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What is dark energy?

TheDiscoveryof the acceleratecexpansiorof the
Universe(1998)wasa hugesurprise sincethe
expectationwasexactlythe oppositedueto
thgarevityaction (attk@etive and nonrepulsive

The dark-enerqy is the mechanism that
causes the accelerated cosmic expansion

Einsteirf's Cosmglogicaonstant
A newforcefield 6 quintessence 0~
Modificationsto GeneralRelativity



WHAT DO WE KNOW ABOUT DARK ENERGY?

1) It emits no electromagnetic radiation

2) It has large and-negative pressure

3) Its-distribution is“homogeneous’ Dark energ'y does not cluster
significantly withPmatter -on scales at least as large as galaxy clusters

Dark energy IS qualrtatrvely ver dark matter. Its pressure is
comparable in magnitude to its energy ensrsty (itis energy like), while
NEUCETHE characterrzed by a negligible pressure

Dark energy is a diffuse , very weakly mteractr-ng ‘with matter and very
low energy phenemenon.Therefore , It will be very hard to produ.ce it-in
accelerators As it is not found in galaxies or clusters of gala'xies' the
‘whole unrverse IS the natural (and perhaps-the onIy one) Iaboratory to

study dark energy.. -
N

No well-motivatee theoretical explanations for dark energy -

Very likely, progress will come from improving observational constraints



The Cosmological Constant Case

All currentobservationsare compatiblewith darkenergybeingthe cosmologicatonstant This
Isthe mostplausible andhe mostpuzzlingdarkenergycandidate

w=-1 with ~10%precisionassumindlat universeand constantw

There is no physical explanation for L from the particle theory . If it is the
vacuum energy

W~0.7 P r ~(10 meV)*

While the estimate from QFTis
r ~M4c~10%20 x (10 meV)*




‘Methodsto study dark energy
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Supernovada

The dark energy was discovered with this technique.
It is still the best controlled method
SNla are EXCELLENT DISTANCE INDICATORS

Search Strategy eeimutereta 105
Searching Strategy

® ) © { ¢ ) RollingSearch

.Q‘J\@’“‘ . .
ﬁ@ﬁ ;ﬁﬂ =75 - Observingsystematically

AN Scheduled Follow-Up the sames kyarea

Galaxies Photometry

pir flux o ]
- ‘ \n/\ Clasification
A
@ @ soeaies o Spectraand colorsof the
@ Spectroscopy

“ supernovae

u Light Curves

{} In manycolors
/" RESULT: ~12 to 24 SNe la Discovered
_ff 1 Before Maximum, at New Moon == Foilow-up

time




Supernovada
SNla are GOOD DISTANCE INDICATORS

Not real standard candles, but standarizable
Calibrated with nearby supernovae, cepheids and theoretical models

Supernova Cosmology Project Supernova Cosmology Project
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The shape of the light curve is related to the luminosity :
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THE DARK ENERCY SURVEY
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<O'TF£ DARK ENERCY SURVEY
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SN Ic z=0.06

DES13C1feu 9-Oct-2013
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Supernovada
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Betouleet al.,A&A, 568 (2014) A22
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L atestresults (2017) S
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PS1 Phot. (Ia+CC)

More than 1000supernovae
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BaryonAcousticOscillations(BAO)
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TheearlyUniversewasa stronglycoupledgasof photonsand chargedparticles(and neutrinos
anddarkmatter)

Overdensitiesnakeoverpressuregand asoundwave inthe gasA BAO



Forz>>1000the universewasa strongly coupledgas
of photonsand chargedparticles(and neutrinos and
dark matter)

Overdensitiesmake overpressuresand asoundwave
in the gas,wich propagateswith velocity 35/

Forz~ 1100 { ~ 350 00Qr), temperatureis low
enough(3000 KYor the formation of hydrogen
Photonsdecoupleand propagatefreely (CMB)

Photonsquickly streamaway, leavingthe baryon
peakstalledat ~150Mpc.

CJX Thereis a specialseparationbetween galaxies
" - 150Mpc, that can beusedas aSTANDARD RULEF




Plotting the denstiyprofilewvesseetihatithe peak isdndeedrveny aes
but measutabie
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- Galaxies form in theverdenseegions .

- Mostly, where the initiabverdensitiesvere .

