TDCOSMO: Cosmological constraints
from strong lensing time delays
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The Hubble Tension

CMB 2018 Planck

e Tension in early-Universe and late- 2020 o 2025 (ACTORO
Universe measurements of Ho oBDESOA0 7074 Ho [k -1 Mpc-1]
- P/aan CMB km/S/MpC BBN+BAO+Shapefit eBOSS 2022 Cosmological Model Dependent

(assumlng flat ACDM) HST SHOES 2024 (4 anchors)
- SHOES (Cepheid distance ladder): JWST SHOES 2024 (1 anchor)

Cepheids 2022 (2 rungs, no SNla)

km/S/MpC (R|eSS+2024) Masers 2019 (no rungs)

TRGB CCHP + SNla CSP 2025

- CCHP (TRGB + JAGB + Cepheid

TRGB CATs + SNla PanthP 2023

distance ladder): km/s/Mpc TRG JWST + SBF 2025

TRGB HST + SBF 2021

(Freed man+2025) Cepheids HST + SBF 2021

Miras + SNla 2023

. JAGB JWST SHOES set + SNla 2024

e Reason for discrepancy currently JAGE JWST CCHP set + SNia 2024
JAGB JWST all + SNla 2025

Unknown SN 11 2024 (no rungs)

- systematic errors? Al isher 2004

- rejection of flat ACDM (i.e., new s e

DESI Fundamental Plane + COMA 2024

PRYSICS)? | S —

* Independent measurements of Ho are key il isisrrm
to test fOI’ SyStematiCS FRBs 2024 (64 local)
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Time-Delay Cosmography
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Strong lensing causes a “time delay” among the
multiple lensed images
different path length & gravitational potential
can be determined from time-series — M Mo
observations if variable source (e.g., quasar) imeon T AL TR
Can determine “time-delay distance” Dat, Angular diameter distances D 1
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analysis of time-delay lensed quasars
long term monitoring for accurate time delays
high-resolution imaging for detailed lens modeling
wide-field imaging/spectroscopy to characterize mass along LOS
spectroscopy to measure stellar kinematics

Eight lenses analyzed in latest milestone result (TDCOSMO Collaboration 2025)
Lenses analyzed blindly with respect to key parameters (e.g., Ho) until publication
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Time Delay Measurements

e |ong-term monitoring of time-delay lenses
using small (1-m and 2-m) telescopes
(Courbin+2011; Bonvin+2017)

o \Well-tested algorithms for time-delay RXJ1131 — 1231
measurements (Tewes+2013,
Bonvin+2016)

e High-cadence monitoring can get time
delays in ~1 year (Courbin+2018,
Millon+2020c; Dux+2025)

HJD - 2400000.5 (day)

Animation credit: M. Millon
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Lens Modeling

Model Reconstruction Normalized Residual Reconstructed Source

Azimuthally averaged radial convergence

Power Law

m— total
SPEMD

- Einstein radius
pixel size
aperture

Azimuthally averaged radial convergence

Composite

/Total

Projected mass density

m— total
NFW_ELLIPSE
= HERNQUIST_ELLIPSE
- Einstein radius
pixel size
aperture

a

Shajib, Wong et al. 2022 Image creditt M. Millon, A. Shaiib
REIVS

For more details about modeling, see following talk by Devon Williams
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Mass Along the Line of Sight

Offset (arcsec)
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Animation credit: M. Mori Offset (arcsec)

Rusu+2017 | cq4=-0.010 std=0.030

environment (e.g., Fassnacht+2011; Wong+2018) - med=0.006 std=0.029
med=0.010 std=0.030

med=0.004 std=0.025

- Lenses lie in overdense LOS due to local lens

- Some strong perturbers need to be included explicitly in
lens model (e.g., Wilson+2016; McCully+2017;
Sluse+2017)

- Estimate effect of weaker perturbers using weighted
galaxy number counts calibrated by simulations (e.g., .
Greene+2013; Rusu+2017,2020; Wells+2023) “\ oo

-= 141/r

normalized counts

- Independent weak lensing analysis agrees with weighted
number counts method (Tihhonova+2018,2020)

— 1 4+1/r+A
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Ho measurements in flat ACDM - performed blindly

HOLICOW T

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L) ASSUFT]GS
explicit form of

lens galaxy

TDCOSMO-| 7 time-delay lenses (6 HOLICOW + 1 STRIDES) ~ TDCOSMO-1 (NFW + stars/constant ML) mass profile

TDCOSMO-1 (power-law) /
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Mass Sheet Degeneracy (MSD)

e Mass sheet degeneracy is a modification of the density e '
Hy(APL) =56 |~ 5,

profile of the lens by a multiplicative factor 4

- rescales the time delay and source position,
leaving all other observables invariant

