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What’s the aim of today?

* Who 1s who?
e Course logistics and plan for the semester
 What is gravitational lensing - a quick overview.

e History - The Early Days of Gravitational Lensing

e Worksheet Week 1

- Details later
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Who 1s Who?

e Name?

e Focus of studies / topics of interest?

 Background,i.e., “Journey to Potsdam University”?
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Course Structure:

e Lasts for 15 weeks
e 1VIS setup, 1.e.,45min. “lecture” + 45min, “seminar” each week
- But will be more 90 minutes of lecture-and-seminar
e Introduction to basics of Gravitational Lensing (GL)
- From a theoretical side
- From an observational side
e Focus on general “astronomer skills” used daily in research
- Science communication
- Feedback and evaluation

- Topic condensation
 Weekly worksheets to reflect topic of the week

o Slides and Worksheets available at course web-page
- https://kasperschmidt.github.io/teaching/SS19 Gravl.ens UP765
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Gravitational Lensing

PHY-765, Summer Semester, Potsdam University, 2019

On this page you'll find information about the course on Graviational Lensing (PHY-765) at
Potsdam University, summer semester 2019.

If you are interested in the course, plefg
help for preparing and focusing the lectures and

Page Content

e Course-Description

e Basic Info

e Course Plan

e Lecture Slides
Seminar Worksheets
Exam

Literature

Course Description

Gravitational Lensing

The theory of gravitational lensing (GL) is one of the three fundamental observational
consequences of Einstein’s theory of general relativity. GL describes how rays of light are
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Course Plan on Webpage (updated along the way)

Course Plan: PHY-765 - Gravitational Lensing (GL)

Version: April 9,2019

Week Lecture plan subject to change. See https://kasperschmidt.github.io/teaching/SS19_GravL.ens_UP765 for details.
Date
Time Lecture Exercise/Seminar Location
1. Slides Worksheet 2282011
April 10 Intro & Early days of GL (Literature searches and first lenses) U
8:00-10:00
2. Slides Worksheet 2282011
Sﬁ)gr;lol.zo Light deflection and basic GL geometry (Select poster topic for presentation) R
3. Slides Worksheet 282011
April 24 The lens equation (Continue work on poster) e
8:00-10:00
4
May 1 Holiday - no lecture. Compensated by 5-10 minutes longer days weeks 1-15 N/A
8:00-10:00
S Slides Worksheet 282011
May 8 Multiple images (Poster presentations) T
8:00-10:00
6 Slides Worksheet 2282011
May 15 Time delays (“Journal club” allocation 1) R
8:00-10:00
7 Slides Worksheet 282011
May 22 Magnifying sources (Present “journal club” papers 1) T
8:00-10:00
8 Slides Worksheet 2282011
8-1:)/{)%1, 02-?)0 Finding (strong) gravitational lenses (Paper review) e
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What 1s Gravitational Lensing?
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What 1s Gravitational Lensing?
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What 1s Gravitational Lensing?

The Cheshire Cat RXJ1131-1231
e Strong

- Extended & point sources

- Most extreme distortion of source

- Multiple images

* Micro (p-arcsec scales) 2
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What 1s Gravitational Lensing Good For?

e Multiple images

e Magnification of light

e Improved resolution

= Improved S/N and multiple sight lines

= Reach intrinsically fainter objects

= Resolve high-z

e At#0 in light travel times ™ Probing cosmological parameters

e Probing mass of lens

= BH, planet, galaxy, galaxy cluster
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The Early Days of GL

 Before Einsteins GR people already speculated about gravity’s affect on light
* Already in Newton+1704, Sir IsaacNewton asked:

“Do not Bodies act upon Light at a distance, and by their action bend its Rays;
and is not this action strongest at the least distance?”

e In 1784 Mitchell wrote Cavendish about “black™ bodies’ affect on light particles
e Cavendish estimated the deflection using Newtons gravity but never published
e In 1796 Laplace (independently) noted:

“that the attractive force of a heavenly body could be so large, that light could
not flow out of it”

e This lead to the definition of the Schwarzschild radius: Ry = 2GM / c¢?
* Soldner+1804 derived the Newtonian deflection angle (details next week):

- tana/2=GM /vr — an=2GM/c’r if v=cand a is small
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The Early Days of GL

e Using this equation the prediction is that a star behind the sun should be
shifted by 0.85 arcsec

e In 1911 Einstein independently derived the same value (before GR)

* Freundlich initiated expedition to Russia for the solar eclipse in 1914

- WWI broke out and Freundlich was arrested by the Russians.

e Einstein+1915’s GR provided the correct deflection angle Campbell & Trumpler 1923

