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Current cosmological model

• It is a “concordance” model although with some “tensions”!
credit : NASA



The success of the CMB 
COBE, WMAP, Planck ..



The success of the CMB 
COBE, WMAP, Planck ..

Temperature Polarization



In the context of basic LCDM (+ some assumptions) CMB is extremely constraining: !
! ! !
! ! ! flat six-parameter LCDM from adiabatic temperature fluctuations.!
!
!

The success and limitations of the CMB

and CMB is only projected —> strong geometrical degeneracies which are almost!
perfect (anything leaving angular diameter distance to sound horizon fix) :

but some Tension —> Planck prefers lower values of H0 compared to local measurements (at                 !
                  ) and higher         and        compared  to WL and cluster abundance.�m �83.4� �

Need to add additional datasets 
with information sensitive to low 
redshift (to “anchor” the distance 
to the last-scattering surface) 



Dynamical Dark Energy: Is the dark energy simply a  
cosmological constant, or is it a field that evolves  
dynamically  with the expansion of the Universe? 
!
!

Modification of Gravity: Alternatively, is the apparent  
acceleration instead a manifestation of a breakdown of  
General Relativity on the largest scales, or a failure of the  
cosmological assumptions of homogeneity and isotropy? 
!

Dark Matter / Nuetrinos : What is dark matter? What is 
the absolute  neutrino mass scale and what is the 
number of relativistic  species in the Universe? 

Initial Conditions: What is the power spectrum of  
primordial density fluctuations, which seeded large-scale  
structure, and are they described by a Gaussian  
probability distribution?  

 .. galaxy surveys



➡ Geometry: distance vs. redshift !
(expansion history = SNIa, BAO)!
!

✦ redshift tells degree of expansion!
✦ light-travel distance = time!

!

➡  Dynamics: structure growth!
(growth history = Lensing, Clusters, RSD)!
!

✦ growth rate depends on matter density!
✦ evolution in matter density ⟷ !

evolution in dark energy density

Measuring Dark Energy
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r(z) = dz' /H(z')∫

we need both to disentangle GR vs DE !

Friemann, Turner and Huterer



Currently there is some tension between geometrical and structure 
growth measurements

The growth tension

Red points:  
structure growth 
measurements at 
low-z

Black points: Derived 
from geometrical 
measurements for 	


DE model

Aubourg et al. (2014)

BAO + SNIa + CMB

level of matter clustering

• Cosmic Shear in CFHTLS	


• Cosmic Shear in Deep Lens S	


• GalGal-lensing + LSS in SDSS	


• Abundance of X-ray Clusters	


• Stack WL of clusters in SDSS	


• SZ clusters in Planck



Baryon Acoustic Oscillations

Use the acoustic peak in galaxies as a standard ruler, calibrated by CMB

credit : NASA / WMAP



Baryon Acoustic Oscillations

Use the acoustic peak in galaxies as a standard ruler, calibrated by CMB

credit : NASA / WMAP



On large-scales galaxies move coherently towards !
over densities and away from under densities  

This generates an additional  “observed” fluctuation 
that is proportional to the amplitud of the velocity !
field (the infall / outfall)

On large-scales the velocity divergence is 
proportionality to the growth rate of density 
perturbations

�(µ) � �µ��v

measure anisotropic 2-pt correlations

��v = �̇ = �f�

intrinsic z-space 

Redshift Space Distortions

observer



BOSS (baryon acoustic oscillation survey)

Large Quality jump from SDSS! 

SDSS II - main galaxies

SDSS II - LRG’s

BOSS CMASS galaxies



Distance Measurements  
Hubble diagram from Baryon Acoustic Oscillations 

• Angular diameter distance better than 1.5% in all bins!

