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This talk:

time-delay cosmography
with strongly lensed quasars
(TDCOSMO collaboration)



Time-delay cosmography in one sentence

/

Time-delay cosmography is direct, without calibration

and competitive by measuring ratios of angular
diameter distances from single objects.




Time-delay cosmography is also visually appealing

Images credits: NASA, ESA, STScl, Kelly, Rodney, Brammer, Pierel, Newman 4
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Strongly lensed SN « Refsdal » (cluster scale)
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Time-delay cosmography is also visually appealing

Strongly lensed SN « Refsdal » (cluster scale)

. Webb 2023

Strongly lensed SLSN « Winny » (galaxy scale)
! just discovered !

3 arcsec

Taubenberger et al. 2025
(See also Johansson et al. 2025) Images credits: NASA, ESA, STScl, Kelly, Rodney, Brammer, Pierel, Newman 4



Strongly lensed quasars

Background auasat




Strongly lensed quasars (schematic view)
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Angular diameter distances
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Sasic principle of time-delay cosmography

Equation of the time delay ( At):
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Sasic principle of time-delay cosmography

Equation of the time delay ( At):

C
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PaB
Time-delay Time-delay distance Differential Fermat potential
(between two images A and B) B
DD, Adpp = Pa— b
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The modern version of time-delay cosmography

Lens potential y,
at image A

Equation of the time delay ( At):

C
Afrp = D,, x H;'!
Appg




The modern version of time-delay cosmography

Lens potential y,
at image A

Velocity dispersion of stars
in the lens galaxy ( o, ):

Equation of the time delay ( At):

C —
AB DdS B C2Jd




The modern version of time-delay cosmography

Other objects K,

(AO

Lens potential 4
at image A

_ | A7) Velocity dispersion of stars Other massive objects along
Equation of the time delay ( A7): in the lens galaxy ( o, ): the line of sight ( k., )
C
— —1 o)
AtAB T DAt X HO D S G* r DAI
Agb — Dt ue __
AB At

Dds C2 Jd 1 o Kext



Measuring the time delays




Time delays from (possibly decade-long) monitoring campaigns
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—xtracting the light curves

Multi-epoch data PSF for each epoch

(Michalewicz et al. 2023, Millon et al. 2024)
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—xtracting the light curves

Multi-epoch data PSF for each epoch Original data (res: ~0.9”) STARRED (res: 0.21”) HST (res: 0.077)

DES J0602-4335

(Michalewicz et al. 2023, Millon et al. 2024)

GRAL J1131-4419

Dux et al. (2025)
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—xtracting the light curves

Multi-epoch data PSF for each epoch Original data (res: ~0.9”) STARRED (res: 0.21”) HST (res: 0.077)

DES J0602-4335

(Michalewicz et al. 2023, Millon et al. 2024)

Deconvolution, PSF modeling + photometry: STARRED
https://gitlab.com/cosmograil/starred

Automated pipeline: 1ightcurver GRAL J1131-4419
https://github.com/duxfrederic/lightcurver »

¢
o

Sy )N

Dux et al. (2025) 11


https://github.com/duxfrederic/lightcurver
https://gitlab.com/cosmograil/starred

Time delays via curve shifting
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Time delays via curve shifting
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Modeling the lens’ Fermat potential




High-resolution and high signal-to-noise images are required

Typical instruments: HST, 10m-class telescopes with Adaptive Optics (AO), and now JWST

DES J0408-5354 HE 0435-1223 PG 1115+080 RX J1131-1231

o *
e
»
B1608+656

TDCOSMO collaboration et al. 2025

= Forward modeling of the imaging data to evaluate the Fermat potential
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Lens modeling of high-resolution images

obhservation
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mass distribution
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Lens modeling of high-resolution images

obhservation
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total mass distribution
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Lens modeling of high-resolution images
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Lens modeling of high-resolution images

Observed

So far using two software packages
(Lenstronomy & GLEE)

Near-infrared —

Red —

Blue —

Shayjib et al. 2019 16



Lens modeling of high-resolution images

Observed

Reconstructed Convergence . Magnification model ! 8

So far using two software packages ) s W
0 2 0 =
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Modeling the lens’ stellar kinematics




Measuring stellar kinematics

Mozumdar et al. 2023
J0924+0219
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Measuring stellar kinematics

Mozumdar et al. 2023
J0924+40219
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Measuring stellar kinematics

