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Dark Energy Survey Supernova (DES) Cosmology Final Results 
Dark Energy Spectroscopic Instrument (DESI) Year 1 results 

New Light on Dark Energy:  
The Mystery Deepens



The AAT and its siblings
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The Dark Energy Survey 
(DES)



570 mega-pixels 
10 years designing 
6 years observing 

Approximately: 
543 million galaxies 
145 million stars 
700,000 asteroids 
10,000 supernovae

The Dark Energy Survey



by Ángel López-Sánchez
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The DES Sample
The largest and deepest SN sample 
from a single telescope ever compiled

Pantheon+ and 
Union compilations  
Brout et al. 2021  
Rubin et al. 2024 



The DES Sample
The largest and deepest SN sample 
from a single telescope ever compiled

Pantheon+ and 
Union compilations  
Brout et al. 2021  
Rubin et al. 2024 

DES-SN5YR sample 
DES 2024 

Approx 1500 new SNe Ia 
Photometrically classified 



The DES 
Supernova 
Light 
Curves
All of our SN Ia light curves 
(offset by redshift) 



DES Hubble Diagram
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Time Dilation

White et al. arXiv:2406.05050

Light curves after correcting for time dilation 

Ryan White et al.  
arXiv:2406.05050



Time Dilation
Light curves without correcting for time dilation 

Pick light curves sampling the same colours 

White et al. arXiv:2406.05050



Time Dilation
White et al. arXiv:2406.05050



Gravitational Lensing (strong)



Gravitational Lensing Magnification
• What can Type Ia supernovae tell us about inhomogeneity?

Gravitational Lensing (weak)



Gravitational Lensing Magnification
• What can Type Ia supernovae tell us about inhomogeneity?

Shah et al. arXiv:2406.05047

Some of this 
“noise” is signal.

• Technique: 
- Model matter as haloes 

surrounding foreground galaxies 
- Correlate Hubble diagram 

residuals with foreground density 
- Get shape and weight of dark 

matter haloes!

- The magnification is weak, typically ~2.5% at redshift z = 0.5 
- SN Ia are intrinsically variable by ~ 15%

Paul Shah et al.   
arXiv:2406.05047



Gravitational Lensing Magnification

Can correct luminosity distances for lensing 
- Moves wCDM slightly closer to ΛCDM : 
‣ , ΔΩM = + 0.036 Δw = − 0.056

Shah et al. arXiv:2406.05047

Detected weak lensing magnification of SNe at >5 σ for the first time 

Expected le
nsin

g sig
na

l

Put constraints on how much black holes can 
contribute to dark matter. 
Constrain shape of dark matter haloes.



DES Analysis Details

1. Building the 
Data Set: find 
SNe, calibrate 
photometry, get 
host redshifts

2. Simulating 
DES-SN5YR: 
samples that 
looks like the 
observed 
sample

3. Classify 
SNe Ia: 
Machine 
Learning

4. Modelling: 
SN dust, 
progenitors, 
physics

Days

B
rig

ht
ne

ss



DES Analysis Details 
Calibration:

Photometry 
calibrated to 
5mmag accuracy

Account for 
atmospheric 
effects

Lee, Acevedo, 
Sako et al. 2022 

Differential Chromatic Refraction

Dillon Brout

Bruno Sanchez

Jason Lee

Maria Acevedo

Scene modelling 
photometry 

Brout et al. 2019,  
Sanchez et al. 2024

Days

B
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DES Analysis Details 
Photometric classification of ~20,000 candidates:

Classifiers perform 
remarkably well:

>98.5% purity
>99.0% efficiency

Three SN classification 
algorithms
Seven non-Ia simulation 
variants (for independent 
train/test) SuperNNova 

(Anais Moller et 
al. 2019)

SCONE (Helen 
Qu et al 2019)

SNIRF (Kovacs 
& Kuhlmann) 

wCDM - Simulations w0waCDM - Simulations



DES Analysis Details 
Photometric classification of ~20,000 candidates:

Classifiers perform 
remarkably well:

>98.5% purity
>99.0% efficiency

Three SN classification 
algorithms
Seven non-Ia simulation 
variants (for independent 
train/test) SuperNNova 

(Anais Moller et 
al. 2019)

SCONE (Helen 
Qu et al 2019)

SNIRF (Kovacs 
& Kuhlmann) Effects of contamination << statistical uncertainties

wCDM - Simulations w0waCDM - Simulations



DES Analysis Details 
Simulating the sample:

