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D A R K  M AT T E R ,  D A R K  E N E R G Y

Observations of cosmological probes give evidence of: 

• an expansion history, and 

• a history of growth 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.



O B S E R VAT I O N A L  P R O B E S :   
I N I T I A L  V I E W

Some observations constrain expansion history 

Some observations 
constrain growth 
history 

Some care about time 
part, some +space part 
of metric 



T E S T S  O F  G R AV I T Y

Psaltis 2008



O B S E R VAT I O N A L  S U R V E Y S



O B S E R VAT I O N A L  S U R V E Y S



CTIO, Chile 
5000 sq degree 
map, 8 billion ly 
deep, i~24, 5 filter 
bands (grizY)

D A R K  E N E R G Y  S U R V E Y

570Megapixels, 3 sq deg field
0.26” per pixel



D A R K  E N E R G Y  S U R V E Y   
D ATA  AVA I L A B L E

https://des.ncsa.illinois.edu/releases



G R O W T H / E X PA N S I O N  P R O B E :  
G R AV I TAT I O N A L  L E N S I N G

Allows detailed ‘view’ of inhomogeneities

ESA/NASA



G E O D E S I C  E Q U AT I O N

Ray:

Basis vectors

Tangent vector

This is parallel transported along ray, so 

We can rewrite this as

c.f. geometrical optics:
Perturbed FRW:

or Ψ+Φ 



L E N S  G E O M E T R Y

Lens 
equation

With some approximations,



S T R O N G  L E N S I N G

Jacobian matrix:

Magnification factor:

So det A = 0 gives critical curves of high magnification

Source plane

Image plane



M U LT I P L E  I M A G E S

Tom Collett

e.g. Isothermal  
ellipsoid:

det A  
= 0



Collett et al 17

S T R O N G  G R AV I TAT I O N A L  L E N S I N G

zl=1.06 
zs=2.39



Collett  
et al 17

M O D E L  PA R A M E T E R S



Collett et al 17

2  C L U M P  M O D E L

Need to be very careful 
about lens modelling



Next: Understanding behaviour of 
dark matter 

P R E D I C T I O N S

Collett et al 17
1 halo 2 halo



Source
plane

Image
plane

Convergence Shear

Radius 1

Radius 1+κ

W E A K  D I S T O R T I O N S



T H E  M E A S U R E M E N T  P R O B L E M

shear

smeared 
isotropically 

by atmosphere

Measure PSF smearing 
from stars; fit for shape in 

presence of PSF

dragged by  
telescope



DES data - need to estimate 
ellipticities for these galaxies



1)

D A R K  M AT T E R  M A P

Chang et al 17

Dark matter distribution 
inferred from 30M 
galaxies



1)

T H E  N E W  D A R K  M AT T E R  M A P

Chang et al 17



L E N S I N G  A N D  C L U S T E R I N G  S TAT I S T I C S

γa

γb

θ

n

γ

θ

Sensitive to matter power 
spectrum, geometry

Sensitive to matter power 
spectrum, geometry, bias

n

θ n
Sensitive to matter power 

spectrum, bias

b2



C O S M I C  S H E A R  R E S U LT S

Troxel et al 17



1)

C O M B I N E D  R E S U LT S
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C O M B I N E D  R E S U LT S

DES 17



! Check Bayesian evidence from combination paper2 

! Remind yourself about covariances, calibrations, 
blinding3

DES 17



E X PA N S I O N  P R O B E  -   
B A R Y O N  A C O U S T I C  O S C I L L AT I O N S

Eisenstein



E X PA N S I O N  P R O B E S  -   
B A R Y O N  A C O U S T I C  O S C I L L AT I O N S

Alam et al 16

SDSS-III  
BOSS



E X PA N S I O N  P R O B E S  -  S U P E R N O VA E  I A

Betoule et al 14



D E G E N E R A C Y  F O R  E X PA N S I O N  R AT E

Macaulay, Nichol, Bacon et al 18



Macaulay, Nichol, Bacon et al 18



Macaulay, Nichol, Bacon et al 18



Abbott et al 18



Lensing
feels Ψ+Φ

Mass generates
potential Ψ
(Poisson)
Modification μ

Non-relativistic 
objects respond
to Ψ

Newtonian guage

G R AV I T Y  T E S T S

Modification η

Simpler approach:

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



T E S T I N G  G R AV I T Y  T H E O R I E S  
W I T H  C L U S T E R S  O F  G A L A X I E S

Abell 2744 
Eckert et al 15



G R AV I T Y  T E S T S

GR

X-ray emitting gas
feels fifth force
here

Lensing
doesn’t feel 
fifth force

e.g. Chameleon 
mechanism:



G R AV I T Y  T E S T S

Wilcox et al 2015

β is 5th force strength
ϕ∞ is screening efficiency

CFHTLens + XMM, 
52 clusters



S T R O N G  L E N S I N G  T E S T  O F  G R AV I T Y

Collett et al 18 
Space and time parts of 
metric within 10% of 
each other 
(Ratio is 0.97±0.09)

HST + VLT MUSE



N E X T  S T E P S :  E U C L I D

15000 sq deg wide survey 
40 sq deg deep survey

Visible (0.1”, R+I+Z) 
1.6G galaxies (mag<24.5) 

+NIR (Y,J,H) imaging 
NIR spectroscopy - 45M galaxies

Launch 2022

1.2m mirror; FOV 0.53 sq deg 



T H E  L A R G E  S Y N O P T I C  S U R V E Y  
T E L E S C O P E

Cerro Pachón in northern Chile

First light around 2021 

6 bands (ugrizy, 320–1050 nm)

Effective diameter of 6.5m

0.2×0.2 arcsec2 pixels

30,000 deg2

20 billion galaxies and a similar 
number of stars



S Q U A R E  K I L O M E T R E  A R R AY

SKA Phase 1 baseline design: 
Frequency range: 50MHz -14GHz

SKA-Mid 
~130 15m 
dishes + 64 
MeerKAT

SKA-Low 
~130,000 
low 
frequency 
dipoles



C O M PA R A B LY  P O W E R F U L  S U R V E Y S

Intensity mapping (SKA1):

Bull et al 15

Bull  
2016



I N T E N S I T Y  M A P P I N G

MeerKAT cross-correlations 
with Euclid and DES (SKA 

Red Book 18)



So what can be done 
in combination?

S O  W H AT  C A N  B E  D O N E  I N  
C O M B I N AT I O N ?



C O M B I N I N G  S U R V E Y S  -   
1 )  AT  T H E  E N D

e.g. Combining constraints from LSST lensing+SKA2  
HI galaxy clustering (including RSD):

Bacon  
et al 15

c.f. DES/ 
Planck 
tension 
issue



C O M B I N I N G  S U R V E Y S  -   
2 )  I N  C O M B I N E D  S TAT I S T I C S

e.g. PCA approach: LSST lensing + SKA Hl clustering

g(z)+1 = ∑αi ei(z)

Bacon et al 15,  
Zhao et al 15

Allow gravity/DE 
parameters to be 
scale and z-
dependent functions:



R A D I O  +  O P T I C A L  P R E S E N T   
D I F F E R E N T  F E AT U R E S

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

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) 
H0 to fraction of %

104-105 lenses - examine sources at high 
magnification (McKean et al 15) 
+ spectroscopy can constrain η (Collett et al 18) 



C O M B I N I N G  S U R V E Y S  -   
3 )  O V E R C O M I N G  S Y S T E M AT I C  E R R O R S

Cross correlation of clustering picks out 
fluctuations which are not due to instrumental 
effects or e.g. stars. 

  Cross correlation of lensing shear picks out 
signal which is not due to telescope 
systematics.

nEuclid

nSKA

θ

γEuclid
θ

γLSST

Cross correlation of clustering and lensing 
picks out signal with different combination 
of systematics, and measures galaxy bias.

γEuclid
θ

nLSST

Camera et al 17



Mutual help with RedshiftsLSST is able to provide photometric redshifts for SKA continuum  
(SKA1 1 per sq arcmin, SKA2 10 per sq arcmin, Harrison et al 16);

SKA HI redshifts can calibrate optical photo-zs,  
using cross-correlation of clustering (Newman 08).

M U T U A L  H E L P  W I T H  R E D S H I F T S

Cunnington  
et al 18



C O M M O N / J O I N T  E F F O R T S

The surveys share large computational challenges; 

e.g. need 109?? simulations for covariance matrices. 

Can attempt joint shape fitting at the raw data level 

Eventually joint catalogues 

Measure many cross-power spectra between the surveys, 
to constrain systematics and cosmology.



S U M M A R Y

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 tensions in both expansion rate and 
growth 

Future surveys allow many dark energy functions to be constrained, 

and many cross-correlations for information about systematics and 
physics.


