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What is dark energy?

The Discovery of the accelerated expansion of the
Universe (1998) was a huge surprise, since the
expectation was exactly the opposite due to

thgarevity action (m.‘,and non repulsive)

The dark energy is the meehamsm that
causes the accelerated cosmic expansmn

AR I Cosmological Constant '
A new force fietd (“quintessence”) =~
Modifications to General Relativity



WHAT DO WE KNOW ABOUT DARK ENERGY?

1)1t emits no electromagnetic radiation

2)It has large and negative pressure

3)Its distribution is"homogeneous. Dark energy does not cluster
significantly with matter on scales: at least as large as galaxy clusters

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

Dark ener'gy is'a dif fuse, very weakly m’rer'acrmg wr’rh ma’r’rer' and ver'y
low energy phenomenon. Therefore, it will be very hard to produce it in
accelerators. As it is not found in galaxies or clusters of galaxies, the
‘whole universe is ’rhe natural (and perhaps the only one) labor'd‘ror'y to

study dark energy.. ' o -
\ PO —

No well-motivated-theoretical eipﬁlaﬂerians for dark e—nergjil >

Very likely, progress will come from improving observational constraints



The Cosmological Constant Case

All current observations are compatible with dark energy being the cosmological constant. This
is the most plausible and the most puzzling dark energy candidate.

w= -1 with ~¥10% precision assuming flat universe and constant w

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

Q,~0.7 P p,~(10 meV)4

While the estimate from QFT is

PA~M*pianck=101° x (10 meV)*

5
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Supernovae la

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

Search Strategy eeimutereta 105

Searching Strategy
o ® :
) O { ) Rolling Search
& . .
ﬁ@ﬁ ;ﬁﬂ lzln] Observing systematically
__?5{]\ l Scheduled Follow-Up the same Sky area
Galaxies Photometry

pir Jhiex .. .
o ‘ /k /\ Clasification
A
@ @ Scheduled Follow-Lp Spectra and colors of the

” supernovae

fiux Light Curves

}F} In many colors
| / RESULT: ~12 to 24 SNe la Discovered
:_% 1 Before Maximum, at New Moon == Follow-up
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Supernovae la

SN la are GOOD DISTANCE INDICATORS

Luminosity / Solar Luminosity

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

Supernova Cosmology Project Supernova Cosmology Project
10™ 10"
- 2
Type Ia Supernovae 8 o, Type la _Supernovae
(not calibrated) £ R, (calibrated)
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-, z £ ‘0 L]
Calan/Tololo SNe la \\ el g So .
6.4x10° | . ol 2 — 6.4x10° , i
-20 0 20 40 60 .20 0 20 40
days days

The shape of the light curve is related to the luminosity:
Several very precise models (SALT2, MLCS2k2...) that allow
fitting all the SN characteristics

60
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Shallow field search for SNe la i s Graphics: A. Papadopoulos



THE DARK ENERCY SURVEY
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Shallow field search for SNe la Ea o Graphics: A. Papadopoulos



<O'TF£ DARK ENERCY SURVEY

<

SN Ic z=0.06

DES13C1feu 9-Oct-2013

Shallow field search for SNe la

Graphics: A. Papadopoulos



Supernovae la

Once the
magnitudes are
measured, build

the Hubble
diagram

And fit the
cosmological
parameters

M = Absolute
Magnitude (known
for standard
candles),

m = apparent
magnitude
(measured for each
supernova)
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Betoule et al., A&A, 568 (2014) A22
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Latest results (2017)

More than 1000 supernovae

The cosmological constant remains a

good fit to the data

D. O. Jones et al,,
ApJ 857 (2018) 51
arXiv 1710.0084 [astro-ph]
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Baryon Acoustic Oscillations (BAO)
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The early Universe was a strongly coupled gas of photons and charged particles (and neutrinos
and dark matter)

Overdensities make overpressures and a sound wave in the gas 2 BAO



DENSITY
|PROFILE

For z>>1000 the universe was a strongly coupled gas
of photons and charged particles (and neutrinos and
dark matter)

Overdensities make overpressures and a sound wave
in the gas, wich propagates with velocity c/\/§

Forz~ 1100 (t ~ 350 000 yr), temperature is low
enough (3000 K) for the formation of hydrogen.
Photons decouple and propagate freely (CMB)

/J oy Photons quickly stream away, leaving the baryon
= - peak stalled at ~150 Mpc.

