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GRAVITATIONAL LENSING

One of the most powerful means to mvestlgate how matter is distributed within &
different scales of the Universe ».

-Strong Lensing (SL) occurs if: lensed galaxy images

® source, lens and observer are closely aligned

* the lens is sufficiently dense (supercritical) — i ackground galaxy .
galaxies and central region of galaxy clusters » '
Effects: A" X L -
e production of distinct and resolvable multiple_ ¢ S G R
images of the same background source = £s e
e amplification, magnification and distortion of the - ’ ' :
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* time delays between multlple images *

multlple images

i
’ )fforted Ii —
. g])t~r ‘.,‘ o \9‘1
ay S el 4

'
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One of the most powerful means to inivestigate how matter is distributed within &
~different scales of the Universe ”.
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* the lens is sufficiently dense (supercritical) —
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* production of distinct and resolvable multiple_ Einstein ring
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GRAVITATIONAL LENSING

One of the most powerful means to mvestlgate how matter is distributed within
different scales of the Universe ».

-Strong Lensing (SL) occurs if:
* source, lens and observer are closely aligned

* the lens is sufficiently dense (supercritical) —
galaxies and central region of galaxy clusters

Effects: ’ .

e production of distinct and resolvable multiple_
images of the same background source ) .

e amplification, magnification and distortion of the g e reconstruct the total mass dlstrlbutlon of the lens
multiple images | ' . ' * detect and study distant and faint sources

: - : . | : :
* time delays between multiple images * : * estimate cosmological parameters
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Time-delay cosmography

ON THE POSSIBILITY OF DETERMINING HUBBLE’S PARAMETER
AND THE MASSES OF GALAXIES FROM THE GRAVITATIONAL
LENS EFFECT*

Sjur Refsdal

(Communicated by H. Bondi)
(Received 1964 January 2%)

Summary

The gravitational lens effect is applied to a supernova lying far behind and
close to the line of sight through a distant galaxy. 'T'he light from the super-
nova may follow two different paths to the observer, and the difference At in
the time of light travel for these two paths can amount to a couple of months
or more, and may be measurable. It is shown that Hubble’s parameter and
the mass of the galaxy can be expressed by At, the red-shifts of the supernova
and the galaxy, the luminosities of the supernova ‘‘ images’’ and the angle
between them. The possibility of observing the phenomenon is discussed.
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Time-delay cosmography

If a variable background source is lensed into two or
.more images, we can measure the time-delay
between their light curves.

Julian Date - 2450000

image A
- T lensing
. galaxy
z = 0.355

5" '

Twin Quasar Q0957+561
[Walsh et al., 1979]




Time- delay cosmography

Time delays between multlple images of variable
background sources allow the geometry and the expansion
rate (H,) to be constrained:

D 5\—_)2 s PN
SR PN M, SR |
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geometrical + gravitational (Shapiro) time delay
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AN ACCURATE AND PRECISE
MASS MODEL 1S REQUIRED FOR
TIME-DELAY COSMOGRAPHY!




Strong Lensmg Modellmg
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— from the images t0 the mass ,B 1)

S 2 [=
= V | ¢dl
: D, c?
 Parametric approach

The total mass distribution of the lens cluster is described as the sum of different
contributions: ' |
- cluster-scale halos (DM + intra-cluster medium)

- galaxy-scale halos (DM i+ baryons)
- additional components (external shear, foreground/background galaxies)

* .
¢t0t - Z ¢zh Eg_l_ Z ¢jgal + ¢ext ‘ : ' o
¥ < ' . ! - ]

Each component is described by a certain profile specified by some parameters.




Strong Lensmg Modellmg

from the images t0 the mass ,B 0— 0 (H)

e Model optimization

Parameter inference is typically performed in a Bayesian framework, with MCMC methods
used to sample the posterior probability dlstrlbutlon The analysis aims to 1dent1fy the
parameter set that maximizes the posterior, cohsistent with the spec1ﬁed priors and the
likelihood function: ‘

-
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Strong Lensmg Modellmg
-

from the images t0 the mass ,6 0 — Qa (9)