Mozumdar et al. 2023
J0924+40219
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Data upgrade: spatially resolved kinematics

KCWI data of RXJ1131—-1231

1200
1000

800
600

400

200

Flux|(arbitrary unit)

Shayjib et al. 2023

= Instead of measuring o, only around the center of the lens galaxy, we get a 2D map of it!
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Data upgrade: spatially resolved kinematics
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= Instead of measuring o, only around the center of the lens galaxy, we get a 2D map of it!
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Data upgrade: spatially resolved kinematics
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= Instead of measuring o, only around the center of the lens galaxy, we get a 2D map of it!
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Estimating line-of-sight contributions




Measuring the external convergence

A. Galan - TDCOSMO-2025 @ Action Dark Energy - 5/11/25
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Measuring the external convergence

Option 1: Galaxy counts
(ground-based + cosmo. sim.)

Rusu et al. (2017)
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Measuring the external convergence

Option 1: Galaxy counts Option 2: Weak lensing
(ground-based + cosmo. sim.) (ground-based + HST)

l ‘ FoV:3.21° x 3.271
median position x  luminosity-weighted position

~0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Springel et al. (2005)

Rusu et al. (2017) Tihhonova et al. (2020)
2



Inference of the Hubble constant 1,




Repeat the process for several systems and combine constraints

DES J0408-5354 HE 0435-1223 PG 1115+080 RX J1131-1231
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Repeat the process for several systems and combine constraints

DES J0408-5354 HE 0435-1223 PG 1115+080 RX J1131-1231

Every part of each analysis — time delays, Fermat potential, etc. —
is performed blindly with respect to H), !

(except one lens historically)
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Constraints on H|,

A. Galan - TDCOSMO-2025 @ Action Dark Energy - 5/11/25
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Constraints on H|

HOLICOW XIllII —

TDCOSMO | —

Inference performed blindly

Ho measurements in flat ACDM - performed blindly

Wong et al. 2020

6 time-delay lenses

Millon et al. 2020

73.%@;2

HOLICOW (average of PL and NFW + stars/constant M/L)

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

TDCOSMO-1 (power-law)

60

65

70 75 80
Ho [kms~! Mpc~1]

Assertive assumptions

on the structure of galaxies
(oower-law or DM+stars profiles)
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Relaxing the assumption on the density profile of galaxies

* The observed « bulge-halo conspiracy » may not be universal
= Possible deviations from a power-law density profile
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Relaxing the assumption on the density profile of galaxies

* The observed « bulge-halo conspiracy » may not be universal
= Possible deviations from a power-law density profile

e (Certain exotic DM models predict cores extending further out than typical Einstein radii
= This cannot be constrained by strong-lensing data alone
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Relaxing the assumption on the density profile of galaxies

* The observed « bulge-halo conspiracy » may not be universal
= Possible deviations from a power-law density profile

e (Certain exotic DM models predict cores extending further out than typical Einstein radii

= This cannot be constrained by strong-lensing data alone
convergence profile

101

Mass-sheet transformed convergence profile:

Ky = /lint Kmodel T (1 o /Iint) Ke

convergence

nt

radius [arc seconds]

Birrer et al. 2020
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Relaxing the assumption on the density profile of galaxies

* The observed « bulge-halo conspiracy » may not be universal
= Possible deviations from a power-law density profile

e (Certain exotic DM models predict cores extending further out than typical Einstein radii

= This cannot be constrained by strong-lensing data alone
convergence profile

Mass-sheet transformed convergence profile:

Ky = /lint Kmodel T (1 o /Iint) Ke

convergence

nt

101 109 101
radius [arc seconds]

Birrer et al. 2020

= Internal mass-sheet parameter /. .
(external parameter already incorporated via k., ()

25



Constraints on H|

HOLICOW XIllII —

TDCOSMO | —

TDCOSMO IV —

Inference performed blindly

Ho measurements in flat ACDM - performed blindly

Wong et al. 2020

6 time-delay lenses

Millon et al. 2020

Birrer et al. 2020

- ~+17

/I J«J 1 O
P (@

HOLICOW (average of PL ah_d NFW + stars/constant M/L)

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

TDCOSMO-1 (power-law)

kinematics-only constraints on mass profile

7 time-delay lenses (+ 33 SLACS lenses)

74.;:2;?
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TDCOSMO-4
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65