There is a special separation between galaxies:
150 Mpc, that can be used as a STANDARD RULER




Plotting the density profile we see that the peak is indeed very weak,
but measurable
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- Galaxies form in the overdense regions .

- Mostly, where the initial overdensities were -

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

= 150 Mpc away from these initial overdensities. -

- Hence, there should be an small excess of galaxies .

i 150 Mpc away from other galaxies, as opposed to 120 7

Fa. - or 180 Mpc. We can see this as a single acoustic peak A

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



Sky angle

Observer

Measuring 2 distances with standard rulers:
Angular diameter distance =2 D,(z; Q,, Qg Q,, w...)
Expansion rate (along the LoS) =2 H (z; Q,, Qg Q,, w...)

Different sensitivity and systematic errors



Cosmological distances

The comoving distance to a light source at redshift z is:

d
dy = —2

14+ 2
1 z !
dgﬁ sinh (\/dec/d}j) Qp >0 dc(Z) _ X(Z) — C/ dz /
dy = de O =0 ) o H(z)
1 1 =
dp \/mbm( \Qk\dc/dﬂ) %<0 dn=g

H(z) = Ho [Qm(l + 2+ Q1+ 2)% + Qy (1 + 2)* + Qa1 + 2)3Fwotwe) g =3wa s
For a Euclidean Universe, the angular diameter distance is : d, = r(z)/(1+z)

Therefore, from a set of standard ruler measurements at different redshifts, we will
have many values of r(z), and we can fit the cosmological parameters

Sl c\z

Af = Standard H(z) = —
\
da ruler size = 5|



The concrete expressions in the BAO case are

1/(1+zdec)
rs(Zdec) = i/ da Mpec h™!
0 CL2H \/l + 39()/49 )

(th2)0.251
1+ 0.659(0,, )0-828

Zdee = 1291 14 by (h?)")

—0.419 0.6747]

by = 0.313 (Qh?) 14 0.607 ($2,,h)

by = 0.238 (€,,h%)"

The

observable On a0 = TS(QM? wo, wa"')
quantities (14 2) da(z, Qar, wo, wq...)
are angles

and A _
2 = H(z)r
redshifts —— ( ) 5



Baryon Acoustic Oscillations

Measure position and redshift of the galaxies, compute the correlation
function (or power spectrum) and locate the excess

Very robust technique. Not affected by astrophysical systematic
effects
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Redshift survey: BOSS (SDSS-III)

Apache Point Observatory
Dedicated 2.5m Telescope

1000 spectra
simultaneously

BOSS took data from 2008
to 2014

T TSN

X
'%\\_\ [ S ——

There is currently a SDSS-IV phase, with the survey "“ﬁm o
eBOSS (extended BOSS) ey 4

L




Number Density (10-* h® Mpc-?)

0.2

0.4
Redshift

0.6

Expansion Rate a/Hy

0.8

Several Galaxy samples, selected to

map different redshift ranges

Luminous Red Galaxies (z < 0.4) 2
Brightest and reddest galaxies

CMASS Galaxies (0.4<2<0.7) =
More luminous and massive
galaxies
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For each of
these samples,
compute the
correlation
function.