• Hubble parameter better than 2.4% in all bins

Alam et al (BOSS Collaboration) 2016



Growth Measurements 
from Redshift Space Distortions 

• about 9.2% or better precision in each bin

Alam et al (BOSS Collaboration) 2016



Dark Energy 
equation of state 

CMB alone can’t constrain models that open  
 up the low-z  distance scale 

FS = full-shape = ~ RSD

SN = SNIa (JLA, Betoule et al 2014) 

“Strong affirmation of spatially flat cold dark !
matter model with a cosmological constant”

Final BOSS analysis: arXiv 1607.03155

Opening two degrees of freedom (jointly or separately) 

�K = �0.0003± 0.0027

w = �1.01± 0.06 consistent with 
consistent with flat 

�

No evidence for evolving 
dark energy :

w(a) = w0 + (1� a)wa

wa = �0.3± 0.5



Massive Neutrinos

dominated by the BOSS distance 
measurement (not the growth).!

�
m� < 0.25 eV at 95% CL

Combining with CMB lensing 
reduces it  !
!
!
!
although with some potential 
concerns due to tensions in the 
CMB(lensing) data.!

�
m� < 0.16 eV at 95% CL



Consistency of GR
Assuming GR (LCDM) one gets     ~ 0.55

Translate measurements of         into constrains in      to see consistency of GRf(z) �

�



•Good agreement with Planck. No preference for extensions of the 6-parameter 
LCDM model (even with SNIa are included). !
!

•Opening of flatness and DE returns flat and lambda (!).!
!

•Time varying dark-energy is not well constrained!
!

•Stable values of                                             , the tension with local !
measurements of                                                (Riess et al. 2016) still present!
!

Summary of galaxy clustering 

led to the era of	 Weak Lensing surveys (DES, KiDS) 

H0 = 67± 1 km s�1 Mpc�1

H0 = 73± 1.8 km s�1 Mpc�1



Weak Lensing 
technology has enabled shape measurements 

• Matter distorts back-
ground galaxy shapes

• Measure shapes to 
obtain “shear” catalog

• Shear-shear correlations 
is an unbiased tracer of 
matter distribution 
 


source galaxies at 	


z ~ 1 

Observer : shapes have been 
“sheared” coherently by the 
large-scale structure

• Problems - Intrinsic Alignments, Baryon Physics, Shapes biases 



Weak Lensing 
technology has enabled shape measurements 

! The “cosmic-shear” era!

! 2003-2008: Canada-France-Hawaii Legacy Survey: 154 deg2 !

! 2014-2019: Hyper-Suprime Cam Survey, 1400 deg2 !
 ! 2013-2018: Dark Energy Survey, 5000 deg2!

 ! 2011-2018: Kilo-Degree Survey, 1350 deg2

• Matter distorts back-
ground galaxy shapes

• Measure shapes to 
obtain “shear” catalog

• Shear-shear correlations 
is an unbiased tracer of 
matter distribution 
 




Dark Energy Survey 
overview

Marisa Cristina March, on behalf of the Dark Energy Survey Collaboration  mamarch@sas.upenn.edu 
 

!"#$%%&'()*$%)+',)-$").$"/0'1")23+4567'8$%9$"*:;0'8&""$'<$+$+$'=%.&"4!;&"3>)%'?-9&"@).$"/A(?!?0'8=6B!<0'6<C4D:&"3>E0'F&";3'()*$%)+'!>>&+&").$"',)-$").$"/0'=%9*.:.'GH69.:G39'69I)>3)+9'G&'8).)+:%/)0'=%9*.:.'G&'F393>)'GH!+.&9'6%&"#3&90',)J"&%>&'1&"K&+&/',)-$").$"/0''(87!0'?E3$'

7.).&'L%3@&"93./0'7,!80'7I)3%4567'8$%9$"*:;0'7.)%M$"G'L%3@&"93./0'<&N)9'!OB'L%3@&"93./0'L%3@&"93./'$M'8)+3M$"%3)'7)%.)'8":20'L%3@&"93./'$M'8);-"3G#&0'L%3@&"93./'8$++&#&',$%G$%0'L%3@&"93./'$M'8E3>)#$0'L%3@&"93./'$M'6G3%-:"#E0'L%3@&"93./'$M'=++3%$39'L"-)%)48E);I)3#%0'L%3@&"93./'$M'

B3>E3#)%0'L%3@&"93./'$M'($P%#E);0'L%3@&"93./'$M'Q&%%9/+@)%3)0'L%3@&"93./'$M'Q$".9;$:.E0'L%3@&"93.).47.&"%J)".&'B:%>E&%R'L%3@&"93./'$M'7:99&N'

 
 

THE DARK ENERGY SURVEY

Figure 1: Dark Energy Camera mounted on the Blanco 4m telescope.

