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Gravitational lensing

Deflection of light in the vicinity of a massive object due to gravity

Main observables are: image positions, magnifications and time delays



Image Positions

S, S
o ,,’
Lens Equation: /3 — 0 — a(g)
Scaled deflection a(0) = Das &(D,40) Dg | L:
angle: Dy i &= D,0

Credit: Wambsganss (1998)



Image Positions

S, S
® ‘,.
Lens Equation: /3 — 0 — a(g)
Scaled deflection  (9) = Das & (Dy0) ) L
D g — DdQ

angle: s

* Angles are 2D vectors. Credit: Wambsganss (1998)

* Distances are angular diameter distances

* True source position is unknown. Positions of the images relative
to an origin (usually, the lens center) comprise the observables.



Image Positions

Lens Equation: B8 =0-—«a(f)

Scaled deflection a(f) =
angle: s

* Angles are 2D vectors.
* Distances are angular diameter distances

* True source position is unknown. Positions
to an origin (usually, the lens center) compri:




Magnification

a redit: M. Br
Define Jacobian matrix: A(0) = £ ) Credit: M. Bradac
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Define Jacobian

source xd

where A; j

convergence only

Magnification :

Zitrin et al. 2009



Time delay

tgeom Lorav (Shapiro 1964)
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delays measure ¢ Dy
Hubble constant

D,D: 1

Dds HO

Effect observable for variable sources only.

Unperturbed path length to the source is [B1608+656 Variabilty in Radio Observations
unknown. Hence, only relative time delays of the
lensed images comprise the observables.
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Time delay surface
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Narayan and Bartelmann 1996
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Extended mass lens

Singular Isothermal sphere
_AGM(<§) Most frequently seen
c?¢ lenses are early-type
5 galaxies
7:&(5)

Narayan and Bartelmann 1996



Extended mass lens

Density profile

Flat rotation curve

Surface density

Singular Isothermal sphere

Most frequently seen
lenses are early-type
galaxies
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Narayan and Bartelmann 1996



Extended mass lens

Density profile

Flat rotation curve

Surface density

M(< €)= / ome'de'S(€')

Singular Isothermal sphere

Most frequently seen
lenses are early-type
galaxies
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Extended mass lens

Density profile

Flat rotation curve

Surface density

M(< €)= / ome'de'S(€')

Constant deflection angle

Singular Isothermal sphere

Most frequently seen
lenses are early-type
galaxies
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Extended mass lens

Singular Isothermal sphere

2
s Constant deflection angle | & —= 475 2% Example of an early-type
D, &) c? lens
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Scaled Deflection a(8) = 4 Oy ds
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Lens Equation B=60-0g
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Narayan and Bartelmann 1996



Extended mass lens

Singular Isothermal sphere

2
Constant deflection angle | A = 47 v Example of an early-type
D, &(&) 2 lens
. 2 D
Scaled Deflection a(8) = 4 Oy ds
angl 2 D -
gle s -
Lens Equation B=60-0g
J120540.43+491029.3
Credit: HST/ACS, SLACS
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Einstein Radius Op = 4 (_”“) ds
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Narayan and Bartelmann 1996



det A@) =0 p = 1/det A

Critical curves
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Caustics

Critical curves & Caustics

correspond to critical curves (image plane)
and caustics (source plane)
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Critical curves & Caustics

1/ det A correspond to critical curves (image plane)

det A(0) = 0 = '
et A(0) p and caustics (source plane)
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Critical curves & Caustics

u o= 1/det A correspond to critical curves (image plane)

det A(0) = 0 -
et A(0) and caustics (source plane)

Lens plane Source plane Lens plane Source plane

critical curves caustics

Narayan & Bartelmann (1996)

