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• „The other microlensing“: What is quasar microlensing?                                                                      
s          similarities, differences

• A few historic remininscenes w/r to quasar microlensing                                                              
a             Chang/Refsdal (1979, 1984), Gott (1981), Paczynski (1986a)

• Quasar microlensing and OGLE’s important contributions
     opening the time domain (!), quasar size, dark matter fraction

• Concluding remarks

Quasar Microlensing with OGLE
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Quasar Lensing: 
Geometry

He burned his house down

for the fire insurance and 

spent the proceeds on a 

telescope ...
Robert Frost: "The Star-Splitter"
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A brief history of (micro)lensing (4)1979 Chang & Refsdal: 

"Flux variations of QSO 0957+561 A, B and image 
splitting by stars near the light path"

(combining Einstein with Zwicky:    stars INSIDE nebulae ...)
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A brief history of (micro)lensing (4)1979 Chang & Refsdal: 

"Flux variations of QSO 0957+561 A, B and image 
splitting by stars near the light path"

(combining Einstein with Zwicky:    stars INSIDE nebulae ...)
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1984 Chang & Refsdal
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A brief history of (micro)lensing (5)
Gott (1981) 
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Paczyński (1986a)
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Paczyński (1986a)
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Paczyński (1986a)
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Paczyński (1986a)

It was a wonderful occasion and a great honor and pleasure 
for me to work with Bohdan Paczyński from 1987 onward:

• we wrote 13 joint papers (5 out of my first 10)
• Bohdan was incredibly influential for me, my career, my life
• Thank you, Bohdan! 
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Irwin et al. (1989)
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Irwin et al. (1989)
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  Quasar Microlensing: Angular Scale, Time Scale 

(for zL = 0.5, zS = 2.0)
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  Two regimes of Microlensing: 
 

• compact objects in the Milky Way, or its halo, or the local        
group acting on stars in the Bulge/LMC/SMC/M31:                                                           
a                                                                                         
a            stellar microlensing                                               
a            Galactic microlensing                                          
a            local group microlensing                                    
a                         optical depth:  ~10-6            

• compact objects in a distant galaxy, or its halo                
a       acting on even more distant (multiple) quasars                                  
a                                                                                                                  
a              quasar microlensing                                               
a              extragalactic microlensing                                     
a              cosmological microlensing

near

far
a                            optical depth:  ~1
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stellar, Galactic, 
Local Group microlensing

quasar, extragalactic,
cosmological microlensing

main lenses: stellar mass objects in             
Milky Way, SMC, LMC, M31, halo

stellar mass objects in                
lensing galaxy

sources: stars @ 10-100kpc  quasars (SNe) @ Gpc

Einstein angle: 0.5 milliarcsec 1 microarcsec

Einstein time: weeks-months weeks-months-years
optical depth: low:  10-6 high: of order 1

proposed: (Einstein 1936)
Paczynski 1986b

Chang & Refsdal 1979, 1984 
Gott 1981, Paczynski 1986a

first detected: OGLE, MACHO, (EROS) 1993 Irwin et al. 1989

way of 
detection:

photometrically,
spectroscopically,

astrometrically

photometrically,
spectroscopically,
(astrometrically)

signal: simple complicated

good for: machos, stars, planets, (moons?)

stellar masses/profiles, structure 
quasar structure: size/profile

machos, dark matter

Two regimes of Microlensing:

17
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Microlensing by Double Lenses  
(Mao & Paczynski 1991, Sackett 1995):

Three additional parameters:  
1) mass ratio q,  
2) separation d,  
3) angle Φ

Major new phenomenon compared to isolated single lens case:  
occurence of caustics by lens astigmatism 

"A double lens is vastly more complicated than a single one.“   
                                        (Paczyński 1996)

in other words, in Gravitational Lensing:  

2  ≫ 1 + 1          (Paczyński)

n  ≫≫  1 + 1 + 1 +

2  ≠ 1 + 1 
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How do I know that quasar variability is due to 
microlensing? 

(... rather than intrinsic variability of the quasar ...)

