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How we detect
dark energy
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Supernova cosmology

distance apparent abs stretch

Light curves (Brout et al. DES 2019)
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Discovery
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An insight into quantum gravity?

Why | find dark
energy
Interesting...




Cosmological constant / vacuum energy

Finstein’s equation with a cosmological constant:

St

G/w - Ag/w = v T/w

Can be rearranged to instead have vacuum energy:
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Vacuum energy is predicted by guantum physics,

and mathematically identical to a cosmo. const. when:
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PAC

So why isn't dark energy solved?

Quantum field theory predicts every
mode of every quantum fielc
contributes zero-point energy.
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Let’s measure it more precisely...

The Dark Energy
Survey (DES)






Dark Energy Survey

570 mega-pixels
10 years designing
6 years observing

Approximately:
2543 million galaxie
2 145 million stars
2700,000 asteroids
220,000 supernovae




A 2dF night at the

Anglo-Australian Telescope

Australian Government

Department of Industry

Innovation, Science, Research
and Tertiary Education

by Angel Lopez-Sanchez
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The DES Sample

The largest and deepest SN sample

from a single telescope ever compiled
25() - Pantheon+ compilation
(combines 17 SN surveys)

» Approx 1500 new high-redshift 2004 "~ 7! DES-SN 3Y (2019)
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The DES Sample

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

» Approx 1500 new high-redshift
supernovae O
. 80% of SNe la (z > 0.5) <
* Focus: systematics control B
 Hints that dark energy may ST
change with time
Pantheon+ and DES-SN5YR sample
Union compilations DES 2024
Brout et al. 2021 Approx 1500 new SNe la

Rubin et al. 2024 Photometrically classified
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Pantheon+ compilation
(combines 17 SN surveys)

771 DES-SN 3Y (2019)
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The DES
Supernova
Light Curves

All of our SN la light curves
(offset by redshift)

il sk

Normalised SN flux, offset by redshift
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DES Hubble Diagram

Magnitude (DECam)
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Brightness

DES Analysis Detalls
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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 la:
Machine
Learning

A %

4. Modelling:
SN dust,
progenitors,
physics

DES-SNS5YR analysis overview

Data:

- Calibration (Burke et al. 2018, Brout et al. 2022, Rykoff et al. 2023)
- SN photometry (Brout et al. 2019, Sanchez et al. 2024)

- SN spectroscopy (Smith et al. 2020a)

- DCR and chrom (Lasker et al. 2018, Lee&Acevedo et al. 2023)

- Host galaxy redshifts and properties (Lidman et al. 2020, Carr et
al. 2021, Wiseman et al. 2020/2021, Kelsey et al. 2023)

Simulations:
- Survey selection effects (Kessler et al. 2019a, Vincenzi et al. 2020)

- SN Ia intrinsic and dust properties (Brout&Scolnic 2021, Popovic
et al. 2021a/b, Wiseman et al. 2022) and rates (Wiseman et al. 2021)
- Contamination (Vincenzi et al. 2019/2020, Kessler et al. 2019b)

Analysis:

Pipeline and Overview (Hinton et al. 2020, Vincenzi et al. 2024)

- Light-curve fitting (Taylor et al. 2023)

-SN classification (Moller & de Boissiere 2020, Qu etal. 2021,
Vincenzi et al. 2021, Moller et al. 2022)

- “BEAMS” and bias corrections (Kessler & Scolnic 2017), unbinning

the SN Hubble diagram (Brout et al. 2020, Kessler et al. 2023)

- Effects of host galaxy mismatch (Qu et al. 2023)

- Cosmological contour validation (Armstrong et al. 2023)

Cosmological results: DES Collaboration 2024
Testing non-standard cosmological models (Camilleri et al. 2024)




DES Analysis Detalls

Set new standards in multiple areas

Photometry calibrated to 5mmag accuracy
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The first SN la cosmological analysis to

use a new light-curve model: SALT3

- SALTS 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.

Georgie Taylor et
al. 2022

Reference cosmology \Y¥
(open symbols)

(Qm, Qa, W)

v 0.315, 0.685, —1.05

0.315, 0.685, —1.00

O 0.315, 0.685, —0.95

¢+ 0.315, 0.685, —0.90

A 0.315, 0.685, —0.80

o 0.350, 0.650, —0.80

Best fits
(closed
symbols)

Validated contours, assumptions,

and uncertainties

- Only weak dependence on simulation
cosmology

- Contour sizes are accurate (including at the
extremes)

Patrick Armstrong et
al. 2022
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Ryan Camilleri et

Deep dive on host al. 2024

galaxy associations

- Host Mismatch systematics
are less than 10% of total
error budget.

