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AGNs and Quasars

               Thursday, November 8, 2012:  

1) Intro to AGNs/Quasars and Quasar Lensing
2) Microlensing of Quasars:  Size and Luminosity Profile

               Friday, November 9, 2012:  

3) Multiply Imaged Quasars: Time Delays and Hubble Constant
4) Microlensing of Quasars: Machos, Smooth Dark Matter and more

Joachim Wambsganss

2



 

 
AGNs and Quasars

1) Intro to AGNs/Quasars 
and Quasar Lensing

Joachim Wambsganss
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Discovered in 1960s as radio sources
Counterparts in the visible light: unresolved, point-like blue-ish 
objects (looking similar to stars) ...
... with strange spectra, sometimes variable
Energy production was discussed controversially
After discovery/interpretation of “shifted” emission lines (Maarten 
Schmidt):

Quasars are extremely luminous objects at great distances
A quasi-stellar radio source (“Quasar”) is a very energetic and 
distant active galactic nucleus (“AGN”)

What are Quasars and AGNs?
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(from Castanet-Tolosan observatory)
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Consensus now: 
Very compact regions in centers of massive galaxies (light 
travel time AND discovery of quasar host galaxies)
Supermassive black hole: (107 - 109 solar masses), surrounded 
by accretion disk, material accelerated, heated
Among the most luminous, powerful, and energetic objects 
known in the universe:  Lquasar  ≃ 100 LMilky Way ≃ 1040 J/sec
Emission over the whole electromagnetic spectrum (vom radio 
through IR, visual, UV, X-ray and gamma-ray (peak at UV)
Powered by accretion on a supermassive black hole with 107 - 
109 solar masses: surrounded by accretion disk, material 
accelerated, heated,

What are Quasars and AGNs?
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200 000 quasars known (mostly by Sloan Digital Sky Survey), 
redshift range 0.056 ≲ zquasar ≲ 7.085
Quasars were more common in the past, peak at about zquasar ≃ 2
Quasars are variable: time scales years, months, weeks, days, 
even hours (“intra-day variability)  → emission region must be very 
small: light days or light hours
Emission of large amounts of power from a small region requires a 
power source far more efficient than the nuclear fusion 
release of gravitational energy by matter falling towards a massive 
black hole is the only process known that can produce such high 
power continuously: up to 10% of rest energy !!!
Energy production: very efficient!  

What are Quasars and AGNs?
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Quasar structure (from small to large):
Central Supermassive Black Hole (SMBH)
Continuum Emission Region (Accretion disk)
Broad Line Region (BLR)
Narrow Line Region (NLR)
Jets (occasionally “superluminal”)

What are Quasars and AGNs?

)

our best fit for:   R ∝ λζ    →   ζ = 1.2  ± 0.3

Model for accretion disk: Shakura & Sunyaev (1973):

Thermal disk, temperature decreases outward like T ∝ R-3/4   

With Wien’s law (λmax∗Tmax = const.):     →  R ∝ T-4/3 ∝ λ4/3  
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For luminosity of 1047 erg/s = 1040 J/s: quasar has to devour 10 
solar masses per year
Are “active galaxies” a different class of galaxies (1 in a 1000), or 
is every galaxy in an active state for a small fraction of the time? 
“Active states” are switched on and off; after active phase, quasar 
turns into quiet ordinary galaxy again
Only 10% of quasars are “radio-loud” → the name QSO for quasi-
stellar object was coined comprising both types
Active Galaxies or Active Galactic Nuclei (AGN) is the most 
general name, the particular form depends on the viewing angle

What are Quasars and AGNs?
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What are Quasars and AGNs?
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What are Quasars? 

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

13

What are Quasars?  (44)
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What are Quasars 
and AGNs?
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(composite quasar spectrum from D. Vanden Berk & all, AJ, 122, 549-564, 2001)

Non-thermal spectrum with broad and narrow emission lines: 
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(Adapted from B.M. Peterson, 1997))

Non-thermal spectrum with broad and narrow emission lines: 

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

17

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 Lensing: Lens Equation
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Basics: Lens Equation and Einstein Radius
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Basics: Magnification, Convergence and Shear

Magnification at position x:

Convergence at position x:

Shear at position x:

Convergence:  Normalized surface mass density: κ  =  Σ / Σcrit
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Caustics:  Separate regions in source plane with different image multiplicity

formally infinite magnification !!!            “Critical Lines” ! !

Mapping these positions in source plane:         “Caustics” 

Crossing a caustic increases or decreases the number of images by 2 !

New image pairs  are  (dis)appear at critical lines!

Basics: Caustics and Critical Lines

For positions x (in  lens plane) with   det A(x) = 0:           magnification μ             ∞
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Binary lens: Schneider & Weiss (1986; Astron. Astroph. 164, 237)

Here: one of three  Cases:
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Binary lens: Schneider & Weiss (1986; Astron. Astroph. 164, 237)
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Binary lens: Schneider & Weiss (1986; Astron. Astroph. 164, 237)
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Binary lens: Schneider & Weiss (1986; Astron. Astroph. 164, 237)
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Binary lens: Schneider & Weiss (1986; Astron. Astroph. 164, 237)
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Depends on (lens) mass scale!
"Statically" (images): 

macrolensing: massive object as a lens (≥ 106 M�)&
Einstein angle >  resolution of telescope (≥ 106 M�)
morphological (multiplicity, shapes)