• For an isolated quasar:
• very difficult to distinguish "intrinsic" from "extrinsic" variability 

variability! (there  some hints, though ...)
• For a double/multiple quasar:

• intrinsic variability affects ALL images, after certain time delay!    
  ⇒ shift lightcurves in time (Δt) and magnitude (Δm): 

a                   ⇒ determine difference lightcurve:   
• if flat          → no microlensing                                            
• if variable  →      microlensing

 One (wo)man's signal is another (wo)man's noise ... (Paul Schechter)

→ yesterday by Laurent Eyer
→ next talk by Szymon Kozłowski

All quasars are variable (more or less ...)
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Source Plane
(Quasar)

Lens Plane
(Galaxy)

Observer’s Plane

Idea of “backward ray tracing”:

How to calculate quasar microlensing

OGLE25  ––  Warsaw, July 28, 2017  ––  Joachim Wambsganss: “Quasar Microlensing with OGLE”

20



(Wambsganss  1990, 1999)
Efficient Inverse Ray Shooting:  A Tree-Code Approach

360 J. Wambsganss / Journal of Computational and Applied Mathematics 109 (1999) 353–372

Fig. 2. Example of the use of the hierarchical tree code in a microlensing scenario with 31 randomly distributed lenses.
(a, left) Cell structure of the point lenses; (b, middle) Illustration of the cell structure as “tree”; (c, right) Cell/lens
con!guration to be used for a certain ray position (marked with a circled dot).

criterion is something like the opening angle of the cell as seen from the position of the ray). If
this ratio is smaller than a chosen value of the “accuracy parameter” ! or if the cell contains only
one lens, this cell is used. Otherwise, the cell is resolved into its (up to four) subcells, whose side
lengths again are compared with the distances of their center-of-mass positions to the considered ray,
and so on. Typically, ! ranges between 0.4 and 0.9. If a particular cell is used for the determination
of the de"ection angle, it is considered as a pseudo-lens with the total mass of all lenses inside,
located at the center of mass determined by all these particles.

2.3.3. Lenses and pseudo-lenses
In the approach just described, we use the hierarchical tree code in order to approximate the angle

of de"ection !̃ by two parts according to the directly included lenses !̃L and the cells !̃C:

!̃ =
N∗
∑

i=1

!̃i ≈
NL
∑

j=1

!̃j +
NC
∑

k=1

!̃k =: !̃L + !̃C: (8)

The N ’s denote the following:

• N∗ is the number of all lenses,
• NL the number of lenses to be included directly,
• NC the number of cells (= pseudo-lenses) to be included.

For cases in which NL + NC≪N∗, the calculation is speeded up considerably.
For the light ray shown in Fig. 2c, six cells with more than one lens are used (in total they contain

16 lenses), whereas all other lenses are treated individually, that means here N∗ = 31; NL = 15 and
NC = 6. This is not very remarkable yet. But in a calculation with about N∗ = 106 lenses (for
"=1:17; #=0:83;L=150$0; !=0:6), the average number of cells used was 210, the average number
of lenses used directly was 40.
The computing time for this hierarchical tree method (in two dimensions) increases like O(logN∗),

whereas a direct summation would increase as O(N∗). In practice, gains in CPU-time of factors of

Calculation of deflection angle for  N* lenses split into two parts:
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(a, left) Cell structure of the point lenses; (b, middle) Illustration of the cell structure as “tree”; (c, right) Cell/lens
con!guration to be used for a certain ray position (marked with a circled dot).
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this ratio is smaller than a chosen value of the “accuracy parameter” ! or if the cell contains only
one lens, this cell is used. Otherwise, the cell is resolved into its (up to four) subcells, whose side
lengths again are compared with the distances of their center-of-mass positions to the considered ray,
and so on. Typically, ! ranges between 0.4 and 0.9. If a particular cell is used for the determination
of the de"ection angle, it is considered as a pseudo-lens with the total mass of all lenses inside,
located at the center of mass determined by all these particles.

2.3.3. Lenses and pseudo-lenses
In the approach just described, we use the hierarchical tree code in order to approximate the angle

of de"ection !̃ by two parts according to the directly included lenses !̃L and the cells !̃C:

!̃ =
N∗
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i=1

!̃i ≈
NL
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!̃j +
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∑
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The N ’s denote the following:

• N∗ is the number of all lenses,
• NL the number of lenses to be included directly,
• NC the number of cells (= pseudo-lenses) to be included.

For cases in which NL + NC≪N∗, the calculation is speeded up considerably.
For the light ray shown in Fig. 2c, six cells with more than one lens are used (in total they contain

16 lenses), whereas all other lenses are treated individually, that means here N∗ = 31; NL = 15 and
NC = 6. This is not very remarkable yet. But in a calculation with about N∗ = 106 lenses (for
"=1:17; #=0:83;L=150$0; !=0:6), the average number of cells used was 210, the average number
of lenses used directly was 40.
The computing time for this hierarchical tree method (in two dimensions) increases like O(logN∗),

whereas a direct summation would increase as O(N∗). In practice, gains in CPU-time of factors of

