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 Microlensing and Compact Objects in Galaxies

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

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

 How can we observe microlensing?                                                                     
s       photometric, spectroscopic, astrometric microlensing 

 Which are the interesting microlensing results?
quasar microlensing: quasar size, compact (cold) dark matter
stellar microlensing: (no) machos, star structure, cool dark matter

 What is the future of microlensing?                                                                     
s        unique, useful, universal
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What is 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
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Why is microlensing relevant for astrophysics?

1936 Einstein: "Lens-like action of a star by the deviation of light in the 
gravitational field”

1986 Paczynski: "Gravitational Lensing by the Galactic Halo"

1991 Mao & Paczynski: "Gravitational microlensing by double stars and 
planetary systems”  

1993 Alcock et al. (MACHO team): "Possible gravitational microlensing of a 
star in the Large Magellanic Cloud”

1993 Aubourg et al. (EROS team): "Evidence for gravitational microlensing 
by dark objects in the Galactic halo”

1993 Udalski et al. (OGLE team): "The optical gravitational lensing 
experiment. Discovery of the first candidate microlensing event in the direction of 
the Galactic Bulge halo”

(background source:  stars)
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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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  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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  How can we observe microlensing ? 
Direct imaging? impossible:  

Einstein angle << telescope resolution; however:

magnification, line shape, position change with time due to 
relative motion of source, lens and observer:                                       
microlensing is a dynamic phenomenon! Observable:

photometrically
spectroscopically
astrometrically

what are the relevant time scales?

Einstein time:      

Crossing time:      
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  Quasar Microlensing 

L =
 100 RE

20 RE

4 RE0.8 RE

(from Wambsganss, Paczynski, Schneider 1990)
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  Quasar Microlensing 
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 Quasar microlensing:
The current achievements 

Quasar variability due to microlensing reveals:
Effects of compact objects along the line of sight         

YES!
Size of quasar                                                              

PARTLY!
Two-dimensional brightness profile of quasar              

NOT AT ALL!
Mass (and mass function) of lensing objects                

SOME LIMITS!  
Detection of smoothly distributed (dark) matter       

STRONG HINTS!
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 Quasar microlensing
The current achievements 

– Quadruple Q2237+0305: source size, vtransverse

– Double Q0957+561: limits on machos
– Flux anomaly: Microlensing can do it
– “Odd” images
– Size is everything

A few highlights:
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Source size effect
in quasar microlensing:
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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

Wozniak et al. 2000  (OGLE) OGLE Web page

analysed by various teams (e.g, Webster et al., Wambsganss et al., Wyithe et al., 
Yonehara et al., Kochanek), most recently Wayth et al. (2005):
ML of BLR:  size ≤ 0.06 pc 
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss 
et al. (2004))

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

Gil-Merino,
Wambsganss et al.  
(2004)

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)
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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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  Quasar Microlensing? Q0957+561

Falco et al. (1998);  Kundic et al. (1997); Colley, Turner et al. (2001)



 21
Joachim Wambsganss: “Microlensing and Compact Objects in Galaxies”

at: “Applications of Gravitational Lensing”, KITP, Santa Barbara, October 4, 2006 

  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:  
“suppressed saddlepoints” and the role of dark matter 

(Schechter & Wambsganss 2002)

CASTLES

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:
 “suppressed saddlepoints” and the role of dark matter 

(Schechter & Wambsganss 2002)

CASTLES

MG0414+0534:

close pairs of bright images:  
they should be "about"              
a     equal in brightness
 they are not!     
saddle point image                
a           demagnified!      
 at least 4 similar systems
 what's going on?!?

 ML, substructure, DM ? 
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Quasar Microlensing: “Suppressed saddlepoints” and the role of dark 
matter (Schechter & Wambsganss 2002)

κtot = constant  in  rows

minimum image:

saddle point                      

κsmooth = 0%                    = 85%                                = 98%

image:
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Quasar Microlensing:
“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 byk1/2/24. 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



19.02.2002, DLR Adlershof,  J. Wambsganß,  Microlensing Search for Planets Seite

 28

Introductory Lecture: “Gravitational Lensing Theory and Applications”
Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

Joachim Wambsganss: “Microlensing and Compact Objects in Galaxies”
at: “Applications of Gravitational Lensing”, KITP, Santa Barbara, October 4, 2006 

Microlensing of Central Lensed Images 9
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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
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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

Dobler, Keeton & Wambsganss (2006)

“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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Astrometric microlensing  of quasars       
               

                 (Treyer & Wambsganss 2004)
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Astrometric microlensing  of quasars:

(Treyer & Wambsganss 2004)
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 Quasar microlensing:
The current achievements 

Quasar variability due to microlensing reveals:
Effects of compact objects along the line of sight         

YES!
Size of quasar                                                              

PARTLY!
Two-dimensional brightness profile of quasar              

NOT AT ALL!
Mass (and mass function) of lensing objects                

SOME LIMITS!  
Detection of smoothly distributed (dark) matter       

STRONG HINTS!
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How does gravitational microlensing work?     the method, the history

Stellar Microlensing: Point lens and extended source
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  “Near”:  Stellar Microlensing

" ... so many (LMC) stars, so few (intervening) lenses ...

