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DARK MATTER, DARK ENERGY

Observations of cosmological probes give evidence of:
an history, and
a history ot of structure

which are consistent with an accelerating expansion of
the Universe;

and a matter density dominated by a dust-like material
which does not (usually) radiate.



OBSERVATIONAL PROBES:
INITIAL VIEW

Some observations constrain expansion history
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TESTS OF GRAVITY
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OBSERVATIONAL SURVEYS

|PHOTOMETRIC SURVEYS
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OBSERVATIONAL SURVEYS

SPECTROSCOPIC SURVEYS
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DARK ENERGY SURVEY

CTIO, Chile
5000 sqg degree
map, 8 billion ly =~ ~
deep, i~24, 5 filter 5/0Megapixels, 3 sq deg field
bands (grizY) 0.26" per pixel




DARK ENERGY SURVEY
DATA AVAILABLE

"/ DES Data Management

Home
Releases v
SVA1 Gold v
Y1 Gold v
SN Products v
DR1 v
Get Help
Acknowledgements

About Us

DES Data Releases

Here we present both the official and unofficial datareleases from the Dark Energy Survey. These releases consist of a
series of products distributed in images, files and catalogs with proper documentation and limited help support. Click
on a release below to learn more. Please use our Help form for any question related to the data releases.

The DES Data Management System is supported by the National Science Foundation under Grant NSF AST 07-15036 and NSF AST 08-13543
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ROWTH/EXPANSION PROBE:
RAVITATIONAL LENSING
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distorted light-rays
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Allows detailed ‘view’ of inhomogeneities



GEODESIC EQUATION

Ray: /\“(l)/ Tangent vector
Basis vectors e, _ dz°

t e
dl ™
his is parallel transported along ray, so
dt,, dx€
cmtb — O
dl dl
. . dt, 1 ]
We can rewrite this as | =2 = Zg.4 ,t°
dl 277 or Y+&

c.f. geometrical optics: |
it Vin Perturbed FRW: [n=1- 2%

dl  n




LENS GEOMETRY
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STRONG LENSING

So det A = 0 gives critical curves of high magnitication



MULTIPLE IMAGES

e.g. Isothermal

ellipsoid:

-1.5 -1.0 -05 00 05 10 15 -1.5 =10 -05 00 05 10 15

Tom Collett



STRONG GRAVITATIONAL LENSING
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MODEL PARAMETERS
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2 CLUMP MOD
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Need to be very caretul
about lens modelling Collett et al 17



PREDICTIONS

2 halo
Collett et al 17




WEAK DISTORTIONS

Source Image

plane plane

Convergence Shear
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THE MEASUREMENT PROBLEM

shear
 —
smea red

isotropically

by atmosphere

dragged by-

telescope
Measure PSF smearing

from , tit for shape in
presence of PSF
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DARK MATTER MAP
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THE NEW DARK MATTER MAP
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LENSING AND CLUSTERING STATISTICS

Yb

Sensitive to matter power
spectrum, geometry

Sensitive to matter power
spectrum, geometry, bias

Sensitive to matter power
spectrum, bias



COSMIC SHEAR RESULTS
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COMBINED RESULTS

k No Lensing
Nanck+BAO+JLA

Expansion
rate

Dark energy
pressure/
density

Matter
clustering

Dark energy Matter
pressure/  clustering

density DES 17

Matter  Expansion
density rate




COMBINED RESULTS
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EXPANSION PROBE -
BARYON ACOUSTIC OSCILLATIONS
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EXPANSION P
BARYON ACO
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EXPANSION PROBES - SUPERNOVAE |A

Type Ia supernova lightcurves
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Luminous SN . <« corrected
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DEGENERACY FOR EXPANSION RATE

Supernova H - M, Degeneracy

p= 25+ 5log, (Dv)

Dy, = (1+Zobs)/d

Macaulay, Nichol, Bacon et al 18



Method Overview

Planck
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1.0

- DES (3x2pt+SNe+Phot. BAO)

= EXT (CMB+SNe+Spec. BAO)

_0.4| = DES (3x2pt+SNe+Phot. BAO)

—-0.5} == EXT (CMB+SNe+Spec. BAO)

DES + Low-z SNe

Abbott et al 18



GRAVITY TESTS

ds* = —(1 4+ 2W)dt* + (1 + 2®)a?6;;dz' dz’ Newtonian guage

SImpler approach: _ensing

feels Y+®
Vodification n

Vass generates Non-relativistic
botential ¥ objects respond

(Poisson) to ¥
Modification M

Or: can find parameters for general action, e.g. Lagos et al 16



TESTING GRAVITY THEORIES
WITH CLUSTERS OF GALAXIES

oh T e Abell 2744
gy, e S Eckert et al 15
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e.g. Chameleon

mechanism:

