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DES programs 
Wide: 5000 sq deg grizY 
SNe: 30 sq deg SNe survey  
Neutrinos: followup of Icecube events 
GW: followup of LIGO/Virgo events

• First/last light: 12-12-12 / 01-08-19 
•

DECam 
3 sq deg FOV, 570 Mpix optical CCD camera  
Built at Fermilab 
CTIO Blanco 4-m telescope (Chile)

DES-GW effort continues

1/8 of the sky

Dark Energy Survey

Last night - January 8th  2019 
NGC1365

Fermilab-led experiment - Observations completed
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Fermilab-led experiment - Completed

~450 scientists from 
25 institutions in 7 

countries



DARK ENERGY
SURVEYDECam 
3 sq deg FOV (10 moons)  
570 Mpix optical CCD camera - (was) biggest digital 
camera of the world 
Built at Fermilab 
Blanco telescope @CTIO (Chile)

Dark Energy Survey



DARK ENERGY
SURVEY

DES programs 
Wide: 5000 sq deg (1/8 of the sky & data for 300 Million galaxies) 
SNe: 30 sq deg ~every week 
Neutrinos: follow-up of Icecube events 
GW: follow-up of LIGO/Virgo events

Dark Energy Survey



Observing at CTIO
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More than Dark Energy
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Redshift
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Redshift
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Galaxy morphology

Thanks to: Galaxy Zoo/SDSS



Redshift
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Galaxy redshift

Just like Doppler shift for sound waves, 
but for electromagnetic waves.

1 + z ≡
λoss

λem
Galaxy spectral  

energy distribution  
(SED)
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Our odd but successful model

NASA/WMAP
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The Universe’s expansion



Hubble, 1929

A galaxy’s velocity/redshift is 
proportional to its distance
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Lemaitre

Hubble

Distance from variable stars
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ds
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ft

v = H0dL
cz = H0dL

Note: approximation

Anything wrong with this plot?
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The Universe is accelerating, 1998

2011 Nobel prize 

Supernovae as standard candles
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Dark Energy (DE)
• Something invisible all around us, that pushes the 

“spacetime mesh” apart instead of pulling 

• Most successful cosmological model - flat                        
: spatially flat expanding Universe where       and 
CDM (Cold Dark Matter) are the main components 
at times close to present. Works well with just 6 
parameters! 

• Makes up ~70% of the mass-energy of the Universe 

• Describe DE as a fluid, with its “Equation of state 
parameter” w 

• Cosmological constant     : energy density 
constant in time, w=-1. 

• It could be an actual field, or a modification of 
gravity 

• Dynamical DE (CPL):

ΛCDM
Λ

The Universe pie

Λ

P = wρ

w(z) = w0 + wa
z

1 + z



Cosmological constant - the prequel

• 1917: Homogeneous, isotropic, 
closed static Universe 

• Based on local observations of stars
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• 1931: Einstein’s denial
• The static solution is unstable! 
• “The biggest blunder he has ever 

made in life”

“Einstein’s mistake was not that he 
introduced the cosmological constant - it 

was that he thought it was a 
mistake” (Weinberg 2008)

Rμν −
1
2

ℛgμν = 8πGTμν + Λgμν



Universe dynamics, perturbations & cosmological parameters

From Einstein’s equations:DARK ENERGY
SURVEY

··a
a

= −
4πG

3
(ρ + 3P)

·a2

a2
+

k
a2

=
8πG

3
ρ

Friedmann eq:

Acceleration eq:

→
k

H2a2
= Ω − 1

Curvature

Hubble parameterScale parameter

Ω ≡
ρ
ρc

Density parameter

Reference: Scott Doldelson - Modern Cosmology



Perturbed Universe & cosmological parameters
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• CDM is the dominant component in the evolution 
of perturbations, DE only contributes on a global 
level 

• Over-dense regions where gravity is stronger 
than the background expansion can become 
denser and denser. DM halos can then form in 
the most overdense regions, followed by the 
cosmological structures we observe today 
through a hierarchical formation (i.e. smaller 
structures form first).  