™ N

a=4GM /c*r ~ 2 X ax = 1.75 arcsec o T
e Was confirmed with 1919 and1922 expeditions : /\ r A I/L\r
* Lodge 1919 used the term ‘lens’ for the first time \ ""_w &\ L\ )
- Noting bad comparison without focal length - df : O/i h x
e Chwolson+1924 predicted “fictive double stars” 5‘*;\_\. ,;' '&.,7”’"\:
and “‘ring of light” for perfect alignment o \/{"“\;./-,.-’ Ve \
>\ ¢
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The Early Days of GL

o After discussions with Mandl, Einstein published calculations of
deflections for a star-star lens in 1936

e Zwicky (1937a,b):

2% LETTENRS TO THE EDITOR

(Exercise 1.1)

LETTERS TO THE EDITOR 619

Nebolae as Oravitational Leases

Eisstein receatly pabdahed' some calculations concern.
ing & sagpestion made by R, W, Mandl, samely, that & star
B may act as a “gravitational lenn™ for light coming from
another mar A which lies closcly encugh on the line of sig
behind B, As Eisstein remsarks the chance 1o obwerve this
efiect for stars b extromely small,

Last summemer Dy, V. K. Zworykin (10 whom the same
idea bl bees suggested by Me, Mandl) mentioned 10 me
the possilny of an image formation through the action of
gravitational fiekds. As 2 comeguence | made some calcula:
ions which show that extragalactic sebalsr offer & muxch
better chance than stars for the observation of gravitational
beos eficcta.

I the first place some of the massive and more concen-
trated nebulae may be expected 10 deflect light by as much
s bl & minste of arc. In the second place acbalae, s
conteadistinction te mars, possess apparent dimensions
which are resolvable 1o very great dutancm

Seppose that a distant globuler schula 4 whese diam
cter in 2§ Ben ot a istance, o, which is preat compared with
the distance D of & neardy sebeda B which lies exactly
in fecat of A. The image of A under these Cecunsances
& lumisoss ring whose average apparest madins s
By d DN, wheve yo is the angle of deflection for Bght
passing at a Satance 1y feom 5. The apparent width of the
ring s Af=lfe. The agparent total beighnes of this
Parvnous ring is ¢ Uimes greater than the brightnes of the
drect image of A, In osr special case g=2ap(l, with
oyl In actusl cases the factor ¢ may be as Nigh s
4= 100, corresponding 10 an increase in brightaoss of five
magnitedes. The surface brightsom remaine, of course,
wchasged.

The discovery of images of nebulae which are formed
through the gravicatomal febds of nearty scbulae would
be of considerable interest for & sumber of reasons

(1) It weuld furnish as adduional test for the general
theory of relativity

(2) 1t would enable us 10 soe scbedae at datances groater
than those ordinarily reachal by eves the groatest tele
soopes. Any sech entenpion of the known parts of the mi-
verse promises to throw very wekome sew Eght on a
nember of cosmological prebdemn.

(5) The peoblem of determinng scbelar mases at
prosent has arrived at a stalemate. The mass of an average
nebals uatd recently was thought to be of the onder of
My =0 M@, where M@ i the mam of the sus. This ewti-
mate is basod on certain deductions deawn from data on
the intrissic brightaom of scbolae as well s their spectro-
praphic rotations. Some time ago, however, | showed®
that a straightforward application of the virial theorem to
the great chaster of nebulee in Coma leads 1o an average
nebular mase foer husdred tisses greater than the ose
mmtiosed, that s, My'=dX10°M Q. This rosslt has
recently bees verified by an investigation of the Virgo
clster ! Obmervations oo the deflection of light around
mebulse may provide the most direct determination of
tebular mases and dear wp the above-mentioned
dscrepancy.

A detallod sccount of the problems sketched here will
sppear in Helvetica Phynica Acka.
N .
Tl Towptute of Foihamivey.
Pussdena. Caltornia,
Jonsnry W, 01
FA Einstein, Science 4, 506 (000

PF Dwichy, Nebe, Phos Acta & 1M (900
[ 5, Aspbys. J. 83, 23 (i)

F. Zwxxy

On the Probaddity of Detecting Nebulae Which Act 4

Receatly variouws suthors’ ' have again’ comsidernd the
possbility of ohserving the image of & distant star 4 whose
g s bant aeound somme searer slar 1, For reasonn i
cumsed bry these ssthors, the prabubilt y that the mentioned
effoct will ever be sbmerved with sters s vanishingly soull
The geserad loching herefore was that the iden of gravi
tathonal lenses affords “perfect tests of geseral relativiey
That are weavailabde,” as Pesfessor 10 N, Romel® pats it

The problem is question, however, takes on & radically
different aspect, i, instead of in terms of stars we think
terres of entragalactis sebalar ! Provided that our presem
estimaten’ of the masses of claster nebader are correct, the
probabiday that mebalae which act as gravitational leases
il be found becommes practically & cerdedaly. The reasoning
which leads 10 this optimistic view s as lollows.

Lat wn conmider ondy the least prodabie but perhaps most
spoctacular case in which the straight e which jons the
observer ia O with the gravitational center of the leen
mebola I passes theough o distant nebula A, What is the
probabilny that for a specified sebels B this “coincidence
condition™ & satinfad! Cloarly, il all of the distant mbelae
whone appurent magnitude is brighter than s cover & total
sl angle v, the probubiity p for OF to lntersect one of
Dhese sebulas is P /be, Comequently, among a=1/p
mearby mebelae B, one satisfies 0 the average the co-
i bdeence conndition.