The Universe is getting bigger faster. Why?
The astonishing result of the late 1990s, show-
ing that the Universe is accelerating [6, 5], led to
a paradigm shift in cosmology from earlier Cold
Dark Matter (CDM) models of the Universe to
the inclusion of dark energy, ‘Lambda’, giving us
the current ⇤CDM model of the Universe. Is Uni-
versal acceleration really caused by dark energy,
or is it due to modified gravity? Or some other
explanation? The primary aim of the Dark Energy
Survey is to put constraints on the dark energy
density ⌦⇤ and the dark energy equation of state
w(z). The nature of dark energy and the cause
of the acceleration of our Universe is one of ‘the
most fundamental questions in astrophysics’ [1].

The Dark Energy Camera (DECam) is a specially
commissioned new instrument mounted on the
Blanco 4m telescope at the Cerro Tololo Inter-
American Observatory, Chile. DECam is a 570
megapixel camera which over the course of 525
nights spread over five years will image 5000
square degrees of the southern sky. The Dark En-
ergy Survey is designed to find answers to ques-
tions about the nature of dark energy.
The Dark Energy Survey (DES) [8] will com-
bine data from observations of supernovae type Ia
(SNeIa), weak lensing, large scale structure and
galaxy clustering to put robust constraints on the
dark energy parameters of interest.

FIELD LOCATIONS

Figure 2: Locations of DES SN shallow
(C1,C2,E1,E1,X1,X2) and deep (C3,X3) fields.

• Ten di↵erent fields are visited in the DES SN
survey: eight shallow fields and two deep fields,
with which to calibrate the eight shallow fields.

• Each field is ⇠ 3 square degrees.

• Each field lies within the area of the wider DES
survey and each has been chosen for it’s over-
lap with other surveys which can provide useful
ancillary data.

SURVEY OPERATIONS

• The median cadence for supernovae observa-
tions is 5 days.

• The vast majority of SN host galaxies will be
followed up spectroscopically with instruments
on other telescopes to provide a host galaxy
redshift.

• For a more detailed overview of the survey
strategy, please see [2]

Figure 3: exposure times in each band for shal-
low and deep fields
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Figure 4: A simplified overview of supernovae observations and data processing operations. The ulti-
mate aim of taking SNe observations is to obtain constraints on the dark energy parameters w0, wa
and ⌦⇤

TOWARDS A HUBBLE PLOT

Figure 5: A glimpse of a preliminary Hubble plot. For the purposes of blinding, no numbers are
shown on the vertical axis.

• The plot shows a subset of ⇠ 70 photomet-
rically classified [7] SNe Ia which have host
galaxy spectroscopic redshifts.

• Basic ‘forced photometry’ is used here, not the
full ‘final photometry’ that will be used in the

cosmological analysis.

• Light curves were fitted using SNANA [3] and
distance moduli are estimated using salt2mu
[4]

LIGHT CURVES

Figure 6: Two examples of light curves taken during the first part of the first observing season,
showing typical cadence.

DATA QUALITY MONITORING
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Figure 7: Fake supernovae are inserted into the di↵erence imaging pipeline to monitor the e�ciency
of the pipeline. LH plot: number of fake SN recovered as a function of magnitude; RH plot: signal
to noise ratio of the fixed magnitude fake SN. (Shallow fields, single night)

OUTLOOK

DES observing began in September 2013, we are
now nearly 2/3 of the way through the first sea-
son, data quality looks good. Over the next five
years DES will yield a photometric survey with
around 3500 well sampled SN light curves, and
additionally we anticipate having the host galaxy

spectroscopic redshifts for the bulk of those SN.
Science verification data is currently available to
the public and raw data from season 1 will be
made available one year from the date on which
it was taken. For more information please visit
http://www.darkenergysurvey.org
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• Wide Optical and near IR survey (grizY bands)!

