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• What is causing the acceleration of the expansion of the universe?

• Einstein’s cosmological constant Λ?

• Some new dynamical field (“quintessence,” Higgs-like)?         “Dark Energy”

• Modifications to General Relativity?

• Dark energy effects can be studied in two main cosmological 
observables:

• The history of the expansion rate of the universe: supernovae, weak lensing, 
baryon acoustic oscillations (BAO), cluster counting, etc.

• The history of the rate of the growth of structure in the universe: weak lensing, 
large-scale structure, cluster counting, redshift-space distortions, etc.

• For all probes other than SNe, large galaxy surveys are needed:

• Spectroscopic: 3D (redshift), medium depth, low density, selection effects

• Imaging: “2.5D” (photo-z), deeper, higher density, no selection effects

Understanding Dark Energy

}



Spectroscopic Redshift vs. Photo-z

Spectroscopy:
Photo-z:



Real space

z-space, perfect resolution 
+ peculiar velocities  
(DESI)

z-space, Dz = 0.003(1+z) 
+ peculiar velocities (PAU)

z-space, Dz = 0.03(1+z) 
+ peculiar velocities 
(DES)

The Importance of Redshift Resolution



Precision in Galaxy Surveys

• Statistical errors on galaxy surveys are determined by “cosmic”  
(sample) variance and “shot” (Poisson) noise.

• Cosmic variance: how many independent samples of the relevant scale (for 

BAO, ~(150 Mpc)3) one has volume

• Shot noise: how many galaxies included in each sample         density

• Sample variance (small V) dominates for photometric surveys. 

• Spectroscopic surveys have a substantial shot noise  (low n).

P(k): power spectrum,
Fourier-transformed of 
galaxy-galaxy correlation 
function

n: galaxy density



Survey of cosmological surveys

Imaging (photometric) survey

Spectroscopic survey
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Spectroscopic galaxy surveys

Instrument Telescope No. Gal. Sq. Deg. z max Leader

SDSS APO 2.5 85K LRGs 7600 0.6 USA

Wiggle-Z AAT 3.9 239K 1000 0.7 Australia

BOSS APO 2.5 1.4M LRGs + 
QSOs 10000 0.7 USA

eBOSS APO 2.5 600K 7500 1.0 USA / CH

HETDEX HET 9.2 1M 420 3.0 USA

DESI Mayall 4 30M + QSOs 14000 3.0 USA

PFS Subaru 8.2 4M 1400 2.4 Japan

4MOST VISTA 4.1 ?? 15000 1.5 ESO

Euclid Space 1.2 50M 15000 2.0 ESA

Now





Instrument Telescope Bands No. Gal. Sq. Deg. z max Leader

KiDS VST 2.6 ugri 90M 1500 1.0 ESO

VHS Vista 4 YJHKs 400M 20000 1.2 ESO

Viking Vista 4 ZYJHK IR complement to 
KiDS 1500 1.5 ESO

PS1 Hawai’i 1.8 grizy 1B 30000 1.0 USA

DES Blanco 4 grizy 300M 5000 1.3 USA

HSC Subaru 8.2 grizy 100M 1400 1.5 Japan

PAU WHT 4 40 narrow 
bands 2M 100-200 1.2 Spain

J-PAS OAJ 2.5 54 narrow 
bands 14M LRG 8000 1.2 Spain

LSST LSST 8.4 ugrizy 4B 20000 3.0 USA

Euclid Space 1.2 R+I+Z YJH 1.5B 15000 2.0 ESA

Imaging galaxy surveys

Now



Status of BOSS
• BOSS finished data taking in July 2014

• DR12 publicly available since January 2015, containing all 
data.

