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Type la Supernova:
1. SNe la as a Standardizable Candl#assical Picture
2. SNe la In Distance Ladd&Zoding Demo
3. Assessingysetematics New SurveysModern Picture

A What is a Type la supernova?

A How does it help cosmology?

A Where does the data come from?

A How can | use data for my own analysis?

A Outlookc¢ a new generation of supernova cosmology



Type la Supernovien Modern Cosmology

Part I: The Primary Challenge
Part Il: Further Standardization
Part Ill: Supernova Cosmology in 2030s




Type la Supernoven Modern Cosmology
Part |I: The Primary Challenge

¥ Tripp Standardization: applied
Y { LISOGNRPAO2LIAOLFTt & O2
¥* Host galaxy spectroscopic redshifts

Can we fif CDM to this data? No, Not yet

Distance modulus u (mag)
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Type la Supernoven Modern Cosmology
Part |I: The Primary Challenge
¢St Sa02LISak{ dzNBSéa R?2

They are limited by magnitudes
(but the exact threshold varies every day)
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Type la Supernoven Modern Cosmology
Part |I: The Primary Challenge

Sim mean

after | ¢St Sa02LISak{ dzNBSéa R?2
selection

ff M '
eect Survey limit They are limited bynagthdeS

(but the exact threshold varies every day)

How can we correct this?

Vincenzi+25



Bias Correction
We selectively observe bluer SNe & sldeclining SNe near magnitude limit
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Residual (mag)

Brightness
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Bias Correction

We selectively observe bluer SNe & sldeclining SNe near magnitude limit
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Bias Correction

A If observing condition limits the completeness of samples, the cosmology is biased
A Welkknown, wellestablished effect: Malmquist bias (we only observe the brighter or

Two ways to account for this:
1. Apply a correctiorso that
mean of corrected data = mean of true, underlying population

2. Quantify priorand fit a hierarchical Bayesian model



Bias Correction

A If observing condition limits the completeness of samples, the cosmology is biased
A Welkknown, wellestablished effect: Malmquist bias (we only observe the brighter or

Two ways to account for this:
1. Apply a correctiorso that
mean of corrected data = mean of true, underlying population
A BBC (Kessler & Scolnic 2016)
A Pantheon+, DES5YR

2. Quantify priorand fit a hierarchical Bayesian model
A UNITY (Rubin+2015)
A UNIONS3



Bias Correction

A If observing condition limits the completeness of samples, the cosmology is biased
A Welkknown, wellestablished effect: Malmquist bias (we only observe the brighter or

Two ways to account for this:
1. Apply a correctiorso that

\

mean of corrected data = mean of true population

A BBC (Kessler & Scolnic 2016)
A Pantheon+, DES5YR

2. Quantify priorand fit a hierarchical Bayesian mode

A UNITY (Rubin+2015)
A UNION3

Run a fuHscale forward model
simulation
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Bias Correction
Simulation = carbon copy of survey strategy

A Survey Strategy (rolling or folleup? Cadence? Exposure time?)

A Observing conditions (limiting magnitude, dome closure, cloud coverage, etc.)
A Photometry noise

A Lightcurve fittingg extract key parameters

35000 Simulated

30000

e Inject realistic SNe la data in simulation and ¢
How often can we recover it?
" o0 How accurate is that recovery?

5000

0

59680 59700 59720 59740 59760 59780 59680 59700 59720 59740 59760 59780

MJID MJID TITAN sim: Tweddle+ in prep.




