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Our strong lensing group

LSST is expected to discover
10 000 strong lensing systems including 1000 quasar lenses

Let’s have them!
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Finding strong gravitational lenses through self-attention
Study based on the Bologna Lens Challenge
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From simulations to surveys™
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Shuaibo Geng —science cases (next talk !)

Sreeknath Harikumar — strong lensing of GWs




Gravitational lensing in a nut shell

Wavefront formalism
(Fermat principle)

Light rays formalism
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Observables:
* Image position
and shape distortions

* time delay between images

* flux ratios
magnification ratios



Strong lensing - applications

« Cosmology
— alternative way to measure H,
[cosmic e.o.s.]

curvature parameter - alternative method

« Testing modified gravity
agnostic approach — PPN parameter
alternative gravity with screening
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Strong lensing cosmography — H, from time delay

RXJ1131-1231

2004 2005 2006 2007 2008

| QSO RXJ1131-123 COSMOGRAIL EPFL
0.5l Swiss Euler Telescope, 259 epochs
M. Tewes, F. Courbin, G. Meylan
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SAt SAy SLOS =)
Lensed GW +EM 0% 0.6% 1% 3
Lensed quasar 3% 3% 1% g

Gt Sl SLOS correspond to time delay, Fermat potential difference, and light-of-sight
environment, respectively. We show the case for lensed gravitational wave (GW) +
electromagnetic {(EM) signals compared with standard technigue in the EM domain using lensed

guasars 5 0

Power of lensed

From .
transient events:

Liao, Fan, Ding, MB, Zhu, Nature Comm. 2018

GW K.Liao et al. 2018

SN la S.Huber et al. 2019 S
GRB M. Oguri 2019

FRB z.-X. Li etal. 2018




Strong lensing of transients

108 LI I 1T 11 I 1T 1T 1 I
- LSST-Sne 1 LSST
900 strongly lensed SN 10°
expected 2 108
ca. 650 SNIa (Goldstein, Nugent 2017) \_‘§ 104 .
« GW CBC signals 5 109
ET 50-100 lensed events yr! 102 R
(Piorkowska et al. 2013, Biesiada et al. 2014 LY
Ding et al. 2015, Yang et al. 2019) 10! b A
DECIGO 50-100 lensed events yrt 1 i Lo ofe o ] 5 they |
(Piérkowska et al. 2021) 0 1 , 2 3
* GRBs

median z ~ 2
lensed GRB expected long
time ago (Paczynski 1996)
no fully confirmed case so far
* FRBs
bright ms long radio flashes
discovered 2007
lying at cosmological distances
expected to be lensed
first possible lensed FRB20190308C
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Transients — advantage: high temporal resolution (time delafls)



Strong lensing and as a new probe of
parametrized post-Newtonian (PPN) gravity

Parametrized post-Newtonian (PPN) formalism is a very convenient way to study
and compare gravity theories beyond GR

One useful PPN parameter”/ measures the ammount of spatial curvature generated
by unit mass

In the weak field limit the metric is characterized by two potentials U
2P 20 o S
ds® = a?(7) [(1 + 6—2) Adt? — (1 - C—Z) gz-jdm*d:w] VY= P

stellar dynamics is sensitive to the Newtonian potential

Trajectory of light is sensitive to both potentials, as a result:
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deflection angle is  Gppy =
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We used a catalog of 80 intermediate mass Ignsmg systems

from SLACS,BELLS, LSD and SL28 2%kms < o < 300kms "

(Cao et al. 2015, ApJ 806:185) GMg 2 2D,
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Figure 3. Normalized posterior likelihood of the PPN ~ parameter obtained
with rigid priors on the nuisance parameters (a, 5, 8).
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Figure 8. Constraints on the PPN parameter from simulated LSST strong
lensing data, with a prior on the cosmic curvature —0.007 < £ < 0.006 from
Planck.
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Science 360, 1342-1346 (2018)

GRAVITATION

A precise extragalactic test
of General Relativity

Thomas E. Collett*, Lindsay J. Oldham?, Russell J. Smith®, Matthew W. Auger?>,
Kyle B. Westfall"*, David Bacon', Robert C. Nichol', Karen L. Masters™’,
Kazuya Koyama', Remco van den Bosch®