Identify and fit
the BAO peak
position
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SN
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L 0.01

Sanchez et al. (2017)
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BOSS Fmal Results
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Current S
Hubble | = ane
Diagram ¢ g,
using BAO 3 ! Sonoar
angular S| LS.
distances o0 o5 o 15 30 2%
Perfectly Redshitt
described by o~ [
o

ACDM, but not

by other S
cosmological £ o i E
o
models <
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The full BAO power BOSS DR12-0.5 < z < 0.75

Anisotropic clustering

Measuring angular and
radial BAO separately

Redshift space
distortions

el A 2
—150 —100 —50 0 50 100 150
s1 [~ Mpc]

\V/ —30 —40 0 40 30 120




The full BAO power BOSS DR12-0.5 < » < 0.75
BOSS DR12 anisotropic 7/ -
correlation function

The BAO signal appears as
a ring at s=110 Mpc/h

RSD distort the contours,
which deviate from
perfect circles

Usable for cosmology

g(SJ_7 S”)

el A 2
—150 —100 —50 0 50 100 150
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\V/ —30 —40 0 40 30 120
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Redshift Space Distortions (RSD)

The shape of the correlation function changes dramatically when RSD are included
However the BAO peak position does not change
BAO is very robust against systematic errors

0.03 T T
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—— real space
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RSD have been measured in real data

0.06

Spectroscopic
surveys are sensitive
to RSD, since the 0.04
radial distances are

not measured
directly, but using
the Galaxy redshift

£au(s)

0.02

They are affected by
the peculiar velocity
of the galaxy

(1)
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| | I | |

z=0.97
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Why RSD?

They are a consequence of peculiar velocities coming from structure
They carry very valuable information about cosmology

Real
S Overdek
pace ster
|
SEd shift Overdensity ::)Ifl'%jt:
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RSD change the shape of the power spectrum and the correlation function: Kaiser effect

Assuming peculiar velocities are small, the observed redshift of an object zois altered from its
comoving redshift z (the shift due only to the expansion) by zo=z + vz, where v: is the projection
of the object's peculiar velocity along the line of sight (in units of c). Thus, this object will be
assigned a radial comoving distance given by

Uy

H(z)

The power spectrum (and the correlation function) becomes asymmetric. The radial and angular
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)

f is the Growth rate and y is the growth index. N
For GRy ~ 0.55 fla) = (a)’



f()'g

Current status of Growth Factor Measurements
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BAO Hubble diagram for different definitions of Distances
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Current Hubble Parameter Measurements using BAO Standard Ruler
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Number of Galaxy clusters

The number of Galaxy clusters as a function of redshift is
very sensitive to the cosmological parameters (including dark

energy properties)

103 E_I IR I_E
. . S 00 y
Sensitive to distances and [& | ;
structure growth y 10 E
% i 8m South Pole Telescope ]
1 3 SZE Survey E
LA P
dQdz  dQdz J,,  dM TH, JRRE. RE
U 0 1 \2 3
Redshift
Mohr (2005) \

Volume effect Growth effect



Number of Galaxy clusters

Identify and measure the Galaxy clusters:

*KMM-Newton

’ .
Sunyaev Zel’dovich PLANCK Data [0+ -
x Rays release © J

~ 16/01/2011) ¢
Optlcal Images ( / / ) G214.6+3 T
Gravitational Lensing SPT.CL12304-4203

Blanco/mgsaic lirg =
Measure the mass and =
the redshift of the
Cl uster SPT Results {8

R. Williamson et al., -

arXiV:1101.1290 astro-
SPT-CL J2337-5942

ph (2011) z-0.
Mass from SZ, X rays 5p0775Ms" g

or/and lensing 1
z from optical images
and spectra i
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PRC99-28 « STScl OPO « P. van Dokkum (University of Groningen), ESA and NASA




Weak Gravitational Lensing

Radiation is deflected in gravitational fields 2 Image distortion

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

STRONG LENSING WEAK LENSING
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Weak Gravitational Lensing

The effect depends on the lens mass and the distances between
‘/ observer, lens and source:
image

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

Window to cosmological parameters:

Cosmology changes distances Dd, Ds, Dds

Cosmology changes the growth rate of mass structures in
the universe

source

n

Use galaxies as tracers

Measure the shapes of background
galaxies = Galaxy shapes are distorted by
intervening mass = Infer mass integrated
along the line of sight

N observer



Weak Gravitational Lensing
Effect exagerated by 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 and difficult to measure effect, but observable



Weak Gravitational Lensing

Effect exagerated by 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 and difficult to measure effect, but observable
Control the measurement using known pointlike objects = stars



Weak Gravitational Lensing

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

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

B



Weak Gravitational Lensing

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

+ weak gravitational
lensing!
(lightpaths become related)

‘-
. 1N

-
- s

=> the average shape will be elliptical: -
A



Weak Gravitational Lensing
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Weak Gravitational Lensing

2(RADEC)




Weak Gravitational Lensing
Ellipticity and local shear

—

A\

Galaxy ellipticities are an estimator of the local shear.



