Quiz

Range of Size of Galaxies!?
What are the 2 main types of galaxies!?
What dynamical tracers in galaxies?

What dynamical measure to measure the mass of disk
galaxies? Of elliptical galaxies!?

What is the relation between halo mass and stellar
mass’

What does this relation tell us about star formation?
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Outline

Introduction of gravitational (strong) lensing
A brief history & key observations
Strong lensing on galaxy & clusters scale

Basics of weak lensing
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Very First ldeas and
Measurements

1915: Einstein: General Relativity, one of
the test is the deflection of light (twice
larger than the Newtonian theory or

e 1.75 arcsec)
. .°°€$’.."?l.ﬁ.".'l:'1‘.“..‘3!'!.“l:.:lIJ‘.T.'I‘;'.“.'.'...“.'.'.2""'.1'.'5:;"‘ 191 9 Eddlngton fIrSt measure Of the
deflection of light by the Sun during a
wha Apparent Position I I - b g f GR
<l e solar eclipse: observations ravors
whg £V Newtonian - -
L = S Angle: theory of Einstein
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True Position ""“n,\ Y5

Earth
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f - Zwicky'’s vision of gravitational

LN \\\

lensing

* 1933: Zwicky “discovered” DM In
Coma cluster

* 1937: Zwicky’s “vision™;

observation of gravitational lensing

(by clusters) should allow to

probe:

» the Dark Matter distribution

» study distant galaxies thanks to
the magnification effects

ational Cosmology



290 LETTERS TO

Nebulae as Gravitational Lenses

Einstein recently published® some calculations concern-
ing a suggestion made by R. W, Mandl, namely, that a star
B may act as a “gravitational lens” for light coming from
another star A whoch lies closely encugh on the line of sight
behind B, As Emstein remarks the chance to observe this
effect for stars is extremely small,

Last summer Dr. V. K. Zworykin (to whom the same
idea had been suggested by Mr. Mandl) mentioned to me
the possibility of an image formation through the action of
gravitational fields. As a consequence I made some calcula-
tions which show that extragalactic nebalce offer a much
better chance than sfers for the chservation of gravitational
lens effects.

In the first place some of the massive and more concen-
trated nebulae may be expected to deflect light by as much
as hall a minute of arc. In the second place nebulae, in
contradistinction to stars, possess apparent dimensions
which are resolvable to very great distances.

Suppose that a distant globular nebula A whose diam-
eter is 2¢ lics at a distance, @, which is great compared with
the distance D of a nearby nebula B which hes exactly
in front of 4. The image of A under these circumstances
is a luminous ring whose average appareat radius s
8= (ywro/D)}, where 75 is the angle of deflection for light
passing at a distance rq from B. The apparent width of the
ring is Ad=¢#a. The apparent total brightness of this
luminous ring is ¢ imes greater than the brightaess of the
direct image of 4, In our special case ¢=2/gD, with
= (yore )}, In actual cases the factor ¢ may be as bigh as
g=100, corresponding to an increase in brightness of five
magnitudes. The surface brightness remains, of course,
unchanged.

The discavery of images of nebulae which are formed
through the gravitational fields of nearby nebulae would
be of considerable interest for a number of reasons,

(1) 1Tt would lurnish an additional test for the general
theory of relativity.

2) It would enable us to see nebulae at distances greater
than those ordinarily reached by even the greatest tele-
scopes. Any such exiension of the known parts of the uni-
verse promises to throw very welcome new light on a
number of cosmalogical problems.

(3) The problem of determining nebular masses at
present has arrived at a stalexmte. The mass of an average
nebula until recently was thought to be of the order of
My=10 M@, where Mg is the mass of the sun. This esti-
mate is based on certain deductions drawn from data on
the intrinsic brightness of nebulae as well as their spectro-
graphic rotations, Some lime ago, however, | showed?
that a straightforward application of the virial theorem to
the great cluster of nebulae in Come leads to an average
nebular mass four hundred times greater than the ane
mentioned, that is, My'=4X105M 5. This result bas
recently been verificd by an investigation of the Virgo
cluster.’ Observations on the deflection of lght around
nebulae may provide the most direct determination of
nebular massez and clear up the above-mentioned
discrepancy

THE EDITOR

A detailed account of the problems sketched here will
appear in Helvetica Physica Acla.