Einstein’s theory of gravity, General Relativity, has been precisely tested on Solar
System scales, but the long-range nature of gravity is still poorly constrained. The
nearby strong gravitational lens ESO 325-G004 provides a laboratory to probe

the weak-field regime of gravity and measure the spatial curvature generated per
unit mass, y. By reconstructlng the observed light profile of the lensed arcs and the
observed spatia aamatics with a single self-consistent model,
we conclude that y = 8% confidence. Our result is consistent with

the prediction g ene ity and provides a strong extragalactic constraint
on the weak-field metric of grawty

Fig. 1. Color composite image of ES0325-G004. Blue, green, and red channels are assigned to
the F475W, F606W, and F814W HST imaging. The inset shows a F475W and F814W composite of the
arcs of the lensed background source after subtraction of the foreground lens light. Scale bars are in
arc seconds.



Strong lensing and curvature of the Universe

Strong lenisng systems
offer us
,degenerated triangles”

One can obtain Q, if

d, dg, dis are known

Observations:
Z,, Zg — known

. o Images --> d./d

dis = ds — dy rule valid in flat FLRW metric J s

Distance sum rule — valid in any FLRW metric Time delays -- > d;dy / dg
_ 2 7 2 .

dis = \/1 + dy dy \/1 + (d dy So: d, is measurable

Qi (21.25) = IEEE ds — match by redshift to

— some standard candle

This is a function of two redshifts, but within the FLRW metric (or ruler) 10

it should be just a single number !



PHYSICAL REVIEW D 100, 023530 (2019)

Strongly gravitationally lensed type Ia supernovae:
Direct test of the Friedman-Lemaitre-Robertson-Walker metric

Jingzhao Q1 '2 Shuo Cao,™" Marek Biesiada,™ Xlaogang Zheng Xuheng Dmg and Zong-Hong Zhu**

qunment of Physics, College of Sciences, Northeastern University, Shenyang 110819, China
Departmem of Astronomy, Beijing Normal University, Beijing 100875, China
Deparlmurt of Astrophysics and Cosmology, Institute of Physics, University of Silesia,
75 Putku Piechoty 1, 41-500, Chorzéw, Poland
*School of Physics and Technology, Wuhan University, Wuhan 430072, China
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FIG. 1. An example of the simulated measurements of €, from .
future observations of SGLSNe Ia: without and with the effect of CompaI'ISOIl.
microlensing. The blue lines denote the associated error bars

(68.3% C.L.) of €, when all the uncertainties are included.
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FIG. 3. Inferred Q; parameter as a function of the number of
SGLSNe Ia, with the prediction of a silent universe added for
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Modern cosmology: Incremental Exploration of the

Unknown
B | e i A s i T e s oy >
o More Data Sets e
AT, oo | B.Malec,
Q\ {Leslt A Bﬂ Ix f’ N goPlilérkowska
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: w X - dynamics / I -
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10 Test . L
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£ W, ™ | geometry J
a 0000 = e -
0- 0 : y " T )
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! Wy L/\/e need complementary probes —

Linder (astro-ph/0511197)
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and for cross-checks 12




Strong lensing combined with stellar kinematics

&
. D—r_:.
1. The simplest lens model () = —
Singular Isothermal Sph amer
Stellar kinematics ingular isothermal sphere T 2 D,f_..,-
(spgctroscoiy) (SlS) E}E — 4T c ) D,,-
@ 2. Spherically symmetric power-law
mass density profile —n
Y P p(r) ~r
Gravitational lensing stellar dynamics (spherically symmetric Jeans equation):
mass projected inside the aperture radius
. . scaled to the Einstein radius
Strong lensing: mass inside the
Einstein radius 2 ' 2—r
W _ o E N E= 41— 7y
Miens = _10 DFH IE}E :C: Ifrfyn = JquFE}E (E}np) f(:) (i .D_-; _E'pr

3. More general spherically symmetric power-law model

( r Nk
p(r) = po|— total mass

\ 7o G_ Dlr 9}: 2—a

(o O = 2( P ( ) (€ = 28)\(a)
v(r) = 1| —| . luminous matter 2 Dy \ by

\ 70

B(r)=1— o2 /0% stellar anisotropy 13



Strong lensing cosmography — e.o.s. of the Universe

G @
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PHYSICAL REVIEW D 73, 023006 (2006)