] However, there is a 1% enhancement in the regions 7|

1 & 150Mpc away from these initiabverdensities =

- Hence, there should be an smalicess of galaxies 7

. 150Mpc away from other galaxies, as opposed to 12f)

. . or 180Mpc. We can see this assangleacoustic peak -

ﬁ 01 L in the correlation function of galaxies |
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https://www.cfa.harvard.edu/~deisenst/acousticpeak/acoustic_physics.htm



Sky angle

Observer

Measuring2 distanceswith standardrulers
Angulardiameterdistanceq4 Dj(z; Ky, Kg, KZ 4 X U
Expansiomate (alongthe Lo§ 4 H (z]Ky, Kg, K2 2 X'

Different sensitivityand systematicerrors



Cosmoltogieatistances

Thecomovingdistanceto a lightsourceat redshiftzis:

d g
day =
I +2
dgﬁ sinh (\/dec/d}j) O >0 dc(z) _ X(z) _ sz dz’
dﬂf! — dc Qk =0 0 H(Z/)

1 o p— i
dpt e sin (\/\Qk\dc/dH) %<0 dn=g

H(z) = Ho [Qm(l +2)7 + Qe(1 4 2)2 4+ Qy (1 + 2)* + Qo (1 + 2)30Fwotwe) 3w iz
Fora EuclidearlUniverse the angulardiameterdistanceis : d, = r(z)/(1+2)

Therefore from a setof standardruler measurementst different redshifts we will
havemanyvaluesof r(z), andwe canfit the cosmologicaparameters

Sl c\z



Theconcreteexpressiong the BAO case are

da

C 1/(l+zdec) 1
re(Zdec) = — Mpc h™
(Zdec) V3 /0 a’H(a)+/1+ (302/492)a P

(th2)0.251

“dec — 1291 1+ 0.659(Qm)0'828

[1 + by (Qth)bQ_

0.6747]

by = 0.313 (Quh?) " [140.607 (2 h?)

by = 0.238 (€,,h%)"

The
obsenvaiite ) 5 4 5 = rs(Qnr, wo, wg.-..)
guantities (14 2) da(z, Qpr, wo, wq...)
are anglles

and

Az = H(z)r
redshifts BAC ( ) >



BaryonAcousticOscillations

Measureposition andredshiftof the galaxies computethe correlation
function (or power spectrumn) andlocatethe excess

Veryrobust technigue. Not affected by astrophysical systematic
effects
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Redishiftsurvey: BOSIS(SDIH

T TSN

There is currently a SDBSphase, with the survey
eBOS%extended BOSS)

=

Apache Point Observator
Dedicated 2.5m Telescop

1000 spectra
simultaneously

BOSS took data from 200
to 2014
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Number Density (10-* h® Mpc-?)
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0.4
Redshift
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Expansion Rate a/Hy
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SeveralGalaxysamples selectedto
map different redshift ranges

LuminousRedGalaxieqz < 0.4A
Brightestand reddestgalaxies
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Foreachof
thesesamples
computethe
correlation
function.

ldentify and fit
the BAOpeak
position
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Thefull BAOpower

Anisotropicclustering

Measuringangular and
radial BAGseparately

Redshiftspace
distortions

s [h~" Mpc]
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Thetull BAOpower BOSS DR12-0.5 < » < 0.75
BOSS DRHEhisotropic -
correlationfunction

TheBAOsignalappearsas
a ring at s=1101pc/h

RS[Odistort the contours
whichdeviatefrom
perfectcircles

Usablefor cosmology
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RedshiftSpaceDistortions (RSD)

Theshapeof the correlation function changesdramaticallywhen RSD arencluded

Howeverthe BAOpeakposition doesnot change

BAOQOis very robust againstsystematicerrors
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RS have been measuredin real data

0.06

Spectroscopic
surveysare sensitive
to RSDsincethe
radialdistancesare
not measured
directly, but using
the Galaxyredshift
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Why RSD?