"Dynamically" (brightness, positions): 
microlensing: stars as lenses  (≈ 1 M�)
Einstein angle << resolution of telescope (≥ 106 M�)
time scale = Einstein radius/transverse velocity ≈  years (≥ 106 M�)
variability (lightcuves, positions)& &                                                                                    

      How can we observe (strong) lensing phenomena?    
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Basics of Lensing: Scales 

mass scales:
• few Earth mass planets (10-5 M�) to galaxy clusters (1015 M�):         
⇒ 20 orders of magnitude (and counting ...) 

angular scales:
• quasar microlensing (10-6 arcsec) to giant arcs (100 arcsec)     
⇒ 8 orders of magnitude

distance scales
• Milky Way stars (few kpc) to most distant quasars (few Gpc)    
⇒ 6 orders of magnitude

(or even 15, if you’re ready to include a nearby star at a distance of a couple of microparsecs ...)
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Simulation: Point lens and extended source
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Simulation: Chang-Refsdal-Lens (point lens plus shear)
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(from Phil Yock, The Univ. of Auckland, NZ)
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 33

(from Phil Yock, The Univ. of Auckland, NZ)
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  Many Lenses: Quasar Microlensing 
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(Unresolvable) Image Configurations in Microlensing ... 

... as a function 
of the surface 

mass density κ 
(“kappa”)

here: external shear   
γ (“gamma”) = 0

κ = 0.0 κ = 0.2

κ = 0.5 κ = 0.8
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Two regimes of strength:  strong  ⇔  weak

Two regimes of scales:    macro   ⇔   micro

Two regimes of distance:   near   ⇔  far

Lensing Phenomena:
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Two regimes of strength:  strong  ⇔  weak

Two regimes of scales:    macro   ⇔   micro

Two regimes of distance:   near   ⇔  far

Lensing Phenomena:
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Effects of Lensing 

change of position
first confirmation of GR: offset at solar limb
»normally« not observable:  astrometric microlensing

distortion
extended sources: arclets, arcs, Einstein rings,  ...

(de)magnification
point sources: brighter/fainter: no standard candles!
galaxies: larger/smaller: arcs 

multiple images
most dramatic effect!  multiple quasars, giant arcs
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Fritz Zwicky: "Nebulae as gravitational lenses"
Phys. Rev. 51, 290 - 290 (1937)

1) additional test for GR
2) "telescope": see fainter objects
3) measure masses: confirm large ma& & &

& masses of "nebulae" (i.e. dark matter)
4) splittings of up to 30 arcseconds Fritz Zwicky (1898 - 1974)
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 41

MNRAS 128, 307  (1964)

Sjur Refsdal 
(1935 - 2009)
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Sjur Refsdal,   MNRAS 128, 307  (1964)
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 43

Sjur Refsdal,   MNRAS 128, 307  (1964)
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Active Galactic Nuclei (AGN), Quasars

Sjur Refsdal,   MNRAS 128, 307  (1964)
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45

Refsdal, MNRAS 128, 307 (1964)
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Refsdal, MNRAS 128, 307 (1964)
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47

Refsdal, MNRAS 128, 307 (1964)
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A brief history of (micro)lensing (4)1979 Walsh, Carswell, Weymann: 
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1979 Walsh, Carswell, Weymann: 
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When are two quasar images »illusions«?
(... rather than a physical pair of quasars ...)

Criteria for gravitational lens candidates:

• two or more (point) images of same color (and small ∆θ!)

• identical (or very similar) redshifts

• identical (or very similar) spectra

• lensing galaxy between images visible

• change of brightness  identical (or very similar) in all images,   
s             after certain time delay(s): "parallel" lightcurves

So far (November 2012):
& > 300  "accepted" multiple quasars systems!
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How to find gravitationally lensed quasars?  
(... if you were to get a telescope and the task)

• high-resolution imaging of (sample of) bright quasars:

• ideally: resolve two, three, four images
• in practice often: “non-circular” point-spread function plus follow up

• spectroscopy of millions of galaxies:
• search for super-posed spectra: galaxy spectrum plus (high-z) 
quasar spectrum

• be lucky:
• serendipitous discovery

Occurance of multiply imaged quasars:
       
                  ( 1 in 100        to   )      1  in  500
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Image separations of known multiply 
imaged QSOs 

HE0435

 Q0957

SDSS1029

(from Janine Fohlmeister)
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2) Microlensing of Quasars:  
Size and Luminosity Profile

 
AGNs and Quasars

Joachim Wambsganss
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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 ...)

 Quasar Microlensing
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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 ...)

 Quasar Microlensing
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A brief history of (micro)lensing (5)
1981 Gott: 

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

(correcting  Einstein: 
a            distant stellar microlensing IS observable  ...)
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1984 Turner, Ostriker, Gott: 

“The statistics of gravitational lenses: the distributions 
of image angular separations and lens redshifts”
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1984 Turner, Ostriker, Gott: 

“The statistics of gravitational lenses: the distributions 
of image angular separations and lens redshifts”
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Paczyński
ApJ 301, 503 (1986) 

Bohdan Paczyński 
(1940 - 2007)
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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
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What is Microlensing?