Aubourg et al., PRD 92 (2015) 123516

DR11

9400 deg2



State of the art: BOSS
• BOSS finished data taking in July 2014: ~9,400 deg2

• It measured the BAO scale in galaxies and Ly-α quasars

Aubourg et al., PRD 92 (2015) 123516

Planck, A&A 594 (2016) A14
(Planck + BAO + SNe)

w  = p / ρ = w0 + wa� (1−a), with
w0 = w (now)
wa = − dw / da (now)
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State of the art: BOSS

• BOSS finished data taking in July 2014: ~9,400 deg2

• It measured the growth factor using redshift-space distortions

BOSS, arXiv:1607.03155

σ8 : amplitude of matter density 
fluctuations on scales of 8 Mpc/h

f : velocity growth factor

with γ ≈ 0.55 in GR



How to Survey Dark Energy



Dark Energy Survey

How to Survey Dark Energy



DES: Dark Energy Survey

• 525 nights in 5 years

• Started on Aug 31st 2013
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3556 mm 

Imager
Filters

Optical Lenses
2.2 deg. FoV

Scroll
Shutter

1575 mm

• 5000 deg2 galaxy survey to iAB < 24 in grizy. 300M galaxies up to z < 1.5. Also ~4000 SNe.

• Involves groups in USA, Spain, UK, Brazil, Germany, Switzerland.

Blanco, CTIO, Chile

2.2 deg ∅ FoV

570 Mpixels



DECam 

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 sq-deg FoV
Excellent image quality
0.27��/pixel

Low noise electronics (<15 
e @ 250 kpx/s) done by
DES-Spain group



Installed on Blanco since august 2012

EPS-HEP 2017 E.Sanchez



facebook.com/darkenergysurvey
http://darkenergysurvey.org
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The DES Collaboration
350 scientists from 30 institutions all over the world



DES Science Summary

4 Probes of Dark Energy

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



They are the largest 
virializaed structures 
in the Universe. 

Their X-ray emission 
allow us to estimate 
their total mass and 
thus determine their 
mass function.

Their number 
density in the 
Universe is specially 
sensitive 
to cosmological 
parameters like Λ.

DARK MATTER

Gravitational attraction
slows down the
Universe expansion

DARK ENERGY

Something makes galaxies
escape form each other



Purely geometric effect,
only depends on the
matter distribution 
between the source & us. 
Allow us to model the 
matter distributions and 
measure its content. 
Clean & reliable probe.  



The plasma before photon
decoupling has fluctuations 
that propagate as sound 
waves. 

At decoupling a 
characteristic scale is fixed, 
the sonic horizon, which 
acts as a standard ruler. 

Its evolution with redshift 
since then allows us to use 
it as a comic probe. 

Seen both at the CMB and 
in the galaxy distribution 
today.



Supernova-Ia are stars that explode violently and whose light 
can be seen from cosmological distances. 
They can be callibrated and used as standard candels. 



DES Survey Area
5000 square degrees, 1/8 of the sky

Milky Way dust 
from Planck

10 SN fields, 
each 
observed 
every ~6 
nights: 2 
Deep, 8 
shallow

Footprint to 
be covered 
900 seconds 
in each filter 
(g,r,i,z; 450 
sec in Y) 
after 5 
seasons.

Build depth 
over time



DES Y4 ended on february 2017
DES is proyected for 5.5 years , up to 2019

1 Tiling = 90 seconds exposure over entire footprint





DECam measured H0 with GW

LIGO/VIRGO+EMP, Nature (2017)



Red outline: DES footprint

⚬ : DES Y1 satellites
� : DES Y2 satellites

Drlica-Wagner et al., ApJ 813 (2015) 109 

• ΛCDM predicts 100s of MW satellite 
galaxies

• These are very rich in dark matter 
(mass to light ratio > 100)