- fundamental degeneracy in lensing (e.g.,
Falco+1985, Schneider & Sluse 2013,2014)

e (Can be due to both an external mass sheet (Kext) or a
modification of the lens mass profile (Aint)

e (Can be broken with stellar kinematics
Blum+2020
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Hierarchical Analysis with free Aint

e Reanalysis of TDCOSMO lenses using Bayesian hierarchical framework
allowing Aint to vary

- maximally degenerate with Ho; Aint constrained only from kinematics (most

conservative assumption)

- integrated velocity dispersion of an individual lens galaxy is not sufficient due
to the unknown anisotropy of stellar orbits (mass-anisotropy degeneracy)

- Ho, dint, and lens galaxy anisotropy parameters are treated as

hyperparameters constrained at population level
- freedom to bring in external datasets (i.e., non-time delay lenses) to
constrain hyperparameters
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HOLICOW

TDCOSMO-I

TDCOSMO-IV
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Ho measurements in flat ACDM - performed blindly

Wong et al. 2020 \

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L) ASSUFT]GS
explicit form of
Millon et al. 2020 lens galaxy
7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L) mass prOflle
(Aint =1 )

TDCOSMO-1 (power-law) /

Birrer et al. 2020 kinematics-only constraints on mass profile

7 time-delay lenses (+ 33 SLACS lenses)

+5.6
74.5727
TDCOSMO-4

TDCOSMO-4 + SLACS

Conservative mass
model assumption
constrained by
kinematics (free Aint)
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Ho measurements in flat ACDM - performed blindly

- T
H O LICOW 6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L) Assumes
explicit form of
Millon et al. 2020 lens galaxy
TDCOSMO I 7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L) mass proflle
(/lint =1 )

TDCOSMO-1 (power-law) /

74.5+2:%

TDCOSMO-IV 1oRoRHes

SDSS velocity dispersions are biased due
to insufficient S/N (Knabel+2025) = not
reliable for precision cosmology!

Conservative mass
model assumption
constrained by
kinematics (free Aint)
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oblate

TDCOSMO 2025

Knowing that the MSD was the largest systematic prorate mean
uncertainty, we focused on obtaining kinematic
data (including resolved kinematics) for our latest
milestone result

For more details about the kinematics, see Pritom . | 1.02 1.04
’ . . P P
Mozumdar’s talk later this morning 0%n/05 Huang+2025

TDCOSMO Collaboration+2025
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TDCOSMO: 8 lenses
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Ho measurements in flat ACDM - performed blindly

HOLICOW T

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L) ASSUFT]GS

explicit form of
lens galaxy

TDCOSMO I 7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L) maSS proflle

(Aint = 1)
TDCOSMO-1 (power-law) /
Birrer et al. 2020 kinematics-only constraints on mass profile

7 time-delay lenses (+ 33 SLACS lenses)
74.5%28
TDCOSMO-IV

TDCOSMO-4 + SLACS

8 time-delay lenses (+ 11 SLAC lenses + 4 SL2S) with improved kinematics Conservat|ve maSS
model assumption
TDCOSMO-2025 + Pantheons constrained by
kinematics (free Aint
TDCOSMO 2025 74.1+38 ( int)

—_—
TDCOSMO-2025 + SLACS + Pantheon+

721 +3.6
. —3.4
TDCOSMO-2025 + SL2S + Pantheon+

74.3%31
65 70 75 80
Hy [kms~tMpc~1!]
TDCOSMO Collaboration+2025
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The Hubble Tension

flat ACDM
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70.4*13
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73.8%24
TRGB-SBF

71.6733

TDCOSMQO-2025 + Pantheon+

TDCOSMO-2025 + SLACS + SL2S + Pantheon+

TDCOSMO Collaboration+2025
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TDCOSMO 2026 (and beyond)

Observed 1 e ' Reconstructe d

e Progress has been made, but still need to
reduce the uncertainties to the ~1-2% level
to be competitive with CMB, distance ladder
- Increase sample size

- better data — tighter constraints per lens Paic+2026
e TDCOSMO 2026 milestone result coming 118045 @ 115 ] 12085 @ 0814

later this year, ~annual milestones to follow

e New data

- Sample of 11 lensed quasars (including
double-image lenses; Paic+2026)

- JWST/NIRCam imaging for lens
modeling (e.g., Williams+2025)

- |IFU data (Keck/KCWI; JWST/NIRSpec)
for more lenses (e.g., Shajib et al. 2026, v
Sheu+2026)

Sheu+2026
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Summary

e Time-delay cosmography provides late-Universe measurement of Ho completely
Independent of CMB and distance ladder/SNe

e TDCOSMO 2025 results from 8 lenses attain < 5% precision on Hp in flat ACDM
- maximally conservative with respect to galaxy mass profiles
- consistent with SNe la + distance ladder

e TDCOSMO 2026 and future milestones will push toward a ~1-2% constraint
- larger lens samples (11 and counting), including doubles
- more lenses with JWST/NIRCam imaging for more detailed lens modeling
- more lenses with resolved kinematics (including JWST/NIRSpec) for
breaking MSD
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