Overall scale in gravitational lensing: Einstein radius

θE =

√

4GM

c2

DLS

DLDS

=

θE ≈ 1.8

√

M

M!

microarcsec

θE ≈ 0.5

√

M
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1
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√
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1

Einstein radius for star in distant galaxy:

Einstein radius for star in Milky Way:
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 77

  Quasar microlensing: Basics 

(for zL = 0.5, zS = 2.0)

Crossing time:      

Einstein time:      

θE =

√
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1
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1
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(Pre-)History of quasar microlensing 

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''
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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

80
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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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Simulation: Point lens and extended source
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  Microlensing Lightcurve:  Single Star as a Lens

(from Sackett 1999)Paczynski (1986): MACHO, EROS, OGLE, ... 
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2  ≫ 1 + 1 

In Gravitational Lensing: 
2  ≠ 1 + 1 

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

Three add’l parameters: 
1) mass ratio q, 
2) separation d, 
3) angle Φ
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  Many Lenses: Quasar Microlensing 
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(Unresolvable) Image Configurations in Microlensing ... 

... as a function 
of the surface 

mass density κ 
(“kappa”)

here: external shear   
γ (“gamma”) = 0

κ = 0.0 κ = 0.2

κ = 0.5 κ = 0.8
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Two-dimensional lens equation (“macro lensing”):

How to calculate quasar microlensing:

Convergence κ corresponds to a certain value of surface 
mass density (constant sheet of matter)

Microlensing: Split up into many point lenses! 

J. Wambsganss / Journal of Computational and Applied Mathematics 109 (1999) 353–372 357

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

Deflection angle for  n  lenses:

In lens equation:  
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Consider the deflection of (very) many stars close to the light bundle 
of a quasar (macro) image with given values of convergence (kappa) 
and shear (gamma):

→ 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 next week with Jorge Jimenez-Vicente! 

How to calculate quasar microlensing:

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

89

 

L =
 100 RE

Quasar microlensing: typical magnification patterns
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L =
 100 RE

20 RE

4 RE0.8 RE

Quasar microlensing: typical magnification patterns
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Quasar microlensing:
typical simulations
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  Quasar Microlensing: Q2237+0305

Udalski et al. 2006  (OGLE)
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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)
 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

94



95

  Millilensing: One million solar mass halo black holes?
VLBI test for million solar mass black holes in halo of G0957+561
(Wambsganss & Paczynski 1991): differential distortion of radio jets
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  Millilensing: One million solar mass halo black holes?

Garrett et al. (1994):
    black holes with   M > 3x106 MM   form less than
    10% of the dark matter in the halo of G0957+561
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97

Measuring Microlensing using Spectra of Multiply Lensed QSOs  
                 (Motta, Mediavilla, Falco & Munoz  2012)

→ Next talk by 
Veronica Motta!
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Microlensing is a fantastic tool: & fun  
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kappa = 0.2 Wambsganss & Kundic (1995)
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kappa = 0.5 Wambsganss & Kundic (1995)
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kappa = 0.8 Wambsganss & Kundic (1995)
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Quasar Microlensing: How to do simulations?
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AGNs and Quasars

3) Multiply Imaged Quasars: 
Time Delays and Hubble Constant

Joachim Wambsganss

113

 114

Time Delays and Hubble Constant

 Q0957+561: Kundic et al. (1997)
 Sample of 16 systems: Oguri (2007)
 J1004+4112: Fohlmeister et al. (2006, 2008)
 SDSS J1029+2623: Fohlmeister et al. (2012)
 RX J1131-1231: COSMOGRAIL, Tewes et al. (2012), 

Suyu et al. (2012)
 HE 0435-1223: COSMOGRAIL, Tewes et al. (2011)
 ... and a curiosity:                                                                  

a    Three quasars acting as lenses, Courbin et al. (2011)
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 Time delay & Hubble constant from 
lensed quasars (Refsdal 1964):

115

∆tAB ∝ D∆t ϕlens

∝ H0-1  ϕlens

(cf. Suyu talk)
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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, ...”

117 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

117

Cluster lens SDSS J1004+4112

•5 quasar images, separation between  3.73” (A-B) and 14.62” arcsec (B-C)
•redshifts:  zL= 0.68,  zS= 1.734

A

B

D

A

C

A A

E
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Gravitational Lens SDSS J1004+4112: 
Splits quasar/galaxy light into multiple images 

(Figure from Janine Fohlmeister)
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Characteristics of SDSS J1004+4112

• Sloan lens, discovered by Inada et al. (2003)

• wide image separation between 
          3.73” (A-B) and 14.62” arcsec (B-C)

• lens: galaxy cluster zL= 0.68,  zS= 1.734

• 4 bright images with r-band magnitude ~19

• faint fifth image near bright cluster galaxy (Sharon et al. 2005)

• Lensed arcs from high redshift background galaxies (Inada et al. 2005)
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Time delay predictions for 
SDSS J1004+4112

      

• time ordering C-B-A-D or D-A-B-C

• longest delay between C-D (months-years) 

• shortest between A-B (days-months)

• dtCD/dtBA= 143 ± 16

Oguri et al. 2004, Williams & Saha 2004, Kawano & Oguri 2006

•  dtBA< 30 days, dtCA~ 400 days, dtAD~ 600 days
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Monitoring of SDSS J1004+4112
Janine Fohlmeister, Emilio Falco, Chris Kochanek & J.W.

