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Recap from two weeks   

•General concepts : metric, horizon, distances, SNIa results pointing towards 
accelerating Universe !!

•Evolution of dark-matter fluctuations on large scales (linear theory) from 
Inflation to Mat / Rad and until today!

•Non-linear evolution,  generation of a log-normal like density field with 
skewness and kurtosis, agrees with second-order perturbation theory !

•Nonlinear Spherical Collapse, formation of bound dark matter structure (called 
dark matter halos!)!

•Halo abundance and mass function  —-> relation to Clusters and problem of 
mass/observable relation!

•Clustering of tracers, galaxy bias and halo bias. How galaxies populate dark 
matter halos (Halo Occupation Distribution). !

•Clustering in redshift space —-> measuring growth from anisotropic clustering !
•Weak Gravitational Lensing —> Measuring dark-matter spectrum directly!
•Baryon Acoustic Oscillations in galaxies —> Another distance measurement



Everyone

with only 6 parameters

CMB Today 



3

experimental landscapeSurvey of Cosmological Surveys

Imaging (photometric) survey

Spectroscopic survey

PAUS

+ CMB polarization experiments, radio surveys, SKA (21 cm), .. 

Future looks!
very exciting !!



Cluster cosmology in DES-Y1 
Cluster abundance sensitive to dark energy. !
Challenge is knowing mass-richness relation!

4.  priors on scatter richness at fix mass ? 



Cluster cosmology in DES-Y1 



Cluster cosmology in DES-Y1 

Mass observable relation



Cluster cosmology in DES-Y1 
DES redmapper clusters

•DES analysis of RedMapper clusters!
•Mass-observable relation from weak-lensing!
•Scatter priors : None (Left) Yes, from Xray observations (Right)!
•Error bars will look similar to 3x2pt ! (time-scale > 6 month?)

Blinded & Preliminary



BAO 



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



• Part of SDSS III (and continuation of SDSS). !
• 1000 fiber spectrograph, observations in 2009 - 2014. !
• 9,329 square degrees (almost 20 Gpc3 in volume)!
• Redshifts of 1.2 million luminous galaxies to 0.2 < z < 0.75!
• Lyman-α forest spectra of 160,000 quasars at 2.2 < z < 3!
• Latest science papers release in 2016.!
• Largest and most precise map of the large-scale structure today!

BOSS (baryon acoustic oscillation survey)

north galactic cap

south galactic cap



BOSS (baryon acoustic oscillation survey)

Large Quality jump from SDSS! 

SDSS II - main galaxies

SDSS II - LRG’s

BOSS CMASS galaxies



Redshift space (anisotropic) measurements 

Sanchez, Scoccimarro, Crocce et al (arXiv 1607.03147)

Beutler et al (arXiv 1607.03143)
Power spectrum multipoles
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Redshift space (anisotropic) measurements 

Sanchez, Scoccimarro, Crocce et al (arXiv 1607.03147)

Grieb et al (arXiv 1607.03143)

Configuration Space

Fourier Space
note these are wedges, not multipoles



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



Growth Measurements 
from Redshift Space Distortions 

• about 9.2% or better precision in each bin



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
Neutrino oscillations experiments sensitive to mass differences.

two hierarchies 

These imply a lower limit to the sum of masses ~ 0.06 eV

For the inverted hierarchy the lower limit ~ 0.0982 eV (not far from future constrains)

Cosmology is sensitive mostly to the sum of the neutrino masses 

• Measure a non-zero detection of total mass!
• Reach an upper limit that excludes the inverted hierarchy



Cosmic history :  At fixed matter-radiation equality, an increased neutrino 
mass changes        today (which can be absorbed in H0). This degeneracy 
can be broken with low redshift distance measurements. 

Growth history : Neutrino mass (if sub-eV) !
suppresses growth of structure between the !
epoch of decoupling and today below a free !
streaming scale. !
!
!
!
!
Their velocities prevents falling into small-scales.!
!
This will modify the expected value of       at z=0 (given the CMB amplitude) !
!
Measurements of low-redshift amplitude  of structure also constrain neutrino mass.

Massive Neutrinos
Neutrinos affect 

�8

�m

Figure : Emiliano Sefusatti



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) �

�



Modified Gravity 
Changing metric potentials 

slowly moving particles, “growth of structure”

lensing of light 

parametrised evolution with time 

Consistent with GR within less than two sigma

x



•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 BOSS - galaxy clustering 

Opened door to	Weak Lensing surveys (DES, KiDS) 

H0 = 67± 1 km s�1 Mpc�1

H0 = 73± 1.8 km s�1 Mpc�1



Weak Lensing
• 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, Getting shapes 



Dark Energy Survey 
overview

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

References
[1] Andreas Albrecht et al. Report of the Dark Energy Task Force. astro-ph/0609591, 2006.

[2] J. P. Bernstein et al.. Supernova Simulations and Strategies for the Dark Energy Survey. Astrophys. J. ,
753:152, July 2012.

[3] Richard Kessler et al. Snana: A public software package for supernova analysis. arXiv:0908.4280, Aug 2009.