2 Imagmg- campaigns:
Multiple images provide observational - TR Spla ce Telescope (HST) (ESA/NASA)
constraints of different nature: | : - Cluster Lensing and Supernova Survey with
® astrometric constraints (positions) 4 Hubble (CLASH)
' _ Hubble Frontier-Fields (HFF)
TS e " O e | o . - Reionization Lensing Cluster Survey (RELICS)
e James Webb Space Telescope (JWST) (NASA)
between multiple images of the SAe - Ultra-deep NIRCam and NIRSpec Observations of |
Var iable background source) ol " ‘ Lty a Massive Cluster Lensing Field (UNCOVER)
e | - Grism Lens-Amplified Survey from Spdce (GLASS-
JWST) | a
- CAnadian NIRISS Unbiased Cluster Survey
(CANUCS) ,
- Strong LensIng and Cluster Evolution program
(SLICE)
Spectroscopic campaigns:
e Very Large Telescope (VLT) (ESO)
- CLASH - VLT
- Multi Unit Spectroscopic Explorer (MUSE)

e photometric constraints (fluxes) .




b Stfong Lensing Modelling

— from the images to the mass f = 6 — a () ‘ » ‘-
g : > 3 . | . : , ‘ | WY
5 1y s i MACS J0416.1 ~2403 (z=0.896) - . " - Bergamini et al., 2022
Multiple images provide observational . b, S EEREITS . TGS "
constraints of different nature: > L R | - ;
~ .- P
® astrometric constraints (positions) .
* photometric constraints (fluxes) ‘ :
* temporal constraints (time-delay | e SRS
between multiple images of the same . - AR
variable background source)
.
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Strong Lensmg Modellmg
-

from the images t0 the mass ,6 0 — Qa (9)
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e | - Grism Lens-Amplified Survey from Spdce (GLASS-
JWST) | a
- CAnadian NIRISS Unbiased Cluster Survey
(CANUCS) ,
- Strong LensIng and Cluster Evolution program
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Spectroscopic campaigns:
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- Multi Unit Spectroscopic Explorer (MUSE)

e photometric constraints (fluxes) .




. Time- delay cosmOgr aphy

CLUSTER SCALE ‘

GALAXY—SCAL’E
'HE 0435-1223 PG 1115+080 RX J1131-1231 :

1 " 1" 1 1"
B1608+656 WEI 2033;4723 SDSS J1 206+4332
. ' -~
1 " 1 "

HOLiCOW collaboration . ‘ R | SN Refsdal + MACS]1149
[Wang et al., 2019] e ' ‘ [Grillo et al., 2024]




The landmark case of SN Refsdal strongly

lensed by the galaxy cluster MACS]J1 149 TRl 4 - - . i :
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The landmark ¢case of SN.Refsdal stror{gly ' :

lensed by the galaxy cluster MACS]I% -
| : . » @ ) ’
CLASH+GLASS obseryations of . N » .
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The landmark €ase of SN Refsdal stroﬁgly
lensed by the galaxy cluster MACSJ1 '5_9.

CLASH+GLASS obseryations of
MACSJ1149 [Kelly et#l., 2015] .
Zen=0.542, 7 . =1.489 | ¥
ens “host . ‘e
»
oK .

Supernova.Refsdal (z=1 .489) .
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The landmark ¢€ase of SN.Refsdal stroﬁgly - e : ’ »

lensed by the galaxy cluster MACSJ1 m. - ’
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The landmark ¢ase of SN.Refsdal stroﬁgly - . . ’ »
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Time-delay cosmography

The landmark case of SN Refsdal strongly lensed by the galaxy cluster MACS] 1149

a

The Astrdphysical Journal, Volume 817 (Jan 2016)
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Time-delay cosmography

The landmark case of SN Refsdal strongly lensed by the galaxy cluster MACSJ 14,49

C. Grillo et al., 2016
® The Astrophysical Journal, Volume 822 (May 2016)

» ‘

C. Grillo et al., 2018
The Astrophysical Journal, Volume 860 (Jun 2018)

C. Grillo et al., 2020 .
. The Astrophysical Journal, Volume 898 (July 2020)

4

» C: Grilloet al.; 2024 =
Astronomy & Astrophysics, Volume 684 (Jun 2018)
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*89 multiple images; 10
families (1'24’0 <tz S
3.703) +18 knots of the

v SNhost L Vg

* 300 cluster members . - «.

e 17 new multiple m%,ages 6
families (2.950a§ ZrEies
5.983) : ;

e 10 new clu&r memb;rs k.

2 arcmin

* Clustér redshift z=0.542
“# 5 multiple images of SN Refsdal (z=1.489)
(S1—S4 + SX)

* 4 measured time-delays [Kelly et al., 2023 ]
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€osmography with supernova Refsdal through time-deday cluster lensmg
Indep&ndent measurements of the Hubble constant and geometry of the Universe *
| C. Grillget al.;22024

Astronomy & Astrophy51cs Volume 684 (Jun 2018)

Grillo et al., 2024 B fACDM
m oACDM

. fwCDM
B owCDM
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Qm QA (0) § QDE
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owCDM 65. 1t§:i
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<034  0.79*016
0.1872% g2t
<034  0.76%015

Time-delays + distance ratios
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€osmography w1th supernova Refsdal through time-detay cluster lensmg

Indepéndent measurements of the Hubble constant and geometry of the Universe *

~C. Grillget al.;22024
Astronomy & Astrophy51cs Volume 684 (Junr2018)
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Time-delay cosmography

‘The Huhble tension é
flat ACDM
Early 67 4+0.5 Birrer et al., 2025
—— "
0 8P|anck
66.17
,—0.8
ACT-DR6 LG :
68.5
~0.6 .