• 525 nights over 5 seasons in 5 imaging bands!

• 5000 deg2 of which 2500 overlap with South Pole Telescope !

• i-band magnitud limit ~24 at S/N=10, largest survey at this sensitivity !

• 30 deg2 in time domain, SN fields visited at least once per week

Finished !
4th 1/2 years of !
observations.



Galaxy clusters (distance, structure growth)!
hundred of thousands of clusters up to z~1!
synergies with SPT, VHS

Weak lensing (distance, structure growth)!
shapes of 200 millions galaxies

Baryonic acoustic oscillations (distance)!
300 millions galaxies to z=1 and beyond

Type Ia supernovae (distance)!
30 sq. deg. SN fields!
3000 SNIa to z~1

→ shared photometry/footprint 	



→ shared analysis of systematics 	



→ shared galaxy redshift estimates

robust combination of probes

DE equation of state w≡p/ρ 	


w(a) = w0+(1-a)wa

+ Strong Lensing (distance)!
30 QSO lens time delays!
Arcs with multiple source redshifts

+ Cross-correlations!
Galaxies and WL x CMB lensing

DES Forecast  
(T. Eiffler, E. Krause)

Dark Energy Survey 



The DES collaboration
400 scientist from 28 institutions 



DECam 
a 570 Mpx per image with very good image quality 	


designed and built by the Collaboration	


3 deg2 Field of View



The Blanco 4-meter at CTIO Chile

The Dark Energy Survey: telescope



1st light: 12 Sept. 2012

26

1 chip

NGC 1365



1st light: 12 Sept. 2012

27

Fornax cluster
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RA0
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5-yr footprint SN fields Science Verification Year 1

❖ Nov 2012-Feb 2013: Science verification, 150 deg2, papers published!
❖ Aug 2013-Feb 2014: Y1, ~1500 deg2: key papers finishing!
❖ through Feb 2016: Y3, 5000 deg2: internal release, cosmology starting, 

DR1 late this year

SPT area

Stripe 82

DES footprints and science status



Weak Lensing: Shear Catalog
“The DES SV weak lensing shear catalogs” Jarvis, Sheldon, Zuntz, Kacprazk, Briddle et al., arXiv 1507.05603

•  Two independent shape measurement pipelines in place, NGmix and IM3Shape

•  6.9 and 4.2 “shapes” per arc-min2 respectively (~ 3 million galaxies)

•  Several null tests (eg. B-mode signal consistent with 0, .. ) 


• Marginalizing over 3 cosmological parameters and 7 systematic ones. In 3 tomographic bins.

First alphabetical 	


paper	


!
arXiv 1507.05552



Galaxy Clustering as a function of redshift 
Crocce et al., MNRAS, 455,  4301 (2016)
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DES Y1 - Cosmological Analysis

…

+ 10 supporting papers



DES Y1 cosmology 
❖ SV was 3% of final survey area, ~100% of final depth.!
❖ DES Y1 uses ~30% of final area, ~40% of final integration time.!
❖ Primary goal: “multi-probe” cosmology, combining!

❖ “Cosmic shear” correlations using source galaxy sample!
❖ X-correlation of “source shapes” with “lens” galaxy positions!
❖ Auto-correlation of lens sample (galaxy clustering)!

❖ Two shape catalogues: Metacal (main); im3shape (cross-check)!
❖ Redshift distributions: calibrate with COSMOS 30-band z’s,             

cross-correlation method!
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DES Science Verification Galaxy Distribution

2.3 million galaxies used in LSS (i < 22.5) in 0.2 < z < 1.2
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DES Year 1 Foreground Galaxies

650,000  red galaxies with optimal photo-z errors

1380 square degrees



DES Year 1 Projected Dark-Matter

from 23 million galaxy shapes measured over 1300 deg2

Chang et al (arxiv 1708.01535)



DES Year 1 Projected Dark-Matter

from 23 million galaxy shapes measured over 1300 deg2

+ Clusters over-imposed

Light traces mass !!