Extended, elliptically symmetric mass

distribution



Critical curves & Caustics




Lens Search Methods



Lensing Search Algorithms

Source properties
e Galaxies

e Extended, bluish ring/arc-like morphology e.g. SL2S (CFHTLS), SuGOHI
(HSC)

e Spectroscopic selection e.g. SLACS (SDSS), BELLS (BOSS)
e Quasars/AGNs

e radio multi-band compact sources e.g. CLASS (NVSS,GB6)

e color-color + point-like morphology e.g. STRIDES (DES)

e spectroscopic survey e.g. SLQS (SDSS), BLQS (BOSS)

e Supernovae
e Transient surveys - Difference imaging, color-mag, photo-z

e Follow-up monitoring of known lenses (gals/clusters)

Lemon, C., Courbin, F., AM et a. (2024), Space Sci Review



Lensing Search Algorithms

Lens properties
e Galaxies
* Massive early type galaxies (photometric selection)
e Spiral galaxies (spectroscopic selection) e.g. SWELLS
e Clusters
e Serendipity/Visual inspection
e Cluster-finding algorithm
e optical richness e.g. SUGOHI-c (HSC), SGAS (SDSS)
e X-ray e.g. MACS
e Sunyaev Zeldovich e.g. SPT
e Arc-finding algorithm e.g. SL2S (CFHTLS)

Lemon, C., Courbin, F., AM et a. (2024), Space Sci Review



Lensing Search Algorithms

Imagine a galaxy, behind another galaxy.
Think you won't see it? Think again.
Massive galaxies warp space-time around themselves, bending light rays so that we can see

around them. They're the Universe's own telescopes, but these gravitational lenses are very
rare: we need your help to find them!

Discover Lenses
O Help sclentists identify these very rare

astronomical objects.

. = Ly : (o) Trmwm
e Space Warps (spacewarps.orqg) Citizen : -
Science (Supervised learning) since 2013 (= P

Get Started

* pure visual inspection - CFHTLS

Example Subject Trajectories

 targeted searches - CS82, HSC and DES

* Machine learning algorithms (since 2017)

* CNNs on Multi-band (color) images e.qg.
KiDS, CFHTLS, SuGOHI (HSC), DES

1D CNN on Light curves e.g. lensed
Supernovae

ts

No. of subjec

e others?

107 10° 10° 10* 10° 102 100 10°
Posterior Probability Pr(LENS|d)

Pl: Phil Marshall, Anupreeta More and Aprajita Verma


http://spacewarps.org

Applications



Lens: Dark Matter
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e Mass (or mass fraction)

fou(<R)

Lens: Dark Matter
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Statistical estimates of fraction of mass in
DM combining systems with lensed
galaxies and quasars ( Oguri et al. 2014)
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Lens: Dark Matter

B=+0.50 B+ B=-0.25

e Mass distribution

Constraining density profiles of a
population of galaxies
Koopmans et al. 2009
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7'=-—dlog(p)/dlog(r)
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Lens:

e Mass distribution

6 |arcsec|
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Mass distribution of a galaxy cluster using
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Oguri 2010

Dark Matter

Constraining density profiles of a
population of galaxies
Koopmans et al. 2009
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Lens:

e Mass distribution

6 |arcsec|
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Dark Matter

Constraining density profiles of a
population of galaxies
Koopmans et al. 2009
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e Mass distribution

6 |arcsec|

Lens:
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Lens: Dark Matter

e Test of CDM
(cosmological) model
using subhalo/
substructure mass
function

B0128+437 B1422+231

0.1

0.001 0.01
maa T

mass scale b (arcsec)

0.0001
s

Anomalies in the flux ratios of lensed quasars
to test LCDM predictions about subhalos
(Dalal & Kochanek 2002)



Lens:

e Test of CDM
(cosmological) model
using subhalo/
substructure mass
function

B0128+437 B1422+231

Dark Matter

AM et al. 2009
m"’ s

0.1

0.001 0.01

mass scale b (arcsec)

