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The w-wa tension in the Hubble diagram
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An empirical SN SED model
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The essence of the measurement
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e An empirical SN model
o Trained from survey data

e Relative band calibration. Relies on
o Primary flux standard
o Flux metrology chain

o Control of instrument(s) linearity



The essence of the measurement

1071

1012 |

10-13 |

A

G
o

Flux [erg/cm?/s/

1017 |

1028

19719

.1()—11 |

10715 |

10-16 |

2= 1.0 )
3000 4000 5000 6000 7000 8000 9000 10000 11000
A [4]

An empirical SN model
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Trained from survey data

Relative band calibration. Relies on
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Primary flux standard
Flux metrology chain

Control of instrument(s) linearity

Models of the survey(s) bandpasses

©)

©)

To predict SN fluxes from SN model
To calibrate each bandpass from
primary flux standard(s)

Filter uncertainties hit twice (!)

Primarily a flux metrology

experiment




The essence of the measurement

10 e Primarily a flux metrology
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Modeling & cosmology chain

Dataset SN model

Calibration

Bandpasses
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Light-curve fitting

Data Training & fitting
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Example: a perfect 2000 SN survey

2000 SNe - 0.02<z<11 - 4bands (g, r,i,2) - 1 spectrum/SN

Dense light-curve sampling, one instrument — injected through the full analysis chain

5 trained: example light band: snake £10)

| Light-curve fit Spectral fits

5_trained: example spectra

DC0_1344, = 0.584, phase +8.0 d DC0_1783,2 = 0.839, phase +4.1d DC0_0573,z = 1.073, phase +24.2 d
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Photometric residuals

5.t

d: light-curve pulls per band
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Calibration shifts induce structured Hubble residuals

Flux calibration - 10 mmag
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Calibration error modes

Small changes in calibration produce coherent,
redshift-dependent distance shifts.

10 mmag 1 nm

flux zero-point shift filter central-wavelength shift

The resulting modes can be comparable in amplitude to the
Wo—Wa signal in the Hubble diagram.

Next: propagate the calibration shifts into cosmological constraints.
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Impact on the wo—wa plane - current calibration

10 mmag zero points - 1 nm bandpass shifts

STATE OF THE ART

(wp, Wz): one calibration parameter shifted at a time (10 mmag, 1 nm)
flat wow,CDM, Q,, fixed, the offset free, g;,+ = 0.15, D smoothed in z

calibration not propagated

3 6zpy: 2.70
6zpp: 4.70
6zpj: 3.40
2 - 6zp,: 5.30
OAy: 2.20
6/\,—2: 1.20
6Aj: 0.70
6A,: 0.40
N % » tension: cost 2.20 of calib.
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Left: calibration not propagated

calibration propagated

6zpy: 0.30
6Zp,<2: 0.60
6zpi;: 0.40
6zp,: 0.60

6A4: 0.50

6/\,2! 0.30

6Aj: 0.40
6A,: 0.10

tension: cost 2.50 of calib.

T 4

-

“a1l'tu'g'éfh—er’, worst signs (2.40)

-0.3 -0.2 -0.1 0.0 0.1 0.2
6W0
8  wow, tension, the offsets that reach it in inset
priors (propagated): 10.0 mmag, 1.0 nm

Right: calibration propagated

0.3
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Impact on the wo—ws3 plane - target calibration

3 mmag zero points - 0.5 nm bandpass shifts TARGET
(CONSERVATIVE)
(wo, wy): one calibration parameter shifted at a time (3 mmag, 0.5 nm)
flat wow,CDM, Q,, fixed, the offset free, g;,+ = 0.15, D smoothed in z
calibration not propagated calibration propagated
1.5 - 6zp,: 0.80 4 e m—— 6zpy: 0.30
6zp,y: 1.40 ’ =~ 6zp;,: 0.50
6zpi;: 1.00 6zpip: 0.30
1.0 6zp,: 1.60 i 6zp,: 0.50
' 6Ag: 1.10 S, 6Ag: 0.40
6 0.60 o 6A: 0.20
i 6Aiz: 0.40 i ¥ 6Aiz: 0.30
0.5 6A,: 0.20 6A,: 0.10
tension: cost 5.20 of calib. tension: cost 5.40 of calib.
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— 2 -==- 95% Y% all together, worst signs

Left: calibration not propagated

Right: calibration propagated
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Calibration accuracy sets the robustness of wo—w3

Calibration errors can reproduce an apparent dynamical dark-energy
signal.