70 75
Ho [kms~! Mpc~1]

80

Assertive assumptions

on the structure of galaxies
(oower-law or DM+stars profiles)

Conservative assumptions

on the structure of galaxies
(Mmass-sheet transformed profile)
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Inference of H, ... now jointly with galaxies density profile

Strongly lensed quasars

B16084-656 RXJ1131-1234 HE0435-1223 SDSS1206+-4332

N -

WFI2033-4723
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Inference of H, ... now jointly with galaxies density profile

B1608+4-656

&

WFI2033-4723

e

PG1115+080

Strongly lensed quasars

RXJ1131-1234

HE0435-1223

L
-

SDSS1206+-4332

WGD J2038-4008

Non-time-delay systems with similar lenses (SLACS & SL2S samples)

SDSS J1420+6019

SDSS J0959+0410

SDSS J0912+0029

SDSS J1627-0053

SDSS J0956+5100

SDSSKJ1416+5136

SDSS J2321-0939

SDSS J1032+5322

SDSS J1204+0358

SDSS J1205+4910

SDSS J0822+2652

SDSS J1100+5329

SDSS J1106+5228

SDSS J1443+0304

SDSS J1153+4612

SDSS J1142+1001

SDSS J1621+3931

SDSS J0737+4+3216

SDSS J1029+0420

SDSS J1218+0830

SDSS J2341+0000

SDSS J0946+1006

SDSS J1630+4520

SDSS J0216-0813

SDSS J1143-0144

SDSS J2238-0754

SDSS J1403+0006

SDSS J1251-0208

SDSS J1112+0826

SDSS J0935-0003

SLACS: The Sloan Lens ACS Survey

A. Bolton (U. Hawai'i IfA), L. Koopmans (Kapteyn), T. Treu (UCSB), R. Gavazzi (IAP Paris), L. Moustakas (JPL/Caltech), S. Burles (MIT)

SDSS J0955+0101

SDSS J1538+5817

SDSS J0936+0913

SDSS J0029-0055

SDSS J0252+0039

SDSS J0330-0020

Image credit: A.

SDSS J0841+3824

SDSS J1134+6027

SDSS J1023+4230

SDSS J1636+4707

SDSS J1020+1122

SDSS J1525+3327

SDSS J0044+0113

SDSS J2303+1422

SDSS JO037-0942

SDSS J2300+0022

SDSS J1430+4105

SDSS J0S03+4116

SDSS J1432+6317

SDSS J1103+5322

SDSS J1402+6321

SDSS J1250+0523

SDSS J1436-0000

SDSS JO008-0004

SDSS J1451-0239

SDSS J1531-0105

SDSS J0728+3835

SDSS J0959+4416

SDSS JO0109+1500

SDSS J0157-0056

www.SLACS.org

Bolton, for the SLACS team and NASA/ESA
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Inference of H, ... now jointly with galaxies density profile

B1608+4-656

WFI2033-4723

convergence

Strongly lensed quasars

RXJ1131-1234 HE0435-1223 SDSS1206+4-4332

PG11154-080 WGD J2038-4008

- L
"

convergence profile

B TDCOSMO+SLACS
power-law

109
radius [arc seconds]

Non-time-delay systems with similar lenses (SLACS & SL2S samples)
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SLACS: The Sloan Lens ACS Survey

A. Bolton (U. Hawai'i IfA), L. Koopmans (Kapteyn), T. Treu (UCSB), R. Gavazzi (IAP Paris), L. Moustakas (JPL/Caltech), S. Burles (MIT)

Image credit: A. Bolton, for the SLACS team and NASA/ESA

www.SLACS.org
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Inference performed blindly

Ho measurements in flat ACDM - performed blindly
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Wong et al. 2020

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

Millon et al. 2020

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

TDCOSMO-1 (power-law)
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Birrer et al. 2020 kinematics-only constraints on mass profile
7 time-delay lenses (+ 33 SLACS lenses)
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Constraints on H|

Ho measurements in flat ACDM - performed blindly

HOL|COW X”l — Wong et al. 2020

6 time-delay lenses

TDCOSMO | — |[Millon etal. 2020

TDCOSMO IV —_ Birrer et al. 2020

SDSS spectra (stellar kinematics)
have insufficient quality for

precision cosmology!
(see TDCOSMO XIX)