F. Zwicky
Narman Byidge Laboratory,
Califoenia Institute of Tecknology,
Pusadena, Callfomis,
January 14, 1037,

A, Einstein, Science 84, 206 (1036).
I, Zwicky, Helv. Phws, Acta 0. 124 (1933),

/Zwicky, 1937

The discovery of images of nebulaec which are formed
through the gravitational fields of nearby nebulae would
be of considerable interest for a number of reasons.

(1) It would furnish an additional test for the general
theory of relativity.
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1979

... discovery of a the first double quasar: an
illusion created by gravity, or physical twins?

- e
B A

Double. Quasar seen with the

_~Twin Quasars
-

ubble 'Space Telescope



Hainline et al. (2012)

Magnitude + constant

Light curve of the double quasar

and time delay
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1985 ... discovery of the Einstein Cross by J. Huchra
a nearby galaxy with a peculiar spectrum ...

—instein Cross seen with the Hubble Space Telescope



1987 .

.- discBvery of Gravitational Args lrbmasswe
clusters o

Every g;lu.ster is a potentfal stropg4ens ...
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Giant Arc in A370 seen-with the M‘bbie Space Telééoope



2005

... Searching through SDSS spectroscopic surveys:
discoveries of many galaxy-lens systems

Einstein Ring Gravitational Lenses

Hubble Space Telescope = ACS

&

JO73728.45+321618.5
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J095629.77+510006.6
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J125028.25+052349.0
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J140228.21+632133.5
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J162746.44-005357.5

-

J163028.15+452036.2

»

J232120.93-093910.2

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRC05-32



2007
... an almost perfect ring in the SDSS survey:
weighting galaxy mass (stellar and dark) ...

Cinstein Ring LRG3-767 seen with the Hubble Space Telescope



RA,Dec = 177.1375, 19.5008, zoom 15 - Images
— @ Legacy Surveys DR9 images

(O Legacy Surveys DR9 models

(O Legacy Surveys DR residuals

httpS [/ WWW. Ieg acysurvey. Ol’g/ viewer? Legacy Surveys DR9.1.1 COSMOS deep
ra=177.1375&dec=19.5008&layer=Is-dro&zoom=15 T ey Sy o mon meges

+ (U Legacy Surveys DR9-south images
+ Older Legacy Surveys

+ O unWISE W1/W2 NEOB

+ More surveys

Overlays

+ Boundaries

+ Imaging catalogs

+ Spectroscopy

+ DESI

- Bright Objects

(] Bright stars

) Tycho-2 stars

) Star clusters & Planetary Nebulae
] NGC/IC galaxies

| Siena Galaxy Atlas

| HyperLEDA/SGA galaxies
| DRY Photo-z

| Constellations

=D Contrast: 1 -

-9 Brightness: 1 -

Jump to object: |NGC 5614 .

Custom catalog upload (FITS table; RA,Dec,[name]):
\ Choose file \ No file chosen \ Upload |

ins & Tricks | Leaflat | Source | @ Lagacy Survays / D.Lanag (Permatar Institute)



2009: ~100 lenses in SLACS
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2012: ~37 cmtﬁqné
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2015 : Refsdal SOpernovae in Frontler Fleld
MAQSJ1 |




April 6, 2018: Hubble Finds an Einstein Ring




ever observed L—“"“

.

Extreme magnification of an individual star at
redshift 1.5 by a galaxy-cluster lens

Kelly et al 2018, Nature Astronomy - April 2nd, 2018
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Hubble Frontier Field Cluster MACS J1149
Observations: Follow-up of the SN Refsdal

£ Images of host galaxy

- FERR:L)

" Stellar images:
" LS1/Levi6A &%

LS1/LeviBA . !
Late May 2016 \. |




Hubble Frontier Field Cluster MACS J1149

Cluster Lens Modeling Uncertainties

-

\

LS1/LeviBA

Critical curves for models with available high-resolution lens maps including ref. # (CATS; solid red line), ref. 4° (dotted
orange line), ref. '% (solid blue line) and ref. 7 (dashed black line) are superposed on the HST WFC3 IR F125W image.
Although predictions for the location of the critical curve near LS1 disagree by ~0.25", LS1 lies within ~0.13" of all of these

models’ predictions.
21



Rest wavelength (A)
1,000 2,000 3,000 4,000 5,000 6000

0.06 | 127.0
0.04
R | 275 Q
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{290 <
' 1 30.0
0.00 <k
€ Underlying point source
amk L& Fiecemtes yEnD et B=15
2,000 4000 6,000 8,000 10,000 12,000 14,000 16,000