Bias Correction

We selectively observe bluer SNe & sldeclining SNe near magnitude limit

L

cl<0.05 and Ix,l<0.4 1lcl<0.1 1 1x,1<0.40

"0 02 04 06 08 1 1. 0 02 04 06 08 ) "0 02 04 06 08

redshift redshift redshift

BBC: Kessler & Scolnic 2016



Bias Correction

Malmquist bias is not the only selection bias

Datz _ Detection/follow-up efficiency:

A Goes down with redshift
A Depends on detection/follovup strategy
A Lower efficiency = more possible bias

Tweddle+ in prep.
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Bias Correction

Malmquist bias is not the only selection bias

True color (sim)

Detection/followup efficiency:

A Goes down with redshift

A Depends on detection/follovup strategy
A Lower efficiency = more possible bias

Parameter noise:
A SNe get overor undercorrected when
noise makes the observed color or stretc
- deviate from true values

SALT3 c observed
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Murakami+ in prep.



Bias Correction

With realistic simulation, we can correct the mean population of data back to the unbiased mean

[ Sim mean
after
selection
effect

Survey limit Survey limit

Frequency
4
Frequency

Vincenzi+25



Bias Correction

With realistic simulatiory we can correct the mean population of data back to the unbiased mean

Ve

X gKFdG Aa | aNBFtAAGAOE aAaydzZ FdAz
How do we determine the SNe la population to inject?



Bias Correction
Selecting parameters for simulated SNe la

Shallov* Shallow
65 29 62
22

What we can change:

A Input population
(distribution of SNe la
properties over redshift)

Number of SNe

What we cannot change:
A Survey information
A Physics of SNe la
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DES simulation: Vincenzi+2020



Bias Correction

Selecting parameters for simulated SNe la

What we can change:

A Input population Choice of input population introduces

(distribution of SNe la _ e
properties over redshift) systematic uncertainty:

What we cannot change:
A Survey information
A Physics of SNe la



Bias Correction

Selecting parameters for simulated SNe la

Effect on biasorrected mag,

X\VTﬁgl‘J"t’epg;&gzsr?ge: per systematic, per SN
(distribution of SNe la
roperties over redshift ,
PP ) OA(usys)z,,
What we cannot change: T4 0SYS;
A Survey information '
A Physics of SNe la

Dhawan+2020
Uncertainty of the parameter in question

Rerun full simulation, applyiascor assess its effect numerically, and repeat!



Bias Correction

Systematic Covariance Cg,

Selecting parameters for simulated SNe la

What we can change:

A Input population
(distribution of SNe la
properties over redshift)

—0.0010

What we cannot change:
A Survey information
A Physics of SNe la

=

Pantheon+ systematic covariance matrix: Brout+2022



wCDM Error Budget

Bias Correction

Milky Way Extinction
SN Ia Astrophysics

Selecting parameters for simulated SNe la

What we can change:

with CMB Prior

A Input population This dominates the
(distribution of SNe la systematic uncertainty
properties over redshift) as of 2026

Weyst only 0.0174

What we cannot change:
A Survey information

MW Scaling

A Physics of SNe la
DES5YR reanalysi Je— e 0.005

Popovic+25 et

0.000
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wCDM Error Budget

Bias Correction

Milky Way Extinction

Selecting parameters for simulated SNe la SN Ia Astrophysics

What we can change:

with CMB Prior

A Input population This dominates the
(distribution of SNe la systematic uncertainty
properties over redshift) as of 2026

Weyst only 0.0174

What we cannot change: A How can we reduce this?

A Survey information

MW Scaling

A Physics of SNe la
DES5YR reanalysi Je— 0.005
Popovic+25

0.000



SN 2011fe

Pushing the empirical

Brightness

Residual (mag)

SALT3 x1

Fasta declineA slow

Residual (mag)

-0.1 0.0
SALT3 ¢

Bluea colorA Red

Residual (mag)

correction to the limit: host galaxy ndeysendency
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I A A YNhdspEE O2NNBOUAZ2Y KI &
A Easy to implement (completely empirical)
A Removes most of the host dependency (~0.05 mag |dg

A Problem: Not physiedriven

8.5 9.0 9.5 10.0 105 11.0 115
Host Galaxy Log Mass

Bluea host galaxyd Heavy



low mass: logmass < 9.5
mid mass: 9.5 < logmass < 10.3
high mass: 10.3 < logmass

0.0 0.1
SALT2 c

Murakami & Scolnic 2025

Host massiependency is
SN colordependent:

A Attribute it to Dust (BS21)

A Efficiently reduces scatter
A Success in Pantheon+, D
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Rr ® Sy . -
e I N ;. ‘ wCDM Error Budget

P - ety e, | = Wsrar 0.1164

Milky Way Extinction

Weyst oniy 0.0823 SN Ia Astrophysics

What we can change: [

A Input populatlon Now includes BS21 moddt
(distribution of SNe la —

inty!
properties over redshift) Uncertainty!

Weyst only 0.0174

Model SN Age (W22)
0.010

P23 SYS3

DESS5YR reanalysis
Popovic+25

0.005

0.000



The Universe is Decelerating and
Standard Candles Aren't So Standard
According to a New St

By Brian Koberlein - November 13, 2025 01:47 PM UTC | Cosmolqg

Decelerating Phase, Study Suggc

Nov 6, 2025 by News Staff

Published in
Astronomy
Featured

* Physics

New research from Yonsei University in Seoul, Korea, casts dc
long-standing theory that dark energy is driving distant gala:
increasingly faster; instead, it shows no evidence of an accele
Universe. If the results are confirmed it could open an entirel
in scientists’ quest to uncover the true nature of dark energy
‘Hubble tension, and understand the past and future of the U

Tagged as
Baryon Acoustic
e\ Oscillation
¢ Cosmic
Microwave
Background
Dark energy
f Expanding
Universe
Galaxy
RS Hubble Tension
Standard candle
Standard Model
Type la supernova
Universe
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\ V/ /
Scientists
Observe
Electrical

Discharges on
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Our Universe Has Already Entered

e Watch Subscribe

Science

SCIENCE + 6 MIN READ

Are astronomers wrong about dark energy?
New study casts doubt on universe’s
accelerating expansion

UPDATED NOV 20, 2025

By 9 Jacopo Prisco
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AGE-LUMINOSITY EFFECY

Nermbers of papers have deobated
owver the exact extent and the
correct Interpretation of Age-

L orminosity effect for SMe \a,

including..__

Rose+2019; Kang+2020,
Rose+2020; Lee+2020"

Zhang, YM+2021; YM+ 202\,
Chung+2023; Ching+202%,
Son+2025%

of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 538, 3340-3350 (2025) https://doi.org/10.1093/mnras/staf497
Advance Access publication 2025 March 27

Strong progenitor age bias in supernova cosmology — I. Robust and
ubiquitous evidence from a larger sample of host galaxies in a broader

of the
ROYAL ASTRONOMICAL SOCIETY

g MNRAS 544, 975-987 (2025) https://doi.org/10.1093/mnras/staf1685
Department of A Advance Access publication 2025 November 6

Acecpred 20254 Strong progenitor age bias in supernova cosmology — I1. Alignment with

DESI BAO and signs of a non-accelerating universe

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

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

the Universe’
the propertie
In this study,
between SN T Accepted 2025 September 29. Received 2025 September 28; in original form 2025 August 28

of the host ga

ABSTRACT

Supernova (SN) cosmology is based on the key assumption that the luminosity standardization process of Type Ia SNe remains
invariant with progenitor age. However, direct and extensive age measurements of SN host galaxies reveal a significant (5.50)
correlation between standardized SN magnitude and progenitor age, which is expected to introduce a serious systematic bias with
redshift in SN cosmology. This systematic bias is largely uncorrected by the commonly used mass-step correction, as progenitor

linear regress
age and HR,
similar or sli
findings robu
is currently n




S25:
1. Host galaxy age correlates with HR
2. This correlation is applicable to progenitor age

z <045
Gupta+11

|
Hubble Residual

o
G
€
o 0.0
3
o
n
u
o

o
[N

Slope = —-0.047 mag / Gyr (3.230)
(=0.025 mag / Gyr, 4.200)