• 6 telescopes: FLWO 1.2m 

  APO 3.5m
  MDM 2.4 & 1.3m
  Palomar Observatory 1.5m
  Wise Observatory 1.0m 
  WIYN 3.5m
• 4.5 observing seasons separated by ~100 day gaps
• average sampling three times per week
• 3 times 300 s exposures per night 

• R / r  filter
• photometry via psf fitting using 5 reference stars in the field

570 epochs between December 2003 and January 2008
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Light Curves
of SDSS J1004+4112

5 years of data, 570 epochs:

Image A, B faded by ~ 1mag 

C relatively constant

D brightened by ~ 1.7mag
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Measured Time Delays

• Time Ordering C-B-A-D

• Close image pair A & B:   

                                       ∆tBA = (40.6 ± 1.8) days

• Wide image pair C & A:   

                                       ∆tCA = (821.6 ± 2.1) days

• Lower limit for  A & D :  

                                        ∆tAD > 1250 days 

  Fohlmeister  et al., ApJ 662, 62 (2007) & ApJ 676, 761 (2008)

SDSS J1004+4112

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

124



“Forecast” for SDSS J1004+4112
• C leading A & B by 2.3 years
• sharp variations in C re-observable in    A & B 
• plan: intensive monitoring of A & B for reverberation mapping and 

microlensing studies
• good mass model of galaxy cluster needed for Hubble constant

Fohlmeister  et al., ApJ 662, 62 (2007) & ApJ 676, 761 (2008)
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“Forecast” for 
SDSS 

J1004+4112
Fohlmeister  et al. 

(work in progress)
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Time delay in largest separation multiple 
quasar: SDSS J1029+2623, ∆θ = 22.6”
Fohlmeister, Kochanek, Falco, Wambsganss & Dai (2012)

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

127

Time delay in largest separation multiple 
quasar: SDSS J1029+2623, ∆θ = 22.6”
Fohlmeister, Kochanek, Falco, Wambsganss & Dai (2012)
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Time delay in largest separation multiple 
quasar: SDSS J1029+2623, ∆θ = 22.6”
Fohlmeister, Kochanek, Falco, Wambsganss & Dai (2012)
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Time delay in largest separation multiple 
quasar: SDSS J1029+2623, ∆θ = 22.6”
Fohlmeister, Kochanek, Falco, Wambsganss & Dai (2012)

(Weak) Constraints on
Hubble constant H0:
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Time delay in largest separation multiple 
quasar: SDSS J1029+2623, ∆θ = 22.6”

• 279 epochs of optical monitoring spanning 5.4 years (01/2007 - 06/2012)

• Image A leads image B by  ∆tAB =  (744 ± 10) days

• in fact: triple system, but B and C very close, not separable, all models 
∆tBC ≲ 3 days, therefore no effect 

• no good limits on Hubble constant H0: not enough constraints

Fohlmeister, Kochanek, Falco, Wambsganss & Dai (2012)
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Tewes et al. 2012

RX J1131-1231
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Tewes et al. 2012

RX J1131-1231
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Tewes et al. (2012): Time delays of RX J1131-1231

∆ t1131 (D vs. A/B/C) = (91 ± 1.5) days
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Suyu et al. (2012):  Hubble constant H0  from   RX J1131-1231:

Time delay ∆ t1131 (D vs. A/B/C) = (91 ± 1.5) days  
plus 

Velocity dispersion measurement (323 ± 20) km/s 
plus

line-of-sight measurement of add’l matter:

H0 = (78.7 ± 4.5) km/s/Mpc      (5.5% uncertainty)
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Suyu et al. (2012): 
   Joint constraints from  RX J1131-1231, B1608+666 and WMAP7:

H0 = (75.2 ± 4.5) km/s/Mpc      ΩDE = 0.76 ± 0.03    w = -1.14+0.17-0.20

For flat wCDM: 

For open ΛCDM: 

H0 = (73.1 ± 3.6) km/s/Mpc      ΩΛ = 0.75 ± 0.02  

Overall accuracy similar to BAO measurements (Baryonic Acoustic 
Oscillation)
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HE 0435-1223
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Tewes et al. 2011
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Tewes et al. 2011

HE 0435-1223
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Tewes et al. 2011

HE 0435-1223

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

140



Tewes et al. 2011

HE 0435-1223
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Tewes et al. 2011HE 0435-1223
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Tewes et al. 2011HE 0435-1223
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Tewes et al. 2011

HE 0435-1223
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Tewes et al. 2011 HE 0435-1223
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Examples for lensed structures with increasing z:
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Examples for lensed structures with:     zs = 0.5
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Examples for lensed structures with:     zs = 1.1
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Examples for lensed structures with:     zs = 1.5
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Examples for lensed structures with:     zs = 2.5
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Examples for lensed structures with:     zs = 3.8
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Examples for lensed structures with:     zs = 5.4

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

152



SDSS J0827+5224:   zQSO = 0.293     zS = 0.412

SDSS J0919+2720:   zQSO = 0.209     zS = 0.558

SDSS J1005+4016:   zQSO = 0.230     zS = 0.441

Searching through 23,000 SDSS spectra:

Looking for spectra with  ≥ 4 emission lines at a 
redshift different from the foreground quasar

Confirming with Keck spectra and imaging:

(Velocity dispersions between 210 and 285 km/s)
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QSOs acting as strong lenses:  SDSS J0827+5224 
(Courbin et al. 2012)
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QSOs acting as strong lenses:  SDSS J0919+2720 
(Courbin et al. 2012)
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QSOs acting as strong lenses:  SDSS J1005+4016 
(Courbin et al. 2012)
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Velocity dispersions between 210 and 285 km/s
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Cosmological Probe Comparison I
WMAP7owCDM prior