Observed wavelength (A)

Rescaling the SED of the flux excess (Lev16A; black triangles) to match that of the 2013-2015 source (red diamonds) yields
x2 = 1.5, indicating that they are statistically consistent with each other despite a flux density difference of a factor of ~4.
The SED shows a strong Balmer break consistent with the host-galaxy redshift of 1.49, and stellar atmosphere models'’ of a
mid-to-late B-type star provide a reasonable fit. Error bars correspond to 68% confidence intervals. The blue curve has T =
11,180 K, surface gravity log g = 2, Ay = 0.02 and x? =16.3; the orange curve has T =12,250 K, log g = 4, Ay = 0.08 and x? = 30.6;
the black curve has T=12,375K, log g = 2, Ay = 0.08 and ¥%2=12.9; and the green curve has T =13,591K, log g =4, Ay = 0.13 and

x?=16.5. Black circles show the expected flux density for eac%zmodel. Error bars correspond to 68% confidence levels.



== Speral5 (y°=184.6)
== == Spera15/3% PBH (¥°=219.6)

a Date (yr)
2008 2012 2016
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— ©
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54,000 55,000 56,000 57,000
Date (MJD)
b Date (yr)
2015 2016
: ) . P ‘ @
’?i' 0.15 Near peak (May 2016) { : 26 é
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Black circles show fluxes measured through all wideband EST filters converted to F125W using LSI's SED. Error bars
correspond to 68% confidence leve:s. a, LSTs full H5'1' light curve, which begins in 2004. b, The most censely sampled part
of the light curve including the May 2016 peak (Levi6A). Th:‘szxiuaximum shows two successive peaks that may correspond to

a lensed binary system of stars at z = 1.49. MID is modified ulian date. Error bars correspond to 68% confidence levels.



Ingredients for modeling

e Light curve measurement from the Hubble data
e Light curve simulation:

 Background Galaxy: Transverse velocity of stars
200-2000 km/s, IMF of stars in the distant galaxies
(more luminous stars are more likely to be lensed)

* Mass model: smooth [marco-lensing] and compact
[micro-lensing] components:DM (Compact DM?
=>BHSs)+galaxies (stars=> IMF)

24



Multiple image? More detections

30 October 2016 3 January 2017
Levl/7A 2

<

. '
P
~
e

LS1/LeviBA LST1/LeviBA LS1/LeviBA

a, LS1 in 2014; we detected LS1 when it temporarily brightened by a factor of ~4 in late April 2016, and its position is marked
by a blue circle. b, The appearance of a new image dubbed Levl6B on 30 October 2016, whose position is marked by a red
circle. The solid red line marks the location of the cluster’s critical curve from the CATS cluster model®, and the dashed red
lines show the approximate 1o uncertainty from comparison of multiple cluster lens models>®7:89:10 Lev16B's position is
consistent with the possibility that it is a counterimage of LS1. ¢, The candidate named Lev17A at the location of the green
dashed circle had a ~4o0 significance detection on 3 January 2017. If a microlensing peak, Levl7A must correspond to a

different star.
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7 Nov 2019: The Sunburst Arc (12 images!)




7 Nov 2019: The Sunburst Arc




7 Nov 2019: The Sunburst Arc




Counterarc
- . . 2




July 2022: Galaxy Cluster SMACSJ0723 seen by JWST

~




MACS J0138 Hubble and Webb Side-by-Side

Hubble 2016 * Webb 2023




JAMES WEBB SPACE TELESCOPE

QUESTION MARK GALAXY | MACS J0417.5-1154

» 225,000 LIGHT-YEARS
10 ARCSECONDS

JWST NIRCam Fllters




JAMES WEBB SPACE TELESCOPE

ELGORDO = ACT-CL J0102-4915

800,000 LIGHT-YEARS

240,000 PARSECS

NIRCam Fiiters




SDSS J1226+2149

* -




Strong Lensing Basics




Cluster Lensing - Back to Basics
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* Basics of lensing:

- Large mass over-densities locally
deform the Space-Time

— A pure geometrical effect, no
dependence with photon energy -
depends on TOTAL MASS

* Lensing by (massive) clusters

« Deflection of ~10-50 arcsec

— strongly lens many background
sources => allow detailed mass
reconstruction at different scales:
cluster core, substructures, large
scales

— ~1 SL cluster-lens per ~10 sq. deg:
potentially ~2000 to study, Probably
only ~200 identified today, nearly 20
with “a good” (SL) mass model
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Gravitational lensing diagram

source lens
plane plane

observer
plane

Jean-Paul Kneib - Observational Cosmology
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Lensing Equation

» Metric near a point mass

2? )dr

C

ds’=(1+ 22 )c2dP-(1-
C
* Where @ is the 3D gravitational potential

» Use the Fermat principle to find the effective light rays:

do,

o dt 0

Jean-Paul Kneib - Observational Cosmology
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Lensing Equations

Lens Mapping:

Lensing Potential

O = 0 —

2

(63 = - @é’»

¢ . lensing potential

= Link with catastrophe theory
= Parameters: Distances and Mass
= Purely geometrical: Achromatic effect

Jean-Paul Kneib - Observational Cosmology



Redshift and Cosmology

C.8

0.2

0

0.8

0.6

C.4

0.2

O

3

Lens Efficiency:

Drs/Dos

For a fixed lens
redshift, the
efficiency
Increase with
source redshift

Weak cosmology
dependence



Lensing Equations

Lens Mapping distortion (first order):

dé)g :A_l _ (1_axx/“/9 —Uzy ¥ )

d6; —Oyp 1 — Oy
In polar | — Oppip 0, (L0up)
coordinates: -\ 2o, (109@ 1 — 19,0 — Lo

Jean-Paul Kneib - Observational Cosmology



Lensing Equations

Amplification Matrix:

A — ( Il — Kk —m —72 )
—s | — g L~

K: convergence
J c? Dy

K = Ap/2 = X/2 0y ' 47G DDy,

, ( D \7'
—0.35gcm™? (lec)

N = (O — Orap)/2 72 = Onyp

Reduced shear:

v(y1,y2): Shear vector

7
g_l—ﬁ;

Jean-Paul Kneib - Observational Cosmology




Convergence and Shear

Convergencz alone

Gravitational Lensing
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Convergence and Shear
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Lensing Equations

Plane transformation for constant K and 'Y

Measured distortion: reduced shear

~

— K

4R
|/

g = 7

Jean-Paul Kneib - Observational Cosmology




Lensing Equations

Magnification: U Size Magnification
=> Total flux increase

pot=det(A7) = (1 - k)" —7°
Shear direction is independent of distance

parameters:
205y

Important properties for weak shear analysis &
direction of large arc = direction of the shear

tan 298]?,-60,7“ —

Jean-Paul Kneib - Observational Cosmology



Lensing Equations

Definition: Critical lines

Locus of the image plane where the determinant of the
(inverse) magnification matrix is zero:

l — k== (4 = o0)
Critical lines are closed curves and non over-lapping.
In general: 2 types of critical lines:

- tangential (external)
- radial (internal)

Jean-Paul Kneib - Observational Cosmology



Lensing Equations

Definition: Caustic lines
Transform of the critical lines in the source plane;

Caustic lines are delineating the regions with different
number of multiple images: crossing a caustic lines adds
2 Images

In general: 2 types of caustic lines:
- tangential => diamond shape caustic [astroid]

- radial (usually larger than the tangential one if regular
shape)

Jean-Paul Kneib - Observational Cosmology



Lensing Equations

Definition: Caustic lines
Transform of the critical lines in the source plane;

Caustic lines are delineating the regions with different
number of multiple images: crossing a caustic lines adds
2 Images

No. of images é> <©> <> <=
3

1

Evolution of the caustic structure with increasing core radius

Jean-Paul Kneib - Observational Cosmology
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Lensing theory

