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Strong Gravitational lensing

SPT-SJ041839-4751.8
galaxy cluster SDSS J1038+4849 Redshift: 4.2248
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Strong Gravitational lensing

Redshift z:
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Strong Gravitational lensing
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Strong Gravitational lensing — History

* Gravitational lensing first proposed by Soldner (1801).
2GM

c?r
* Derived by Einstein using Equivalence principle & Euclidean
metric (1911)

Same deflection angle a =

Deflection angle a = (For sun gives 0.85”’)

2GM
c?r
* Deflection angle with General Relativity by Einstein (1915)
4GM : ’

a=— (For sun gives 1.7”)
* Measured by Eddington during a solar eclipse (1919)

In Sobral: 1.98" + 0.12"; in Principe: 1.61" + 0.30";
* Lensed extragalactic nebulae (galaxies) producing multi-images

suggested by Zwicky (1937)

oooooo

After this point, the curtain 1s gradually being unveiled on the study of cosmology
using gravitational lensing ......
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* Measured by Eddington during a solar eclipse (1919)
In Sobral: 1.98" + 0.12"; in Principe: 1.61" + 0.30";

* Lensed extragalactic nebulae (galaxies) producing multi-images
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After this point, the curtain 1s gradually being unveiled on the study of cosmology
using gravitational lensing ......



Strong Gravitational lensing
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Observables

Source
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Observables

@OUFCGZ \

* redshift Zs

Source Images on the lens plane:
* |mages’ separations
* Flux & flux ratio of the image

{ Time-delays /
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Observables

Source

@OUFCGZ

* redshift Zs

* Images’ separations
* Flux & flux ratio of the image
{ Time-delays

~

Source Images on the lens place:

/

NASA/ESA/CSA/STScl/j. Roger

2004 2005 2006 2007
1f ? f ]
. -
RX J1131-1231 A
A o ——" : .
o T Y . -l\. : B
2 S S e T"""\-... S R TN e
S B +o3 mag : Sl PN «-..,,, N "
@ . i, . F NPPPE Y
e e i o T P ““""'a. ad’r
— : " .'-f-;,l..“ya .
@ Euler €2 : 265 epochs Vi T, el
= Euler ECAM : 76 &pochs : ‘*"1‘"?"} : ?' :
= a4t SMARTS 1.3-m : 288 epochs H :
% Mercator : 78 eppchs : *“ f’ﬁ"-'k*-; ”
: # 1 AT
= D +0.3 mag N'F -H.J¢ Y » ‘hq}.’%b&i& f
5} : M WM il :
: . ﬁ]f‘ H : !
52800 53000 53200 53400 53600 53800 54000 54200 5440(
2008 2009 2010 2011 2012
of f ? s
: NP : '\*\ : :
1k " : : & - :
P e a N (.
R, : . ; ; A,
= : AW e e S : : -
g 2 "--b":"' ."".PM ﬁim O o, W,
g [ T ™ Ve
2 - W 1l -v"'b"‘ -"' '-f'.\'-“im HET Y -
= - }\‘ RO H D} S HT
5 3 W L - M,
g o j'—..;,*m_.-r“‘ ! *\uv g
4 : ot i : "'!«: -""fw..-“'-x
L ! o N N ' : . % -~
& bl -
. 3 *F'!’i%,-,ﬂ,? - : - - ¢ A
54400 54600 54800 55000 55200 55400 55600 55800 56000

HJD - 2400000.5 [day]

Tewes et al. 2021

12




Observables

Source

@OUFCGZ \

* redshift Zs

Source Images on the lens place:
* Images’ separations

* Flux & flux ratio of the image
{ Time-delays

Lens plane:
* Lens redshift ZI
* Velocity dispersion

\¥ /
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Lens model

Mass density profile

Point mass

Singular Isothermal Sphere (SIS)

Power-law

Dark Matter (NFW -+)

Dark Matter + Luminous Matter
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Lens model

Mass density profile

Point mass
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Lens model

Mass density profile

Point mass

Singular Isothermal Sphere (SIS)

Power-law

Dark Matter (NFW -+)

Dark Matter + Luminous Matter
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Optical depth

%
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Optical depth
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Motivations

Assuming VDF and Lens model:
Alternative method to study cosmology
* Different systematics

* Wide redshift range

Assuming Lens model and Get distance:
Constrain the evolution of the galaxy population
* HO independent

* Supplement to the survey results
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Cosmology
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Cosmology
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D1 Valentino et al. 2021

CMB with Planck

Balkenhol et al. (2021), Planck 20184 SPT+ACT : 67.49+ 0.53
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+ CMB lensing: 67.36 + 0.54

CMB without Planck

Dutcher et al. (2021), SPT: 68.8+ 1.5

Aiola et al. (2020), ACT: 67.9 £ 1.5

Aiola et al. (2020), WMAPS+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36+323

No CMB, with BBN

Colas et al. (2020), BOSS DR12+BBN: 68.7 £ 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 +1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

Cepheids —SNIa

Riess et al. (2020), R20: 73.2+1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 74.0+ 1.4
Camarena, Marra (2019):

Burns et al. (2018):

Follin, Knox (2017):

Feeney, Mortlock, Dalmasso (2017):
Riess et al. (2016), R16:
Cardona, Kunz, Pettorino (2016): 73.
Freedman et al. (2012): 74.
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Soltis, Casertano, Riess (2020): 72.1 £2.0
Freedman et al. (2020): 69.6 +1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 +1.9
Freedman et al. (2019): 9.8 +£1.9
Yuanetal (2019): 72.4+2.0