% -
Helen Qu
et al. 2023



DES Analysis Detalls

Set new standards in multiple areas

SuperNNova (Anais
Moller et al. 2019)

100 Photometric classification - Intrinsic origin: Modelling correlations
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The DES Hubble Diagram
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Distance modulus

Residuals from

DES SN Cosmology Results: ACDM
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How far have we come?
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How far have we come?
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Three by two-point (3x2pt)

Three two-point correlations
calculated simultaneously.




Three by two-point (3x2pt)

Three two-point correlations
calculated simultaneously.
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DES SN Cosmology Results: wCDM
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Supernova data sets agree
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DES SN Cosmology Results: wowaCDM '

W=Wo+Wg(1l-a)

L . DES-SN alone
w, # 0: time varying dark energy

n ) . . . (1 . b
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April 2024: DESI finds similar result to DES!
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April 2024: DESI finds similar result to DES!
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April 2025: DESI update
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Popovic et al. 2511.07517

DES-Dovekie

New cross-calibration available for SNe!

Improve photometric cross-calibration between
DES and low-z supernovae:

o Utilise measurements

e Use to better model filter
transmission

* Improve and error models

Meanwhile also fixed two poor approximations:
1. The approx to the host galaxy colour law

2. A bug that slightly under-weighted the
calibration uncertainties



Em DES-Dovekie (SN-only)
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Criticisms and debate

See Paul Shah’s talk tomorrow!

Scrutiny of
supernova
results



Wy

B DESI BAO + CMB + Pantheon]

George effects

-fstathiou 2024 noticed shift of 0.042 mag between SNe in common g Shbb i
oetween Pantheon+ and DES -l <08 06 -04

- DES much more complete, therefore

, , O DES-SN5YR (P(la) > 0.9)
smaller bias corrections (0.016 mag)

_. 251 0 A0
Reasons: n h a/0)8
cv . O
52449
- Improved intrinsic scatter model thanks to = c
- : — O
four colours to high-z (0.008 mag) S 53] -
=
- Deeper imaging in DES gives better host %
T 22 1
masses (0.010 mag) o
(C
4
(O
@
Q.
p
2

N

=

|
<--- Brighter

20 A . . Pantheon+
® (DES-SN3YR sub-sample)
And even with these changes, and new data, the contours 9> pa 06 08 10 1.2
between Pantheon+ DES-SN5YR, and Union3 are all consistent! Redshift

You expect scatter in observations — and they all overlap at the 1sigma level.



Strong Progenitor Age-bias in Supernova Cosmology. II.
S O N effe Ct S Alignment with DESI BAO and Signs of a Non-Accelerating Universe

Junhyuk Son,* Young-Wook Lee, Chul Chung,$ Seunghyun Park and Hyejeon Cho

Department of Astronomy & Center for Galaxy Evolution Research, Yonsei University, Seoul 03722, Republic of Korea

Hubble residuals correlate with

galaxy age (well known).

Fainter | = a ' '

- ! z <045
0.5 | ? Gupta+11-
o L J
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-
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QO
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o

irs

-

m

-05 =
- Slope = -0.047 mag / Gyr (3.230)
g - (-0.025 / Gyr, 4.20

Brighter (1 SR ?) 1

0 > 10

Host Age (Gyr)

Attempts to correct this....

Before “correction”

, BAO
| WM BAO + Panth.
| B BAO + DES5Y

10 —08 —06 —04 -0.2
Wo

After “correction”

i
|
|
——————————————————————————————————————————————————————————— —

After Correction

BAO + (corrected) Papin.