/ —~——

Transform of a regular image
plane grid in the source
plane




Lensing theory

(a) (h)
" &
‘O
Source plane Image plane
caustics critical curves

Jean-Paul Kneib - Observational Cosmology



Lensing Equations
Critical (dashed) and Caustic (solid) Lines

Circular + singular

Always 2 images (a)

elliptical + singular

Always 2 images (b)

elliptical + non-singular

(d)

Circular + non-singular

N

(c)

Bimodal equal-mass

Bimodal different mass

(F)




Lensing Equations

The case of a circular mass distribution:

The tangential

Magnification n%ch iIn polar coordinates

al caustic is
1 (@MQ 0 ) reduced to a
| 0 O point
tangential
Tangential arc
_ (l — 0, = 0 ) probe mass
0 ] — misr) Radial arcs
probe mass
profile

Jean-Paul Kneib - Observational Cosmology
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Lensing equations

Critical line for power-law mass profile Y. o 1
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Einstein Ring

(a) (5} (c) (d,

Circular+Singular Mass

Lensing Theory

Elliptical+Singular Mass

} . Multiple image
L, s o (7 o) configurations for a
I L singular circular and
N i - . elliptical mass
distribution
) . v TR 4//{ \
(1) (e) ')




(s)

Source

(1)

Single image
- \

(]

(1)

Lensing Theory

Radial arc

\ = )

.»"/.'

(3)

(<)

Cusp arc

(6)

(7)

Einstel

N Cros

S

FOId ‘arc

(10)

Multiple image
configurations for a
non-singular elliptical
mass distribution



(1)

(S)

(1)

Lensing Theory

(5)

(8}

(3}

()

(<)

(10}

Multiple image
configurations for a
bimodal mass
distribution with
Similar mass clumps



Lensing Theory

Multiple image region for:

Circular

mass distribution

Elliptical

Bimodal

1

(a)

1

(v)




Lensing Theory

Amplification map for:
Circular Elliptical Bimodal
mass distribution




Lensing Theory

Shear field for:
Circular Elliptical Bimodal
mass distribution
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Strong Lensing

Schematic of image fusion on
the critical line

Magnification is due to

stretching of the image:
surface brightness is
conserved through lensing

logy




Strong Lensing

Image parity

—lliptical case

Simodal case
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(D)




Mass & Einstein Radius

Mass within the Einstein ring:
- mass as a function of lensing potential (circular

case): M(r) — iGD‘BfOLra,.y(r)
S

- Mass within the tangential critical line (Einstein

rng):
M(T‘E) - chritr%

| 0. \" / D
~ 1.1 x 10" M, =
8 - (3()”) (1 Gp()

- Value of Einstein radius is not everything!
Anisotropy Is also very important.

Jean-Paul Kneib - Observational Cosmology




Micro-Lensing




Micro Lensing

Gravitational microlensing

© 2M? Fnewelopsdiz Rretanrica, Ine

Jean-Paul Kneib -

*Moving object

‘ lensing a distant star
e Achromatic effect

gl escarch for DM In

Pl compact form (EROCS,
e MACHO, OGLE projects)

— @ =

Star: OGLE-2005-BLG-006
15.5 Time: 2453493 HJD (Heliocentric Julian Date): May 02, 2005
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Observational Cosmology



Halo Dark Matter & Paczynski’s ldea

d 20~—40 times more dark matter than visible mass.
ssive _ompact alo bjects

Halo

n s
By

Milky Way Galaxy

Large Magellanic Cloud

can be observed by Microlensing.
t~—~1 07% = need to observe 1M stars !




Constraints on the fraction of DM as compact
object (BH)
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Jean-Paul Kneib - Observational Cosmology

Garcia-Bellido et al 2017
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Micro Lensing by exo-planets

2.9

Magnification

Jean-Paul Kneib - Observational Cosmology

-

4V oV

YTTTIITTTIT

—

ITIIIIIII]TIII[TIII]]

1 1 ] 1 L L | I | |

o
P!
=5
=3

lllllllllll

-a e e

s winpe iy SN

* OGLE
* Robonet
Canopus

l"Il’I'ITlI‘I]l’IIIII

i

1

11111111111111

planetary
devi?tion

llllll llllllllllll

9.5 10 10.

-

* Danish
* Perth
* MOA

llllllll

(

-20
days since 31.0 July 2005 UT

0 20