Weak Gravitational Lensing

The
distortion .

matrix L . % ) L

3H,Q, D,.D, 60,z
_ OdgAry L 1 0 |
K(6) =15 > [nz) [ oy, A, - (1-x)( H}q Vz)

v

c Dy
0 1 V. Vi
~ Growth of structure: Density contrast
Kim = /dn k(n, )Y, (h) L |
Geometry: Comoving distance to lens,
K source and scale factor
(Hfém’fﬁ’m’> — 5&?’ 5mm’ Pg

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

P (2) =~ P (z,) = /0 ) — (Z;i% (Z)W(Z)QP (k - df(z);z)

Great potential for cosmology
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3.5 billion
years ago

5 billion yearsiadgo

years ago




Beyond individual probes

There are many observational probes for dark energy:

Distance probes: SN1a, BAO, CMB, weak lensing, Galaxy clusters...
Growth of structure probes: CMB, RSD, weak lensing, clusters...

No single technique is sufficiently powerful to improve the current knowledge on dark energy
by one order of magnitude =

COMBINATION OF TECHNIQUES

o

. cosmic shear

galaxy cluster

“late-time structure”

CMB
. BAO
\ supernovae

sensitive to growth of structure

: “expansion history”

-
sensitive to expansion



Beyond individual probes

We can measure more properties of galaxies than only their positions:
Colors, spectra, shape and we can correlate them

Correlations

UC)
Galaxy density (position) correlation
function

+ 6+(0), &(6)

Shear (shape) correlation functions

- y71(0)

Shear around galaxies
(galaxy-galaxy lensing)




Example: Cosmology from clustering AND weak lensing from
DES Y1 Data
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The Dark Energy Survey

Optical/IR imaging survey with the Blanco 4m telescope at Cerro Tololo
Inter-American Observatory(CTIO) in Chile

5000 sqg-deg (1/8 of the sky) in grizY bands (2500 sg-deg overlapping
with SPT survey) + 30 sg-deg time-domain griz (SNe)

Up to i, ~ 24th magnitude at 10 ¢ (z™1.5)

570 Mpx camera with 3 sg-deg FoV, DECam



Installed on Blanco since 2012




NGC 1365 (the Great
Barred Spiral Galaxy) is
a barred spiral galaxy
about 56 million light-.
years away in the
constellation Fornax.
(DECam, DES
Collaboration)

NGC 1365




NGC 1566

NGC 1566 (the . EE e :

Spanish
Dancer) is a
spiral galaxy in
the
constellation
Dorado.
(DECam, DES
Collaboration)




74 CCD chips (570
Mpx/image) (62 2kx4k
image, 8 2kx2k
alignment/focus, 4 2kx2k
guiding)

Red Sensitive CCDs
QE>50% @ 1000 nm
250 microns thick

3 sg-deg FoV
Excellent image quality
0.27"" /pixel

Low noise electronics (<15 e
@ 250 kpx/s)




DECam

74 CCD chips (570
Mpx/image) (62 2kx4k
image, 8 2kx2k
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guiding)
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DES Science Summary

BAO

4 Probes of Dark Energy Clusters
. WL
SN

Galaxy Clusters (dist & struct)
Tens of thousands of clusters to z™~1
Synergy with SPT, VHS 1

Combined

o
i : T
Weak Lensing (dist & struct) }
Shape and magnification measurements
of 200 million galaxies

Baryon Acoustic Oscillations (dist)
300 million galaxies to z~1.4

Supernovae (dist)
3500 well-sampled Sne la to z~1




DES Science summary

4 Probes of Dark Energy
Galaxy Clusters (dist & struct)
Tens of thousands of clusters to z~1

Synergy with SPT, VHS

Weak Lensing (dist & struct)