From first principle… to real data: 
Data

Kessler et al 2019, 
Vincenzi et al. (2021, 2023), 

Qu et al. 2023

~6% Contamination

All sim SNe
Non-Ia sim SNe

Maria Vincenzi

Survey properties:
- observational noise, 
- cadence,
- spectro-z selection 

Astrophysical components:
- SN Type Ia + “contaminants”
- Host galaxies and dust



DES Analysis Details 
Modelling dust extinction and SN progenitors

Host galaxy 
properties

Extrinsic origin:
Modelling dust properties…

red SNIablue SNIa

Dust extinctionSN color

Rigault et al. 2019,  
Nicholas et al. 2021,  

Wiseman, Vincenzi et al. 2021,  
Brout and Scolnic 2021,  

Popovic et al., 2021,  
Chen et al., 2022

Brodie Popovic, Phil Wiseman,  
Rebecca Chen, Lisa Kelsey 

Intrinsic origin: 
Modelling correlations 

between SN age / SN host / 
SN stretch

SN progenitor
(Young/Old) SN stretch



DES Analysis Details 
Set new standards in multiple areas

The first SN Ia cosmological analysis to 
use a new light-curve model: SALT3
-   SALT3 trained on x1.5 larger data
- SALT3 goes redder (where DES has high-quality data)
- Calibration uncertainties incorporated in the light-curve 

model training as well as the fitting.

Validated contours, assumptions, 
and uncertainties
- Only weak dependence on simulation 

cosmology
- Contour sizes are accurate (including at the 

extremes)

Georgie Taylor et 
al. 2022

Patrick Armstrong et 
al. 2022

Ryan Camilleri et 
al. 2024Deep dive on host 

galaxy associations
- Host Mismatch systematics      

are less than 10% of total        
error budget.

Helen Qu  
et al. 2023



The DES Hubble Diagram

Probability of being 
a Type Ia from 
machine learning

Spectroscopic redshifts  
from identified host
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The DES Hubble Diagram

Probability of being 
a Type Ia from 
machine learning

Spectroscopic redshifts  
from identified host

Contamination  

from non-Ia



Discovery of Acceleration (dark energy)

Observers
Theorists 
/CMB

Everyone’s 
 happy

Perlmutter & Schmidt 2003
Matter density
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Hubble diagram basics
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DES SN Cosmology Results: ΛCDM

DES5YR + CMB + BAO + 3x2pt 

DES-SN alone

Matter density ΩM

D
ar

k 
en

er
gy

 d
en

si
ty

 Ω
Λ

ΩM = 0.291+0.063
−0.065

Ωk = 0.16 ± 0.16

Ωk = 0.010 ± 0.005

ΩM = 0.327+0.026
−0.032



How far have we come?

Perlmutter and Schmidt 2003



How far have we come?

Perlmutter and Schmidt 2003Perlmutter and Schmidt 2003



DES SN Cosmology Results
Combine with three probes

Baryon Acoustic 
Oscillations 

(BAO from SDSS) 

Cosmic Microwave 
Background 

(CMB from Planck) 

Two by three-point 
correlations 

(3x2pt from DES)

Alam et al. 2021;                                                                                                                Planck 2020;                                                                                      DES 2023



“Three by two point”
3 two-point correlations



galaxy-galaxy galaxy-lens lens-lens

“Three by two point”

3 two-point correlations



DES SN Cosmology Results: ΛCDM

DES5YR + CMB + BAO + 3x2pt 

DES-SN alone
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DES SN Cosmology Results: wCDM

Matter density ΩM
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Supernova data sets agree

Union3 (compilation of 2087 SNe from 24 data sets)

DES (1635 high-z SNe from DES  
+ 194 low-z from 4 data sets)



DES SN Cosmology Results: w0waCDM

Matter density ΩM

wa = − 8.8+3.7
−4.5

wa = − 0.83+0.33
−0.42

D
ar

k 
En

er
gy

 E
oS

, w DES5YR + CMB + BAO + 3x2pt 

DES-SN alonewa ≠ 0: time varying dark energy
wa < 0: dark energy EoS increases with time “Thawing”

 (>2 less than 0)

(>2σ less than 0)

w=w0+wa(1-a)



Paper published last week!
(Was accepted in March.)
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Abstract