• Excellent targets for indirect dark 
matter searches

• Then, spectroscopic campaigns to 
confirm candidates and measure J-
factor

• Finally, gamma-ray observations of 
confirmed dwarf galaxies

Milky Way satellite galaxies



Drlica-Wagner et al., arXiv:1602.04198

http://arxiv.org/abs/arXiv:1602.04198


Reticulum II, a confirmed dwarf galaxy

Simon et al., ApJ 808 (2015) 95



Gravitational Lensing

Strong lensing Weak lensing

34



Weak Gravitational Lensing

Effect depends on the lens mass and the distances between observer, 
lens and source:

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



• Linearized lens equation: 

• Since we don’t know the original sizes of 
the galaxies, κ can’t be measured directly

• However, we can infer it from γ (or g)
3
6

Weak Gravitational Lensing Formalism

imagesource

Convergence: change in size 2D Poisson equation: 2κ gives us the matter density along the line of sight

Ψ: lens-power-weighted integral of gravitational potential

Shear: change in shape Spin-2 object Same information as κ



a

b
φ

• Let’s measure the ellipticity of a galaxy:

• The measured ellipticity relates to the real one:

• The expectation value of the measured ellipticity is:

• So the ellipticity is an unbiased estimator of the shear!

• However, it is a very noisy estimator: |ϵs| ~ 0.3, γ ≲ 0.01.             
We need very many galaxies and exquisite control of syst. errors.

Weak Gravitational Lensing Formalism

ϵs : real source ellipticity

,    since <ϵs> = 0



From Star to CCD Image

From Galaxy to CCD Image

effect exaggerated by � 20
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Typical star used for 
finding telescope 
response

Typical galaxy
used for lensing

Reduction of single-epoch images
Astrometric solution
Photometric calibration
Co-addition into deep images
Object detection 
Flux measurement
Star / galaxy separation
PSF extraction from stars
Shape measurement on galaxies 4

0



Dark Energy Survey Y1 Cosmology







Dark Energy Survey Year 1 Results
First cosmology constraints from main survey: large-scale structure combination of 
galaxy clustering and weak lensing

• Shapes of 26M galaxies were used for cosmology over 1321 deg2

• Primary catalog uses new calibration method: Metacalibration - Sheldon et al 2017
• 600k red-sequence galaxies used for clustering, chosen for precise redshift 

constraints



Primary cosmological analysis combining:
1) galaxy clustering, 2) cosmic shear, 3) galaxy-galaxy lensing  
to probe large-scale structure of the Universe

• Most significant measurement of cosmic shear in a galaxy 
survey to date — 27 sigma (compared to 10 sigma in Science 
Verification measurement) 

• Two-stage blinding
• Catalog-level blinding unknown to anyone (control systemat.)
• Blinding of all individual results (e.g., cosmological parameter 

values)
• Redundant and independent components of core analysis:

• Two shape measurement pipelines and calibration strategies
• Two redshift calibration methods
• Two analysis pipelines (theory & parameter sampling)
• Two parameter sampling methods

A set of 13+ papers (300+ pages of results) + more to come.



Dark Matter

1) Galaxy clustering 2) Cosmic shear

3) Galaxy-galaxy lensing

“3x2pt”

Combination of these three probes maximizes use of large-scale structure 
Information and robustly constrains astrophysical and systematic parameters

Prat, Sanchez+ 1708.01537

Troxel+ 1708.01538Elvin-Poole+ 1708.01536



Combined “3x2pt” cosmological analysis

Combination of:

1) Galaxy clustering 

2) Cosmic shear

3) Galaxy-galaxy lensing

Marginalizing over:

• 6 (+w) cosmological parameters

• including the neutrino mass density

with prior from oscillation exps.

• 7 astrophysical parameters

• 13 systematic parameters

Data and analysis testing and validation 

extended over more than two years

Unblinded & saw results for the first time 

July 7 — public release 27 days later.



Internal consistency

Agreement of lensing
and galaxy clustering
probes of large-scale
structure has never
been demonstrated at 
this level of statistical
precision.

Most precise constraint
on cosmology from
large-scale structure 
to date.