Alcock et al. (2000): 5.7 years, 12 million LMC stars, 13-17 events
               -->   ≤  20% of halo made of   0.15-0.9 MM  objects

Laserre & EROS (2000): objects smaller than few solar masses 
                   ruled out as important component of galactic halo 

Alcock et al. (2001): no long duration events:  --> limits on      
                black holes/dark matter in   1 - 30 MM  objects

(from Sackett 1999)Paczynski (1986): MACHO, EROS, OGLE, ... 



 35
Joachim Wambsganss: “Microlensing and Compact Objects in Galaxies”

at: “Applications of Gravitational Lensing”, KITP, Santa Barbara, October 4, 2006 

 Stellar microlensing:
The current achievements 

Stellar variability due to microlensing reveals:
Effects of Machos in Milky Way/galaxy halos                          

Few (if any) dark compact objects in MW halo!                                                              
Few (if any) dark compact objects in G0957 halo!

Stars in the Milky Way disk/bulge/bar                       
Plenty! and binaries!

Mass measurement of lensing stars                         
yes, very accurately!  

Surface brightness profile of distant stars                 
yes!

Cool dark matter                                                           
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 Stellar microlensing
The current achievements 

A few highlights:
– results on Macho determination
– results on stellar mass measurements
– results on stellar surface structure
– results on planet searching
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Stellar microlensing towards the LMC/SMC

(illustration from MACHO team/website)

(from Sackett 1999)
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Stellar microlensing towards the LMC/SMC  
Dark Matter Detection?

Sahu et al. (2003):

macho contribution to 
dark matter halo: 

MACHO results (Alcock et al. 2001): 
13 - 17 events in 5.7 years
consistent with ≤ 20% macho contribution to dark matter halo           

(still being debated what “≤” means: Sahu (2003), 
Belokurov & Evans (2005), Griest et al. (2005), ...)                                         

EROS results (Milsztajn et al. 2000, Afonso et al. 2003):    
macho contribution ≤ 3% (95% confidence level),0.36×10-7                               

OGLE results (see also poster by Wyrzykowski):
macho contribution is low, optical depth: (0.45±0.2)×10-7       

Little (or no?) evidence for dark matter!
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Stellar microlensing towards the Galactic Bulge: 
OGLE and MOA  

Microlensing events galore: more than 3000 events 
          (> 600 this season by OGLE and MOA!): 

most single lens, many double lens/caustic crossing 

normal stars (binaries) acting as lenses!

lots of interesting stellar/Galactic astrophysics:   
masses, stellar surface structure, exo-planets
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Stellar Microlensing: mass determination
Jiang et al. (2004): “OGLE-2003-BLG-238: Microlensing Mass Estimate 

of an Isolated Star”
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Fig. 1.— Photometry of microlensing event OGLE-2003-BLG-238 near its peak on 2003
August 26.88 (HJD 2452878.38). Data points are in I (OGLE: black; µFUN Chile: red;
PLANET Tasmania: magenta; µFUN Israel: green), V (µFUN: cyan) and R (PLANET

Chile: yellow). The saturated and other excluded points are not shown. The circles are
displayed at different sizes to make the figure more readable. All bands are linearly rescaled

so that Fs and Fb are the same as the OGLE observations, which define the magnitude scale.
The solid curve shows the best-fit nonparallax model with finite-source effect. The dashed
curve shows the lightcurve expected for the same lens model, but with a point source.

– microlensing is only known direct method to 
measure the masses of stars that lack visible 
companions

– required:  measurement of both the angular Einstein 
radius θE  and the projected Einstein radius rE 

– simultaneous measurement of these two 
parameters is extremely rare 

– for OGLE-2003-BLG-238 (µmax = 170) with finite 
source effects: θE = 650 µas,  tE = 38 days

– constraints on microlens parallax: 4.4 < rE /AU < 18

– lens mass: 0.36 M⊙☉ < M < 1.48 M⊙☉

– estimate rather crude, however, demonstrates 
viability of technique
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Stellar Microlensing: Studying Stellar Atmospheres
 Cassan et al. (2004): “Probing the atmosphere of the bulge G5III star 
      OGLE-2002-BLG-069 by analysis of microlensed Hα line”

A. Cassan, J.P. Beaulieu, S. Brillant et al.: Probing the atmosphere of a bulge G5III star 3

Fig. 1. Equivalent-width variation of the Hα core (top panel)
and wings (second panel from the top); the open circles in the

plots of the equivalent-width variation correspond to our UVES

data, while the adjoining solid lines represent the model pre-

dictions over the course of the caustic passage. The big dots

correspond to the spectra of 10 July, UT 02H58. Third panel:

model light curves and photometric data, where R-band data

are plotted in red and I-band data in blue; model residuals from

the chosen PHOENIX atmosphere (fourth panel) and from the

linear limb-darkening law (bottom panel), with the same color

convention. The model parameters can be found in Tab. 1. The

majority of model residuals are below the 2 % level. The post

caustic observations have been plotted at 2465.85, but have

been taken on 16 August.

