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Strong Lensing systems
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Gravitational lensing — geometric optics

Light rays formalism
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.Refsdal” supernova

.Refsdal supernova” discovered 11 Nov. 2014
Kelly et al. (2015) Science 347 1123

1

2=0.54 elliptical galaxy

belonging to

MACS J1149.6+2223

—

z = 1.49 source - spiral

cluster

galaxy

S4

\ 23 February 2014 \ 10 November 2014

Fig. S4: Tmages of the lensing system from archival HST WFC3-IR observations in the
F140W filter. All exposures obtained prior to 3 November 2014 show no evidence for
variability at any of the positions associated with SN Refsdal.
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future reappearance
expected in ca. 1yr

Kelly et al. (2016) ApJL

11 Dec. 2015
SNITI found in SX image
as predicted Il

Great success of GR
(mass distribution modeling
from strong lensing)

Success comparable

to the greatest triumphs of
celestial mechanics in

XIX century

(discovery of Neptune)



(hype

1. Strong lensing systems as new probes of

cosmic curvature

Geometry of the Universe

homogeneous, isotropic

Friedman-Lemaitre-Robertson-Walker models

“implied by the Einstein equations
Time Erg
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Coherent picture of emergence of the large scale
structure Emerging spatial curvature

Physical Space X, /
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Strong lenisng systems
offer us
,degenerated triangles”

One can obtain Q, if

d, dg, d are known

Observations:
Z,, Z,— known

d;, = d, — d; rulevalid in flat FLRW metric

Images -- > dg/dg

Distance sum rule — valid in any FLRW metric Time delays -- > d,d, / d

So: di bl
dis = /1 + Qe dy — T+ 2 d) >0 QS meastrab’

d, — match by redshift some
standard candle (or ruler)

Qk (Zf’ zs) = d? il d§r il dﬁg — ZdEdﬁ% _QZd%dﬁv - Zd%dﬁv
4d} dsd“

This is a function of two redshifts, but within the FLRW metric
it should be just a single number !
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Testing the cosmic curvature at high redshifts: the combination of LSST VERA C.RUBIN
strong lensing systems and quasars as new standard candles OBSERVATORY

Tonghua Liu,' Shuo Cao,'* Jia Zhang,” Marek Biesiada,** Yuting Liu'* and
Yujie Lian'
! Department of Astronomy, Beijing Normal University, 100875 Beijing, China

2School of Physics and Electrical Engineering, Weinan Normal University, Shanxi 714099, China
3National Centre for Nuclear Research, Pasteura 7, PL-02-093 Warsaw, Poland
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Figure 1. Scatter plot of the flux measurements of 1598 quasars (Risaliti &
Lusso 2019).



Results

Table 1. Constraints on the cosmic curvature and lens profile parameters for three types of lens models, in the framework of standard polynomial and
logarithmic polynomial cosmographic reconstrucg

~\

Standard polynomial Qe fe y o 8
SIS 0.002 £ 0.035 1.000 =+ 0.002 | a m}
Power-law spherical —0.007 £+ 0.029 [m} 2.000 +£0.012 m} [m}
Extended power law 0.003 £ 0.045 [m} m| 2.000 £ 0.014 2.171 £0.035
Power-law spherical (with HST imaging) —0.008 + 0.028 [m} 2.000 = 0.012 [m} [m}
Logarithmic polynomial Qe fe y o 8
SIS —0.001 £+ 0.030 1.000 £ 0.003 | m| [m}
Power-law spherical —0.007 £ 0.016 [m} 2.000 = 0.013 [m} [m}
Extended power law 0.002 £ 0.031 m} | 2.002 £ 0.016 2.172 +0.035
N
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Figure 7. Determination of cosmic curvature with five subsamples 0 < z
<10,10<z<20,20<z<3.0,30<z<40and4.0 <z < 5.0 based
on the source redshifts of SGL sample characterized by the SIS lens model.

Conclusion: LssT data (+follow-up) would allow sub-percent accuracy

of local Q, measurement



2. Strong lensing systems as a new tool to
measure the Sp@@d of |Ight using extragalactlc objects

Comparison of Dista 10,000

10000

Measurements of ¢ using extragalactic objects

IS an unexplored territory:

distance in Gly or age in Gyr

first proposal:

Salzano, Dabrowski, Lazkoz (2015) PRL, 114:101304

to be tested with future BAO data

first measurement on extragalactic sources:

Cao, Biesiada, Jackson, Zheng, Zhu (2017) JCAP 02, 0. *t
H(z) from passive evolving galaxies; D,(z) from intermediate L compact £

radio QSOs (standard rulers)

Cao, Qi, Biesiada, Zheng, Xu, Zhu (2018) ApJ 867:50
Combination of strongly lensed and unlensed SN la
predictions for the LSST

Ac/c = 0.005

Luminosity. P i e H bble

¢ =Dy (Zmax)H(Zmax)

/ Lookback time

Angular diameter

A Ana A A~ . “n “nn “Ann  <nnng

¢ (z=1.70) = 3.030(= 0.180) = 10° km/'s

N

X i

\

¢ (z=0.00)= 2008 = 10° km/s

o [X

10



THE ASTROPHYSICAL JOURNAL LETTERS, 888:L25 (6pp), 2020 January 10 https://doi.org/10.3847/2041-8213 /ab63d6

© 2020. The American Astronomical Society. All rights reserved.

CrossMark

Precise Measurements of the Speed of Light with High-redshift Quasars: Ultra-compact
Radio Structure and Strong Gravitational Lensing
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We used a catalog of 118 —_
lensing systems from SLACS, ¢ (20.22-2.94) from
BELLS’ LSD and SLZS 6l radioQSO+s'trong lensing
(Cao, MB, et al. 2015, ApJ 806:185) '
observable / measureable _
E 4
5 3:
CZS
¢ (2=0.00) ¢ (z=1.70) f:Sm QSO+H(z)
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obtainable from (redshift matched)
ultra-compact radio QSOs

c(z) = 3.005(+0.060) x 10°kms™'
summary
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Prediction for the LSST partcipating v 22 1 RUBIN
and future VLBI compact radio QSOs OBSERVATORY
Ac
=10~
C
Table 1

Best-fit Values with 1o Uncertainty for the Speed of Light Derived from
Forthcoming Wide-area Surveys, with the Best Single Epoch, the Full and the
Optimal Stack Imaging

Survey DES (Best) DES (Full) DES (Optimal)

¢ (10° kms™ 2994 4+ 0.016 2.995 4+ 0.014 2994 + 0.015
Survey LSST (best) LSST (full) LSST (optimal)

¢ (10° kms™") 2.996 + 0.004 2.995 £+ 0.002 2.995 £+ 0.003
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Thank you !
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