Deflection angle for  n  lenses:
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asymmetrically distributed matter far away from the region considered — and continuously distributed
matter). Then these de!ected light rays are followed until they hit the source plane (cf. Fig. 1). The
rays are “collected” in the source plane in small squares. These “pixels” contain various numbers
of rays; the number of rays per pixel is directly proportional to the magni"cation of a source with
the size and shape of such a square. This two-dimensional density distribution of light rays – a
magni"cation pattern — can be visualized easily (see below).
In order to “shoot” a light ray i through a single-lens plane, one has to sum over the de!ection

angles of all individual stars acting as microlenses. The de!ection angle !̃i for a number of n point
lenses hence is just a summation of the de!ection angle by each point lens j:

!̃i =
n

∑

j=1

!̃ji =
4G
c2

n
∑

j=1

Mj
rij
r2ij
: (5)

Here Mj is the mass of point lens j, rij is the projected (vector) distance between the positions of
light ray i and point lens j, and rij is its absolute value, rij =

√

(xi − xj)2 + (yi − yj)2; here (xi; yi)
is the position of ray i, and (xj; yj) is the position of lens j.
By far most of the computing time in the microlensing calculations is needed for the calculation

of these de!ection angles. As seen above, the calculation of the de!ection angle !ij of one lens on
one light ray takes about ten mathematical operations (Nop). In order to obtain a high resolution,
a large number of pixels Npix is required (e.g., 2500× 2500 pixels), and for statistical reasons one
would like a high density of rays per pixel on average (e.g., Nav ≫ 100).
The (minimal) number of individual lensing stars N∗ that have to be taken into account depends

on the surface mass density !∗, the amount of external shear " that is included, and on the ratio
# between the “di#use !ux” (i.e., the rays that are de!ected into the receiving area from stars far
outside the region where microlenses are considered) which one may neglect and the total !ux.
Details about this concept of di#use !ux can be found in [13,25]; an approximated expression for
the minimum number of stars to be included for a certain value of # is

N∗ ≃
3!2∗

(1− !∗)2 − "2
#−1: (6)

For low values of !∗ (60:4) a few hundred stars may be enough, but for the interesting cases closer
to !∗ = 1 the number of stars increases dramatically. The number of stars that should be included
for no external shear (" = 0) with the requirement that more than 99% of the total !ux is in the
receiving "eld (# = 0:01) for, e.g., !∗ = 0:5; 0:8; 0:98 are 300, 4800, 720 300, respectively. A brief
estimate of the number of mathematical operations for such a direct calculation with high resolution
and for a high surface mass density (25002 pixels, 500 rays per pixel, 106 stars) results in:

Ntotal = Nop × Npix × Nav × N∗ ≃ 10× 25002 × 500× 106 ≈ 3× 1016:

Even with the fastest computers such a brute force calculation would take months or years! In other
words: such a direct calculation can not be performed for values of !∗ close to one.
However, the de!ection angle has an r−1 dependence on the distance between ray and lens (see

Eq. (3)). That means, the farther away a lens is from the light ray, the less important it is. This is a
standard situation in problems in which gravity is involved. It forced people to develop more e$cient
methods for the calculation of forces, most of them involved speci"c algorithms, but even speci"c
hardware was developed. We use here the tree-code approach [1]: lenses are treated di#erently

Number of computational operations:  

→ suggested to me by Bohdan Paczyński in 1987
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Quasar microlensing: typical magnification patterns

from Wambsganss, Paczyński, Schneider (1990)
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Quasar microlensing:
typical simulations

“Chromatic Microlensing”:

Due to source size effect,
→ Wambsganss & 
Paczyński (1991)
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Movie made by Luke Weisenbach (student of Paul Schechter @ MIT)
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The quadruple quasar Q2237+0305 

 z(quasar) = 1.695, z(galaxy) = 0.039                
image separation   1.7 arcsec   (HST)

(also known as „Einstein Cross“ or „Huchra’s lens“) 
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  Pre-OGLE Quasar Microlensing: Q2237+0305

Udalski et al. 2006  (OGLE)
enter OGLE:
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Udalski/OGLE, Schechter, J.W. et al. (in prep)
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OGLE observations of the double quasar HE1104-1805
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CASTLES

MG0414+0534:

close pairs of bright images:  

should be about equal in brightness

 they are not!     

saddle point image demagnified!      

 at least 4 similar systems

 what's going on?!?

 microlensing?  substructure? DM ? 