acrit Gf

(

− t−tf
∆t

; ξ(s)
)

where Gf(η; ξ(s)) is a characteristic
function (Schneider & Wagoner 1987) which solely depends

on the intensity profile ξ(s). For |ω(t − tf)| " 1, the mag-
nification of the non-critical images can be approximated by

Aother(t) # aother [1 + ω(t − tf)] where aother is the magnifi-

cation at the caustic exit at time tf and ω measures its variation.
As the period during which our generic fold-caustic model

is believed to be a fair approximation, we choose the range

2463.45 ≤ HJD − 2450000 ≤ 2467. Restricting our atten-
tion to those data sets with more than two points in this region

leaves us with 29 points from SAAO and 15 points from UTas

in I as well as 98 points from the ESO 2.2m in R, amounting to

a total of 142 data points. From a binary lens model of the com-

plete data sets (Kubas et al. 2004) for these observatories and

filters, we have determined the source magnitudes m(s)
S and

the blend ratios g(s). With the adopted synthetic spectra, we

compute the stellar intensity profiles for I and R, and use these

for obtaining a fit of the generic fold-caustic model to the data

in the caustic-crossing region by means of χ2-minimization,

which determined the 5 model parameters tf , ∆t, acrit, aother,

Table 1.Model parameters of a fit to data obtained by PLANET

with the SAAO 1.0m, UTas 1.0m, and ESO 2.2m. on the mi-

crolensing event OGLE 2002-BLG-069. While source magni-

tudesm(s)
S and blend ratios g(s) result from a fit involving a bi-

nary lens model to the complete data sets, the remaining param-

eters have been determined by applying a generic fold-caustic

model with PHOENIX limb darkening solely to the data taken

around the caustic exit.

Parameter Value Parameter Value

m
SAAO [I]
S

16.05 tf (days) 2465.637

m
UTas [I]
S

16.05 ∆t (days) 0.7297

m
ESO 2.2m [R]
S

16.3 acrit 19.60

gSAAO [I] 0.16 aother 7.011

gUTas [I] 0.064 ω (days)−1
−0.04519

gESO 2.2m [R] 0.0083

and ω as shown in Tab. 1. If a classical linear limb darkening
is included in the list of parameters to fit (as in Albrow et al.

1999b), the best fit is obtained with Γ = 0.5.
The modeled light curve and the structure of the residu-

als of the two fits are given in the lower panels of Fig. 1. The

fit with adopted PHOENIX limb darkenings clearly show sys-

tematic trends at the level of 1-2 %. The same trends in the

residuals can be seen from the figure, which suggests some spe-

cific features lying in the real stellar atmosphere. We checked

whether this discrepancy can be caused by the straight fold

caustic approximation, but from running the alreadymentioned

global binary lens model neither the very small curvature of the

caustic nor the source trajectory can explain this systematic ef-

fect.

4. Comparison between synthetic spectra and
spectroscopic data

The fold-caustic model derived in Sec. 3 is used to compute

the source flux during the caustic exit in order to obtain a syn-

thetic spectrum at each epoch in a consistent way. In Fig. 2

we show the observed and synthetic spectra at two epochs: 9

July at UT 00h04 and 9 July at UT 22h59 (trailing limb cross-

ing the caustic). A first analysis reveals good agreement be-

tween UVES and synthetic spectra for the wings part of Hα
(6558 − 6561.8 Å and 6563.8 − 6567.6 Å), whereas a clear
discrepancy is observed in its core (6561.8 − 6563.8 Å). We
note that the chromosphere is not included in the PHOENIX

calculations. Althought it should have a minor influence on the

broadband limb darkenings, it will have an effect on the core of

lines like Hα. We therefore divided the analysis in two parts:
the wings and the core. In order to compare the observed equiv-

alent widths of the Hα-line with the predictions from our syn-
thetic spectrum, we apply an overall scale factor to the equiva-

lent width (1.035 for the wings part and 1.495 for the core part
of the line), so that the measurements derived from the fiducial

model match the post-caustic observations.
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Stellar Microlensing: Studying Stellar Atmospheres
 Cassan et al. (2004): “Probing the atmosphere of the bulge G5III star 
       OGLE-2002-BUL-069 by analysis of microlensed Hα line”
4 A. Cassan, J.P. Beaulieu, S. Brillant et al.: Probing the atmosphere of a bulge G5III star

Fig. 2. Upper panel: two UVES spectra (two lower curves) cor-

responding to 9 July, UT 22h59 (HJD − 2450000 = 2465.47,
solid line) and 9 July at UT 00h04 (reference spectra, HJD −
2450000 = 2464.51, dotted line), as well as two computed
synthetic spectra at the same epochs (the two upper solid

and dotted curves). Lower panel: fractional difference δFλ =
2(Fλ

00h04 − Fλ
22h59)/(Fλ

00h04 + Fλ
22h59) (lower solid line) for

wavelengths in the vicinity of the Hα-line shifted vertically by
-0.3. Both the observations and the model are shown. On the

upper right, we show the relative position of the source star at

each epoch with respect to the fold-caustic shown as dashed.