• contour orientations are different: complementarity b/w probes
• contour sizes are similar: lensing is a competitive probe

[Suyu et al. 2012]

from Sherry Suyu’s 4th talk: 
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Cosmological Probe Comparison II
WMAP7owCDM prior

SDSS BAO:
Percival et al. 2010

Lenses:
Suyu et al. 2012

Supernovae:
Suzuki et al. 2012

Cepheids:
Riess et al. 2011

Reconstructed BAO:
Mehta et al. 2012

from Sherry Suyu’s 4th talk: 
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AGNs and Quasars

4) Microlensing of Quasars: 
(No) Machos, Smooth Dark Matter and more

Joachim Wambsganss
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 Nine Applications of Quasar Microlensing

 Q0957+56: no Machos 

 Q2237+0305: limits on transverse velocity              

 Odd images 
 Size is everything
 Various “suppressed saddlepoints”: smooth dark matter 

 Dark Matter fraction via microlensing
 Measuring the accretion disk profile
 Astrometric microlensing
 Microlensing of Broad Line Region
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  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 

 XXIV Canary Islands Winter School: Astrophysical Applications of Gravitational Lensing                   Joachim Wambsganss: “AGNs and Quasars”,  November 8/9, 2012 (Tenerife)

165

 166

  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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Microlensing of Central Lensed Images 3

200 400 600 800 1000 500 1000 1500 2000 2500 5000 10000 15000

Figure 1. Sample magnification maps for images A (left), B (center), and C (right). The maps are 50RE on a side, and the fraction
of surface mass density in stars is f = 100%. The colorbar at the bottom indicates the number of rays in each pixel, which is directly
proportional to the magnification. The number of rays corresponding to a magnification of unity is 25.8 for image A, 442 for B, and
14, 200 for C. We use a logarithmic color mapping.

3 RESULTS

3.1 Magnification maps

Figure 1 shows magnification maps for f = 100% of the
surface density in stars, with the caveat that to make the
features visible we only show (50RE)2 maps here. The map
for image C in particular shows that there is structure on
scales of tens of Einstein radii, so even a (100RE)2 map does
not contain a fully representative sample of magnifications.

The qualitative differences in the three magnification
maps shown in Figure 1 are striking. For image A, which
forms at a local minimum in the time delays surface and has
relatively low values of the convergence and shear leading to
a modest amplification, the map shows the familiar caus-
tic network (e.g., Wambsganss 1990; Schneider et al. 1992;
Wambsganss 1999). The caustics are preferentially stretched
along the horizontal axis because we have chosen coordinates
aligned with the local shear. For image B, which forms at
a saddle point in the time delay surface and is modestly
demagnified, careful inspection reveals that the map shows
many of the 3-pointed cusps that are characteristic of mi-
crolensing when the parity is negative (e.g., Schneider et al.
1992; Petters et al. 2001). These results are familiar. More
surprising is the map for image C, which forms at a local
maximum in time delay surface and is highly demagnified.
This map looks very different from the familiar, traditional
caustics. It exhibits round, concentrated blobs of high mag-
nification, surrounded by large regions of low magnification.
These features are known to occur for highly overfocussed
(i.e., demagnified) microlensing scenarios (e.g., Wambsganss
1990; Schneider et al. 1992; Petters & Witt 1996; Petters et
al. 2001), but they have not been explored in great detail.2

As noted above, there appears to be strong inhomogene-
ity even on scales of tens of Einstein radii. To quantify this,

2 Petters & Witt (1996) and Petters et al. (2001, see Chapter 15)
have shown that, in the case of an isolated star with a constant
shear and a large, constant convergence κc, the caustics consist
entirely of elliptical fold curves and do not have any cusps.

we define the auto-correlation function along linear slices
through the maps (see Wambsganss et al. 1990a):

ξ(∆x) =
〈µ(x)µ(x + ∆x)〉 − 〈µ(x)〉2

〈µ(x)2〉 − 〈µ(x)〉2 , (3)

where µ(x) is the magnification at position x and the aver-
ages are over all positions along the slide. For each map, we
calculate ξ(∆x) for each row and average over rows. We then
further average over 50 maps (i.e., 50 random stellar configu-
rations). This gives ξ(∆x) parallel to the shear axis; we then
repeat the procedure averaging over columns to find ξ(∆x)
perpendicular to the shear. The auto-correlation function for
each image, both parallel and perpendicular to the shear, is
shown in Figure 2. The distance ∆x0 at which ξ(∆x) falls
to zero is a measure of the correlation length.

Parallel to the shear, ∆xB
0 ≈ 6.1RE while ∆xC

0 ≈
10.6RE, implying that the image B maps have structures
spanning ∼10–15 RE and the image C maps have structures
∼20–25 RE. It is difficult to interpret ξA parallel to the shear
since the caustics are preferentially stretched along the shear
axis, leading to substantial power in ξA even at large ∆x.
Perpendicular to the shear, ξA falls rapidly to zero and in
fact Figure 1 shows little in the way of large scale structure
in the vertical direction. For images C and B, we see that
ξC > ξB for all distances ∆x. This supports the qualitative
conclusion that there is more structure on large scales for
the image C compared to image B maps.