Inference performed blindly
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kinematics-only constraints on mass profile
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Joint inference of Hy and galaxies’ mass profiles




TDCOSMO-2025: What’s new In the latest milestone
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TDCOSMO-2025: What’s new In the latest milestone

* New strongly lensed quasar: WGD2038-4008
Wong et al. 2024
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Wong et al. 2024

2017.04 — 2017.11 2018.04 — 11 2019.03 — 2019.11 2021.03 — 2022.11 2023.05 — 10
Euler and 2p2 Euler Euler Euler and 2p2 Euler

1 1 / / 1 / / 1 1 / / | 1 1 / /l 1
19.4 | Delays (days) Covariance (days?) -
Q {_12.4 14.2
< - -
19 6 - S(J - “53 6.1 14.8 | -
) || :o‘l‘-.tlu‘ﬂl"
o tike 3! Siense. I‘ I h‘ ﬁll
Q 1-333 75 | 7.1 | 399 N ) badidy Gt L0
ililholve of .8 @i gy | {
l l l 1| ¥ e 1a8A@IA0t . ot 888 f' |
o | : -e)!‘ A i YO A
| IIIU‘ e I S P EALE P e
19.8 (258 2de ke AB  AC  AD ISR Ik " e -
M freittan. o vy i FitJug g g T S b, S |
T g e sl Y | 17 o il se i .
AL T |l ||“ [ |: Lt '{ i | 18 e el ol e B
" il TG ST ,|| oo TR T T FTI N R
e | : I ]| H ] | 1 e 1 ® " a . i
8 el i 4 a AU ET IR BT ¥ S L L O UM E AR
2 20.0 [+ ' ! ! ! I | T
S Wi TR T L i !
I D | A TR e [
HihEC IR LG litid i A | ‘l' ‘ ’ |
Rt T LT ol i
| k IR S AN il | e At ‘ Nk
ot ) | RS ‘ , Sidle i | 4l I
20.2 [t b Gl Wbk L L e AR
N R A YT RS VIl | i ” hinld o] il SE-E A A A A TR A
ik I:UIF VT TR gl e e il LIRN
|1 = e 1 : i o GO eOA R s, e £
PR I it WGD 2038 — 400
'o"‘r;gz Pl t ‘ VUi 8 " [
LB AT 'S'. 8l - ’ { I ‘ H ’ !
20.4 [t glaal e, | ! # I “ A -
[P e, e | AN [
N T Teeives | i |\- ’ | | -
N |‘ ki 1 ! | i||lhiH t } s B (-0.1 mag)
i e ol ¥ 113 :
] | | 1l “l"'\'!"i I|II-H i e
i | Rl | !H illi ]
20.6 i ’!, : ’“ I | BN D (-0.4 mag)
1 1 / ’l ‘ 1 ‘ y / 1 1 / / 1 1 1 ’ll 1

S, x> 99 99 99 60, 60
50 00y e Wy 277 S 20p "=y



TDCOSMO-2025: \What’s new in the latest milestone

 |Improved methods to infer stellar velocity dispersions at < 1% accuracy:
Knabel et al. 2025
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TDCOSMO-2025: What’s new In the latest milestone

 |Improved methods to infer stellar velocity dispersions at < 1% accuracy:

Knabel et al. 2025

v' Requires spectrum S/N > 15 A1

Vv’ Cleaned spectral template libraries

v/ Marginalization over several libraries

A. Galan - TDCOSMO-2025 @ Action Dark Energy - 5/11/25
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TDCOSMO-2025: What’s new In the latest milestone

e New spectroscopic data from JWST/Nirspec, Keck/KCWI and VLT/MUSE
TDCOSMO collaboration et al. 2025

DES J0408-5354 WGD 2038-4008

VLT/MUSE integrated spectra —

Flux [arbitrary units]

—— Best fit
1Y Data
3850 3900 3950 4000 4050 4100 4150 4200 3850 3900 3950 4000 4050 4100 4150 4200
Lens rest-frame wavelength [A] Lens rest-frame wavelength [A]
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e New spectroscopic data from JWST/Nirspec, Keck/KCWI and VLT/MUSE
TDCOSMO collaboration et al. 2025
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TDCOSMO-2025: What’s new In the latest milestone

e New spectroscopic data from JWST/Nirspec, Keck/KCWI and VLT/MUSE

TDCOSMO collaboration et al. 2025

VLT/MUSE integrated spectra —

JWST/NIRSpec integrated spectra
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TDCOSMO-2025: What’s new In the latest milestone

o Better selection and better data

for non-time-delay lenses
(SLACS, SL2S5)