The observed and predicted temporal variations of the

equivalent widths of both the wings and the core of Hα are

plotted in the upper part of Fig. 1. Note at the beginning a small

short-term decrease in the model, when the leading limb hits

the caustic, followed by little variation while the source centre

crosses, but then a marked change when the trailing limb exits

the caustic. The spectral profile of the core is not well matched

by the model spectrum as seen in Fig. 2; both the width and the

depth disagree. Furthermore, the differential variation in flux

between the centre and the limb is not well reproduced, even

after the scale factor has been applied. A better fit is obtained

to the wings. Both parts of the line show larger equivalent width

variations than predicted by the model.

Last but not least, in the spectrum corresponding to 10 July,

UT 02h58 shown in Fig. 3, we clearly note a strong deviation

in the core of the line but a much smaller one in the wing. For

the purpose of the following discussion, we define the effective

photospheric radius of the star as that at which the R band in-

tensity has fallen to 5 % of the central intensity in R. Using the

fit done with limb darkening derived from PHOENIX model,

we infer that the spectrum started when the caustic was at a

fractional radius ρ = 0.996 and ended at ρ = 1.015 while with
a linear limb-darkening law, the spectrum started at a fractional

radius ρ = 1.007 and ended at ρ = 1.026.
In both cases, it is clear that the spectrum was taken when

the caustic was outside the photosphere in R. There is a clear

emission peak in the core of the Hα absorption line, and this
can only exist provided there is a temperature inversion in

the atmosphere (i.e. a chromosphere). The doppler shift of

the emission core is consistent with material moving outward

through the giant source star’s chromosphere (Hα emission

Fig. 3. Same Legend as Fig. 2 but for the pair of spectra 9

July at UT 00h04. and 10 July, UT 02h58. Notice the strong

signature of the chromospheric Hα emission.

line) with a radial velocity of ≈ 7 kms−1, the signature being

amplified at the very end of the caustic exit.
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Innovante” INSU/CNRS. MD acknowledges postdoctoral support on

the PPARC rolling grant PPA/G/O/2001/00475.

References

Abe, F., Bennett, D., Bond, I., et al. 2003, A&A, 411, L493

Afonso, C., Albert, J., Andersen, J., et al. 2001, A&A, 378,

1014

Albrow, M.D. Beaulieu, J., Caldwell, J., et al. 1999a, ApJ, 522,

1022

—. 1999b, ApJ, 522, 1011

—. 2001, ApJ, 550, L173

Allard, F., Hauschildt, P., Alexander, D., Tamanai, A., &

Schweitzer, A. 2001, ApJ, 556, 357

Beaulieu, J. P., Brillant, S., Cassan, A., et al. 2004, in prepara-

tion

Bryce, H., Hendry, M., & Valls-Gabaud, D. 2002, A&A, 388,

L1

Castro, S., Pogge, R., Rich, M., Depoy, D., & Gould, A. 2001,

ApJ, 548, L197

Claret, A. & Hauschildt, P. H. 2003, A&A, 412, 241

Fields, D. L., Albrow,M. D., An, J., et al. 2003, ApJ, 596, 1305
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Fig. 3. Same legend as Fig. 2 but for the pair of spectra 9 July
at UT 00h04. and 10 July, UT 02h58. Notice the strong signature of
the chromospheric Hα emission.

synthetic spectrum at each epoch in a consistent way. In
Fig. 2 we show the observed and synthetic spectra at two
epochs: 9 July at UT 00h04 and 9 July at UT 22h59 (trailing
limb crossing the caustic). A first analysis reveals good agree-
ment between UVES and synthetic spectra for the wings part
of Hα (6558−6561.8 Å and 6563.8−6567.6 Å), whereas a clear
discrepancy is observed in its core (6561.8−6563.8 Å). We
note that the chromosphere is not included in the PHOENIX
calculations. Althought it should have a minor influence on
the broadband limb darkenings, it will have an effect on the
core of lines like Hα. We therefore divided the analysis in
two parts: the wings and the core. In order to compare the ob-
served equivalent widths of the Hα-line with the predictions
from our synthetic spectrum, we apply an overall scale factor
to the equivalent width (1.035 for the wings part and 1.495 for
the core part of the line), so that the measurements derived from
the fiducial model match the post-caustic observations.

