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FIGRE 1 '
Velocity-Distance Relation among Extra-Galactic Nebulae.

Hubble (1929)



@ Baryonic matter ©® Dark matter

=> Decelerating expansion
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Left-hand side

3G
Modification of gravity. G, +Ag, = y L,
C
New constant of nature.
Can be falsified by measuring a time evolution.
| 3G
Behaves like vacuum energy. G/w — Tﬂ L= Agﬂ y

4
C
Quantum field theory struggles with the small value of A.

Qm ~ Oa seems like a coincidence.

Many alternatives. AND



@ Baryonic matter @ Dark matter @€ A/ Dark energy

=> Late-time acceleration



_ p)
Ppg = WPpEC

w << — 1/ 3 Accelerating expansion

W = — 1 Cosmological constant

—3(1+w)

Ppe(a@) = PDE oY
a=1/(1 + 2

w(a) = wy+w, (1 —a)



Observing dark energy

e Distance-redshift relation:

1. Supernovae type la

2. Baryon acoustic oscillations
e + Growth of structures:

3. Galaxy cluster mass function

4. Weak gravitational lensing of LSS (cosmic shear)






Sensitive to:
Matter
PAAROUND distribution
DARK MATTER
Geometry

Cosmic shear

Observables:
Ellipticities
Photo-z

DISTANT
UNIVERSE

Statistical
measurement
of many
Wittman et al. (2000) galaxies




2pt shear correlation functions
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Shear correlation

U [arcmin] Kilbinger et al. (2013)

Very directly related to the matter power spectrum Ps.



Observation -> theory
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Cosmological constraints
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Ss results over the years
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Systematic errors

Shapes measurement systematics:
PSF residuals
B modes

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image alse

M u Iti pI i Cative an d ad d itive b i ases {shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise

Photo-z systematics:

A s e F & T 3 T T I 7

Calibration sample and technique i | | /
Inhomogeneous multi-band data i | | ' I

1.5 =

Theoretical “systematics”: - ;
Intrinsic alignments 3.0 T
Baryon feedback g § i
Neutrinos [ e ]
WDM A |
Psychological systematics: ; <A PN S M
Blinding Yo 05 | 1.5 >
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HSC-DR1
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Oth

er probes
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Extended cosmologies

- Massive neutrinos

- Non-zero curvature

- Modified gravity

- Running spectral index
-+ DE with constant EoS

- Evolving dark energy EoS

Joudaki et al. (2017b)



1.50

1.25

0.75

Evolving dark energy

| |
KiDS-450 (wow,CDM) [

Planck 2015 (wow,CDM) 1N

KiDS (ACDM)  ---
Planck (A\CDM) ---

~o
~
~ -
-~ - ~
S
T -

-

0.3 0.4

2, Joudaki et al. (2017b)

5.0

2.5

—2.5

—5.0

| T

| KiDS-450 |
| Planck 2015

| JLA 2014

| KiDS+Planck 4
KiDS+Planck+Hg

—2.4 —1.8 —1.2 —0.6 0.0
Wo

Resolves tension between KiDS and Planck.

Only extension that is moderately favoured by the data.

Resolves tension between Riess et al. (2016) and Planck.



VIKING@VISTA

Same footprint as KiDS.

Already finished (1350deg?).

ZYJHKs images.
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Benefits of NIR
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e 20% smaller errors due to high-z galaxies alone.
* More robust redshifts -> better calibration.

Wright et al. (2018)

optical+NIR data



Cosmologlcal constralnts

KV450 fIdUCIal

0.90 KiDS-450
S DESy1
ge- 0.84 -/ HSC-DR1 _
) 'Legacy
= 2
I 0.78 -
A

0.72

0.66 |

0.60 |

0.16 0.24 0.32 0.40 0.48
Qo Hildebrandt et al. (2018)



Cosmological constraints

Planck-Legacy

0.90 |
=R KV450-DIR-C15
% 0.84l KV450-fiducial
S [/
eo L/
I 0.78
N

l

0.72}

0.66 |

0.60 |

0.16 0.24 0.32 0.40 0.48
Qo Hildebrandt et al. (2018)



Credit: NASA, Mauro Giavalisco, Lexi Moustakas,
Peter Capak, Len Cowie and the GOODS Team.



http://www.nasa.gov/

Credit: NASA, Mauro Giavalisco, Lexi Moustakas,
Peter Capak, Len Cowie and the GOODS Team.



http://www.nasa.gov/

Infrared background

9 deg

Credit: 2MASS



Euclid - Overview

Only observe those things from space
that you can’t do well from the ground!

ESA/NASA 1.2m Space Telescope

optical + NIR imaging (cosmic shear)

NIR spectroscopy (BAO)
Launch in <2022 to L2 like e.g. Planck |

survey 15 000 sq. deg. in 7 years

1 billion lensing sources with 0<z<2




Euclid - Science Goals

Measure wg to <2% and w, to <10%

Measure y (growth factor ~0.5) to <0.02
Constrain 2m, to <0.03eV
PS slope ~3x better than Planck

Lots of legacy science (NIR, deep
fields, “all-sky” cross-correlations)

Open huge parameter space




Large Synoptic Survey Telescope

» 8.4m optical wide-field imaging telescope

» Huge camera, rapid survey speed, 18,000deg? total
» Deep multi-band photometry (also time domain)

« Crucial complement to Euclid

» Very challenging big data application

« US-led with international partners




Summary

- Dynamic dark energy or cosmological constant?

+ 4 observational techniques to answer this question.

- Current data show intriguing discrepancies between:
- CMB (physics at z~1100, 400k year after BB).

+ Low-z growth of structure & Ho.

- Very exciting times: several stage-Illl surveys finishing now.

- Perfect dress-rehearsal for Euclid+LSST.