Chang et al (arxiv 1708.01535)



DES Y1 cosmology 

lenses

sources

Source Sample

Lens sample

•Metacalibration 26 M. shapes!
•Im3shape 18 M. shapes

•RedMagic 0.6 M. galaxies



wgal�shear � b�D2(z)

wshear�shear � D2(z)

wgal�gal � b2 �D2(z)

�gal � b� �m �gal shapes � �mLSS WL

Measures growth!
of structure as !

function of redshift

DES Y1 cosmology 



DES Y1 gal-gal clustering
• 5 lens bins (0.6 million objects with ~ 1% redshift error),  

Elvin-Poole, Crocce, Ross et al 2017 !
(arxiv 1708.01536)



DES Y1 shear-shear correlations

one measures these correlations by accumulating the relative shear !
of pairs of galaxies 

amplitude and growth!
rate of structure

Geometry (distances or 
expansion)



DES Y1 shear-shear correlations

Total S/N = 26.8

• 10 two-point correlations Troxel et al 2017 (arxiv 1708.01538)



DES Y1 gal-gal lensing 

+ similar with im3shape

• 20 correlations Prat, Shanchez et al 2017 (arxiv 1708.01537)



We gain by combing : 3x2pt
Marginalised !
!
• 4 cosmological parameters!
!
•10 clustering parameters 

(nuisance + systematics)!
!
•10 lensing parameters 

(nuisance + systematics)

Consistency!
!
• Consistent cosmology 

constrains from WL and LSS 
with factors of ~ 2 in gain 
when combined 

DES Collaboration (arxiv 1708.01530)



wCDM
• DES alone 

w = �0.80+0.20
�0.22 (68% CL)

Rw = P (D|wCDM)
P (D|�CDM) = 0.36

DES Collaboration (arxiv 1708.01530)



DES and Planck
• Consistency tests  

DES Collaboration (arxiv 1708.01530)



DES + external data-sets

w = �1.00+0.04
�0.05

S8 = 0.799+0.014
�0.009

�m = 0.301+0.006
�0.008

DES Collaboration (arxiv 1708.01530)



DES other science



Cluster mass from lensing

Lensing around voids / peaks

(a very incomplete list of discoveries): !
!
• constrained dark matter annihilation from Milky Way dwarfs with Fermi-LAT; !
• detected the kinematic Sunyaev-Zel'dovich effect in concert with SPT; !
• discovered and confirmed new lensed galaxies and QSOs plus a number of very high-redshift 

QSOs; discovered the 2nd most distant dwarf planet in the solar system; !
• discovered the highest-redshift, spectroscopically confirmed supernova and has now accrued 

over 1000 photometrically classified type Ia supernovae with host-galaxy redshifts; !

Large Scale Galaxy Clustering 

Pre
lim

ina
ry



DES Science: new 
dwarf MW satellites

Discoveries by Bechtol et al, ApJ 807, 50, (2015), !
and external group Koposov et al. (arXiv:1503.02079)

Com

■  Known p rio r to  2015

Dark Energy Survey (DES) 
A Candidate 
A  Confirm ed

O M agellanic Satellites Survey
Outside DES coverage 

^  Candidate 
^  Confirm ed

Otherwise, our galaxy would have drawn the satellites away 
from the Clouds long ago and strewn them about the sky.

More generally, finding ultra-faint galaxies that grew in the 
vicinity of a larger dwarf might also shed light on how neigh 
boring galaxies affect each other’s growth. Ultra-faint galaxies 
may be viewed as astronomical “canaries in a coal mine,” 
since they’re particularly sensitive to their local setting.