Strong lensing Systems as a probe Of dark energy in the universe Mon. Not. R. Astron. Soc. 406, 1055-1059 (2010) doi:10.1111/j.1365-2966.2010.16725.x

Marek Biesiada'"*
"Department of Astrophysics and Cosmology, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland Cosmic equatlon of state from str ong gl‘aVltatlonal lenSlng SyStemS
(Received 3 November 2005; published 23 January 2006)
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lournal of cusmology and Astroparticle Physics
N Accepted 2010 March 22. Received 2010 March 18; in original form 2010 February 5

20 galaxy lenses

. . WMAP7+BAO+HO from SLACS + LSD
Constraints on cosmological models a. =0.272
" . . m = Y-
from strong gravitational lensing w=-110+0.14
systems W, =-0.93 +0.13
Shuo Cao,” Yu Pan,*® Marek Biesiada,” Wlodzimierz Godlowski® w, =-041% 0.71

- a.l
and Zong-Hong Zhu Komatsu et al. 2011

osmological model Best-fitting parameters (n = est-fitting parameters (n = 4
10 cluster lenses | Cosmelosical model Best-fiti 80) Beat-fitt 1
70 galaxy lenses ACOM In = 0202557 Im = 0262510
Ty 9+0.26 =+0.34
from SLACS wCDM w = —1.021575 w=—115 35
CPL wp = 0.60 £ 1.76 wy = —0.24 £ 2.42
wy = —7.37 £ 8.05 we = —6.35+9.75
THE ASTROPHYSICAL JOURNAL, 806:185 (12pp), 2015 June 20 doi:10. 1088/0004-637X/806/2/185

@ 2015. The American Astronomical Society. All rights meserved.

COSMOLOGY WITH STRONG-LENSING SYSTEMS

Suuo Cao', Mn.REK BIEsiADA'~, RAPHAEL GAVAZZI", ALEKSANDRA PIGRKOWSKA®, AND ZoNG-HonG Znu'
DLp.lrL[I]L.[]L of *\‘,Lmuum\ Beijing Normal U[]I\-Ll"‘alL\- Beijing 100875, China: zhuzh @bnu.edu.cn
DLp.lr'[mLuL of Astrophysics and Cosmology, Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007, Katowice, Poland
“Institute d’Astrophysique de Paris, UMR7095 CNRS—Universite Pierre et Marie Curie, 98bis bd Arago, F-75014 Parns, France
Received 2015 January 23; accepted 2005 May !; published 2015 June 17

118 lenses from
SLACS sample
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Research in Astron. Astrophys. 2011 Vol. 11 No. 6, 641-654 Rescarch in
hutp:/fwww.raa-journal.org  hup:/fwww.iop.org/journals/raa Astronomy and
Astrophysics

Dark energy constraints from joint analysis of standard rulers
and standard candles

Marek Biesiadal:2, Beata Malec? and Aleksandra Piérkowska!l

L Department of Astrophysics and Cosmology, Institute of Physics, University of Silesia,
Uniwersytecka 4, 40-007 Katowice, Poland; biesiada@us.edu.pl
2 Copernicus Center for Interdisciplinary Studies, Gronostajowa 3, 30-387 Cracow, Poland

Vol. 44 (2013) ACTA PHYSICA POLONICA B No 11

ON THE COMPLEMENTARITY OF DIFFERENT
COSMOLOGICAL PROBES WITH SLACS, BELLS AND
SL2S STRONG GRAVITATIONAL LENSING DATA*

ALEKSANDRA PIORKOWSKA, MAREK BIESIADA

Institute of Physics, Department of Astrophysics and Cosmology
University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland

RAPHAEL GAVAZZI

Institut d’Astrophysique de Paris, UMR 7095, CNRS, UPMC
Univ. Paris VI, 98 bis boulevard Arago, 75014 Paris, France
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Strong lensing cosmography with LSST

Fundamental plane relation log R, = alog o, 4+ blog(1.) + c

/

velocity dispersion —

specC
Stellar dynamics M

A -, XDrs
. - 9 — 4 v) LS
) ; "C: Dy

image astrometry

Gravitational lensing

Distance ratio

depends on cosmological
model (H, cancels) ;.