[4] John Marriner et al. A MORE GENERAL MODEL FOR THE INTRINSIC SCATTER IN TYPE Ia SUPERNOVA
DISTANCE MODULI. October, 72(1), 2011.

[5] S. Perlmutter et al. Measurements of Omega and Lambda from 42 high redshift supernovae. Astrophys.J.,
517:565–586, 1999. The Supernova Cosmology Project.

[6] A. G. Riess et al. Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological
Constant. Astronomical Journal, 116:1009–1038, September 1998.

[7] M. Sako, et al. Photometric Type Ia Supernova Candidates from the Three-year SDSS-II SN Survey Data.
Astrophys. J. , 738:162, September 2011.

[8] The Dark Energy Survey Collaboration. The Dark Energy Survey. ArXiv Astrophysics e-prints, October 2005.

• 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

Just finished !
4th year 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 
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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 Galaxy Distribution

9 million galaxies in LSS (i < 21) over 1500 deg2



CMB and Cosmic Shear

DES SV	


arXiv 1507.05552	


Just look at scales,	


lensing results are	


old by now



lenses

sources

Source Sample

Lens sample

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

•600,000 red sequence galaxies

DES Y1 cosmology 

Accurate photo-z, optimal for clustering

Two independent shape measurements !
pipelines (different systematics & assumptions)

over 1321 deg2



DES Y1 gal-gal clustering
• 5 lens bins (660,000 red galaxies with ~ 1%~2% redshift error),  

Elvin-Poole, Crocce, Ross et al 2017 !
(arxiv 1708.01536)
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DES Y1 shear-shear correlations
Two fully independently calibrated and very different shape measurement 
methods produce complementary catalogs over 1600 sq deg!
!
Metacal - Sheldon et al 2017!
• 34.8M galaxies in an effective footprint selection of ~1300 deg2 used for   

cosmological analyses !
• riz-band shape measurement !
• Calibration performed by directly measuring the shear  

response and selection bias galaxy-by-galaxy !
!
Im3shape - Zuntz et al 2013 (unchanged from DES SV) !
• 24.6M galaxies in same footprint !
• r-band shape measurement !
• Calibrated by redesigned, state-of-the-art image simulations 



DES Y1 shear-shear correlations

Shapes of galaxies are Spin-2 quantities. Sum and difference of the product 
of the tangential and cross components of the shear (ellipticity) w.r.t line 
connecting 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 (26 million sources) 

Troxel et al 2017 (arxiv 1708.01538) • Another 10 for xi_minus 



DES Y1 gal-gal lensing 
• 20 correlations Prat, Shanchez et al 2017 (arxiv 1708.01537)

+ similar with im3shape



Cosmology from high-z to low-z  
the money plot

Consistent and comparable constrains between LSS and CMB!
!
• LCDM works

6 billion yrs. !
apart !



Cosmology from high-z to low-z  
the Universe at its two extremes

Combining DESY1 + Planck (w/lensing) + BAO + JLA —> most 
stringent constrains so far of large-scale structure related parameters 

Introducing w is not formally favoured 

wCDM : 



another lensing survey KiDS 
kilo degree survey 
!

•Will map 1500 deg2 in four broad-band filters (u, g, r, i) !

•OmegaCAM has 32-ccd, 300-million pixel camera on the VST. !

•Field of view is a full square degree,!

•Smaller but a bit better resolution and site (seeing) than DECam.!

!

!

KiDS-450 
• 15 million galaxies in 450 deg2!

• one shape measurement pipeline!

•  3 photo-z error estimations



another lensing survey: KiDS 

There is a                tension!
with Planck 2015 

2.3� �

• (blind) Analysis of 4 tomographic bins 0.1 < z < 0.9



Lensing surveys recap 
Results from other experiments also point towards low 
amplitude in weak lensing measurements [days ago]

Hildebrandt et. al 2017 
Troxel et al. 2017
Hikage et al. 2018



Results from other experiments also point towards low amplitude in weak lensing 
measurements [HSC results two days ago]

Hikage et al. 2018

Lensing surveys recap ; they agree!



DES KiDs HSC should take weak lensing science to 
another level 
! ! ! ! - Improve the photo-z methodology for redshift estimation!
! ! ! ! - Shape measurement pipelines!
! ! ! ! - Understand / calibrate the impact of baryon physics!
! ! ! ! - Limit the impact of intrinsic alignments !
! ! ! ! - Set up for multi-probe combination!

& open the door to some of the largest surveys doing 
both (from space!) 

The future

Euclid / ESA mission 



Euclid 
1.2 meter telescope in a medium size space mission

! 15,000 deg2 to Mag limit 24.5! !

!  2 instruments :!
!
! VIS “deep imager” to measure shapes!
! NISP “near infrared spectrometer and !
! photometer” to measure redshifts with !

• ! filters (“photo-z”) !
• ! grism (slitless spectroscopy)

spectroscopic survey

imaging survey

50 million galaxies in the!
range 1 < z < 2!
Trace 3D distribution of galaxies!
Galaxy Clustering

2 109 million galaxies in the!
range 0 < z < 2!
Trace the dark matter in tomography!
Weak Gravitational Lensing

Wide Survey

Deep Survey



Euclid 
1.2 meter telescope in a medium size space mission

DES


