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• What is microlensing?                                                                      s        
a       mass scales, angular scales, time scales 

• Why is quasar microlensing relevant for astrophysics?                                                            
s       lens/source, qualitative/quantitative, light/dark           

• How can we observe quasar microlensing?                                                    
a        photometrically, spectroscopically, astrometrically

• What are interesting results of quasar microlensing?
 no machos in 0957, dark matter fraction, transverse velocity ...

• The future of quasar microlensing?                                                                     
s       unique, useful, universal

Microlensing of distant Quasars



Basics of 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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Basics of Gravitational Lensing
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What is Gravitational Microlensing?

Gravitational microlensing is the action of compact objects 
of small mass along the line of sight to distant sources

what is “small mass” ?         
! ! ! ! ⇒   10-6  <  M/M☉  < 103

what is “compact” ?    
! ! ! ! ⇒  (much) smaller than Einstein radius

what are the “distant sources”? 
! ! ! ! ⇒   quasars, stars

(other regimes/names: nanolensing, mesolensing, millilensing) 
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Einstein Radii of Microlenses:

Overall scale in gravitational lensing: Einstein radius
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Einstein radius for star in distant galaxy:

Einstein radius for star in Milky Way:
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  Quasar Microlensing: Angular Scale, Time Scale 

(for zL = 0.5, zS = 2.0)
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A brief history of (micro)lensing (4)1979 Walsh, Carswell, Weymann: 
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Why is microlensing relevant for astrophysics?

1979 Chang & Refsdal: "Flux variations of QSO 0957+561 A, B and 
image splitting by stars near the light path"

1981 Gott: "Are heavy halos made of low mass stars?  A gravitational 
lens test"

1986 Paczynski: “Gravitational microlensing at large optical depth”

1986 Kayser et al.: “Astrophysical applications of gravitational micro-
lensing”

1987 Schneider/Weiss: “A gravitational lens origin for  AGN-variability? 
Consequences of micro-lensing”

1989 Irwin et al.: "Photometric variations in the Q 2237+0305 system: 
first detection of a microlensing event''

(background source:  quasars)
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  How can we observe micro-lensing ? 

  
⇒ microlensing is a dynamic phenomenon! It is observable:

photometrically
(spectroscopically)
astrometrically

Einstein angle (θE = 0.5 √(M/M⊙◉☉⨀) milliarcsec) << telescope resolution !

⇒ image splitting not directly observable!

However, microlensing affects:
apparent magnitude (magnification)
(emission/absorption line shape)
center-of-light position

AND these effects change with time due to relative 
motion of source, lens and observer:
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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 @ kpc/Mpc  quasars (SNe) @ Gpc

Einstein angle: 0.5 milliarcsec 1 microarcsec

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

proposed: (Einstein 1936)
Paczynski 1986a

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

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 sizes/profiles,
machos, dark matter

  Gravitational Microlensing:
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How do I know that quasar variability is due to 
microlensing?

(... rather than a physical variation of the quasar ...)

All quasars are variable (more or less ...)

• For an isolated quasar:
• very difficult to distinguish "intrinsic" variability from "extrinsic" (i.e. 

microlens-induced) 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) : !!

• obtain "difference" lightcurve: !!!!!!  
• if flat - no microlensing                                            
• if variable -      microlensing

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

September 18, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Microlensing of distant Quasars”



Image separations of known multiply 
imaged QSOs 

HE0435

 Q0957

SDSS1029

(from Janine Fohlmeister)
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 Double quasar Q0957+56: Time Delay & Hubble constant
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 Ensemble of 16 multiple quasars: 
Time Delay & Hubble constant

May 2007:  Oguri, ApJ 660, 1

“We find that 16 published time delay quasars constrain
the Hubble constant to be H0 = (70 ± 6) km/s/Mpc.” 
...
“After including rough estimates of important systematic
errors, we find H0 = (68 ± 6 [stat.] ± 8 [syst.]) km/s/Mpc.”
The reasonable agreement of the value of the Hubble 
constant with other estimates indicates the usefulness of
our new approach as a cosmological and astrophysical 
probe, ...”
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Consider the deflection of (very) many stars close to the light bundle 
of a quasar (macro) image

→ follow the deflected light rays backward from observer through lens 
plane to source plane (inverse ray tracing)

→ collect the rays in “pixels”

→ determine the local magnification

→ convolve magnification with the source profile

→ evaluate for linear track

→ obtain microlensed lightcurve

→ learn HOW to do it this afternoon, 4:30pm ! 

How to calculate quasar microlensing:
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L =
 100 RE

20 RE
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Quasar microlensing: typical magnification patterns

September 18, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Microlensing of distant Quasars”



 

Quasar microlensing:
typical simulations
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The quadruple quasar Q2237+0305

 z(quasar) = 1.695, z(galaxy) = 0.039                
image separation   1.7 arcsec                            
(HST)
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  Quasar Microlensing: Q2237+0305

Udalski et al. 2006  (OGLE)
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 Six (plus one) Applications of Quasar Microlensing

• Double Quasar Q0957+56: no Machos 
Wambsganss & Schmidt (2000)

• Quadruple Q2237+0305: limits on transverse velocity
Gil-Merino, Wambsganss et al. (2005)            

• Size is everything: quasar profile does not matter much
Mortonson, Schechter & Wambsganss (2005)

• Flux anomalies/“suppressed saddlepoints”: smooth dark matter
Schechter & Wambsganss  (2002) 

• Determine Dark Matter fraction via microlensing
Pooley et al. (2009)

• Measure the accretion disk profile
Eigenbrod et al. (2008)