TDCOSMO collaboration et al. 2025
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TDCOSMO-2025: \What’s new in the latest milestone

* Correction for departure of sphericity in stellar dynamics modeling

Huang et al. 2025

Fractional correction factor
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TDCOSMO-2025:

Final constraints on H,,
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Ho measurements in flat ACDM - performed blindly

Wong et al. 2020 73-%+%Zﬁ

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

Millon et al. 2020

7 time-delay lenses (6 HOLICOW + 1 STRIDES) TDCOSMO-1 (NFW + stars/constant M/L)
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Birrer et al. 2020 kinematics-only constraints on mass profile
7 time-delay lenses (+ 33 SLACS lenses)
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This work

8 time-delay lenses (+ 11 SLAC lenses + 4 SL2S) with improved kinematics
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TDCOSMO-2025: Constraints on other cosmological parameters

TDCOSMO collaboration et al. 2025
—— TDCOSMO TDCOSMO 2025 only:

Planck
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TDCOSMO-2025: Constraints on other cosmological parameters

TDCOSMO collaboration et al. 2025
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Steps towards (even) better constraints




Some work in progress...

A. Galan - TDCOSMO-2025 @ Action Dark Energy - 5/11/25
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Some work in progress...

* New time delays for ~ 40 systems (up to 1%-level precision!
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Some work in progress...

* New time delays for ~ 40 systems (up to 1%-level precision!)

e New strongly lensed quasars, including doubly lensed quasars

Dux et al. 2025
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Some work in progress...

* New time delays for ~ 40 systems (up to 1%-level precision!)
e New strongly lensed quasars, including doubly lensed quasars

 Re-analysis of lensed quasars using new JWST/NIRCam data
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Some work in progress...

Wang et al. 2025
e Joint modeling of lensing + resolved axisymmetric Measurements

stellar kinematics :
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Some work in progress...

Wang et al. 2025

Measurements

* Joint modeling of lensing + resolved axisymmetric
stellar kinematics

* Better treatment of line-of-sight effects c( N ™
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Some work in progress...

Wang et al. 2025
e Joint modeling of lensing + resolved axisymmetric Measurements

stellar kinematics

* Better treatment of line-of-sight effects K , el
TST imaging + At;; —Kzinerr’\(ft’i]c dat:

 EXxotic systems. multi-source planes, zig-zag lenses l l
(extra constraints on e.g. the DE equation of state)
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L(djens ) . L(ddyn )
Models
LR  [nematicmodel
Dux et al. 2024 j
B '
Fleury et al. 2021 i AK . = .
C 1 )
N S N
Quasar source é P B\ | ol —
\ - | ‘ | .
~ A :
N = ( L .

Last turn due to
deflector at z = 0.184 Deflector z = 1.885

-----------------------------------------------------

D)) |
Modeled arc ‘w MGE of Light,1ru TIVIGE of Zint

......................................................

Quasar position Host model Modeled Z; .+

4



Conclusions




Conclusions

> We use spatially resolved stellar kinematics to
relax assumptions on galaxies’ mass profiles,
and explicitly address the MSD.




Conclusions

> We use spatially resolved stellar kinematics to
relax assumptions on galaxies’ mass profiles,
and explicitly address the MSD.

> We developed a new methodology to guarantee sub-percent
systematic uncertainties on kinematics measurements.




Conclusions

> We use spatially resolved stellar kinematics to
relax assumptions on galaxies’ mass profiles,
and explicitly address the MSD.

> We developed a new methodology to guarantee sub-percent ! .
systematic uncertainties on kinematics measurements. *

» \We measure the Hubble constant at ~ 4% precision, In
excellent agreement with e.g. SHOES.




Conclusions

> We use spatially resolved stellar kinematics to
relax assumptions on galaxies’ mass profiles,
and explicitly address the MSD.

> We developed a new methodology to guarantee sub-percent .
systematic uncertainties on kinematics measurements. '

» \We measure the Hubble constant at ~ 4% precision, In
excellent agreement with e.g. SHOES.

> Future TDCOSMO milestones will include several new lenses,
JWST/NIRCam+NIRSpec analyses, full modelling of resolved
stellar kinematics, and more.