Ow limiting exposures with the 100.4nch telescope abowt
1400 of the photographic plate is oo the average covered
bry sebular images. Thim for & Neiting magnaede of abowr
mellS we have appronimately » =400, Wih gravits.
twonal focusing, nebulae conmiderably lainter than m= 215
will be almervalde. This arownd oot in abeut ane handred
rebelae B the ring-Sloe image of a distant nebuls should be
expected, provided that the chosen mebads B has an ap-
pasest angular radiue » saller than he angles v throsgh
which Bght b deflectod on graciag the sarface of tha
mebela. Present estimates of and 4 ol
clester nebulae are such 1hat the observability of gravita.
tonal leos eflects among the acbulse would serm inssred.
In any case, whatever the outoeme, the seanch for sch
efiocts will provide ws with valabie isformation regasding
he Frasmes of nedulae

In seurching through actusd photographs, & rumber of
mebelar objects arouse our sempicion. It will, however, be
PeOesATY 10 Investigate cortals componsite objects spectro-
in the red shilt of the Sllerem
> wil diately betray the
presence of gravitational beos effects. Latd sach tosts have
been made, further discumsion of the probiem in guestion
oay b post poned.

Cablivnsin Mawitwte of Tochnology.

Thseeh o, 917

FA Bnstein, Sclence 4, S0u (e

PN Rl Bowptife Amarian, i 8, Peb (W21

* D G Snetmnbong of U M1 Wiksom Obearvatory bindhy informs me
Thart the idon of #0are a0 gravial bema lenee s la really s — Aremy
wihers, I B Frost, bete davonor of the Y orkrs Obsereatory . as ey as
E-.hn--—td b e B s s by v

Bev. B M (U
. Plge Ave & 126 (9N,

F. Zwwcxy
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The Early Days of GL

o Zwicky suggested “Nebulae as Gravitational Lenses” in 1937a,b
- Predicting deflections of up to 0.5 arc minutes
- Magnification making un-detectable objects detectable (amplification bias)
- Predicting magnification allow studies of object at higher redshift
- Foreseeing such lenses as powerfull estimators of lens masses
- Predict that 1/100 nebulae have (ring-like) lensing effects

- Pointed out the importance of spectroscopic redshift in determining lenses
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The Early Days of GL

e In 1963, Schmidt presented the first stellar-like extragal

actic object, QSO

e Early 1960s several authors “revived” the dormant stuc

1es of lensing

- Klimov 1963: Looking at Einstein rings and multiple images

- Liebes 1964: Looking at star-star (MW star - M31 star) lensing

- Refsdal 1964a.b: Difference in light travel times of multiple images and

the use of these to determine Hy

e Hence, point-sources were now available for lensing of galaxies...
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The Discovery of the First Lens(es)
e Walsh+1979 discovered the first QSO lens: QSO 0957+561

 Has been confirmed from multiple observations since then

Michalitsianos+1997 Walsh+1979
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The Discovery of the First Lens(es) ‘

e Walsh+1979 discovered the first QSO lens: QSO 0957+561

 Has been confirmed from multiple observations since then

Michalitsianos+1997 Walsh+1979
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The Discovery of the First Lens(es)

e The Einstein Cross was presented by Huchra+1985

Yee+1988 Schneider+1988

£{%)
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The Discovery of the First Lens(es)

e Discovery of luminous arc in clusters of galaxies occurred in 1986/1987

-1°35'00"
02ll
04"

06“
08" MUSE [Oll]

39°58'31" 26" 23" 20" 17" 14" 11" 08" 05" 02 Patricio+2018
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The Growing Importance 0

Since the early 1990s things have gone fast

Since 2014-2018 more than 3000 hours spend
on the 6 Hubble Frontier Fields Clusters

And that’s only 6(!) cluster lenses -
Then there are all the other lenses out there...
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S0 1In summary...

* GL convert the effect of gravity on light

e GL 1s usually divided in strong, micro and weak lensing

* GL causes multiple images, magnification, time delays, better resolution
e GL has been discussed in literature since the 1700s

e GL was first confirmed 1n 1919 from behind of kacground stars by sun

e First QSO (multiple 1images) lens discovered by Walsh+1979

e First extended arc discovered in 1986/1987

e GL studies are still going strong with no sign of stopping...
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PHY-7 65 SS19 Grawtatmnal Lensmg Week 1

Questions?



PHY-7 65 SS19 Grawtatlonal Lensmg Week 1

The Weekly Worksheets

* New Worksheet every week
e A mix of:
- “astronomer skill development” exercises

- classic problem solving

- 1Instructions for task/assignments to be presented at later stages



PHY-7 65 SS19 Grawtatlonal Lensmg Week 1

This Week’s Worksheet