Jang, Lee (2017): 71.2 £2.5

Masers
Pesce et al. (2020): 73.9+ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. {(2020): 76.0 + 2.6
Schombert, McGaugh, Lelli {2020); 75.1+2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+25

Lensing related, mass model —dependent
Yang, Birrer, Hu (2020): Ho = 73.65%192

Millon et al. (2020), TDCOSMO: 74.2 £1.6
Qi et al. (2020): 73.6%%

Liao et al. (2020): 72.827 5

Liao et al. (2019): 72.2+2.1

Shajib et al. (2019), STRIDES: 7421%_;

Wong et al. {2019), HOLICOW 2019: 73.37
Birrer et al. (2018), HOLICOW 2018: 72.5%5
Bonvin et al. (2016), HOLICOW 2016: 71.973%

Optimistic average

Di Valentino (2021): 72.94 £0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 +1.1
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Gralaxies
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(alaxies
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Velocity dispersion function:
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n,: characteristic number density a: low-velocity power-law index
0. : characteristic velocity dispersion  B: high-velocity cut-off index
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(alaxies

(Chae & Mao 2003)
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Redshift test

Lensing Probability
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Redshift test
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Redshift test

Lensing Probability
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Gralaxy global properties and
their redshift evolution
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Dataset
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LSST
. . The Legacy Survey of Space and Time
Slmulatlon Cosmology
Dark Matter
data Dark Energy

Huge amount of data (15 TB per night)

(Collett 2015)
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Results

3.2
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(Faber et al. 2007, Brown et al. 2007)
H+ Choi et al. (2007)
e Chae (2010)
-+ Sohn et al. (2017)
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Geng etal. 2021
arXiv: 2102.12140 / DOI: 10.1093/mnras/stab519

Green cross
(o, «, }3)[}]{5 :[]61 +35 km/s,

(Chotetal. 2007) 9 33 4 ().10, 2.67 + 0.07]

Results:
Prior a p

_ 2.38 0.28
Vp = —1.0,1, = 0.25: 045238 2551028

Taking the , the
constraints on the shape parameters of the
VDF are in good agreement with the

results obtained from the survey (SDSS
DRY)



C2003
I M2008 SIS SDSS DR5
M2008 SIE SDSS DR5
02012 SQLS+BAO+WMAP

=
N
o
HH

Geng et al. 2021
arXiv: 2102.12140 / DOI: 10.1093/mnras/stab519

dn O\, Y B 1

ne(z1) =ne(l1+2)"", v, =—1.18
ou(z1) = 0 (1 + )", v =0.18
(Chae & Mao 2003)

Under different semi-analytic models, the
observational data combined with statistical
methods of strong gravitational lensing redshift
distributions tend towards a strong redshift
evolution of the number density (n,) of early-type
galaxies.

The number density of early-type galaxies would
double from z~1 to the local universe, according
our constraints.
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Including the redshift evolution of shape
parameters, we found:

 The non-evolution case was not excluded

* There are strong degeneracies between
redshift evolution parameters.
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Results
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Including the redshift evolution of
shape parameters, we found:

Non-evolution cases were not
excluded

There are strong degeneracies
between redshift evolution
parameters.

* Next generation of

wide and deep sky
surveys (such as LSST)
may  1mprove the
precision by an order
of magnitude.
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Cosmology constraints — {2m

Theoretical predictions

r
B

]

From observations
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Gaussian process regression

Data Points’ \f
positions

data y measured

Cz,ﬁ)i Zhown
CZ;)‘F) 5 hejzot‘éo.be

given data at a set of points -
/
data we want to points position ¢
redict /1 corresponding to
’ f

() ke s ko))

36



(aussian process regression
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positions
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Cosmology constraints — {2m

09

— GP

GP .
* Simulated strong lensing systems from
forthcoming Rubin Observatory’s Legacy
Survey of Space and Time (LSST) & g6
* Precision of 4(),,,~0.015 1n the
concordance ACDM model (comparable 0s
constraint on f2,,, with Planck 2015)

0.7 1

0.4 1

05

Liu et al. 2022 ApJ 939 37
DOI: 10.3847/1538-4357/ac9313

10 15 20 25 30 35 40
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Cosmology constraints - HO, Ok
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Future perspective
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Gravitational Waves (GW)
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Lensed GW
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Lensed GW
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Lensed GW - mass of the graviton
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Lensed GW - mass of the graviton
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Summary

* Strong lensing systems serve as an invaluable tool for
examining the characteristics and redshift evolution of
galaxy populations.

* Strong lensing systems provide a robust complementary
method for constraining cosmological parameters.

 Strong lensed transients will open up new applications,
including new tests on the fundamental physics.
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Thank you for your listening!
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Something more ---
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Interesting link

e https://www.youtube.com/watch?v=133kfYNMBnI&ab channel=D
evonWilliams

source plane

image plane
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https://www.youtube.com/watch?v=i33kfYNMBnI&ab_channel=DevonWilliams
https://www.youtube.com/watch?v=i33kfYNMBnI&ab_channel=DevonWilliams
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Lens model

Mass density profile
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Cosmology constraints - HO, 2k

Time-delay distance
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Cosmology constraints — {2m

Theoretical predictions
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From observations
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Massive graviton

) 5 - Upper bounds | Methods and References
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