
Microlensing: Some Scientific Highlights

• Microlensing Can Detect Compact Objects (Stellar Remnants)
(Dark Matter MACHOs)

• Dark Matter Candidates Include Stellar Remnants and Exotic
Particles Created in the Big Bang (WIMPS)

• Microlensing Places Significant Limits on Stellar Remnants
– Detection Probabilities are Low: Even If Entire Halo is Composed of Stellar

Remnants P ~ )10-6 events/year
– MACHO Team (c. 1990) Detected ~ 50 events/year Against Galactic Bulge

(Baade’s Window; Hewitt & Warren 1997)
– Stellar Remnants Cannot Account for Milky Way’s Massive Halo (Pietrzynski

2018)

• Dark Matter Sub-halos (clumpy DM) May be Detectable via Lensing
(Croon, McKeen & Raj 2020)

– Extended Mass Distribution Means They Would be More Difficult to Detect Than 
Point Masses 
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Microlensing: Exoplanets
• Most Stars are in Binary Systems so Let’s Consider 

Binary Lens
• With Two Masses the Deflection Angle is the Vector Sum 

of All the Individual Deflections:
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For the Case of Two Lensing Masses:
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• Similarly, the Jacobian Matrix for Multiple Lens Masses 
is Just the Sum of Individuals:
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• The Lens Plane Can Be Traced With the Jacobian
Computed at Each Point. When the Determinant 
Vanishes, i.e., the Magnification Diverges, These Points 
can be Stored and a Contour of Them Reveals the 
Critical Curve (black curve at right). Upon Application of 
the Lens Mapping Equation the Critical Curve Becomes 
the Caustic in the Source Plane (red curve at right)

• Magnification for Sources vs Position in Top Figure are 
Plotted vs Time in Bottom Figure.
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source (see Figure 5). In reality however, because real sources are extended and the magnification is a
weighted mean over the source, the magnification is always finite.

Figure 5. (a) Critical curves (black) and caustics (red) of a binary lens with s = 1, q = 0.1, assuming
a point source. The origin is the center of mass of the system. When the lens is composed of two
massive objects, the images of the source generated by the lensing effect are no longer two, but either
three of five, depending on the location of the source relative to the caustics. For each of the four
source trajectories considered, two new images get created or destroyed whenever the source crosses
the caustic, producing the sudden ‘jumps’ in magnification seen in panel b. The positions of the two
lensing masses are marked by the black dots and the x and y-axes mark distances on the lens plane
in units of qE; (b) Corresponding light curves for each of the trajectories shown in panel a. Note the
absence of sudden ‘jumps’ in magnification for the trajectories shown in orange and gray, where the
source remains far from the caustics at all times.

The significance of the caustics becomes easier to appreciate when one considers that whenever
the source crosses a caustic, the number of images changes by two, leading to abrupt ‘jumps’ in
magnification. When the source is outside the area enclosed by the caustic curve, the number of images
is always three. As the source crosses the caustic, two more images are produced at diametrically
opposite locations [47], and for as long as the source remains enclosed within the caustic structure,
the total number of images is always five. Generalizing, the total number of images generated by a
lens consisting of N lensing masses correspond to the solutions of the complex polynomial obtained
from inverting the lens equation and therefore cannot exceed N2 + 1 [87]. In fact, not all solutions of
the complex polynomial correspond to real images; some are spurious. Rhie [90] demonstrated that
at most 5(N � 1) real images will be generated. As in the case of a single lensing mass, the image
separations are too small to resolve them individually, but binary lens light curves exhibit much more
complicated structures.