The observed and predicted temporal variations of the
equivalent widths of both the wings and the core of Hα are
plotted in the upper part of Fig. 1. Note at the beginning a small
short-term decrease in the model, when the leading limb hits
the caustic, followed by little variation while the source centre
crosses, but then a marked change when the trailing limb exits
the caustic. The spectral profile of the core is not well matched
by the model spectrum as seen in Fig. 2; both the width and the
depth disagree. Furthermore, the differential variation in flux
between the centre and the limb is not well reproduced, even
after the scale factor has been applied. A better fit is obtained
to the wings. Both parts of the line show larger equivalent width
variations than predicted by the model.

Last but not least, in the spectrum corresponding to 10 July,
UT 02h58 shown in Fig. 3, we clearly note a strong deviation
in the core of the line but a much smaller one in the wing. For
the purpose of the following discussion, we define the effective
photospheric radius of the star as that at which the R band

intensity has fallen to 5% of the central intensity in R. Using the
fit done with limb darkening derived from PHOENIX model,
we infer that the spectrum started when the caustic was at a
fractional radius ρ = 0.996 and ended at ρ = 1.015 while with
a linear limb-darkening law, the spectrum started at a fractional
radius ρ = 1.007 and ended at ρ = 1.026.

In both cases, it is clear that the spectrum was taken when
the caustic was outside the photosphere in R. There is a clear
emission peak in the core of the Hα absorption line, and this
can only exist provided there is a temperature inversion in
the atmosphere (i.e. a chromosphere). The doppler shift of
the emission core is consistent with material moving outward
through the giant source star’s chromosphere (Hα emission
line) with a radial velocity of ≈7 km s−1, the signature being
amplified at the very end of the caustic exit.
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Stellar Microlensing: Studying Stellar Atmospheres
 Cassan et al. (2004): “Probing the atmosphere of the bulge G5III star 
     OGLE-2002-BLG-069 by analysis of microlensed Hα line”

High-resolution, time-resolved spectra of 
caustic exit of OGLE-2002-BLG-069 
(UVES/VLT):

– source G5III giant in Galactic bulge

– strong differential magnification  resolves stellar 
surface

– PHOENIX model lightcurve compared with 
photometric data and Hα equivalent width

– agreement on gross features, discrepancies in 
details: excess amplified chromospheric 
emission after star’s trailing limb outside 
caustic 
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Fig. 1. Equivalent-width variation of the Hα core (top panel)
and wings (second panel from the top); the open circles in the

plots of the equivalent-width variation correspond to our UVES

data, while the adjoining solid lines represent the model pre-

dictions over the course of the caustic passage. The big dots

correspond to the spectra of 10 July, UT 02H58. Third panel:

model light curves and photometric data, where R-band data

are plotted in red and I-band data in blue; model residuals from

the chosen PHOENIX atmosphere (fourth panel) and from the

linear limb-darkening law (bottom panel), with the same color

convention. The model parameters can be found in Tab. 1. The

majority of model residuals are below the 2 % level. The post

caustic observations have been plotted at 2465.85, but have

been taken on 16 August.

acrit Gf

(

− t−tf
∆t

; ξ(s)
)

where Gf(η; ξ(s)) is a characteristic
function (Schneider & Wagoner 1987) which solely depends

on the intensity profile ξ(s). For |ω(t − tf)| " 1, the mag-
nification of the non-critical images can be approximated by

Aother(t) # aother [1 + ω(t − tf)] where aother is the magnifi-

cation at the caustic exit at time tf and ω measures its variation.
As the period during which our generic fold-caustic model

is believed to be a fair approximation, we choose the range

2463.45 ≤ HJD − 2450000 ≤ 2467. Restricting our atten-
tion to those data sets with more than two points in this region

leaves us with 29 points from SAAO and 15 points from UTas

in I as well as 98 points from the ESO 2.2m in R, amounting to

a total of 142 data points. From a binary lens model of the com-

plete data sets (Kubas et al. 2004) for these observatories and

filters, we have determined the source magnitudes m(s)
S and

the blend ratios g(s). With the adopted synthetic spectra, we

compute the stellar intensity profiles for I and R, and use these

for obtaining a fit of the generic fold-caustic model to the data

in the caustic-crossing region by means of χ2-minimization,

which determined the 5 model parameters tf , ∆t, acrit, aother,

Table 1.Model parameters of a fit to data obtained by PLANET

with the SAAO 1.0m, UTas 1.0m, and ESO 2.2m. on the mi-

crolensing event OGLE 2002-BLG-069. While source magni-

tudesm(s)
S and blend ratios g(s) result from a fit involving a bi-

nary lens model to the complete data sets, the remaining param-

eters have been determined by applying a generic fold-caustic

model with PHOENIX limb darkening solely to the data taken

around the caustic exit.