DESI DR2 + BBN

Late

SHOES
.3
.9

70.4%1
&)

CCHP 5 4
el

713.875, -

- E—

TRGB-SBF ' L

+4.0

T2 1722

*
TDCOSMQO-2025 + Pantheon+

TDCOSMO-2025 + SLACS + SL2S + Pantheon+

64 66 68 70 72 74 76 78 80
Ho [kms~!Mpc~1!]



Time-delay cosmography
‘The Huhble tension é

flat ACDM
Early 67.4+03 Birrer et al., 2025

el —

o

Planck

66.1193
OH—

ACT-DR6

+0.6 :
68'5~O.6 ’
+

DES| DR2 + BBN

Late

SHOES

70.41]
©

9
.9

" CCHP =4
42,
73'8—24 .
*
TRGB-SBF A o
+4.0
72.1+40

*
TDCOSMQO-2025 + Pantheon+

TDCOSMO-2025 + SLACS + SL2S + Pantheon+

64 66 68 70 72 74 76 78 80
Ho [kms~!Mpc~1!]



MACSJ1149: SL model with Gravity. jl

New software to perform SL modelling [M. Lombardi, 2024]

Fast: implemented in Julia (high-performance programmmg language)

General/flexible: multi- plane lensing equatlons arbitrary cosmology, different
sources, many different algorithms

* Goal: apply GTav1ty J1 to cluster-scale time-delay cosmography (TDC)
i Gravity'. jl is fast and efﬁc1ent buf ’s new and must be tested
* MACS]1149 as a representative test case: use the MACSJ1149 Refsdallensing

dataset to compare inferences on Hy with other studies using different SL tools.

-




MACSJ1149: SL model Wlth Gravity. Jl

1. Trying to reproduce Grillo et al., 2016 SL model (based on:the SL tool GLEE)

SX position

-+ This work

Grillo+16: 361+20 | Gravity.jl : Gtllo+16
+16: 361+ oD
rillo 57 | distribution ' -+ Observed

= (Qbserved: 376”:2:2 /

|
9
N

This work: 372157

|
N
U

y |arcsec]
|

350 375 —47 —46 —-45 —44 —43
Ats1x (days) X [arcsec]

Predictions on SX: position and time-dela

o

Our Gravity.jl model is able to reproduce Grillo-et al., 2016 results!



MACSJ1149: SL model Wlth Gravity. Jl

2. With the same mass model, we include SX position and S1—SX time-delay
measurements as additional constraints, leaving H, as a free parameter (flat ACDM
with Q = 0.3). | 0

Inference of H,,

Planck e 67,4f8:g

ACT-DR6—e—66.1%38

—0.6

DESI DR2 + BBN }—e—68.570:6 : - This work:
. . 66 7+3.7
- 4 -3.9

CCHP ——e——70.4+1
TRGB-SBF ———e——{73.8+24
TDCOSMO-4 (Birrer+20) o (74 5+356
———————e——————{66.2F33 Grillo+24 (fACDM)

e {66.7%3-] This work (fFACDM) 55 60 65 70 75 80
62.5 65.0 67.5 70.0 72.5 75.0 77.5 30.0 82.5 Ho [km s™! Mpc™!]

Ho [km s~ Mpc™] Posterior on H, for MACS]1149
from Gravity.Jl

Our Gravity.jl model is able to reproduce Grillo-et al., 2024 results!



. Future prospeects for cosmography S

-

Gravity.jl promises to be a competitive strong lens modelling package in the
upcoming era of high-volume, high-quality SL data. |

|
* James Webb Space Telescope will provide a number of SL s
constraints ~ 1000 in massive clusters vs <100 in the HST - -
era | _ ' )

g OEuchd (2023) and,

* Nancy Grace Roman Space Telescope (2027) will find
" thousands lenses (on ga‘*x and cluster scale) w1th
multlply imaged quasars

e Vera Rubin Observatory (2025) will provide light

curves of bright multiply imaged quasars, but also

discover tens of lensed supernovae

Thanks for the attention!