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5

Host Galaxy Log Mass Host Age (Gyr) Ch ung+2025

Bluea host galaxyy Heavy Younga host aged Old




{HpPpY ! LI ASA al 3S

Q: why is this fundamentally different
from how SNe la cosmology is done?

a K

Fainter

Brighter

Fainter

Brighter

ATGO LINBRAOGAZYE

0.6
Redshift (z)

m=0.30, Qye=0.00
1m=0.30, Qge=0.70, Wo=-1.00, w,= 0.00

Q,

m
» Dbin

0.6
Redshift (z)

m=0.35, Qge=0.65, wo=-0.42, w,=-1.75
n=0.32, Que=0.68, wp=-0.75, w;=-0.86 .
ned DES5Y data
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[HpY LI ASE al IS aKATO LINBRAOUGUAZ2YE

Fainter
0.3

Q: why is this fundamentally different

0.2

from how SNe la cosmology is done? i

0.0 e

-0.1

A:
Bias correction is based on observables ks
A2S R2yQl 2dzad Ll
A Need simulations to obtain f(z,aX X 0

0.6
Redshift (z)

Fainter

Selection effect:

A At higherz, we only observe brighter
6a2f RSNEUV LJ2 Lz | U

A This reduces the average age shift

0.6
Redshift (z)
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DES covariance matrix
already includes this effect!

LJLJ A S a - 3S aKATO LINB

Model SN Age (W22)

0.2 0.4

0.8
Redshift

0.6

1.0
Wiseman+26

0.12

0.10

0.08

Wosyst only 0.0823

wCDM Error Budget

Werar 0.1164

Calibration & LC Model
Milky Way Extinction

Oint model

MW Colour Law

¥ Evolution

a Evolution

WS ATy

Model SN Age (W22)

P23 SYS2

P23 SYS1

BS21

0.0251

0.020+

0.0154

0.0101

0.005

0.000-

SN Ia Astrophysics

with CMB Prior

Weyst only 0.0174

E— 7 7

- MW Colour Law

_ v Evolution

- B Evolution
—

Mass Step Loc.

SA 3+Calibration

MW Scaling
_ Model SN Age (W22)

P23 SYS2

BS21



{HpPY LI ASE Gl 3IS &aKATOU LINBRAOUAZ2YE (2

DES5YR host specequirement makes strong sampli

DES covariance matrix preference toward highmass hosts

already includes this effect!

9 10
Host Log Mass

Redshift Wiseman+26 Image: YM
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S25: says Hubble Tension can be solved with age

Indeed, a recent study by D. Scolnic et al. (2025) indicates that
the Hubble tension is becoming even more severe in this case. If
this possibility is confirmed by direct age measurements of stellar
populations in host galaxies, even a 2-3 Gyr difference in the average

age between the s¢ . Ing 11d_significantly reduce

~1) the value of the
Hubble constant while increasing its systematic error. This, in turn,
could substantially alleviate the Hubble tension.

Problem solved!

al

0 S

4 ,
aKz2dAd R



S25: says Hubble Tension can be solved with age

0.00}
(

Low-mass Q (logsSFR < —11)
== == Low-mass SF (logsSFR > —10.5)

===+ High-mass Q (logsSFR < —11)
High-mass SF (logsSFR > —10.5)

Murakami+26

Cepheid hosts = St&iorming = produces young SNe

A Hubbleflow SNe are limited to those from
star-forming galaxies (Riess+22)

A Age effect is nonexistent
even if S25 model is correct



S25: says Hubble Tension can be solved with age

W ALL after mass-step Further analysis with DES data:
— High-mass, after bias correction A 825 mOdel |S |nconS|Stent Wlth data
pepe|  High-mass, before bias correction . .
A Even less likely that this affects H