Parameter Value Parameter Value

m
SAAO [I]
S

16.05 tf (days) 2465.637

m
UTas [I]
S

16.05 ∆t (days) 0.7297

m
ESO 2.2m [R]
S

16.3 acrit 19.60

gSAAO [I] 0.16 aother 7.011

gUTas [I] 0.064 ω (days)−1
−0.04519

gESO 2.2m [R] 0.0083

and ω as shown in Tab. 1. If a classical linear limb darkening
is included in the list of parameters to fit (as in Albrow et al.

1999b), the best fit is obtained with Γ = 0.5.
The modeled light curve and the structure of the residu-

als of the two fits are given in the lower panels of Fig. 1. The

fit with adopted PHOENIX limb darkenings clearly show sys-

tematic trends at the level of 1-2 %. The same trends in the

residuals can be seen from the figure, which suggests some spe-

cific features lying in the real stellar atmosphere. We checked

whether this discrepancy can be caused by the straight fold

caustic approximation, but from running the alreadymentioned

global binary lens model neither the very small curvature of the

caustic nor the source trajectory can explain this systematic ef-

fect.

4. Comparison between synthetic spectra and
spectroscopic data

The fold-caustic model derived in Sec. 3 is used to compute

the source flux during the caustic exit in order to obtain a syn-

thetic spectrum at each epoch in a consistent way. In Fig. 2

we show the observed and synthetic spectra at two epochs: 9

July at UT 00h04 and 9 July at UT 22h59 (trailing limb cross-

ing the caustic). A first analysis reveals good agreement be-

tween UVES and synthetic spectra for the wings part of Hα
(6558 − 6561.8 Å and 6563.8 − 6567.6 Å), whereas a clear
discrepancy is observed in its core (6561.8 − 6563.8 Å). We
note that the chromosphere is not included in the PHOENIX

calculations. Althought it should have a minor influence on the

broadband limb darkenings, it will have an effect on the core of

lines like Hα. We therefore divided the analysis in two parts:
the wings and the core. In order to compare the observed equiv-

alent widths of the Hα-line with the predictions from our syn-
thetic spectrum, we apply an overall scale factor to the equiva-

lent width (1.035 for the wings part and 1.495 for the core part
of the line), so that the measurements derived from the fiducial

model match the post-caustic observations.

4 A. Cassan, J.P. Beaulieu, S. Brillant et al.: Probing the atmosphere of a bulge G5III star

Fig. 2. Upper panel: two UVES spectra (two lower curves) cor-

responding to 9 July, UT 22h59 (HJD − 2450000 = 2465.47,
solid line) and 9 July at UT 00h04 (reference spectra, HJD −
2450000 = 2464.51, dotted line), as well as two computed
synthetic spectra at the same epochs (the two upper solid

and dotted curves). Lower panel: fractional difference δFλ =
2(Fλ

00h04 − Fλ
22h59)/(Fλ

00h04 + Fλ
22h59) (lower solid line) for

wavelengths in the vicinity of the Hα-line shifted vertically by
-0.3. Both the observations and the model are shown. On the

upper right, we show the relative position of the source star at

each epoch with respect to the fold-caustic shown as dashed.

The observed and predicted temporal variations of the

equivalent widths of both the wings and the core of Hα are

plotted in the upper part of Fig. 1. Note at the beginning a small

short-term decrease in the model, when the leading limb hits

the caustic, followed by little variation while the source centre

crosses, but then a marked change when the trailing limb exits

the caustic. The spectral profile of the core is not well matched

by the model spectrum as seen in Fig. 2; both the width and the

depth disagree. Furthermore, the differential variation in flux

between the centre and the limb is not well reproduced, even

after the scale factor has been applied. A better fit is obtained

to the wings. Both parts of the line show larger equivalent width

variations than predicted by the model.

Last but not least, in the spectrum corresponding to 10 July,

UT 02h58 shown in Fig. 3, we clearly note a strong deviation

in the core of the line but a much smaller one in the wing. For

the purpose of the following discussion, we define the effective

photospheric radius of the star as that at which the R band in-

tensity has fallen to 5 % of the central intensity in R. Using the

fit done with limb darkening derived from PHOENIX model,

we infer that the spectrum started when the caustic was at a

fractional radius ρ = 0.996 and ended at ρ = 1.015 while with
a linear limb-darkening law, the spectrum started at a fractional

radius ρ = 1.007 and ended at ρ = 1.026.
In both cases, it is clear that the spectrum was taken when

the caustic was outside the photosphere in R. There is a clear

emission peak in the core of the Hα absorption line, and this
can only exist provided there is a temperature inversion in

the atmosphere (i.e. a chromosphere). The doppler shift of

the emission core is consistent with material moving outward

through the giant source star’s chromosphere (Hα emission

Fig. 3. Same Legend as Fig. 2 but for the pair of spectra 9

July at UT 00h04. and 10 July, UT 02h58. Notice the strong

signature of the chromospheric Hα emission.

line) with a radial velocity of ≈ 7 kms−1, the signature being

amplified at the very end of the caustic exit.
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Fig. 3. Same legend as Fig. 2 but for the pair of spectra 9 July
at UT 00h04. and 10 July, UT 02h58. Notice the strong signature of
the chromospheric Hα emission.