0.0001

“1

T

dn/dlogM [arcsec

107 108 10°
NLuh N[ D

10-5

High resolution imaging can constrain
small scale perturbations from subhalos

Anomalies in the flux ratios of lensed quasars AM et al. 2009, Hezaveh et al. 2016

to test LCDM predictions about subhalos
(Dalal & Kochanek 2002)



Lens: Dark Matter

e Test of CDM (cosmological) model
using subhalo/substructure mass
function

SDSS J1226+2149 Credit: ESA/Webb, NASA & CSA, J Rigby

Mapping the DM subhalo mass function
with strong lensing to test LCDM
predictions
Natarajan et al. 2017



Source: Galaxies

e Stellar population (bulk) properties: luminosity, stellar mass,
velocity dispersion, star-formation rate, clump sizes, metallicity

RCSGA 032727-132609: Reconstructed source (inset)
Sharon et al. 2012



Source redshift
z=1.70

magnification
42.2 £ 5.5

Giant arc
~ 38" long

Source is part
triply imaged
and part quintuply
imaged




Source: Galaxies

o Stellar population (bulk) properties: luminosity, stellar mass, velocity dispersion, star-formation rate, clump
sizes, metallicity

Wuyts et al. 2013
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* Ongoing interaction of 1 gas-rich
and 1 gas-poor component
* large tidal tail, 7 SF regions
Reconstructed source (inset) .
Sharon et al. 2012 size~500pc
e clumps show consistent VD-Lum
relation with other high-z clumps
(Wuyts et al. 2013)
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SDSS J1226+2149, galaxy cluster at 6.3 billion light-years
Credit: ESA/Webb, NASA & CSA, J. Rigby and HST




Source: Quasars

5.0

% HE0435 e lensed AGNs in P06
% RXJ1131 = non-lensed AGNs in P06 | | 45
A AGNs from P15 ° local AGNs

i\
e e s

1JIYSPaI 90IN0S

el

= Pt 1.5

L A [ 1.0

w / log(Mpy/107 M ,)=0.53+0.94log(L /10 L) | 0.5

5 90 95 100 105 110 115 120 125
log(LR,O,total/L(D)

Black hole mass - host luminosity relation
(Ding et al. 2017)



Cosmology

Lens galaxy

credit: Surhud More

e Hubble Constant using time delays between multiply lensed SNe
(Refsdal 1964)



Cosmology

Lens galaxy

credit: Surhud More

e Hubble Constant using time delays between multiply lensed SNe
(Refsdal 1964)



Cosmology

B1608+656 RXJ1131—-1231

Ho measurements in flat ACDM - performed blindly

|Wong et al. 2020|

6 time-delay lenses HOLICOW (average of PL and NFW + stars/constant M/L)

| Millon et al. 2020

6 time-delay lenses (5 HOLICOW + 1 STRIDES) TDCOSMO (NFW + stars/constant M/L)

TDCOSMO (power-law)

this work kinematics-only constraints on mass profile
7 time-delay lenses (+ 33 SLACS lenses in different combinations)
+5.6
74.2_6.1
TDCOSMO-only
+5.8
73'3—5.8
@

TDCOSMO+SLACSry (anisotropy constraints from 9 SLACS lenses)

TDCOSMO+SLACSspss (profile constraints from 33 SLACS lenses)

67.{:‘31:%
TDCOSMO+SLACSspss + ru (anisotropy and profile constraints from SLACS)
TDCOSMO, Birrer et al. 2020
60 65 70 75 80

Ho [kms™Mpc™1]

 Lensed Quasars have been used hitherto for HO (Suyu 2012, Bonvin
et al. 2017, Birrer et al. 2020 COSMOGRAIL, HOLICoW and

TDCOSMO collaborations)

 Pros: Much more abundant than lensed SNe; Cons: Painstakingly
long monitoring observations spanning decades



)

Cosmology

ACS-WFC F814W

. :