TITAN hosts
+ C25 slope
Borp = —1.00 DES-SN5YR low-z sample after mass standardization and bias correction
Late-type hosts Early-type hosts
Emin Bprp = —1.07 Mass step: 0.00 % 0.02 mag Mass step: 0.03 £ 0.04 mag

MM 40 Myr
KX 300 Myt Borp = —1.13

TITAN hosts
+ W26 slope

—
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Borp = —1.00 2
0
3
T

Morphological difference:

0.037 £ 0.019 mag

8 Late type hosts
Early type hosts
9.0 9.5 10.0 10.5
Host Stellar Mass log(M /M)

Bprp = —1.07

BDTD - —1 13

—0.025 0.000 0.025 0.050 0.075 0.100 0.125 0.150
Agp.gHR [mag]

Murakami+26 Wiseman+26
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Part |I: Further Standardization / hosiependent bias corrections

A Known hostdependency is already taken care of (mostly) w/ empirical methods
A The above limits uncertainty at the level relevant with nrgen surveys
A Ongoing efforts: build even more realistic, physically driven simulation

.ow-mass QQ (logsSFR < —11)
(log sSFR > —10.5)

Residual (mag)
|

o
N}

¢ low mass: logmass < 9.5
mid mass: 9.5 < logmass < 10.3
¢ high mass: 10.3 < logmass

8.0 8.5 9.0 9.5 100 105 110 5 e - -
Host Galaxy Log Mass ' ~ SAT2c
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Somet hing I's about to happ

HST high-z| current samples —————————————— =5
DES-SN 207 / 1635

SNLS 242
ESSENCE
PS1 MDS
SDSS-I
Calan/Tololo
CfAl
CfA2
CfA3
CfA4
CSP-|
CSP-Il
LOSS (DR1+DR2)
Foundation
SOUSA (Swift)
CNIla0.02

Survey type

I low-z

Mid-z

11/46 I High-z

107t
Redshift




next-gen dataset

Roman ~10,000

LSST DDF ~10,000

LSST WFD ~150,000

TITAN DR1 : L ~5,000 (~3,000 host spec-z)

Nextgen datasets completely
changes the picture!

DES-SN 207 /1635
SNLS 242
ESSENCE 113
PS1 MDS 365 .
Lowz: 15X Increase
Calan/Tololo _— 29 . .
CfAl : , I RS M d_ . 10
— id-z: 10x increase
CfA3 S x z Ee—— 185 - . .
B st Highz: 100x increase
CSP- = : : — 123
CSP-I S 214
LOSS (DR1+DR2) R S z z p—— 243
Foundation : : ——— 180
SOUSA (Swift) — = = . =120
CNIa0.02 — =100 Survey type
C ~97 I low-z
A; Mid-z
- 11/46 B High-z
102 10T 100
Redshift z

ess = VN ] ) te scale as the compila jure, sc xt-gen bars ojecte pa elat
Next-gen (bold): LSST WFD ~15 + DDF ~10,C Roma 10,000 (z t 2.9), ZTF DR2 ~2,700, TITAN DR1 ~5,0
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/ TkZwicky Transient Facility

A Lowz survey
| A Spectroscopic classification
TR A Speez for host galaxies when available

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200

Redshift Rigault+24
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TITANType la Supernova Trove from ATLAS in the Nearby universe

A Lowz, allsky survey

A Spectroscopic classification
A Speez for host galaxies

T A Extensive host galaxy catalog and physical properties

s TITAN gold

Murakami+ in prep.



L SS:ILegacy Survey of Space and Time

A Mid-z, widefield survey
— A Relies on other telescopes for follewyp

A Wellcalibrated photometric system

™

e N

——— . s

LSST DDF (50 sqg. deg.)

Number of SNe that pass cuts

Redshift Snowmass2021



Roman Space Telescope

A Highz space telescope
A Pushes the redshift range up to z~3
A HSTevel photometry but ~18x wider

Rose+2025