So far we have assumed that f = 100% of the surface
mass density for each image is in stars, which is probably
valid for image C but wrong for image A. In Figures 3–5
we examine the magnification maps for different values of
f . In Figure 3, when f is low the map exhibits caustics of
individual stars, and as f increases the number of caustics
increases and they begin to merge (cf. Schechter & Wamb-
sganss 2002). Figures 4 and 5 show drastically different be-
havior. Here, though the familiar cusp caustics are not seen
in the image C maps at large f (Figure 5), they do begin to
appear with higher frequency as f is decreased. By f = 0.2
the image C maps consist entirely of fold and cusp caus-

c© 0000 RAS, MNRAS 000, 000–000
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Figure 8. Magnification dispersion as a function of the fractional surface density in stars, f = κstars/κtot, for three different source sizes
(quoted in units of RE). The errorbars indicate the statistical uncertainties estimated with bootstrap and jackknife resampling (e.g.,
Efron 1982).
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Figure 7. Magnification dispersion as a function of source size,
for the three images, assuming f = 100% of the mass in stars.
The line segment below the curve for image A shows the expected
asymptotic scaling for large sources, σ ∝ R−1

src (Refsdal & Stabell
1991, 1997).

vlop more and more cusps and folds. For the demagnified
saddle, low values of f yield cusps and folds, intermediate
values produce blobs, and at very large values (f ≈ 100%)
the cusps and folds reappear. Thus the relative number of
cusps and folds versus blobs has a complicated dependence
on κtot, γ, and f (see also Petters et al. 2001).

The central image C maps also show notable inhomo-
geneity on scales of tens of Einstein radii. These large scale
structures are evident in the 1−D auto-correlation func-
tion ξ(∆x). For the central image C, ξC falls to zero by
∆xC

0 ≈ 10.6RE along the direction parallel to the shear, im-
plying structure sizes ∼ 20–25RE. In contrast ∆xB

0 ≈ 6.1
suggesting smaller structures with sizes ∼ 10–15RE. The
larger scale structures in the image C maps causes microlens-
ing fluctuations to be larger for demagnified central images

Image fmax
σ (in dex)

Rsrc = 0.1 1 10

A 0.013 ± 0.001 0.05 0.02 0.003
B 0.511 ± 0.023 0.23 0.19 0.04
C 0.997 ± 0.003 0.25 0.23 0.11

Table 2. Column 2 gives our estimate of the upper limit on
f = κstars/κtot (see text). The quoted uncertainties are derived
from the uncertainty in the power law index of the lens galaxy
mass distribution (α = 0.91 ± 0.02; Winn et al. 2003). Columns
3–5 give upper limits on the magnification dispersion σ (in dex),
for three source sizes (quoted in units of RE). These upper limits
were obtained by combining fmax with the σ vs. f curves in Figure
8. The uncertainties in σ due to the uncertainties in fmax are
" 0.05 dex. The dispersion can be extrapolated to larger source
sizes with the scaling σ ∝ R−1

src (Refsdal & Stabell 1991, 1997).

than for other images, even when the source is fairly large
(Rsrc/RE ! 1).

Our most intriguing qualitative result concerns the
sensitivity of central image microlensing to the relative
densities of stars and dark matter. When the source is
large (Rsrc/RE ! 3), the magnification dispersion decreases
monotonically with the fraction f of density in stars. How-
ever, when the source is small (Rsrc/RE " 3), the magnifi-
cation dispersion rises as f is decreased from unity, reaches
a peak at some finite value of f , and then falls to zero as
f → 0 (as it should in the absence of microlensing). This de-
pendence is similar to behavior seen by Schechter & Wamb-
sganss (2002) for a highly magnified saddle image. We do
not see such behavior for a demagnified saddle, but we do
see it for a demagnified central image. While this qualitative
result has little practical importance (we expect f ≈ 1 for
central images), it may be valuable as insight into how mi-
crolensing depends on the relative amounts of stars and dark
matter. If we can develop a full understanding of that prob-
lem, we may be able to turn microlensing into the best tool
available for probing local densities, rather than integrated
masses, of dark matter in distant galaxies (see Schechter &
Wambsganss 2002, 2004).

c© 0000 RAS, MNRAS 000, 000–000

Dobler, Keeton & Wambsganss (2007)

“Odd Images”: Microlensing Magnification Maps for PMN J1632-0033

A B C

µA = 4.6 µC = 0.02µB =0.4

(Winn et al. 2002, 2003, 2004)
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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)
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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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Keeton et al.  (2006):

“Most anomalous lensed quasar”: SDSS J0924+0219

obtain spatially resolved spectroscopy of eight quadruply lensed
systems with the Space Telescope Imaging Spectrograph (STIS).
The observations were attempted on 2004 June 19, but guide star
acquisition failed. We arranged to reobserve SDSS J0924+0219
with the same setup, but the power supply to STIS was shut down
before the new observations were carried out.
We considered whether ACS could be used to conduct the de-

sired observations and realized that the sapphire prism (PR200L)
in the High Resolution Channel (HRC) of ACS would provide
coverage of the broad emission lines of Ly!, Si iv, and C iv. The
observations were successfully executed on 2005 May 29. The
combined image of three 880 s exposures is shown in the right
panel of Figure 1. The visible and near-UV light from 6000 to
2000 8 is dispersed over 80 native HRC pixels. The dispersion
per pixel ranges from 14,000 km s!1 at 6000 8, to 4000 km s!1

at 3000 8, to 1300 km s!1 at 2000 8.
The combined cosmic ray rejected product from the Space

