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Expanding Universe

Lemaitre & Hubble
1920s independently measured
Discovery the expansion rate
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Ho sets age and size of Universe! [Hubble 1929] , . ..



Measurements in the last decades ,'.
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Tension in Ho R
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Measurement from early universe: Measurement from local universe:

Cosmic Microwave Background supernova distance ladder
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[Planck collaboration 2020] SHOES [Riess et al. 2020]
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Tension in Hy

Measurement from early universe: Measurement from local universe:
Cosmic Microwave Background supernova distance ladder
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[credit: NASA/JPL-Caltech]

[Planck collaboration 2020] SHOES [Riess et al. 2020]
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New physics beyond standard Ho
cosmological model ACDM? [km-1SIMPCT] y021-01-15 17:57:58



Gravitational Lensing

Actual Observed




Strong Optical Lensing

Image Credit: P. J. Marshall "



Gravitational
Strong-Optieat Lensing
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Gravitational Lens Time Delays

[[5 COSM O / //// ]umm(mt\ variations of the images
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Cosmology with time delays #

HE0435-1223

[Suyu et al. 2017]
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Time delay:

1
t= — PAt Cblens

“/

T?me-deliay Obtain from
distance: 1 lens mass
DAt 0x — model

Ho

[Refsdal 1964]

For cosmography, need:
(1) time delays

(2) lens mass model

(3) mass along line of sight
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Refsdal 1964

S1 etS2 =2 images de S
Time delay distance =
fonction complexe de

ag , ag et SO

. 1.—The two light rays from S to O.



HOLICOW e
Ho Lenses in COSMOGRAIL's Wellspring = ™
B1608+656 RXJ1131-1231

= -

HE0435-1223 WFI12033-4723 HE1104-1805
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[Suyu et al' 201 7] 12 2021-01-15 18:05:03
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COSMOGRAIL
[Cosmological
Monitoring of
Gravitational
Lenses]

Pl: F. Courbin
G. Meylan
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Lens mass modeling = gDm@ 0\ o

Modeling with GLEE :)

Gravitational
Lens
Efficient
Explorer

[Suyu & Halkola 2010]

and

Lenstronomy
[Birrer & Amara 2018] 17
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Lens reconstruction

ACS/F8 14W WFC3/F160W

Data

P-owe;' Law Mbdel ]

[Rusu, Wong, Bonvin et al 2020 (HOLiCOW XIllI)]
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Wide-field
spectroscopy and
imaging for:

* redshift
MEEEVEINERIS
and galaxy group
identification
[Sluse et al. 2019

(HOLICOW X)]

 quantifying the
amount of external
mass along the
line of sight
through galaxy
counts
[Rusu et al 2020
(HOLiCOW XII)]
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HOL|COW latest results ’C

HE0435-1223]| =

[Suyu et al. 2010] [Suyu et al. 2013, 2014; [Wong et al. 2017; Rusu
Tewes et al. 2013] et al. 2017; Sluse et al.

2017; Bonvin et al. 2017]

J1206+433 WFI2033-4723 PG1115+080

1"
part of extended sample [Bonvin et al. 2019; part of Keck AO sample
[Birrer et al. 2019] Sluse et al. 2019; of SHARP program

Rusu et al. 2020] [Chen et al. 2019]

2021-01-15 18:10:16




Blind analysis to avoid confirmation bias
Hy€[0,150] Q,, € [0.05,0.5]

— Al
B1608 (Suyu+2010, Jee+2019)
RXJ1131 (Suyu+2014, Chen+2019)
HE0435 (Wong+2017, Chen+2019)
J1206 (Birrer+2019)

PGIIS (Chens2019) Ho with 2.4%
precision in
flat ACDM

probability density

70 80 , 90
Hy [kms ! Mpc™?]
[Wong, Suyu, Chen et al. 2020; HOLICOW XIll] 22
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HOLICOW: Ho from 6 strong lenses - :1@“



Looking forward: new lens systems

New lens systems discovered in DES, Pan-STARRS, SDSS, ATLAS, HSL,

PS J0147+4630 SDSS J0248+1913 ATLAS J0259-1635
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PS J1606-2333

[Shajlb et al. 201 8] 29 2021-01-15 18:20:21




Supernova Refsdal: lensed supernov: .. i
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MACS 1149'6+2223 [Ke"y et al. 201 5] ® 2021-01-15 18:20:53




When will the other SN images appear .
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MACS 1149.6+2223 [Kelly etal. 20151 *"




Pred
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Predicted magnification and delay Q ?
. ‘Kw)

in October 2015:
predict detection of SX
before end of 2015
[Treu et al. 2016]

SX/S1 Magnification Ratio

& Diego-a == Oguri-g == Sharon-g A~ Zitrin-g
~g= Grillo-g -@- Oguri-a == Sharon-a L= Zitrin-c
3~ Jauzac

100 200 300
SX - S1 Time Delay (Observer-Frame Days)

HST observations in Oct 2015: no sign of SX
in Nov 2015: no sign of SX... ke

[Kelly et al. 2016]
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Appearance of image SX
December 25 ) [Kelly et al. 2016]
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Predicted with GLEE (code for cosmography)

[Grillo,) Karman, Suyu et al. 2016] \\
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[Kelly et al. 2016] 36
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Ho a la Supernova Resfdal , 8"

feasibility study of using SN Refsdal for Ho measurement

Atgy.5=

+15d-15d

+30d {9\, -3i)d |
— A1)
— At(p) -
= HOLiCOW

Planck
SHOES

« S$1-S2-S3-S4 delays from
Rodney et al. (2016)

« SX-S1 delay estimated
based on detection in H, (km 5" Mpc™)

Kelly et al. (2016) [Grillo, Rosati, Suyu et al. 2018, 2020] 3s
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HOLISMOKES L %
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Highly Optimised Lensing Investigations of Supernovae,
Microlensing Objects, and Kinematics of Ellipticals and Spirals

Pl: S. H. Suyu

Lensed supernovae provide great opportunities for
1) Constraining the progenitor of Type la supernova

single degenerate double degenerate
B :
or ;_)G
White dwarf (WD) accreting from WDs merging

non-degenerate companion

2) Measuring the expansion rate of our Universe

39
[Suyu, Huber, Cafiameras et al. 2020] 2021-01-15 18:30:15



Future Prospects

Experiments and surveys in the 2020s including Euclid, Rubin,
and Roman observatories will provide ~10,000 lensed quasars
and ~100 lensed supernovae [Oguri & Marshall 2010]

Euclid Rubin Observatory JWST

Discovery Discovery
Imaging Time delays . . ,
Spectroscopy Imaging H'gh; zzglcuttrlggcg?)?/gmg

2021-01-15 18:32:19



Summary

From 6 lensed quasars in HOLICOW,
Ho = 73.3*1.7km/s/Mpc in flat ACDM, a 2.4% precision
measurement independent of other probes

New lensed quasar systems being dlecovered observed
and analysed as part of TDCOSMO

SN Refsdal blind test demonstrated the robustness of
our cluster mass modelin proach and software GLEE

HOLISMOKES: lensed supernovae to constrain
supernova progenitors and cosmology

Current and future surveys will have thousands of new

time-delay lenses, providing an independent and

competitive probe of cosmology and supernova physics
42
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