DES Collaboration arXiv:1708.01530 



Redshift (z)

a(t)

NASA/WMAP

Cosmic 
Microwave 
Background 
(CMB) Dark Energy Survey (DES)



CMB temperature anisotropies

z=1100; δ of O(10-5)

Dark matter simulation

z=0; δ >> 1

Comparing CMB with LSS:

Incredible test of LCDM at two 

extremely different stages of the 

Universe 6 billion years apart.

Extensive discussion of tension 

between weak lensing and CMB

in recent years.
Dark Sky Simulation (Skillman, …, Wechsler+2014) 

Visualization: Ralf Koehler (KIPAC)

Planck (2015)



High- vs low-redshift probes
Though there is mild visual ‘tension’ 
in this set of parameters, 
we find the Bayesian evidence
for the full parameter space to be
consistent between low- and high-
redshift probes — LCDM works. 

DES Y1 data is able to constrain the clustering 
amplitude and matter density as well as the CMB
for the first time using a large-scale structure
probe.

DES Collaboration 
arXiv:1708.01530 



DES Y1 compared with previous surveys

DES Collaboration 
arXiv:1708.01530 

LCDM



DES Y1 compared with previous surveys

DES Collaboration 
arXiv:1708.01530 

wCDM



Combining DES large-
scale structure 
constraints + BAO + 
JLA + Planck gives us 
the tightest constraint 
ever placed on the 
LCDM parameters 
most closely related to 
structure in the 
Universe.

DES Collaboration 
arXiv:1708.01530 

LSS+WL+SN on LCDM parameters



Combining DES large-
scale structure 
constraints + BAO + 
JLA + Planck gives us 
the tightest constraint 
ever placed on the 
LCDM parameters 
and in particular the
w parameter

DES Collaboration 
arXiv:1708.01530 

LSS+WL+SN on LCDM parameters

Planck No Lensing
DES Y1
DES Y1+Planck No Lensing
DES Y1+Planck+BAO+JLA
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Combining DES large-
scale structure 
constraints + BAO + 
JLA + Planck gives us 
some of the tightest 
constraints on the 
LCDM parameters 
and in particular the
Sum of neutrino mass

DES Collaboration 
arXiv:1708.01530 

LSS+WL+SN on LCDM parameters

Planck+BAO+JLA
DES Y1+Planck+BAO+JLA
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Dark Energy Survey Y1 Results: H0

Mild tension between 
Local and CMB 
constraints on
expansion rate

Independent 
measurement
of Ωm, Ωb, H0 from:

– Best measurement 
of matter density 
from DES
– Baryon density 
from Big Bang 
Nucleosynthesis
– and BAO scale DES Collaboration arXiv:1711.00403

figure: E. Rozo



Is the expansion rate in 
tension between high-
and low-z probes?

• Five independent H0 
measurements: 
distribution is consistent 
at 2.1 sigma

DES Coll. 2017

DES+BAO+BBN+Planck

DES+BAO+BBN+Planck

DESY1 Results: 
H0



We do not find evidence for a wCDM model, either with DES alone 
or combined with external data.

Combining DES with Planck shifts the preferred Hubble constant by 
>1sigma toward local H0 measurements.

DES relaxes the previous upper limit on the neutrino mass density 
by 20% when combined with external probes.

Specific values 
of interest: 

(wCDM)

(95% CL)

Highlights from the DES Y1 analysis



DES Y1 BAO measurement
• First detection of the BAO 

feature in DES
• Uses 1.3M photometric 

galaxies between 
zphot = 0.6 to 1.0

DES Y1 3x2pt 

• Typical z uncertainty of 
Dz=0.03(1+z)

• Approx. 4% measurement 
of DA/rd =10.75�0.43 at  
zeff = 0.81

• Agreement with comp. 
DES Y1 3x2pt constraint



Astrophysical highlights from the analysis: 
Galaxy bias

• Consistent with no 
redshift evolution 

• Consistent 
between probes

• Full 3x2pt 
(varying 26param.)