Telescope Science Institute (STScI) provided the starting point
for spectral extraction. We subtracted the galaxy by masking the
dispersed footprints of the four QSO images and modeling the

galaxy surface brightness distributionwith a linear B-splinemodel
(e.g., Bolton et al. 2006). The relative wavelength was given by
the ground calibration of ACS (Pavlovsky et al. 2004), and we
shifted the wavelength scale of each spectrum to match the ob-
vious emission features (Ly!/N v, Ly"/O vi, C iv) present in the
QSO dispersed images. The spectrum of each QSO image was
constructed by a simple boxcar extraction in each column with a
boxcar half-width in pixels given by k1/2/24. The count rate in each
spectral pixel was converted to flux using sensitivity tables pro-
duced from ground calibrations. The extracted spectra are shown
in Figure 2.
We fit a simple five parameter model composed of a linear

continuum and a Gaussian emission line to each spectrum over
the range 1120–14608 in the QSO frame, covering the Ly!/N v
broad emission line. The fits are shown in Figure 2, and the line
and continuum fluxes are listed in Table 1 as F! and F12, re-
spectively. We also report the average continuum flux level over
the rest wavelength range 1600–1800 8 as F17.
Figure 1 (right) shows that the spectra for images A andD pass

fairly close to the center of the galaxy. To assess systematic

TABLE 1

Component Positions and Fluxes of SDSS J0924+0219

Image

!!!
(arcsec)

!#
(arcsec)

$
(arcsec) FI FV F17 F12 F!

A................... 0.0000 0.0000 0.0010 529.5 " 3.2 274.9 " 2.5 5.59 2.49 120.3

B................... !0.0636 !1.8063 0.0010 246.4 " 2.1 141.8 " 0.7 1.66 0.66 46.2

C................... 0.9648 !0.6788 0.0013 181.3 " 0.7 106.7 " 1.5 0.62 0.24 21.6

D................... !0.5414 !0.4296 0.0026 36.7 " 0.5 16.9 " 0.6 0.29 0.10 11.8

G................... 0.1804 !0.8685 0.0039 376.8 " 1.5 61.3 " 2.9 . . . . . . . . .

Notes.—FI and FV are broadband fluxes in theHST I and V bands, respectively, expressed in counts per second. The uncertainties derived
from the scatter among exposures are consistent with Poisson noise. These fluxes can be converted to AB magnitudes using zero points of
25.937 in I and 25.718 in V. F17 and F12 are spectroscopic continuum fluxes at rest wavelengths of 1700 8 and 1216 8, respectively, in units
of 10!17 ergs cm!2 s!18!1. Component D has a systematic uncertainty of#20% in F12 due to galaxy subtraction (see text). F! is the flux in
the Ly! /N v broad emission line, in units of 10!17 ergs cm!2 s!1.

Fig. 1.—Direct ACS WFC (left) and dispersed ACS HRC (right) 500 ; 500 images of SDSS J0924+0219 from the Hubble Space Telescope. The direct image is
oriented with north up and east to the left. Clockwise from the top, the quasar components are labeled A, C, B, and D. The dispersed image is rotated by #70$. Each
image is displayed with a nonlinear stretch given by an inverse hyperbolic sine to highlight both bright and faint features. An approximate wavelength scale is
superposed on the dispersed image to show the effective wavelength solution. [See the electronic edition of the Journal for a color version of the left panel of this figure.]

KEETON ET AL.2 Vol. 639

A

CD

B

image D factor 10-20 “too faint”; anomaly present in 
continuum & broad emission line flux

variability detected ⇒ microlensing!
⇒   RBLR ≤ 0.4  RE
⇒ stars contribute  ≤ 15-20% of surface mass density

Morgan et al.  (2006):
more variability ⇒ microlensing!

& predictions: images C & D brighten

4 MORGAN ET AL.
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Fig. 2.— Substructure models for the SDSS0924+0219 flux ratio anomaly. The left (right) panels show the regions where a pseudo-Jaffe
model with an Einstein radius of 0.′′01 (0.′′003) can remove the A/D flux ratio anomaly without significantly worsening the constraints on
the quasar image positions or the Einstein ring. The main lens is modeled as a singular isothermal ellipsoid (SIE) and the pseudo-Jaffe
models are tidally truncated at 0.′′1 (0.′′06). The position of image D is indicated with a white point. χ2 contours are indicated in the figure
legends.

flux ratios. We include this calculation as an illustration
that substructure can lead to anomalies as extreme as
are observed here.

3. MICROLENSING

3.1. Monitoring Data and Microlensing

We have obtained somewhat more than two seasons of
R-band monitoring data for SDSS0924+0219. Our anal-
ysis procedures are described in detail in Kochanek et al.
(2005), so we provide only a brief summary here. We
measure the flux of each quasar image relative to a sam-
ple of reference stars in each frame. We keep the relative
positions of the components fixed, using the HST as-
trometry for the lensed components, and derive the PSF
model and quasar flux for each epoch by simultaneously
fitting the lens and the reference stars. The PSF is mod-
eled by 3 nested, elliptical Gaussian components. The
galaxy is included in the model at a constant flux which
we determine by fitting all the data as a function of the
galaxy flux and then adopting the galaxy flux that pro-
duces the best fit to the complete data set.