Shape and magnification measurements

of 200 million galaxies

Baryon Acoustic Oscillations (dist)
300 million galaxies to z~1.4

Supernovae (dist)
3500 well-sampled Sne la to z™1

BAO

Clusters
WL

Combined
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DES Y1 3x2pt Cosmology

2 samples of galaxies: “lens” and 4
“sources”
Combine the auto and cross- n(z)
correlation of

1. positions of the lens galaxi

2. shapes of the source galax

Galaxy clustering Galaxy-galaxy lensing

g
e

Cosmic shear

Z



DES Y1 3x2pt Cosmology

This is a very demanding measurement:
- Manage a large dataset
- Compute correlation functions (3 types)
- These measurements are not independent & Compute and verify the

covariance matrix
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Galaxy-Galaxy

correlations
(lens — lens)

Galaxy-Shear
correlations

(lens — source)

DES Y1 3x2pt Cosmology
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DES Y1 3x2pt Cosmology
Galaxy Clustering
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DES Y1 3x2pt Cosmology

in 0.5
S = 03 ( 0.3 )

DES Y1

0.96 = Planck

DES Y1 4+ Planck
0.90 =
o 0.84 =
0.78 =
0.72 =

0.24 0.30 0.36 0.42
S_’!m
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DES Y1 3x2pt Cosmology

High redshift: Planck

Low redshift: DES Y14+BAO+JLA
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Future Projects about Dark Energy

Dark Energy Experiments: 2013 - 2031 arXiv:1401.6085
2013 2015 2017 2019 2021 2023 2025 2027 2029
Dark Energy Survey (DES))

| HETDEX >

HSC imaging >I PFS spectroscopy >
Extended BOSS (eBOSS) } Stage Il ?

Dark Energy Spec. Stage IV¢
Instrument (DESI)
‘ Large Synoptic Survey Telescope (LSST) > /
Blue = imaging
Red = spectroscopy




The DESI collaboration is building:

A new corrector for the Mayall telescope at Kitt Peak (8 deg? FOV)
A new top ring, barrel and hexapod

A focal plane with 5000 robots fiber positioner
10 espectrographs, following the BOSS design
Instrument control and data proccess systems

DESI will start the data taking in
2019




Future Projects: DESI

Scientific potential

Distances with BAO better than 0.3%
Growth factor better than 1% = GR test
Sum of neutrino masses better than 20 meV
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Eué. :id

FoM ~ 1500 , -4000 (all)

Main probes: WL & Galaxie clustering (BAO,RSD) (spectro))
European lead project / ESA

Participation of NASA

~ 1000 members

Space telescope / 1.2 m mirror

Launch : Q4 2020

Mission length : 6 years

1 exposure depth : 24 mag

Survey Area : 15 000 sq deg (.36 sky)

Filters : 1 Visible(550-900nm)+ 3 IR (920-2000 nm) + NIR
spectroscopy (1100 — 2000 nm)

FoM > 800

Main probes : WL, CL, SN, BAO (photo)...
US lead project / NSF-DOE

Participation of France/In2P3

~ 450 Core members + 450 to come
Ground Telescope / 6.5 m effective mirror
1stlight : 2021

Observation length : 10 years

1 exposure depth : 24 mag (i)

Survey Area : 20 000 sq dg (.48 sky)

Filters : 6 filters (320-1070 nm)

i 6
are pairs/lunation: griz



Conclusions

Cosmology is in a golden era

All current data are consistent with LCDM: 70% cosmological constant, 25% of
dark matter (of unknown nature) and 5% of ordinary matter

Some open problems that affect the whole picture: Dark energy, dark matter,
inflation, baryogenesis > Require new physics

Probing the expansion history of the Universe and the growth of structure with
much better precision can provide a strong boost to the current knowledge

A number of large projects are under way or planned for the future, and
hopefully, will bring significant progress

Dark matter, dark energy, baryogenesis and inflation are very important
questions both for cosmology and for particle physics, since the unveiling of
their physical nature can bring us to a revolution in our understanding of the
COSmMos