B BAO + (corrected) 2ES5Y

A

Z10 —087-06 -04 -02
Wo

Finds much greater discrepancy with ACDM



Still Accelerating: Type Ia supernova cosmology is robust to host galaxy

Host galaxy age correlates with stellar mass age evolution

Chung et al. 2025 SNe
Phil Wiseman!*, Brodie Popovic!, Mark Sullivan!, Adam G. Riess*>, Dan Scolnic*, Rebecca C. Chen>%7,

LINMIX median fit P9 Tamara M. Davis®, Lluis Galbany”!°, Isobel M. Hook!!, Saurabh W. Jha!?, Lisa Kelsey!?, Yukei
gl LINMIX Fit: 1.553 #2178 Gyr/dex (8.80) *. .. S. Murakami?, Mickaél Rigault'4, Benjamin M. Rose!”, Brian Schmidt!'®, Mat Smith!!, Maria Vincenzi!’
- 1,993 _pa73 .00 L % o -
' _ > o Liee |l
i

10

Explanation:

Host Age (Gyr)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

- They omit the host-galaxy
mass correlation (reinstating
it finds no additional trend
with galaxy age)

85 90 95 100 105
. . Host Stellar Mass log(M /M)
- They predict strong redshift

evolution of the host mass i
effect (but DES measured 014y -3
evolution and found it 012} L R
consistent with zero) - "
o a0
- They confuse host galaxy sl »
age with supernova a | | 5 N | M L e s e T
w 0.06F 1.4 1.6
progenitor age, (thus &
overestimating the progenitor O
age evolution by a factor of 0.02
3-5). _
0.00




Slide from Taylor Hoyt

A. Discrepancies and Inconsistencies in Pantheon+
Systematic, redshift dependent bias in host mass estimates

PanPlus vs. Union Host Masses

I I I 6) | l Z'<I ' | | ' IZ< . aIII— z<U. | | ourllaiolnz<l . I | | l Z<I . I | | | 'Z<I . I 1

* O5dex SyStematIC b|aS In Pantheon+ masses I Z]?;Sg(MasosJS) o ZI}IAI;Z(Mas(;m) 0 1;LongTl\l/Ilsil{sI;S‘( 019 o 1;Logﬂ\t/las(s o) gilz(gMe?siS) 0 z%zi](Ma5215) ]
eStImated to Z<O1 5 SN hOSt gaIaX|eS i 0) &0;5601310.040 Rfag-l_!-nan ]:[0;62936i0.053 ]:]0;4113901 0.020 ]:]0;4608310.040 &0;9819110.369 |

1.0r S SDSS(z > 0.15) SNLS(z > 0.15) Pan-STARRS(z > 0.15) Foundation(z > 0.15) CSP(z > 0.15) LOSS(z>0.15)
. . . . I ALogMass ALogMass ALogMass ALogMass ALogMass ALogMass

. DeStroyS Internal Se|f—COnSIStency within and . ® 5 0.000 0,000 ® 003850001 ® 00010001 ® in%nan nan = nan ® un%nan

acrOSS SN Surveys i o N=216 o N=150 N=191 N=1 N=1 N=1
. . . ~ 03 O ¢ o .o ®

* This is the exact same discrepancy Efstathiou £ o o o o0 ® % o

commented on between Pantheon+ and DES ~ O%goo ¢ . Sen o o 0%
SNe. However, he claimed the DES SN = > wm-&ﬂ—am-ﬁ- Ty ————x
distances were biased, but the reality is the < f%’ o’ % 8 N : o o o
reverse. : FE s o« o o ° e o
< ‘ SUEEHS, O
. - 051 : GRS N .

« That is, the new masses estimated by | & 500 o New Pantheon+ masses introduce
Pantheon+ to 2<0.15 hosts have . e & . internal, redshift dependent bias
introduced an artificial redshift evolution ) +hi d
that both suppresses the signal for 88 N ° within Séme surveys ( 2h
evolving dark energy and biases their HO | o PanSTARRS).
to higher values.  oco® . ] 0 ° A A A -—-—--e—

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Redshift
* This mass bias results in a 0.02 mag bias in

the low redshift SN bin, which accounts for _
half the suppression of evolving dark energy Pantheon+ Pantheon+ retained
and is equal to 2/3 of the Pantheon+SHOES
total uncertainty on HO

redetermined mass published mass estimates

Taylor Hoyt — thoyt@Ibl.gov — ESO Bruno@65 HO — April 08 2025




Slide from Taylor Hoyt

Inconsistent with DES-SN5YR and Union3
at low redshift

SN distance modulus pu: DESY5

SN distance modulus p: Uniond

A. Discrepancies and Inconsistencies in Pantheon+

A systematic bias of 0.5 dex in the host masses that Pantheon+
determined for z<0.15 hosts explains ~half (0.02 mag) of this difference!