synthetic spectrum at each epoch in a consistent way. In
Fig. 2 we show the observed and synthetic spectra at two
epochs: 9 July at UT 00h04 and 9 July at UT 22h59 (trailing
limb crossing the caustic). A first analysis reveals good agree-
ment between UVES and synthetic spectra for the wings part
of Hα (6558−6561.8 Å and 6563.8−6567.6 Å), whereas a clear
discrepancy is observed in its core (6561.8−6563.8 Å). We
note that the chromosphere is not included in the PHOENIX
calculations. Althought it should have a minor influence on
the broadband limb darkenings, it will have an effect on the
core of lines like Hα. We therefore divided the analysis in
two parts: the wings and the core. In order to compare the ob-
served equivalent widths of the Hα-line with the predictions
from our synthetic spectrum, we apply an overall scale factor
to the equivalent width (1.035 for the wings part and 1.495 for
the core part of the line), so that the measurements derived from
the fiducial model match the post-caustic observations.

The observed and predicted temporal variations of the
equivalent widths of both the wings and the core of Hα are
plotted in the upper part of Fig. 1. Note at the beginning a small
short-term decrease in the model, when the leading limb hits
the caustic, followed by little variation while the source centre
crosses, but then a marked change when the trailing limb exits
the caustic. The spectral profile of the core is not well matched
by the model spectrum as seen in Fig. 2; both the width and the
depth disagree. Furthermore, the differential variation in flux
between the centre and the limb is not well reproduced, even
after the scale factor has been applied. A better fit is obtained
to the wings. Both parts of the line show larger equivalent width
variations than predicted by the model.

Last but not least, in the spectrum corresponding to 10 July,
UT 02h58 shown in Fig. 3, we clearly note a strong deviation
in the core of the line but a much smaller one in the wing. For
the purpose of the following discussion, we define the effective
photospheric radius of the star as that at which the R band

intensity has fallen to 5% of the central intensity in R. Using the
fit done with limb darkening derived from PHOENIX model,
we infer that the spectrum started when the caustic was at a
fractional radius ρ = 0.996 and ended at ρ = 1.015 while with
a linear limb-darkening law, the spectrum started at a fractional
radius ρ = 1.007 and ended at ρ = 1.026.

In both cases, it is clear that the spectrum was taken when
the caustic was outside the photosphere in R. There is a clear
emission peak in the core of the Hα absorption line, and this
can only exist provided there is a temperature inversion in
the atmosphere (i.e. a chromosphere). The doppler shift of
the emission core is consistent with material moving outward
through the giant source star’s chromosphere (Hα emission
line) with a radial velocity of ≈7 km s−1, the signature being
amplified at the very end of the caustic exit.
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star-plus-planet lens
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Discovery of a cool planet of 5.5 Earth masses
through gravitational microlensing
J.-P. Beaulieu1,4, D. P. Bennett1,3,5, P. Fouqué1,6, A. Williams1,7, M. Dominik1,8, U. G. Jørgensen1,9, D. Kubas1,10,
A. Cassan1,4, C. Coutures1,11, J. Greenhill1,12, K. Hill1,12, J. Menzies1,13, P. D. Sackett1,14, M. Albrow1,15,
S. Brillant1,10, J. A. R. Caldwell1,16, J. J. Calitz1,17, K. H. Cook1,18, E. Corrales1,4, M. Desort1,4, S. Dieters1,12,
D. Dominis1,19, J. Donatowicz1,20, M. Hoffman1,19, S. Kane1,21, J.-B. Marquette1,4, R. Martin1,7, P. Meintjes1,17,
K. Pollard1,15, K. Sahu1,22, C. Vinter1,9, J. Wambsganss1,23, K. Woller1,9, K. Horne1,8, I. Steele1,24,
D. M. Bramich1,8,24, M. Burgdorf1,24, C. Snodgrass1,25, M. Bode1,24, A. Udalski2,26, M. K. Szymański2,26,
M. Kubiak2,26, T. Więckowski2,26, G. Pietrzyński2,26,27, I. Soszyński2,26,27, O. Szewczyk2,26, Ł. Wyrzykowski2,26,28,
B. Paczyński2,29, F. Abe3,30, I. A. Bond3,31, T. R. Britton3,15,32, A. C. Gilmore3,15, J. B. Hearnshaw3,15, Y. Itow3,30,
K. Kamiya3,30, P. M. Kilmartin3,15, A. V. Korpela3,33, K. Masuda3,30, Y. Matsubara3,30, M. Motomura3,30,
Y. Muraki3,30, S. Nakamura3,30, C. Okada3,30, K. Ohnishi3,34, N. J. Rattenbury3,28, T. Sako3,30, S. Sato3,35,
M. Sasaki3,30, T. Sekiguchi3,30, D. J. Sullivan3,33, P. J. Tristram3,32, P. C. M. Yock3,32 & T. Yoshioka3,30