We will soon be able to further explore the “satellites of sat 
ellites” hypothesis in a new project called the Magellanic Satel 
lites Survey. That endeavor will investigate the sky on the other 
side of the Magellanic Clouds (where DES doesn’t look) to see 
if we can find additional ultra-faint galaxies lurking there.

The Search Continues
Now our story has come full circle: we have scoured the sky 
for Milky Way companions and found that some satellite 
galaxies might have their own, even smaller companions! 
Moreover, some forecasts envision several hundred more 
ultra-faint galaxies still at large in the Milky Way neighbor 
hood. Each discovery offers a new perspective on galaxy 
formation. And a lack of discoveries might be telling, too, in 
deciding which dark matter framework is closest to reality.

One of the most exciting upcoming projects in this 
context is the Large Synoptic Survey Telescope (LSST), which 
will scan the full sky visible from Chile every few nights 
for 10 years, starting in 2022 (S&T: Sept. 2016, p. 14). A 
single 15-second exposure will rival five years of DES, and by 
combining repeated images of the same area of sky, LSST will

• Visit https://is.gd/ultrafaintgalaxies
to find an image gallery of ultra-faint dwarf galaxies.

A DWARFS: PAST, PRESENT & FUTURE This map plots the 
locations of the Milky Way’s dwarf galaxy companions. Those 
discovered before 2015 are marked as blue; ultra-faint galaxies 
revealed in the Dark Energy Survey (red outline) are marked as 
red; and dwarfs found in other recent surveys are marked as 
green. Open symbols represents candidates that need further 
observations to confirm their dwarf galaxy status, and the orange 
outline marks the just-started Magellanic Satellites Survey. The 
map is centered on the Milky Way, and the grayscale background 
indicates the number of stars per area of the sky, as calculated from 
the SDSS and DES sky surveys. The coordinate grid is equatorial; 
the black solid lines show the celestial equator and zero meridian.

bring out stars more than 10 times fainter.
LSST and other surveys will do more than spot dwarf 

galaxies around the Milky Way; they will give an even better 
look at their future, and their past. The fate of most satel 
lite galaxies is to be subsumed into the Milky Way over the 
next few billion years — those that venture too close to our 
galaxy’s core experience tidal gravitational forces that stretch 
them into stellar streams. For instance, the stellar stream of 
the Sagittarius dwarf now wraps around our galaxy several 
times. Such stellar debris holds clues to the past. In the not 
too distant future, we hope to reconstruct the Milky Way’s 
history by identifying the remains of its past companions.

And that gives one much to ponder while admiring the 
night sky over Chile.

■  KEITH BECHTOL is an associate scientist working with the 
Large Synoptic Survey Telescope construction project and 
an active member of the Dark Energy Survey and Fermi LAT 
collaborations. He wrote most of this article as a John Bahcall 
postdoctoral fellow at the University of Wisconsin-Madison.

skyandtelescope.com M A R C H  2 0 1 7  21

Figure from K. Bechtol, S&T

DES Science: new dwarf MW satellites



Optical Counter Parts of Neutron Star merger

M. Soares-Santos et al arxiv 1710.05459 
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DES Year 3 footprint - ~ 5000 deg2



Movie by Elizabeth Krause

Conclusions

The Dark Energy Survey

!

• DES : Huge potential from combining probes and  correlating 
with external data


• DES Y1 uses 30% of final area, ~ 40% integration time


• DES Y1 Cosmology results from galaxy clustering, galaxy-galaxy 
lensing, and cosmic shear (3x2) unblind and submitted


• In ΛCDM, galaxy surveys now rival precision of Planck CMB results 
for certain parameters: low- vs. high-z Universe.



Movie by Elizabeth Krause

Conclusions

The Dark Energy Survey

• DES Y1 results consistent with Planck CMB in context of ΛCDM.


• DES Y1 results in combination with Planck, BAO, JLA SN provide 
stringent constraints on ΛCDM parameters


• Precision will increase with larger data sets (Y1/Y3/Y5) and by 
bringing in more probes (clusters, SN, cross-correlations…), 
enabling tests of more complex models (w0waCDM, mod GR…)



Thanks.