CURRENT CALIBRATION TARGET CALIBRATION
o(zp) = 10 mmag o(zp) = 3 mmag

g(dA) =1 nm 0(0A) = 0.5 nm

~

= 2.20 > 50

calibration offset can mimic calibration offset required
the wo—wa, tension to mimic the same tension

Precision calibration is a prerequisite for an independent dark-energy test.
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Historical compilation & the Titan path

NEARBY SAMPLES INTERMEDIATE / DISTANT SAMPLES NEW LOW-z

Historical low-z Foundation / PS1 low-z Historical distant DES 5YR ATLAS
CfA, CSP, LOSS, SOUSA... nearby sample SDSS - SNLS - PS1-MDS - HST new DES SNe nearby SNe la

TITAN calibration
DES Y6 reference
,

Dovekie
calibration

4

Pantheon - Pantheon+ Union3 - Union3.1 DES-SN5YR - DES-Dovekie ' TITAN cosmology 1
1,550 distinct SNe ~2,000 SNe ~1,600 DES + ~200 historical low-z : ~3,000 nearby SNe (pending) ,'

s

e o SRR -
SN-Unite (Camilleri) ' Potential TITAN + DES / Pantheon
Pantheon+ + DES; 2,884 entries |~~~ "~~~ """ """ TTTTTT7 *  combination — not announced
R e B i ot BN < i e e ’
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Union & Union3.1

Union3 — Union3.1

~2,000 SNe from largely historical
surveys

Same observations; updated
host-galaxy properties

Homogeneous stellar-mass
estimates

Cosmological consequence

Low-z / high-z distance offsets
reduced

DESI + CMB + Union preference:
~3.80 —» ~3.40

Not an independent SN sample

Takeaway: analysis choices matter at the ~10-30 mmag level.
Hoyt et al. (2026), Union3.1



Pantheon+

Pantheon+ (2022) Calibration baseline

1,550 distinct SNe la Fragilistic cross-survey calibration
1,701 light curves Overlaps strongly with Union3 and
Historical low-z + Foundation/PS1 DES low-z

low-z + SDSS, PS1-MDS, SNLS A different analysis # independent
and HST observations

Takeaway: most “independent” compilations reuse the same nearby
SNiee_t al. (2022); Brout et al. (2022)



DES-5yr & Dovekie

Dovekie: calibration changes DES result: updated distances

Filter shifts (relative to Fragilistic): SN-only Om: 0.352 — 0.330

PS1 g: =30 A; SNLS griz: +30 A

Some historical bands: up to +70 A Evolving Dark Energy preference: 4.20 — 3.20

Adopted 10 filter uncertainties: Not a calibration-only test:

DES griz: 5, 5, 10, 30 A SALT3 retrained; selection and CMB also
changed.

DES ZP uncertainties: 2—-3 mmag

Large filter revisions # a coherent 10 calibration mode aligned with wo—wa.
Popovic et al. (2025, 2026), Dovekie / DES-Dovekie



SN-Unite
SN-Unite (Camilleri 2026)

2,884 SN la entries

Combines Pantheon+ and
DES-SN5YR

Extended Dovekie calibration;
SALT3.UNITE

Unified host masses and bias
corrections

What changes?

Pantheon+ vs Unite low/high-z
offset: ~20 mmag

Much of it traced to host-mass and
dust/population modelling

WO0wa preference: ~3.10 (maximum

likelihood)

I CMB+BAO+Unite
CMB+BAO+Pantheon+
CMB+BAO+DES-Dovekie

A o° o°

Takeaway: improved consistency, not a new independent data set.