Theyare aconsequencef peculiarvelocitiescomingfrom structure
Theycarryveryvaluableinformation about cosmology




RSDchangethe shapeof the power spectrumand the correlation function: Kaisereffect

Assuming peculiar velocities are small, the observed redshift of an abjedltered from its
comoving redshif (the shift due only to the expansion) =z + vz, wherev: is theprojection
of the object's peculiar velocity along the line of sight (in units of ¢). Thus, this object will b
assigned a radial comoving distance given by

H(z)

The power spectrum (and the correlation function) becomes asymmetric. The radial and a
directions become different

Py(k, pe, 2) = (1 + B(2) ug)* Py (k. 2)

Xs = X(2+v;) > +

BEf/b Mkzk.ﬁz/k ~ dIn(dk)
;= dIn(a)

fIs the Growth rate and isthe growth index.
For GR ~ 0.55 fla) = fula)’
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Currentstatus of Growth FactorMeasurements
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BAO Hubbladiagramfor different definitions of Distances

30

6dFGS
MGS
SDSS — 11
WiggleZ
LOWZ
CMASS
Lya auto
Ly« cross

[\
o

* ® « 4 [J] © D> +|.

distance/r4\/z

10}

%
g |
—  2Dy(2)/rav/z -

0.1 0.2 0.5 1.0 2.0




Cutirent iHubiePRarametelMeasuremenisiugsipg BAGnStandard R
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Numberof Galaxyclusters

The number of Galaxy clusters as afunction of redshift

IS

very sensitive to the cosmological parameters (including dark

energy properties )

Sensitivao distancesand

structuregrowth
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Numberof Galaxyclusters
|dentify and measurethe Galaxyclusters

*KMM-Newton

X Rays release8 E
Optical Images superc \
Gravitational Lensing SPTCL 32344243

Blancomosaicllirg - gEas

Measurethe massand
the redshift of the N

CIU Ster SPTResults
R.Williamsonet al., -
arxXiVv:1101.1290 astifospTCL 19335042
ph (2011 z7-0.775

Massfrom SZ, Xays ovemiagelariy
or/and lensing -

z from opticalimages
andspectra E
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Galaxy Cluster MS1054-03
Hubble Space Telescope ¢ Wide Field Planetary Camera 2

PRC99-28 « STScl OPO « P. van Dokkum (University of Groningen), ESA and NASA




WeakGravitational Lensing

Radiation is deflected in gravitational fieldd Image distortion

Since the effect comes from the gravitational field, it is sensitive to
matter/ energy, including dark matter and dark energy
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Weak GravitationalLensing

The effect depends on the lens mass and the distances betwee
‘/ observeylensandsource
image

Window to the mass (mostly dark matter) distribution in the
lenses

Windowto cosmologicaparameters
CosmologyhangeglistancedDd, Ds Dds

. Cosmology changes the growth rate of mass structures in
. theuniverse

source

n

Usegalaxiesastracers

Measurethe shapesf background
galaxiesA Galaxyshapesare distorted by

interveningmassA Infer massintegrated
alongthe line of sight

N observer




Weak GravitationalLensing
Effectexageratedoy x20

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

Small andlifficult to measureeffect, but observable



Weak GravitationalLensing

Effectexageratedoy x20

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

Stars: Point sources to star images:

o

Intrinsic star Atmosphere and telescope  Detectors measure Image also
{(point source) cause a convolution a pixelated image contains noise

Small andlifficult to measureeffect, but observable
Controlthe measuremenusingknown pointlike objectsA stars



Weak GravitationalLensing

small patch on sky filled with (elliptical) galaxies
(unrelated objects with different redshifts)

= >the average shape will be circular: f’;

F



Weak GravitationalLensing

small patch on sky filled with (elliptical) galaxies
(unrelated objects with different redshifts)

+weakgravitational

lensind
‘ (lightpathsbecomerelated)

\-
. 15

_
- s

= >the average shape will be elliptical: -

—



Weak GravitationalLensing
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Weak GravitationalLensing

2(RADEC)




Weak Gravitational Lensing
Ellipticity and local shear

—

A\

Galaxy ellipticities are an estimator of the local shear.



Weak GravitationalLensing

The
distortion .

matrix sz - i,K 6 L

3HQ, D,.D, (6,z
K(0) = o2 f Az, )f oD dz dz, (- )( )_(yl Y )

v

c Dy
0 1 V. V)
~ Growth of structure Densitycontrast
Koim = / dir (1, ) Yy () , |
Geometry Comovingdistanceto lens
K sourceand scalefactor
(Kembom) = Ope Oy P

W(x) = 5 Qu H g (1+ 2

(
P)(zs) ~ P/ (z) / e d2 W(z)*P (k—dA(Z);z)
Greatpotential for cosmology
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