Lensing

doesn'’t feel
fifth force

X-ray emitting gas
feels fifth force
here



GRAVITY TESTS

Wilcox et al 2015

X-ray Surface Brightness

5 (counts/cm? /s/arcmin®)

S

Allowed

CFHTLens + XMM, B is
52 clusters Do iS



STRONG LENSING TEST OF GRAVITY

Collett et al 18

Space and time parts of
metric within 10% of
each other

(Ratio is 0.97+0.09)

HST + VLT MUSE



NEXT STEPS: EUCLID

15000 sg deg wide survey
40 sq deg deep survey

1.2m mirror; FOV 0.53 sg deg

Visible (0.1", R+1+2)

1.6G galaxies (mag<24.5)
+NIR (Y,J,H) imaging <
NIR spectroscopy - 45M galaxies 4",

Launch 2022



"HE LARGE SYNOPTIC SURVEY

"ELESCOPE

Cerro Pachdn in northern
Effective diameter of

pixels

(ugrizy, 320-1050 nm)
First light around

and a similar
number of stars



SQUARE KILOMETRE ARRAY

SKA Phase 1 baseline design:
Frequency range: S0MHz -14GHz
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frequency R AT
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COMPARABLY POWERFUL SURVEYS

Facility

Intensity mapping (SKA1): | H:H[Hm;zz’l\ : P“‘f‘l*”l““
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MeerKAT cross-correlations
with Euclid and DES (SKA
Red Book 18)




SO WHAT CAN BE DONE IN
COMBINATION?



COMBINING SURVEYS -
1) AT THE END

e.g. from LSST lensing+SKAZ
HI galaxy clustering (including RSD):

LSST WL x SKA2 3r LSS with Planck

1.02 ' 0.98 : K Bacon

LSST WL x SKA2 3n LSS with Planck
| | | | | et al 15

c.f. DES/
Planck
tension

Issue



COMBINING SURVEYS -
2) IN COMBINED STATISTICS

e.g. LSST lensing + SKA HI clustering

Allow gravity/DE
parameters to be

Planck+LSST
Planck+SKA]1
Planck+SKA?2
Planck+LSST+SKAI

Planck+LSST+SKA2 g(Z)+1 — Z(Xl eI(Z)

Planck+LSST
Planck+SKAI

Planck +SKA2 Bacon et al 15
Planck+LSST+SKA !

Planck+LSST+SKA2 Zh ao et a| 15

Principal Component Number




RADIO + OPTICAL PRESENT
DIFFERENT FEATURES

Joint selection of strong lensing systems
(e.g. optical ellipticals + radio b/g sources)

- examine sources at high
magnification (McKean et al 15)
+ spectroscopy can constrain N (Collett et al 18)

SL Cosmography (e.g. Collett & Auger 15,
Collett & Bacon 16) - may find multiple arcs
in optical + radio. ~150 compound lenses,
2% constraint on w

Time delays: radio quasars + optical extended
arcs for mass model. (e.g. Suyu et al 2010)
Ho to fraction of %




COMBINING SURVEYS -
3) OVERCOMING SYSTEMATIC ERRORS

6
NEuclid

NSKA

v,
,/Y Euclid

YLSST

o
./YEudid

NLSST

picks out
fluctuations which are not due to instrumental
effects or e.g. stars.

picks out
signal which is not due to telescope
systematics.

opt/NIR
RadioxOpt /NIR

Cameraetal 17

picks out signal with different combination
of systematics, and measures galaxy bias.



MUTUAL |

-LP WITI

LSST is able to provide
(SKA1T 1 per sg arcmin, SKA2 10 per sg arcmin, Harrison et al 16);

SKA HI redshifts can
using cross-correlation of clustering (Newman 08).

N

=D S

[FTS

for SKA continuum

optical photo-zs,

¢ HI-Clustering- 2

Cunnington
et al 18



COMMON/JOINT EFFORTS

The surveys share large

e.g. need 107" simulations for covariance matrices.
Can attempt joint at the raw data level

Eventually joint

Measure many between the surveys,
to constrain and



SUMMARY

We can learn about the dark energy with:

* Probes of the expansion history, e.g. SNe, baryon acoustic
oscillations:

* Probes of the growth history, e.g. lensing
A simple model with w=-1 is currently ~OK

But some very interesting in both expansion rate and
growth

Future surveys allow many dark energy functions to be constrained,

and many cross-correlations for information about and
physics.