Camilleri et al. (2026), Supernovae Unite




TITANS

TITAN / ATLAS: large new Calibration, not yet

low-z sample cosmology

~3,000 SNe targeted for cosmology in DR1 Residual calibration metrics:

ATLAS “cyan” / “orange” wide filters ~9 mmag (cyan), ~5 mmag (orange)

Effective cyan shifts: +50 to +100 A Not yet a SN Hubble-diagram covariance

Derived from stellar color terms DES Y6 stellar calibration reference

ZP/spatial corrections: several-tens of mmag Future cosmological combination not yet
established

The measured slopes, and therefore implied filter
shifts are most pronounced for cyan where we find each
chip should be shifted by 50 - 100 A in the same direc-
tion. Although this initially sounds substantial, given
how broad the ATLAS filter bands are this is compara-
ble to shifting a DES or PS1 band by 25 - 50 A, which
has been shown to be necessary in some cases (e.g., PS1-
g; Scolnic et al. 2015). While the exact cause of the
observed chromatic effect is unknown (e.g., change in

Large nearby sample; filter shifts are effective, not direct passband metrology. quantum efficiency, filter degrading, calibration issue)
our phenomenological approach is efficient at removing
Marlin et al. (2026), TITAN DR1 calibration; cosmology analysis forthcoming



The Lemaitre project

ZTF DR2 SNLS-5 Subaru / HSC
nearby -z < 0.1 intermediate z high z

: Joint photometric calibration \:
+ ZTF + MegaCam + HSC passbands
. calibration paper (in preparation) |

0

LEMAITRE
Unified Hubble diagram and cosmology
(in preparation)

--— o
-----
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Latest Extended Mapping of
Acceleration with an
Independent Trove of
Redshifted Explosions

The LemaitRe Hubble diagram
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The Lemaitre sample — one Hubble diagram

Independent observations from the nearby to the high-redshift Universe

® ZTF DR2 supernovae % CALSPEC standards observed by ZTF

@ SNLS fields - D1-D4 @ Subaru/HSC fields - COSMOS, SXDS



Zwicky Transient Facility

,. ' ZTF Camera SEDMachine
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Three complementary SN la samples

Different redshift ranges, one unified analysis and calibration chain

NEARBY INTERMEDIATE DISTANT
ZTF DR2 SNLS-5 Subaru / HSC
= 3,000 171 = 300
~ ~

J
2018-2020 - Northern sky SNLS years 4-5 - Two seasons - Two deep

MegaCam fields

High-cadence light Unpublished SN sample g, r, i, z, Y observations
curves High-quality multiband Median redshift = 0.8
Spectroscopic photometry

mssificati Extends beyond z = 1
classitication Bridges low and high z
Volume-limited to z <

0.06

Core asset: independent SN observations spanning the acceleration transition.



ZTF DR2 — a new low-z regime

Dense, homogeneous light curves from a spectroscopically identified survey

ZTF19acryaon: worst sampling

2=0.055, x;=-0.31 + 0.77, ¢=0.00 * 0.05

3,628 spectroscopic SNe la

X
= o \‘M: i
OQ. ‘ ¢
= & L BB B = 2,670 after light-curve cuts
ZTF18aaqfziz: average sampling
z=0.054, x,=-1.08 £ 0.11, c=0.15 £ 0.03
@
X 52 .
= , High cadence and broad phase coverage
’..v‘f m«goa LY 9 P 9
Ml B Simple spectroscopic selection (g < 18.5)
15 May 15 Jun 15  Jul 15 o
2018-Jul Volume-limited subset at z < 0.06
ZTF20aayxldg: best sampling

SR 7-0.047, x,=0.82 + 0.03, c=0.14 + 0.03

flux [zp]
\%
=

«
@ Bt ((%%
wad Wty St
mil M Rigault et al. - ZTF DR2
May 15 Jun 15 Jul 15 Aug

2020-A
= DR2 release: https://ztfcosmo.in2p3.fr/papers




SNLS-5 and HSC — the redshift lever arm

Two complementary samples connect the nearby Universe to z > 1

SNLS-5 - 171 SNe Subaru / HSC - ~300 SNe
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HSCSNIa - z=1.33
SNLS light-curve ensemble Two seasons, COSMOS and SXDS

Years 4-5 of SNLS Medianz=0.8;grizY

MegaCam filter metrology; direct Spectroscopic redshifts from several
CALSPEC calibration facilities