SA/Hubble, W. M. Keck Observatg

G1

Discovery of iPTF16geu : G3 hr s
(.GOObar. etal.2017), gN Requiem in MACS Jo138.0-2155 " ACS-WFC F814W
Microlensing (AM et al. (Rodney et al. 2021)
2017)
| ' S1
Upcoming Surveys like LSST, Euclid will Difference

find several dozens of lensed SNe

Lensed SN in Abell 370
Pros: Standard candles - absolute (Chen et al. 2022)
magnification; transient - host only

SN Zwicky (Goobar et al. 2022) emission, monitoring easier

Cons: Microlensing or mass distribution
complex ; follow-up obs. essential



Source: Supernovae

Different progenitor models

B CC+la

* Different progenitor models —> differences in light 0]
curves

* Lensed SNe
* Higher redshifts

101 4

cdf (~1yr)

* Long time delays —> accurate early

19 20 21 22 23 24

predictions Mo

Expected detections in LSST survey per year

* Lower lensing systematics (e.g. microlensing) Goldstein et al. 2019

if in clusters



Cosmology

Table 1 Relative uncertainties of three factors contributing

to the accuracy of time-delay distance measurement
SAt SAy 5LOS

Lensed GW + EM 0% 0.6% 1%
Lensed quasar 3% 3% 1%

S8At, Ay, 5LOS correspond to time delay, Ferdeifference, and light-of-sight
environment, respectively. We show the case for lensed gravitational wave (GW) +
electromagnetic (EM) signals compared with standard technique in the EM domain using lensed
quasars

— s
h(t)
/\/\/\/\/\/\/\AT Aok
/\/\/\/\j\jvv | AT
\/ljratio
Lensed Gravitational \Waves
a
45|
&5 30F —— Lensed GW + EMs
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15} _ , ---4.
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- 69 | n [
04 r [ |
- . [
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‘ ‘ ' : 00L—ma=zl v, J e
02 04 06 08 63 66 69 72

Liao et al. Nature 2017

* Uncertainty on the lensing potential
- lower for lensed transients

* Uncertainty on the time delay -
negligible SNe results

EM identification necessary




Cosmology

Image: NASA/ESA

280 (ACDM)

2400 (OCDM)
N, arcs ™
36 (S/TCDM)

Abundance of giant arcs in clusters to constrain cosmological
parameters such as Dark Energy
(Bartelmann 1998)



Cosmology

Image: NASA/ESA

280 (ACDM)

2400 (OCDM)
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50,836 source quasars
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Statistical samples of lensed quasars to constrain Dark Energy
Oguri et al. 2012

Abundance of giant arcs in clusters to constrain cosmological
parameters such as Dark Energy

(Bartelmann 1998)



Cosmology

source 1 source 2
lens plane
observer plane plane

Collet et al. 2012



Cosmology

source 1 source 2
lens plane
observer plane plane

ﬁ _ (Dlsl/Dsl)
92 (Dlsz/DS2)

Collet et al. 2012



Cosmology

source 1 source 2
plane plane

lens plane
observer

ﬁ _ (Dlsl/Dsl)
92 (Dlsz/DS2)

Collet et al. 2012

No dependence on
Hubble constant

Complementarity with
other cosmological
probes e.g. Cosmic
Microwave Background



ﬁ _ (DIS1/D81)
92 (Dlsz/DSQ)

1.0

No dependence on

Hubble constant 05

Complementarity with
other cosmological
probes e.g. Cosmic
Microwave Background

=

0.2

Cosmology

lens plane

observer

source 1
plane

source 2
plane

Collet et al. 2012

— 6 Double source plane lenses —  WMAP+6 Doubles
— WMAP

0.6

0.4f
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1.0

No dependence on
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other cosmological
probes e.g. Cosmic
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Cosmology

lens plane

observer

source 1
plane

source 2
plane

Collet et al. 2012

— 6 Double source plane lenses
— WMAP

—  WMAP-+6 Doubles
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Tanaka, WonggAM et al. 2016
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