We present cosmological constraints from the sample of Type Ia supernovae (SNe Ia) discovered and measured
during the full 5 yr of the Dark Energy Survey (DES) SN program. In contrast to most previous cosmological
samples, in which SNe are classified based on their spectra, we classify the DES SNe using a machine learning
algorithm applied to their light curves in four photometric bands. Spectroscopic redshifts are acquired from a
dedicated follow-up survey of the host galaxies. After accounting for the likelihood of each SN being an SN Ia, we
find 1635 DES SNe in the redshift range 0.10< z< 1.13 that pass quality selection criteria sufficient to constrain
cosmological parameters. This quintuples the number of high-quality z> 0.5 SNe compared to the previous
leading compilation of Pantheon+ and results in the tightest cosmological constraints achieved by any SN data set
to date. To derive cosmological constraints, we combine the DES SN data with a high-quality external low-redshift
sample consisting of 194 SNe Ia spanning 0.025< z< 0.10. Using SN data alone and including systematic
uncertainties, we find ΩM= 0.352± 0.017 in flat ΛCDM. SN data alone now require acceleration (q0< 0 in
ΛCDM) with over 5σ confidence. We find ( ) ( )W = --

+
-
+w, 0.264 , 0.80M 0.096

0.074
0.16
0.14 in flat wCDM. For flat w0waCDM,

we find ( ) ( )W = - --
+

-
+

-
+w w, , 0.495 , 0.36 , 8.8aM 0 0.043

0.033
0.30
0.36

4.5
3.7 , consistent with a constant equation of state to within

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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Abstract

We present cosmological constraints from the sample of Type Ia supernovae (SNe Ia) discovered and measured
during the full 5 yr of the Dark Energy Survey (DES) SN program. In contrast to most previous cosmological
samples, in which SNe are classified based on their spectra, we classify the DES SNe using a machine learning
algorithm applied to their light curves in four photometric bands. Spectroscopic redshifts are acquired from a
dedicated follow-up survey of the host galaxies. After accounting for the likelihood of each SN being an SN Ia, we
find 1635 DES SNe in the redshift range 0.10< z< 1.13 that pass quality selection criteria sufficient to constrain
cosmological parameters. This quintuples the number of high-quality z> 0.5 SNe compared to the previous
leading compilation of Pantheon+ and results in the tightest cosmological constraints achieved by any SN data set
to date. To derive cosmological constraints, we combine the DES SN data with a high-quality external low-redshift
sample consisting of 194 SNe Ia spanning 0.025< z< 0.10. Using SN data alone and including systematic
uncertainties, we find ΩM= 0.352± 0.017 in flat ΛCDM. SN data alone now require acceleration (q0< 0 in
ΛCDM) with over 5σ confidence. We find ( ) ( )W = --

+
-
+w, 0.264 , 0.80M 0.096

0.074
0.16
0.14 in flat wCDM. For flat w0waCDM,

we find ( ) ( )W = - --
+

-
+

-
+w w, , 0.495 , 0.36 , 8.8aM 0 0.043

0.033
0.30
0.36

4.5
3.7 , consistent with a constant equation of state to within
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Data are public

All DES data and code: 
https://github.com/des-
science/DES-SN5YR 

OzDES spectra: 
https://
docs.datacentral.org.au/
ozdes/

https://github.com/des-science/DES-SN5YR
https://github.com/des-science/DES-SN5YR
https://docs.datacentral.org.au/ozdes/
https://docs.datacentral.org.au/ozdes/
https://docs.datacentral.org.au/ozdes/


The Dark Energy Spectroscopic Instrument
DESI (different to DES!)



D E S I  F I R S T  D A T A  R E L E A S E  -  2  M I L L I O N  O B J E C T S !



D E S I  S U P P O R T S  D E S

Already mapped more than 10 million galaxies



Baryon Acoustic Oscillations (BAO)
Independent technique



Confirmation of Acceleration
WiggleZ BAO (2011)

Fig: Chris Blake



DESI BAO measurements

BGS = Bright Galaxy Survey 

LRG = Luminous Red Galaxy 

ELG = Emission Line Galaxy 

QSO = Quasi Stellar Object 

Lya = Lyman alpha forest

Arnaud de Mattia/DESI collaboration
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April 2024: DESI supports DES!
DESI finds similar result for wa

DESI Collaboration 2024

DES Collaboration 2024

DESI: wa < -1.32

DES+DESI+CMB:                           (>3 less than 0)

DES: wa = − 8.8+3.7
−4.5

wa = − 1.05+0.31
−0.27
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“It may be the first real clue we have gotten about the nature 
of dark energy in 25 years,” - Adam Riess

Argh! I h
ate 

these kinds o
f 

headlines!! 

The community goes wild! 