Analysis of the LEMAITRE dataset

ZTF

SNLS

HSC

ors

Photometry

bandpasses

Sensors

curves
— x

Photometry

bandpasses

Lightcu rv>
Ubercal

Sensors

Light curve

Calibration

Distance

Photometry

bandpasses

curves Cosmology
constraints
Ubercal Primary

blinding | inference

standards
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Calibration

S';'val%ht SNLS ZTF HSC o

i Sl griz gr aizy | Principles
ZTF
gri

e 3 step transfer to the
Supernovae
HSC

- oty e Redundancy between

SMP
secondary SNLS | _

star griz

catalogs surveys up to the
secondary star catalog

e Aperture/SMP consistency

Aperture SNLS ZTF HSC is a check of SMP
secondary

" catalog ubercal («--» ubercal
catalogs grz ol o

L

Absolute ' Uniformity |
Calspec Gaia
reference reference
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Bandpass metrology — ZTF & SNLS

Direct measurements of instrumental transmission functions

Ar [nm)| Ap [nm|

7 1iaded. TNNTONNNE |
gy £ |

Aubert et al, Van den Abeele et al.

Betoule, Lejeune et al

800 900

ZTF gr(i) - measured transmissions & Filter uniformity SNLS - Measured transmissions and filter uniformity



Independent bandpass cross-checks

Consistency of filter shifts inferred from multiple stellar data sets

- de:la -~ Isnls7-ztf9
1.5 nm __30nm 5.0 nm
ngsl . = " = v
pickles 1 . . ‘g o »
SNAP-2 1~ . &> = i
LDS749B - &~ E o . —r
GDI153 A F — . B —
HZ21 A o= * 1 —= = — -
P177D - g . . --t*
P330E A i & - 5 -
D4 * = . . -
D3 A -] - - - —
D249 ® - - &% i —*
DIl A - = s = [
O.b() 0.68 —0t04 —OI_O'._’ —0'.()8 —Oi()b
o, 7tf - snls a, ztf - snls a; ztf - snls

SNLS / ZTF: compare measured transmissions with stellar color constraints
Star are used as independent x-check only



Flux calibration — from survey catalogs to CALSPEC

Sky uniformity and direct observations of primary standards
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Sensor effects — pixel-level corrections

Sensor effects : must be characterized and corrected at pixel level

W

y [pixels]

00

‘Third Moment Comparison (Before vs After Cor
| Date: 20191101 | Filter: zg | Seeing:
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Affect
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astrometry
Induced
~15%
non-linearit
Corrected @
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Pocket effect - morphology, skewness and astrometry

Brighter-fatter

Mxx - <M(x, y)> over fluxmax, CCD 9, zg, after onset (density: with pocket
correction, 2391626 stars)

0.15
—— fit 5000-50000 ADU: +0.0097 + 0.0001 pixel>/ 10* ADU
==+ fit 5000-50000 ADU: +0.0093 + 0.0001 pixel? / 10* ADU
& median, with pocket correction
= ® median, without pocket correction
°
=
Q.
= o
A
-
>
X
=
X
X
=
\2
'
X
X
=
1000 10000 20000 30000 40000 50000

aper_fluxmax [ADU] (log < 5000 < linear)

10*

10?

10!

stars per ADU per pixel?

10°

Affects CCD drift field as pixels fill up

e PSF homotheticity

e 2% residual non-linearities after

pocket effect correction
e Hope to reduce to <1% after
correction

Combined pocket + BF pixel correction



What will it take to test evolving dark energy?

Calibration accuracy, independent data and end-to-end control

01 CALIBRATION IS THE LIMITING SYSTEMATIC

Current calibration precision can mimic a we—wa, tension.

Required: = 1 mmag in flux * < 0.5 A in passband position — extremely demanding

02 CURRENT COMPILATIONS ARE NOT INDEPENDENT

Many surveys, but overlapping low-z samples and shared calibration / analysis choices.

03 LEMAITRE: AN INDEPENDENT TEST
ZTF DR2 + SNLS-5 + HSC, with a common, traceable metrology chain.

ZTF: < 0.3 nm filters; ~1 mmag flux | SNLS: < 0.3 nm filters; ~ 3 mmag flux

Standing issue: combined brighter-fatter + pocket corrections at pixel level.

Independent observations are necessary; robust, validated calibration is essential.