• Future accurate quasar positions: astrometric microlensing
Treyer & Wambsganss (2004)

September 18, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Microlensing of distant Quasars”



24

  Quasar Microlensing? Q0957+561

Falco et al. (1998);  Kundic et al. (1997); Colley, Turner et al. (2001)
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  Quasar Microlensing Simulation: Q0957+561

10-1M☉

10-3M☉

10-5M☉

Wambsganss et al. (2000)
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  Quasar Microlensing Results: Q0957+561

Halo of lensing 
galaxy cannot
consist entirely of 
compact objects 
(MACHOs) in certain 
mass ranges
(Wambsganss et al.  2000)

More systems,
longer baseline
⇒ better constraints!
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  Quasar Microlensing: Q2237+0305

Limits on transverse velocity of lensing galaxy
Monitoring campaign: 6 months in 2000
GLITP - Gravitational Lens International Time Project 
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  Quasar Microlensing: Q2237+0305
Limits on transverse velocity of lensing galaxy:

Idea: "typical" distance between caustics  
#  ⇒ due to effective transverse motion:
	

  ⇒ typical time scale between maxima! 
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss
et al.  (2005)

limits on   Vtrans:

M  = 1 MM:

Vtrans, 90%  ≤  2160 km/sec 
Vtrans, 95%  ≤  2820 km/sec

M  = 0.1 MM:

Vtrans, 90%  ≤   630 km/sec 
Vtrans, 95%  ≤   872 km/sec
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss
et al.  (2005)

limits on   Vtrans:

M  = 1 M☉:

Vtrans, 90%  ≤  2160 km/sec 
Vtrans, 95%  ≤  2820 km/sec

M  = 0.1 M☉:

Vtrans, 90%  ≤   630 km/sec 
Vtrans, 95%  ≤   872 km/sec
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(Mortonson, Schechter & Wambsganss  2005)

for circular disk models:
microlensing fluctuations are relatively insensitive to all ! ! !  
properties of the models except the half-light radius of the disk

For a ‘‘typical’’ quasar, we will assume that there is a central
black hole with mass M ¼ 108 M" and that the bolometric
luminosity of the quasar is L ¼ 1046 ergs s#1 (e.g., Frank et al.
1992). From Yu & Tremaine (2002), we take the efficiency for
the quasar to be ! ¼ 0:2, which gives an accretion rate Ṁ ¼
5 ;1026 g s#1. Doing a simple Newtonian calculation with
these numbers yields an innermost radius of rin ¼ 2:5M ¼ 3 ;
1014 cm. These values of Ṁ and rin are close to the typical
quasar values given in Frank et al. (1992). Using the formu-
las for a Kerr black hole from Bardeen et al. (1972), we can
quantify the error due to the Newtonian calculation. An inner-
most stable circular orbit at rin ¼ 2:5M corresponds to a black
hole spin of a ¼ 0:879. This gives a binding energy per mass of
0.146, which is reasonably close to the assumed value of ! ¼ 0:2
at the level of accuracy at which we are working.

By comparing the constant factor in the temperature-radius
relation found in Frank et al. (1992) to that in equation (3), we
find that the maximum disk temperature is

T0 ¼ 0:488
3GMṀ

8"#r 3in

! "1=4

; ð14Þ

where G is Newton’s constant and # is the Stefan-Boltzmann
constant. Using the values listed above for M, Ṁ , and rin , the
maximum temperature is T0 ¼ 7:4 ; 104 K.

Using these results, we can compare the filters of the Shakura-
Sunyaev disk model to a real filter. For example, the Sloan r 0

Fig. 9.—Dispersion (rms) and skewness of convolutions of the $ ¼ % ¼ 0:4
magnification map with various Shakura-Sunyaev disk profiles. Different
plot symbols are used for different values of rin (given in Einstein radii).
Dashed curves for the Gaussian disk models are shown for comparison. Note
that negative skewness is associated with a tail toward dimmer ( positive)
magnitudes.

Fig. 10.—Same as Fig. 9, but for the negative-parity case, $ ¼ % ¼ 0:6.

Fig. 11.—Dispersion (rms) of histograms from convolutions of both posi-
tive-parity ($ ¼ % ¼ 0:4; solid curves) and negative-parity ($ ¼ % ¼ 0:6;
dashed curves) magnification maps with Gaussian disks (thin curves), uniform
disks (medium curves), and cones (thick curves). For values of r1/2 greater than
about 2rE, the six curves shown here are nearly indistinguishable.

QUASAR MICROLENSING WITH EXTENDED SOURCES 601No. 2, 2005

“Size is everything”:  

Investigation of quasar luminosity profiles on microlensing fluctuations:
             Uniform disks, Gaussian disks, “cones”, Shakura-Sunyaev models:
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Quasar Microlensing at high magnification:  
 suppressed saddlepoints and the role of dark matter    (Schechter 

& Wambsganss 2002)

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 ? 
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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)

33September 18, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Microlensing of distant Quasars”



 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,
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      Accretion disk profile from quasar microlensing        
                       (Eigenbrod et al. 2008)

 ˆ 
  

 (reference wavelength is λref = 2125 Å in source frame).  
scaling.

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)
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Astrometric microlensing of quasars       
               

                 (Treyer & Wambsganss 2004)
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Microlensing of distant Quasars: Summary

Quasar microlensing has developed into a very 
useful astrophysical tool for exploring:

 size and surface structure of quasar accretion disk
 effects (masses, motions) of compact objects along 

line of sight         
 detection and quantification of smoothly distributed 

(dark) matter

Joachim Wambsganss 