SN distance modulus wu: Pantheon+

F T rrrrnl | | I I | | L | F1T1rrrrnd | |
" 0 DESY5 : " 0 Unionj

ACDM: DESY5 ACDMI: Union3

0.10 wCDM: DESI+CMB+DESY5 - 0.10 wCOM: DESI+CMB+Union3
[ w= = wow,CDM: DESI+DESYS ] [ wo W, CDM: DESI+Union3
== oweCDM: DES¥CMB+DESY5 ! wolwe CDM: DESI+CMB+Union3
0.05 [ %
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1 — pfd

0.00 = 0.00

SN

T

—0.05 | 005}

—

" [J Pantheon+

[ —— ACDM: Pantheon+ ]
- B B wCDM: DESI+CMB+Pantheon+ -
| == = wowe CDM: DESI+Pantheon+ |
- == yowe CDM: DESI+CMB+Pantheon+

| i C] ]
7 0.05 - 7

1 010

0.00 §

{1 —o0.05f

[.)E.Sl. Cilaboratlon+25

0.5
Redshift

0.02 0.1

0.5 1 3
Redshift

0.02 0.1

—)

1

0.5 1 3
Redshift

3 0.02 0.1

This same low redshift bin iIs what determines the value of the Hubble
Constant, i.e., H(z = 0). Need independent check on Pantheon+ HO




Unite: New data compilation imminent

® DES (1546) ® PSIMD ,
3 o Low-z(591) @ SNLS (I o ~ 0 o é
5 © SDSS (255) @ HST (1(= 3_wel = Te
- |
o
&
§ T 100 7 Cg?
S 100{2  New supernova compilation
- 0 - imminent!
S Combines Pantheon+ and DES
cn  0.2- -
£ SR Includes updates to all Pantheon+
0 = :
E’CEU 0.0k supernovae to bring them up to
2 E modern standard — with latest
D +
- é —-0.2 - oo supernova models, host galaxy
7 ~ 0.001 z~1 masses, and other improvements.

Lee et al. in prep: Host galaxy masses
Camilleri et al. in prep: Cosmology results

>2800 SNe!




Lee et al. in prep: Host galaxy masses

Th e ReS U It Camilleri et al. in prep: Cosmology results

... tune in next time to find out

whether dark energy is constant
or whether dark energy changes with time
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Slow supernovae!

DES:
Time Dilation




Normalised SN flux, offset by redshift
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Normalised SN flux, offset by redshift
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Normalised SN flux, offset by redshift
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1.. Time dilation is obvious in the data (and bigger than the

Tlme dllathn measu red width-luminosity relation).

2. It you assume time dilation it gives evidence that the
—— oopulation of SN we see at high-z are the same as at low-z.
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Growth of structure

DES:
Supernova lensing
magnification



Gravitational Lensing (strong)
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Supernova lensing magnification

A4
== 1
°AQ
=B
Epe Some of this
'U . V7 . .
Z 7 ) noise” is signal.
alile

0.03 0.1 Redshift 1

The magnification is weak: ~2.5% at z = 0.5
SN la are intrinsically diverse by ~10%

Correlate Hubble diagram
residuals with foreground N

density Q N

Paul Shah et al.
arXiv:2406.05047



Supernova lensing magnification

0.6 <z<07 0.7<z2<09 09<z<1.2
15 -
s 10-
-
<]
¥ 5
g
2
2 0
L
L
- >
_5 -
-lO i ] ) ) | i ] ] ] 1 J  J il | | | 1 ] ]
=10 -8 -6 -4 -2 O 2 =10 -8 -0 -4 -2 (0 2 -10 -8 -0 -4 -2 2
Am;en5/0.06z Aﬂ'{ens/O. 062 Am{ens/O. 062

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

Can correct luminosity distances for lensing.
Moves wCDM slightly closer to ACDM: AQ,, = + 0.036, Aw = — 0.056




Supernova lensing magnification

Constrain shape of dark matter halos (consistent with NFW profile) 2406.05047
Constrain amount of dark matter in compact objects (< 12%) 2410.07956
Constrain small-scale power spectrum (k>1 h/Mpc) 250119117

Paul Shah et al.
2024 2025a,b

Smooth = small dispersion Compact objects = large dispersion



GN Reverberation Mapping

Welghlng Black Holes



Observing black holes
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MEASURING BLACK HO MASS

jets



JAMES WEBB SPACE TELESCOPE

Core of Galaxy NGC 426l CIRCINUSGALAXY|ESUO7 613
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OzDES CIV spectra

OzDES monitored 771 AGN in Hoeta, Mgll, & CIV
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Black hole masses Loe
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McDougall et al. 2026

Yes, there were big black holes early!
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Final thoughts

IS dark energy time-
varying®



Is dark energy
time varying?

w(a) is not the only option. It should be
considered evidence that a more complex

model may be required, not that w(a) is
the right model.