• only a factor of two 
weaker than using 
w(theta) and fixing 
the cosmology 
(5 param.) DES et al 2017a



This is just the beginning…

Area of DES footprint more than triples with Year 3 analysis 
(ongoing now) and exp. time will more than double by Year 5.

DES is only using 3% of the sky (1/8 in Year 5). Future experiments 
are already being built to utilize up to half of the sky and/or observe 
to significantly deeper redshifts than DES: LSST (ground), WFIRST 
& Euclid (space).

Extended models to study:
• Non-zero curvature
• Evolving DE (wa)
• Modified gravity

(pre-DES Y1)

35M -> approx. 90M WL galaxies!

0



Large-scale structure probes from DES Y1 have begun to rival 
the cosmological constraining power of the CMB.

We find consistency within LCDM at current statistical precision 
between DES Y1 large-scale structure probes (with other low-
redshift probes) and the CMB.

We find no evidence for a wCDM model.

Constraining power and the range of models and parameters 
constraint will increase rapidly over the next few years as DES 
ramps up analysis of later years of data, and much further still 
when analysis of a new generation of experiments begins in the 
2020s.

Dark Energy Survey Y1: Summary
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Combined “3x2pt” cosmological analysis
List of related papers:
1. DES Collaboration et al., Dark Energy Survey Year 1 Results: Cosmological Constraints from Galaxy 

Clustering and Weak Lensing, submitted to PRD, arXiv:1708.01530
2. DES Collaboration et al., Dark Energy Survey Year 1 Results: A Precise H0 Measurement from DES 

Y1, BAO, and D/H Data, submitted to PRD, arXiv:1711.00403
3. Troxel et al., Dark Energy Survey Year 1 Results: Cosmological Constraints from Cosmic Shear, 

submitted to PRD, arXiv:1708.01538
4. Prat et al., Dark Energy Survey Year 1 Results: Galaxy-Galaxy Lensing, submitted to PRD, 

arXiv:1708.01537
5. Elvin-Poole et al., Dark Energy Survey Year 1 Results: Galaxy clustering for combined probes, 

submitted to PRD, arXiv:1708.01536
6. Chang et al., Dark Energy Survey Year 1 Results: Curved-Sky Weak Lensing Mass Map, submitted 

to MNRAS, arXiv:1708.01535
7. Samuroff et al., Dark Energy Survey Year 1 Results: The Impact of Galaxy Neighbours on Weak 

Lensing Cosmology with im3shape, submitted to MNRAS, arXiv:1708.01534
8. Zuntz et al., Dark Energy Survey Year 1 Results: Weak Lensing Shape Catalogues, submitted to 

MNRAS, arXiv:1708.01533
9. Hoyle et al., Dark Energy Survey Year 1 Results: Redshift distributions of the weak lensing source 

galaxies, submitted to MNRAS, arXiv:1708.01532
10. Gatti et al., Dark Energy Survey Year 1 Results: Cross-Correlation Redshifts - Methods and 

Systematics Characterization, submitted to PRD, arXiv:1709.00992
11. Davis et al., Dark Energy Survey Year 1 Results: Cross-Correlation Redshifts in the DES --

Calibration of the Weak Lensing Source Redshift Distributions, submitted to PRD, arXiv:1710.02517 
12. Drlica-Wagner et al., Dark Energy Survey Year 1 Results: Photometric Data Set for Cosmology, 

submitted to ApJS, arXiv:1708.01531
13. Krause et al., Dark Energy Survey Year 1 Results: Multi-Probe Methodology and Simulated 

Likelihood Analyses, submitted to PRD, arXiv:1706.09359
14. Blazek, MacCrann, Troxel, Fang, Beyond Linear Galaxy Alignments, submitted to PRD, 

arXiv:1708.09247

https://arxiv.org/abs/1709.00992
https://arxiv.org/abs/1709.00992