Outline of our plans

Develope an effective model of lens mass distribution based on
agnostic approach to cosmological distances involved
Shuaibo Geng et al. 2024 (A&A submitted)

Use this model for cosmological tests and beyond GR tests (on
existing data)

LSST adopted approach — photo-z + velocity dispersions via.
fundamental plane relations

Systematic study of (wy,w,) degeneracy in lensing approach to cosmic
e.o.s. — finding ,sweet spot region” in (z,,z.) plane

17



Conclusions

» Vera Rubin Observatory (LSST survey) will become a game changer
In precision cosmology

10 000 strong lensing systems including 1000 quasar lenses.
« Great opportuinity to advance alternative cosmological probes

strong lensing systems _
strongly lensed SN la (and other transient events)

anomalies in time delays and DM substructure, fuzzy DM ?
K.Liao, ... ,M.B., et al. ApJ 867:69, 2018

multiwavelength (optical, IR, radio) study of SL systems

lensed GRBS

« Opportunity to explore the fundamental questions in Physics, gravity
theory beyond GR, nature of DM.

18



Challenge for the future: cosmic strings !

10
False vacuum <®>=ne ] =0
Cannot be shrinked to a
point — string is a
_ topological defect here
,/ —’743‘/
/ o
\ /8 -
252 \ Credit: Vachaspati, Pogosian, Steer
|(I)| =Ty
M =G/H

True vacuum:

in general forms a

manifold M of non-

trivial topology T ( M) Universe populated with
strings, they interact,

form loops, oscillate -
emit GWs' !

Credit: Geneva Cosmology Group 19



Cosmic string — cuts the wedge from the

Space-time String is locally fully characterized by its tension
= mass per unit length [l

Credit: Roger Penrose

Deficit angle cut by the String

5 — StlGu 5-space

7

(o

The only direct way to observe the String | 5
IS by gravitational lensing !

Identify

Source behind the cosmic string — split in two
images (non-magnified !)

CSL — 1 one the most
promising candidate

20



CSL -1 case

CSL-1: chance projection effect or serendipitous discovery
of a gravitational lens induced by a cosmic string?

M. Sazhin 2, G. Longo **, M. Capaccioli ', J. M. Alcala!, R.Silvotti!, G.Covone?,
O.Khovanskaya?, M.Pavlov', M.Pannella!, M.Radovich!, V.Testa®

L INAF - Osservatorio Astronomico di Capodimonte, via Moiariello 16, I-80131 Napoli, Italy

2 Sternberg Astronomical Institute, Universitetsky pr., 13, 119992, Moscow, Russia

3 Dipartimento di Scienze Fisiche, Univ. Federico II, Polo delle Scienze e della Tecnologia, via Cinthia, 80126 Napoli, Italy
4 INAF - Telescopio Nazionale Galileo, Roque de Los Muchachos, Santa Cruz de La Palma, 38700-TF, Spain P.O. Box 565
5 INAF - Osservatorio Astronomico di Monte Porzio, Monte Porzio Catone (Roma) Italy

ABSTRACT

CSL-1 (Capodimonte-Sternberg—Lens Candidate, No.1) is an extragalactic double
source detected in the OACDF (Osservatorio Astronomico di Capodimonte - Deep
Field). It can be interpreted either as the chance alignment of two identical galaxies
at z = 0.46 or as the first case of gravitational lensing by a cosmic string. Extensive
modeling shows in fact that cosmic strings are the only type of lens which (at least
at low angular resolution) can produce undistorted double images of a background
source. We propose an experimentum crucis to disentangle between these two possible
explanations. If the lensing by a cosmic string should be confirmed, it would provide
the first measurements of energy scale of symmetry breaking and of the energy scale

of Grand Unified Theory (GUT).
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vertical shift in spectra — only
for visualization

Eventually HST revealed a
matter bridge (merger) ...

But in LSST era it is worth
seeking for lensing by
string 21



Thank you !
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