29

Quasar Microlensing at high magnification:   
suppressed saddlepoints and the role of dark matter 

(Schechter & Wambsganss 2002)
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Quasar Microlensing at high magnification:   
suppressed saddlepoints and the role of dark matter 

(Schechter & Wambsganss 2002)

PG1115+080:
0.48", Δm = 0.5 mag 
(Weymann et al. 1980)        
                  

SDSS0924+0219:
0.66", Δm = 2.5 mag 
(Inada et al. 2003)
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Quasar Microlensing at high magnification: suppressed saddlepoints and the role 
of dark matter (Schechter & Wambsganss 2002)

κtot = constant  in horizontal rows

minimum
image:

saddle point                      

κsmooth = 0%                    = 85%                                = 98%

image:
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Quasar Microlensing at high magnification:  
suppressed saddlepoints and the role of dark matter 

 (Schechter & Wambsganss 2002)
κtot = const  in columnsminimum: saddle:

κsmooth = 0% 

                         
= 85%     

                          
= 98%
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Determination of most likely 
dark-matter fraction in 
elliptical galaxy lensing 
quasar PG 1115+080:

 based on analyses of the     
X-ray fluxes of individual 

images in 2000 and 2008:

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss;  ApJ 697, 1892 (2009)
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Microlensing magnification map for image A2

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss;  ApJ 697, 1892 (2009)
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss;  ApJ 697, 1892 (2009)
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      Accretion disk profile from quasar microlensing        
                       (Eigenbrod et al. 2008)

OGLE V-band data, fitted with
different microlensing lightcurves

our spectroscopic data, 
reproduced as 6 “filters”:

39 epochs of spectrophotometric monitoring

studying chromatic variations in the UV/optical continuum of quadruple 
quasar Q2237+0305, images A and B,

OGLE25  ––  Warsaw, July 28, 2017  ––  Joachim Wambsganss: “Quasar Microlensing with OGLE”
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      Accretion disk profile from quasar microlensing        
                       (Eigenbrod et al. 2008)

 ˆ 

source FWHM ratio Ri /Rref  as a function  of λi /λref

Dashed line relation for the standard optically thick & 
geometrically thin accretion disk model (Shakura-Sunyaev)

T ∝ R-3/4   →  R ∝ T-4/3 ∝ λ4/3 

our best fit for:   R ∝ λζ    →   ζ = 1.2  ± 0.3
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Astrometric Microlensing  
of Quasars       
               

                 (Treyer & Wambsganss 2004)
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Astrometric microlensing 
of quasars:

(Treyer & Wambsganss 2004)

39OGLE25  ––  Warsaw, July 28, 2017  ––  Joachim Wambsganss: “Quasar Microlensing with OGLE”
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Summary 

Quasar microlensing has developed into a very useful 
astrophysical tool in the last 38 years …

• determination of size/temperature structure of quasar: optical/X-ray 
accretion disk, BLR

• prime candidate: Q2237+0305 (aka „Einstein Cross“, „Huchra’s lens“) 
• measuring effects (masses, motions) of compact objects along line of sight         
• detection and quantification of smoothly distributed dark matter

… and   OGLE   played a key role in last 20 years!

OGLE25  ––  Warsaw, July 28, 2017  ––  Joachim Wambsganss: “Quasar Microlensing with OGLE”

40



  The unbelievable effectiveness of                       quasar monitoring:

OGLE monitoring of Q2237+0305 & HE1104 –1805: two data points per week 

     ➜  about  0.2% of observing time (10 min per week)  !

     ➜  5(+1) papers: Wozniak+ (2000a,b); Udalski+ (2006)
Wyrzykowski+ (2003); Schechter+ (2003)

     ➜     more than 250 citations !

extreme extrapolation exercise: 
0.2% of time monitor 2 lensed quasar 5 papers        250 citations    

  1% of time monitor 10 lensed quasars 25 papers      1,250 citations

10% of time monitor 100 lensed quasars 250 papers      12,500 citations

100% of time monitor 1,000 lensed quasars 2,500 papers      125,000 citations

experts express exuberance!OGLE25  ––  Warsaw, July 28, 2017  ––  Joachim Wambsganss: “Quasar Microlensing with OGLE”
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to look at (something) in a way that suggests strong interest or desire 
            (Merriam-Webster, Learners’ Dictionary) 

to look at in a flirting way or with unusual attention or desire 
             (Merriam-Webster, Word Central)  

ogle defined for English-language learners:

ogle defined for kids:

The Optical Gravitational Lens Experiment
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→ more than 1850 papers in total !!! 
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for year 2017: 
2 x (# of papers up to June 30)
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My personal connection with OGLE (since 2004):

50 (!) joint papers of J.W. 
with Andrzej Udalski, Michal Szymański (and OGLE members)
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I congratulate

I bow in admiration and adoration and appreciation:

what a wonderful, unbelievable, incredibly successful project!  

I thank
Andrzej Udalski, Michał Szymański, OGLE, Bohdan Paczyński !

Andrzej Udalski, Michał Szymański, OGLE team !
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