Most of our observations were obtained at the queue-
scheduled SMARTS 1.3m using the ANDICAM opti-
cal/infrared camera (DePoy et al. 2003).3 Additional ob-
servations were obtained at the Wisconsin-Yale-Indiana
(WIYN) observatory using the WIYN Tip–Tilt Module
(WTTM) 4, the 2.4m telescope at the MDM Observatory
using the MDM Eight-K 5, Echelle and RETROCAM 6

(Morgan et al. 2005) imagers, the 3.5m APO telescope
using Spicam and the 6.5m Magellan Baade telescope
using IMACS (Bigelow et al. 1999). Images taken un-
der seeing conditions worse than 1.′′5 were discarded. We
also added the photometry from Inada et al. (2003) to
extend our baseline to nearly four years for the microlens-

3 http://www.astronomy.ohio-state.edu/ANDICAM/
4 http://www.wiyn.org/wttm/WTTM manual.html
5 http://www.astro.columbia.edu/ arlin/MDM8K/
6 http://www.astronomy.ohio-state.edu/MDM/RETROCAM

Fig. 3.— SDSS0924+0219 R–band light curves for images A–D.
The data points for image D are offset to improve their visibility.
The curves are derived from a joint, high-order polynomial fit for
the source light curve combined with lower order polynomials for
the microlensing variability of each image (see Kochanek 2005 for
details). Symbols: Image A–solid squares, Image B–open triangles,
Image C–open squares and Image D–solid triangles. The large solid
triangles at 2962 days are the HST V-band photometry referenced
to Image A.

ing calculations. The R-band light curves are displayed
in Fig. 3, and the data are presented in Table 2.

In Fig. 3, we also show the HST V–band photometry
scaled to the best–fit R–band monitoring magnitude of
Image A on the observation date. In the HST data, im-
age D is ∼ 1 mag fainter relative to image A than our
estimate on nearly the same date. After considerable ex-
perimentation, we concluded that our flux for image D
may be contaminated by image A, although we found no
correlation between the A/D flux ratio and the seeing.
In the calculations that follow we will use both our im-

Keeton et al.  (2006) &  Morgan et al.  (2006):
& microlensing can      explain the flux ratio anomaly

Maccio, Moore et al.  (2006):
& substructure cannot explain the flux ratio anomaly
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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 (2009)
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Optical (green) and X-ray (red) flux ratio 
between images A1 and A2 vs. time:

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss (2009)

X-ray fluxes vs. time for individual 
images in PG 1115+080:
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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 (2009)
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Optical and X-ray flux ratio between images A1 and A2:  

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss (arXiv:0808.3299)

Bayesian analysis:   likelihood to observe (microlensed) intensity O, given intrinsic (macrolensed) intensity I  

100 % stars 10 % stars
Co

m
bi

ne
d
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

(Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss 2009)

Optical and X-ray flux ratio between images A1 and A2:  
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The Dark-Matter Fraction in the Elliptical Galaxy Lensing the 
Quasar PG 1115+080

Pooley, Rappaport, Blackburne, Schechter, Schwab, Wambsganss (arXiv:0808.3299)
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      Accretion disk profile from quasar microlensing        
                       (Eigenbrod et al. 2008)

Q2237+0305:
∆m = mA - mB
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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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      Accretion disk profile from quasar microlensing        
                       (Eigenbrod et al. 2008)

•we study:  accretion disk profile:  T ∝ R−ζ   

•we find:  source responsible for the UV/optical continuum has an energy 

profile well reproduced by a power-law   R ∝ λζ   with ζ = 1.2  ± 0.3

•absolute scale with velocity prior: 
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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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Astrometric microlensing of quasars       
               

                 (Treyer & Wambsganss 2004)
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      Astrometric microlensing  of quasars       
                       (Treyer & Wambsganss 2004)

• center of light of quasars moves during microlensing event

• effect depends on size of quasar:    ⇒   measurable!

• effect depends on mass of lenses:    ⇒ measurable!

• effect on surface mass density/external shear: 
• strongest for "interesting cases" with kappa = gamma = 0.4

• this centroid shift is correlated with magnification changes

• the "jumps" can easily reach few Einstein radii:
• for Q2237+0305 this is of order 15 to 35 microarcseconds

• exciting opportunity for detection:
• SIM, Gaia, VLTI or other high angular resolution instrument in next few years ...
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      Animation: astrometric microlensing        

(from Gaia Web site)
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Deflection angle by solar system objects as function of angular separation

The Future of Astrometric Microlensing: Gaia

(from Gaia Web site)
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(from Gaia Web site)

The Future of Astrometric Microlensing: Gaia
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Microlensing effects depend on source size: 
compact continuum region (accretion disk) best suited!

What about the (large) broad line region?
Schneider & Wambsganss (1990): should be detectable via 

change of line shapes over time or between images

Sluse et al. (2012): Detection of BLR microlensing 

14 (out of 17): Microlensing of continuum region
12 (out of those 14): Microlensing of BLR, line shapes 

significantly different 
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195

Microlensing of Quasar Broad Emission Lines:                
a                  Constraints on Broad Line Region Size

                 Guerras, Mediavilla, Jimenez-Vicente, Kochanek, Munoz, Falco, 
Motta (2012)

→ Next talk by 
Veronica Motta!
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