In the favoured core-accretion model of formation of planetary
systems, solid planetesimals accumulate to build up planetary
cores, which then accrete nebular gas if they are sufficiently
massive. Around M-dwarf stars (the most common stars in our
Galaxy), this model favours the formation of Earth-mass (M%) to
Neptune-mass planets with orbital radii of 1 to 10 astronomical
units (AU), which is consistent with the small number of gas giant
planets known to orbit M-dwarf host stars1–4. More than 170
extrasolar planets have been discovered with a wide range of
masses and orbital periods, but planets of Neptune’s mass or
less have not hitherto been detected at separations of more than
0.15 AU from normal stars. Here we report the discovery of a
5.515.5

22.7M% planetary companion at a separation of 2.611.5
20.6 AU from

a 0.2210.21
20.11M(M-dwarf star, whereM( refers to a solar mass. (We

propose to name it OGLE-2005-BLG-390Lb, indicating a planetary
mass companion to the lens star of the microlensing event.) The
mass is lower than that of GJ876d (ref. 5), although the error bars
overlap. Our detection suggests that such cool, sub-Neptune-mass
planets may be more common than gas giant planets, as predicted
by the core accretion theory.

Gravitational microlensing events can reveal extrasolar planets
orbiting the foreground lens stars if the light curves are measured
frequently enough to characterize planetary light curve deviations
with features lasting a few hours6–9. Microlensing is most sensitive to
planets in Earth-to-Jupiter-like orbits with semi-major axes in the
range 1–5 AU. The sensitivity of the microlensing method to low-
mass planets is restricted by the finite angular size of the source
stars10,11, limiting detections to planets of a few M% for giant source
stars, but allowing the detection of planets as small as 0.1M% for
main-sequence source stars in the Galactic Bulge. The PLANET
collaboration12 maintains the high sampling rate required to detect
low-mass planets while monitoring the most promising of the.500
microlensing events discovered annually by the OGLE collaboration,
as well as events discovered by MOA. A decade of pioneering
microlensing searches has resulted in the recent detections of two
Jupiter-mass extrasolar planets13,14 with orbital separations of a few
AU by the combined observations of the OGLE, MOA, MicroFUN
and PLANET collaborations. The absence of perturbations to stellar
microlensing events can be used to constrain the presence of
planetary lens companions. With large samples of events, upper

LETTERS

1PLANET/RoboNet Collaboration (http://planet.iap.fr and http://www.astro.livjm.ac.uk/RoboNet/). 2OGLE Collaboration (http://ogle.astrouw.edu.pl). 3MOA Collaboration
(http://www.physics.auckland.ac.nz/moa). 4Institut d’Astrophysique de Paris, CNRS, Université Pierre et Marie Curie UMR7095, 98bis Boulevard Arago, 75014 Paris, France.
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Figure 1 : The observed light curve and best fit model plotted as a function of 

time. The data consists of 650 data points from PLANET Danish-I, PLANET 

Perth-I, PLANET Canopus-I, RoboNet Faulkes North-R,  OGLE-I, MOA and are 

plotted in red, cyan, blue, green, black, brown, respectively. The top left inset 

shows the OGLE light curve extending over the previous 5 years, whereas the 

top right one show a zoom of the planetary deviation, covering a time interval of 

1.5 days. The solid curve is the best binary lens model described in the text with 

a planet-to-star mass ratio of q = 7.6 ± 0.7 ! 10-5, and a projected separation d 

= 1.610 ± 0.008 RE (where RE is the Einstein ring radius). The dashed grey 

curve is the best binary source model that is rejected by the data while the dash 

orange line is the best single lens model.  
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Microlensing event OGLE-2005-BLG-390:

produced by star-plus-planet system with 
mass ratio 7 × 10-5 

most likely (with model of Milky Way): 
 star of 0.2 solar masses  
 planet of 5.5 Earth masses
 (instantanous) separation 2.6 AU
 orbital period 10 years
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 Stellar microlensing:
The current achievements 

Stellar variability due to microlensing reveals:
Effects of Machos in Milky Way/galaxy halos                          

Few (if any) dark compact objects in MW halo!                                                              
[Few (if any) dark compact objects in G0957 halo!]

Stars in the Milky Way disk/bulge/bar                       
Plenty! and binaries!

Mass measurement of lensing stars                         
yes, very accurately!  

Surface brightness profile of distant stars                 
yes!

Cool dark matter                                                            
yes, 4 planets so far (cool!) 
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Summary

... for measuring the surface brightness profiles of 
quasars as a function of wavelength ...

... for determining the mass scale, mass function, 
dark matter content of lensing objects in the 
galaxies ...

... for detecting compact objects in the Milky Way, in 
particular extrasolar planets ...

The future of gravitational microlensing ...

... is bright!
“... from a curiosity into a tool ...” 

(Kochanek et al., September 2006)