Reference: Scott Doldelson - Modern Cosmology



How do you measure DE?
DARK ENERGY
SURVEY DE leaves 2 observable imprints:

Geometry of the Universe 
Increases distances and volumes 

Supernovae (SNe) 

Gravitational wave (GW)  

Baryon Acoustic Oscillations (BAO) 

Cosmic Microwave Background (CMB)

Growth of cosmic structure 
Suppresses the growth 

Galaxy clustering 

Gravitational lensing 

Galaxy clusters

Standard candles

Standard sirens

Standard ruler



How do you measure DE?
DARK ENERGY
SURVEY DE leaves 2 observable imprints:

Geometry of the Universe 
Increases distances and volumes 

Supernovae (SNe) 

Gravitational wave (GW)  

Baryon Acoustic Oscillations (BAO) 

Cosmic Microwave Background (CMB)

Growth of cosmic structure 
Suppresses the growth 

Galaxy clustering 

Gravitational lensing 

Galaxy clusters

The effects of DE can also be mimicked by 
variations in other cosmological components, 
other physical models, and systematics

With DE experiments, we are interested in a set of 
cosmological parameters, measured by combining 
different, complementary probes/experiments

DES
Standard candles

Standard sirens

Standard ruler

This is really cosmology = studying dark energy



Measuring cosmological parameters
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• Ellipses/banana contours are region of the parameter space that are allowed 

• Can shrink your statistical uncertainty by using more data

Statistical 
uncertainty

Statistical + Systematic 
uncertainty

PROBE 1 PROBE 2

PROBE 1+2

Cosmological parameter x
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SNe Ia as standard candles
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d L

Distance 
Modulus

SNe Ia as standard candles
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d L

z

Distance 
Modulus

Host galaxy redshift

SNe Ia as standard candles
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Modulus

Host galaxy redshift

SNe Ia as standard candles
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d L

Distance 
Modulus

z
Host galaxy redshift

dL(z) = (1 + z)∫
z

0

c dz′ �
H0E(z′�)

H0dL ≃ cz E(z) = Ωm(1 + z)3 + ΩΛ

Local Universe: z ≳ 0.1 :

Hubble constant Other cosmological 
parameters (inc. DE)

SNe Ia as standard candles
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First DES Supernovae results

• 207 DES Y3 spectroscopically confirmed 
SN 

• ~10% of final DES sample 

• Size <1/3 state-of-the-art combined SN 
sample, w constraints only larger by1.4x: 
remarkable DES light curves quality 

• + low-z + Planck 2016 

• Consistent with w=-1 (cosmological 
constant)

DES 2019 1811.02374

w = − 0.978 ± 0.059

DES 2019 
Brout+2019 
Hinton+2019 

Macaulay+2019 
….

matter density 
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Supernovae & BAO

NASA/JPL

Fluctuations in the 
density of matter, 

caused by 
acoustic density 

waves in the 
primordial plasma
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Gravitational lensing

NASA/JPL

When light passes massive 
structures, it feels gravity 
and its path gets bent  

This causes shifting, and 
magnification, and 
shearing of the galaxy 
image  
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Gravitational lensing

https://cdn.spacetelescope.org/archives/images/wallpaper5/potw1506a.jpg
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Galaxy clusters and galaxy clustering

Galaxies trace the dark 
matter distribution.
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DES vs the rest

• DES Y1 3x2pt (weak 
lensing+clustering) & BAO + Y3 SNe 

• Consistent with flat LCDM 

• First photometric experiment rule 
out a Universe with no Dark 
Energy by itself

DES 2019 1811.02375
matter density 

D
E 

eq
. o

f s
ta

te
 w

DES

Everyone else



DARK ENERGY
SURVEY

DES Y3/Y5 projections
Fermilab highly involved in Y3 cluster cosmology 

• More constraining 
than current CMB 
measurements of 
these parameters 
(historically, the most 
powerful cosmic probe)

• Y5/Y5 analysis will be 
even more constraining! 

Figure: Michael Troxel

Projection 
based on 
statistical and 
analysis 
improvement - 
not data

Contour 
position is 
artificial 
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Is the Universe boring?

We may just keep on measuring Lambda to 
higher precision without understanding what 

it is.
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Game of tensions pt 1

• DES Y1 & CMB (most powerful cosmic 
probe, historically) measure matter 
density and S8 with equal strength 

• Mild visual tension

• Future DES measurements will be 
able to confirm consistency or show 
tension

DES 2019 1708.01530



DARK ENERGY
SURVEY

Hubble constant tension

• 4.4 sigma discrepancy between 
early and late time Universe 
measurements  

• Systematics or new physics?