Ryan Camilleri et al.

Exotic Cosmological Models 2406 05048

3 447 DES-SNSYR DES-SN5YR TCMB-R + B?
2 4 Model JAAIC  AlnS x?/dof Model JAAIC  AlnS x?/dof
©
S 10 Cosmography - Third Order -0.9 -1.37 1641/1733 =0.947
§ 38 - Cosmography - Fourth Order -3.6 -4 39 1633 /1732 =) 043
©
5 Flat-ACDM 0.0 1665 / 1749 = 0.952
2 36
ACDM ~-0.10 1664 /1747 = 0.952
Flat-wow, CDM ~ -4.16 1655/ 1747 = 0.947
0.0-
Flat-wX CDM -4.17 1655/ 1747 = 0.947
~0.11 Thaw ~4.60 1655/ 1747 = 0.947
— Flat-ACDM — Flat-wfCDM - Flat-w,CDM — Thaw -== WCDM
SCG 138.03 1940/ 1748 = 1.110
0.1 FGCG : : -3.94  1657/1748 = 0.948
a + Flat thawing scalar field
SH b | | t _ GCG ~3.71 1656/ 1747 = 0.948
5 ] T {1 { NGCG N ~4.08 1655/ 1747 = 0.947
L
£ -0.11 e NGCE  — MPC oo GCG oo sco MPC -3.94 1655/ 1747 = 0.947
& IDE1 -3.70 1656/ 1747 = 0.948
o]
IDE2 : : -3.75 1656/ 1747 = 0.948
5 @ Flat time-varying dark energy
& IDE3 ~ -3.82 1655/ 1747 = 0.947
E DGP 31.11 1726/ 1748 = 0.988
9
3 DEL  —— IDE2 —— IDE3  ——- DGP  ——- GAL GAL 72.10 1808 /1748 = 1.035
0095 - DES-SN5YR ut DES-SN5YRcyt + BAO-6.
0,000 _ _——— e Flat-ACDM 0.0 0.0 1616/1665=0970  Flat-ACDM 0.0 0.0  1624/1672=0972
. bbb~ ———c—— A X ® W == ;__.-_—-\__. .
"""""""" ‘ ‘“\‘ Timescape -1.7 -1.72 1612/ 1665 = 0.968 Timescape 6.3 6.17 1637 /1672 =0.979
~0.0251 \ : ,
No strong evidence for or against Flat-ACDM

0.10 e dshift‘ 100 DES-SN alone: 3 models moderately preferred over Flat-ACDM
DES-SN + CMB + BAO: 11 (of 15) models moderately preferred over Flat-ACDM



Is dark energy
time varying?

w(a) is not the only option. It should be
considered evidence that a more complex
model may be required, not that w(a) is the
right model.

In the 1990s there was already fertile ground
for a cosmological constant, in the form of a
Ho tension, age tension, and galaxy number
counts tension. All were fixed by dark energy.



1990s... several big problems in cosmology
AGE ~ NUMBER MASS

' 7

(Some stars were older (There were too many (The amount of matter
than the universe.) galaxies at large distances.) didn’t add up.)



Relative size of universe

1990s... several big problems in cosmology
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Is dark energy
time varying?

w(a) is not the only option. It should be
considered evidence that a more complex
model may be required, not that w(a) is the
right model.

In the 1990s there was already fertile ground
for a cosmological constant, in the form of a
Ho tension, age tension, and galaxy number
counts tension. All were fixed by dark energy.

Now there are also tensions, but none are
easily fixed by a w(a) model with these best
fit parameters.



Time varying dark energy?
Dark Energy Survey w(a) Dark Energy Spec. Inst. w(a) Scrutiny “Unite” imminent
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DESI BAO + CMB
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Side quests!



