,0() a_3<1+w)/2
3
b 8G po q—3(1+w)/2-1
3
3(1+w)/2—1 _ 8mG g dt
3

q3(1tw)/2

X1
a oc $2/30+w)




Distances
Thecomovingdistanceto a sourceof redshiftzis:

O+ Q1+ 22 + (14 2 + Q (1 + 2

Severablistancesxan bemeasuredobservationally
Luminositydistance & { 0 | yCRndI&¥th luminosityL
[~ d[2«l ar(z)(1+x(flat Universg

Angulardiameterdistance & { O | yRE¢EMIER lengthl
n' =l/d,; d,=r(z)/(1+z)(flat Universg

Therefore, from a set of standard rulers or standard
candles with different redshifts, we will have many
values of r(z), from which we can obtain q ., w, etc.



AngularDiameterDistance
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WHAT KIND OF EXPLOSION WAS THE BIG BANG?

WRONG: The big bang was like a bomb going off at a certain location in previously empty space.

In this view, the universe came into existence when matter exploded out from some particular location. The pressure was
highestat the center and lowest in the surrounding void; this pressure difference pushed material outward.

RIGHT: 1t was an explosion of space itself.

The space we inhabitisitself expanding. There was no center to this explosion; it happened everywhere. The density and
pressure were the same everywhere, so there was no pressure difference to drive a conventional explosion.

ﬂ h . h 1
FromScientificAmerican




DO OBJECTS INSIDE THE UNIVERSE EXPAND, TOO?

WRONG: Yes. Expanslon causes the universe and everything In It to grow.

Consider galaxies in a cluster. As the universe gets bigger, so do the galaxies and the
overall cluster. The edge of the cluster [yellow outline) moves outward.

Galaxy
cluster

RIGHT: No. The universe grows, but coherent objects Inside It do not.

Neighboring galaxies initially get pulled apart, but eventually their mutual gravity
overpowers expansion. Acluster forms. It settles down into an equilibrium size.

ALFRED T. KAMAJIAN

FromScientificAmerican




WHY IS THERE A COSMIC REDSHIFT?

WRONG: Because receding galaxies are moving :  RIGHT: Because expanding space stretches all light waves as

through space and exhibit a Doppler shift. they propagate.

In the Doppler
effect, a galaxy's
movement away
from the observer
stretches the
light waves,
making them
redder (top). The
wavelength of
light then stays
the same during
its journey
through space
(middle). The
observerdetects
the light,
measures its
Doppler redshift
and computes the
galaxy velocity
(bottom).

Galaxies hardly
move through
space, so they
emitlightwith
nearly the same
wavelengthin all
directions (top).
The wavelength
gets longer during
the journey,
because spaceis
expanding. Thus,
the light gradually
reddens (middle
and bottom). The
amount of
redshift differs
fromwhata
Doppler shift
would produce.

From
Scientific
American




HOW LARGE IS THE OBSERVABLE UNIVERSE?

WRONG: The universe is 14 billion yearsold.sothe : RIGHT: Because space is expanding, the observable part of our universe
radius of the observable partis 14 billion light-years.: has aradius of more than 14 billion fight-years.

Consider the
most distant
observable
galaxy—one
whose photons,
emitted shortly
after the big
bang, are only
now reaching us.
Alight-yearis the
distance photons
travelin one year.
So a photon from
that galaxy has
traveled

14 billion
light-years.

From
Scientific
American

I—14 billion light-gears—

b———— 4G billion light-years ———————

As a photon
wravels, the space
ittraverses
expands. By the
timeitreaches
us, the

total distance to
the originating
galaxyis
largerthana
simple calculation
basedon

the travel time
mightimply—
about three
times as larpe.
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Observationalverification of the cosmologicabrinciple

Homogeneity. Verydifficult to observe.
Confirmedthat Galaxydistributiontends
to uniformity with afew percent
precisionfor distancesf the order of
100Mpc
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Expansion TheHubblelLaw

Galaxiesecedefrom the Earthwith a velocitythat is proportionalto the
distance The Universe expandsas expected from the cosmologica

principle
cz~Vv=H¢Im

H= Hubbleonstant (km/s/Mpc), vavelocity d=distance
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THE COSMIC MICROWAVE BACKGROUND

Oneof the decisivepredictionsof the BigBang

Comesfrom the matter-radiation decoupling when the Universe had

380000 years. That means fromt 13800 million years ago!!! (If the Universe
Is a 80 years old person, the CMBIs a picture when was 13 months old!!!)

The confirmation that the CMB is not completely uniform was
done in 1992 . Its small anisotropies are the imprint of the origin
of all the structures we seetoday (clusters, galaxies, stars,t )



TheCosmidVlicrowave Background CMB)

It was producedat a temperature of 3000 K, when the Universewas

cold enoughto form atoms andit hasbeencoolingsincethen because
of the cosmicexpansion

BlackBodySpectrumat 2.72548N 0.00057 K

FIRAS data with 400G errorbars
2.728 K Blackbhody
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TheCosmiaMicrowave Background CMB)

TheUniversewashotter in the past

Thecoolingrate is exactlypredictedby the Big
Bangtheory

Temperature
5.1 K 2.73 K

| o
=3
B

quasar galaxy Earth

L7 billion

% 72 bilion




TheCosmiaMicrowave Background CMB)

Thepower spectrumof 100/

the CMBdependson the

cosmologicaparameters

Thepower spectrum
describeghe sizeof
fluctuationsas afunction
of the size
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TheCosmidMVicrowave Background CMB)

Multipole moment, ¢
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ESA & PlandRollab

(/ 5a
® Planck Data

N!—l
L
=~
n
=
O
b
©
==
b
O
=
—
)
| -
<53
—
4y}
| -
()
Q.
5
|_

Extraordinary agreement between; CDM and data
The spatial geometry of the Universeis Euclidean




Theprimordial nucleosynthesis

Thelightest | | : ‘o

atomicnuclei __ 0,29 [Hzotov & Thuan, ApJ 511 (1999), 639 _ Charbonnel & Primas, A&Al 442'(2005) 9611~ 3

formedinthe  [Ege 2 —

) T_ 0.27 -
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Oxygen atoms per million hydrogen atoms Iron content relative to the sun
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| astro-ph/0208186

Measuretheir abundancies

M 1 DA absortionlinesin QSOs
T o L l ‘HeA Extragalactid¢iliregionsof
[ % ----- l ----------------------- il low metallicity (O/H).
8 ‘LiA Dwarfstarsin the galactichalo.
[l Largesystematicerrors.
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Nucleosynthesisnon-baryonicdark matter
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FromNed Wright

Abundancie®f primordial
elementsmeasurethe
numberof baryons

Isawell-known physics
(atomyg

Thenumberof photonsper
baryonis measuredn the
CMB. Imperfectagreement
with the abundanceb




Supernovada: dark energy

Supernovaarethe resultof the violent death of massivestars Theyare extremely
bright, therefore can beseenupto hugedlstances

® z > 0.589
® z<0.589 | &

1.0

o
(&) ]

normalized brightness

l
my
T

20
number of days

SNla Blnarysystemsred giantWhite dwarf
Thewhite dwarf getsmassfrom the red giant

Whenit reacheghe Chandrashekadmit, it explodes All are identical sincethey
explodewhenthe limit isreached(stellaramnesia)



SN 1998ag

NGC 3982
A. Riess (STScl)

Ground HST WFPC2



SN2011ef

Theclosestandbrightestknown 1a. Inthe M101 galaxy at z=0.000804r 6.4 Mpc.

arXiv:1302.1292 [astrph]