DES+DESI have 1+5 papers in 
top 25 of the year so far 
(all>100 citations) 

DESI paper that combines 
with DES has 325 citations 
since being released in April 
(1.7/day).



The Big Questions
• Is the Universe accelerating? 

• Is dark energy a cosmological constant? 

• How old is the Universe? 

• Does this solve the Hubble Tension?

Yes!

Maybe… (but it’s not the best fit)

Slightly younger than we thought?

No. Fit to SN alone…
…age 3% younger in LCDM than 
Planck (~0.4 Gyr younger)
…age 9% younger in w(a)CDM 
than Planck in (~1.7 Gyr younger)



Neutrino tensions
LCDM+neutrinos

• 3 degenerate mass eigenstates with minimal prior ∑ mν > 0



How far have we come?

Perlmutter and Schmidt 2003
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How far will we go?

DESI Collaboration 1611.00036

Perlmutter and Schmidt 2003Perlmutter and Schmidt 2003



How far will we go?

Perlmutter and Schmidt 2003Perlmutter and Schmidt 2003



Inverse Distance Ladder

rd 
z >1000

2.330 > z > 0.295

1.15 > z > 0.025

Sound horizon scale sets the 
scale of the Baryon Acoustic 
Oscillations (BAO)

The BAO then break 
the H0 - MB degeneracy 
of the SN

Normal distance ladder Inverse distance ladderStart at the Cosmic Microwave 
Background

Camilleri et al. arXiv:2406.05049

Ryan Camilleri et 
al. 2024



Inverse Distance Ladder

Intercept shows H0

Camilleri et al. arXiv:2406.05049



Exotic Cosmological Models

• No strong evidence for or against Flat-ΛCDM 
• DES-SN alone: 3 models moderately preferred over Flat-ΛCDM 
• DES-SN + CMB + BAO: 11 (of 15) models moderately preferred over Flat-ΛCDM

Flat generalised Chaplygin gas

Flat thawing scalar field 

Flat time-varying dark energy

Camilleri et al. arXiv:2406.05048



Projection  
effects



Projection effects
Perfect mock data for LCDM Real data



Vera C. Rubin 
Observatory 
Photo Credit: Me

Gravitational Wave Detectors 
Beyond LVK

4-metre Multi-Object Spectroscopic  
Telescope (4MOST)  

Photo Credit: : VISTA, ESO 

The Dark Energy Spectroscopic  
Instrument (DESI)  
Photo Credit: Marilyn Chung, Berkeley Lab

• DESI gives definitive measurement of 
expansion history

• Gravitational waves replace SNe as “gold 
standard” standard candles

• Next gen surveys map the entire ops Univ.  
• (And GWs look on the hidden side of the Milky Way)

• Rubin LSST makes 
movie of the sky



Solar s
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Enormous thanks to everyone involved
AAT

2dF (OzDES)

Blanco 

DECam (DES)

Mayall 

DESI



hot core

ionised region 
(size depends on 

luminosity of core)

jets Observer

time delay → size  
     → mass of black hole!

clouds of dust 
and gas 

light from clouds 
takes longer to 

reach us

AGN Reverberation Mapping
Weighing supermassive black holes



jets

AGN Reverberation Mapping
Weighing supermassive black holes



Image: NRAO/AUI;  
Perley, Carilli & Dreher

Cygnus A

With DES we can resolve much smaller…  
i.e. what’s happening in the central pixel



Weighing supermassive black holes
AGN Reverberation Mapping

62 new reverberation mapped black holes 
• 8 H  
• 25 Mg II 
• 29 C IV 

Plus 160 single epoch masses.

β



The Future
Gravitational waves “rule”



Dark Energy Survey SN Cosmology Final Results
Summary

• DES-SN5YR is the largest and deepest single-telescope SN sample to date 

• Excellent control of selection effects and contamination 

• Found hints that dark energy may vary.

DES Collaboration 2024 
Key paper 2401.0292 

Vincenzi et al. 2401.02945 

Bonus science  
Shah et al. 2406.05047 

Camilleri et al. 2406.05048 
Camilleri et al. 2406.05049 

White et al. 2406.05050 
Popovic et al. 2406.05051

• Analyse DES-SN5YR using the Bayesian Hierarchical Method UNITY 

• Updating the Low-z sample (ZTF, DEBASS) 

• DES+SDSS+PanSTARRS: a Hubble diagram of 3550 SNe Ia  

• fully independent from Pantheon+ and Union3.   

• Working on the next generation of SN samples…

Future