Riess+2019

DES SN+BAO



2017 Nobel Prize



2017 Nobel Prize

LIGO Lab



GW170817 & the first kilonova
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• The first 
confirmed 
collision 
between two 
neutron stars 

• First GW+EM 
detection 

• Source of 
heaviest 
elements 
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Standard sirens

Dark sirens

No EM counterpart: potential host galaxies

DES galaxies 

Soares-Santos+DES 2017 

Bright sirens

Unique host galaxy
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@darkenergysurvey
@TheDESurvey
@EllaPalmes
palmese@fnal.gov

As we narrow down the possibilities and allowed 
theoretical models, the hope is that one day we will be able 

to understand dark energy.

http://darkenergysurvey.org
mailto:palmese@fnal.gov


Back-up slides
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Host galaxy of GW170817

DECam HST

Palmese+DES (2017) arxiv:1710.06748

Suggest that galaxy mergers can boost the formation/merging of binary neutron stars 

DECam

https://arxiv.org/abs/1710.06748
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NGC 4993: a recent galaxy merger

Shells are arcs of enhanced surface brightness corresponding  
to higher stellar densities, relics of a galaxy merger

http://hubblesite.org/video/558/news/4-galaxies

http://hubblesite.org/video/558/news/4-galaxies
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Gravitational waves
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Dark Energy Spectroscopic Instrument

Commissioning ongoing 
Start April 1st  
Whirlpool galaxy

The Dark Energy Spectroscopic Instrument (DESI)  
First light - April 1st 2019 (Commissioning)
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Dark Energy Spectroscopic Instrument

DESI

Fermilab involvement crucial for construction & operations 
5000 fibers spectrograph at Kitt Peak (AZ) 
3D map of the Universe out to z~2 
Almost all of the Northern sky over 5 years
Main probes: BAO & RSD 
Stage IV DE experiment: improves DES DE constraints by a factor ~10
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Dark Energy Spectroscopic Instrument

Prospects for standard sirens: 
• Bright sirens: 

Host galaxy redshift and peculiar velocities 

• Dark sirens: 
More precise-end of forecasts

Palmese+DESI time domain WG 2019, arxiv:
1903.04730 

DESI

Fermilab involvement crucial for construction & operations 
5000 fibers spectrograph at Kitt Peak (AZ) 
3D map of the Universe out to z~2 
Almost all of the Northern sky over 5 years
Main probes: BAO & RSD 
Stage IV DE experiment: improves DES DE constraints by a factor ~10
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Combining DE experiments

• Combining upcoming GW H0  
constraints + future CMB + 
BAO significantly improves 
constraints beyond  

• Factor up to 3 improvement 
on dynamical DE parameters 

• In a few years from now: DES 
Y5+DES-GW?

ΛCDM

ΛCDM + Ωk + Σmν + w0 + wa

Ωk

wa

wa Ωk

Σmν

Σmν

H0

H0w0

Di Valentino, Holz, Melchiorri, Renzi 2018

DESI+CMB+GW
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LSST

• Serendipitous discoveries of KNe 

• KN Redshift reach of different experiments 

• Potentially detect most KNe at A+ 
sensitivity: no need to rely on GRB only 

• LSST & WFIRST ongoing activities for 
potential GW follow-up

• 10 deg FoV
• Entire Southern sky every few nights
• FoM improvement by factor ~10 

compared to Stage-III

Credit: Collett et al. 
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Galaxy evolution
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Galaxy Stellar Mass [ log Msun ]
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z=0 blue
population

z=0 red
population

z=0.5

green
valley occupant

∆M*,red >> 0

blue galaxy

multi-merger
mixed ∆M*,red > 0

no red-sequence
growth, ∆M*,red = 0

rejuvenation
based growth

Nrejuv = 1

low-state BH
FB induced
reddening
∆M*,red ~ 0

quasi-equilibrium SF 
FB regulated growth 
and color oscillations

“firefly”
galaxy

no low-z
growth

blue
galaxy
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Views from CTIO video

http://www.apple.com
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Galaxy SED