The shape of the caustics is very sensitive to the mass ratio between the two components of the
lens, q, and different mass ratios generate different caustic structures. The shape of the caustics is
also sensitive to the angular separation, s (in units of qE), between the two components of the lens,
with larger separations ‘stretching’ the caustics along the binary axis, while beyond a certain point
the caustics split up. Different values of q and s will produce caustics that belong to one of three
possible topologies: close, intermediate/resonant and wide [85,91–95]. These are illustrated in Figure 6.
Close topologies are characterized by three separate caustic curves: a central caustic and two smaller
symmetrical ones on either side of the binary axis. These are usually called planetary caustics since
they are associated with the smaller of the two masses. In wide topologies, there is a central caustic
and an isolated secondary caustic that appears along the binary axis. Finally, an intermediate/resonant
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source (see Figure 5). In reality however, because real sources are extended and the magnification is a
weighted mean over the source, the magnification is always finite.

Figure 5. (a) Critical curves (black) and caustics (red) of a binary lens with s = 1, q = 0.1, assuming
a point source. The origin is the center of mass of the system. When the lens is composed of two
massive objects, the images of the source generated by the lensing effect are no longer two, but either
three of five, depending on the location of the source relative to the caustics. For each of the four
source trajectories considered, two new images get created or destroyed whenever the source crosses
the caustic, producing the sudden ‘jumps’ in magnification seen in panel b. The positions of the two
lensing masses are marked by the black dots and the x and y-axes mark distances on the lens plane
in units of qE; (b) Corresponding light curves for each of the trajectories shown in panel a. Note the
absence of sudden ‘jumps’ in magnification for the trajectories shown in orange and gray, where the
source remains far from the caustics at all times.

The significance of the caustics becomes easier to appreciate when one considers that whenever
the source crosses a caustic, the number of images changes by two, leading to abrupt ‘jumps’ in
magnification. When the source is outside the area enclosed by the caustic curve, the number of images
is always three. As the source crosses the caustic, two more images are produced at diametrically
opposite locations [47], and for as long as the source remains enclosed within the caustic structure,
the total number of images is always five. Generalizing, the total number of images generated by a
lens consisting of N lensing masses correspond to the solutions of the complex polynomial obtained
from inverting the lens equation and therefore cannot exceed N2 + 1 [87]. In fact, not all solutions of
the complex polynomial correspond to real images; some are spurious. Rhie [90] demonstrated that
at most 5(N � 1) real images will be generated. As in the case of a single lensing mass, the image
separations are too small to resolve them individually, but binary lens light curves exhibit much more
complicated structures.

The shape of the caustics is very sensitive to the mass ratio between the two components of the
lens, q, and different mass ratios generate different caustic structures. The shape of the caustics is
also sensitive to the angular separation, s (in units of qE), between the two components of the lens,
with larger separations ‘stretching’ the caustics along the binary axis, while beyond a certain point
the caustics split up. Different values of q and s will produce caustics that belong to one of three
possible topologies: close, intermediate/resonant and wide [85,91–95]. These are illustrated in Figure 6.
Close topologies are characterized by three separate caustic curves: a central caustic and two smaller
symmetrical ones on either side of the binary axis. These are usually called planetary caustics since
they are associated with the smaller of the two masses. In wide topologies, there is a central caustic
and an isolated secondary caustic that appears along the binary axis. Finally, an intermediate/resonant



Microlensing: Exoplanet Examples

• Example at Right: OGLE-2005-
BLG-390 (Baulieu et al. 2006)
– M star host
– Single 5.5 ME Planet
– Temp. ~ 50K (Icy Super-

Earth)
– For the time one of the lowest

mass planets discovered
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be a sum of 2D Gaussian or Moffat functions. This PSF profile is then scaled to fit all stars identified on
the image [152], and the volume under the profile corresponds to the total flux of the star. PSF-fitting
was routinely used for the analysis of microlensing observations until Tomaney and Crotts [153] and
Alard and Lupton [154] proposed the more efficient difference imaging method for measuring stellar
flux variability in crowded fields.

The technique of difference imaging involves the subtraction of all constant features from the
images, using them to self-calibrate the photometry, and then using the difference images to measure
the brightness fluctuations of a variable star, such as a microlensing target. Any number of observations
taken under excellent observing conditions can be combined to produce a single reference image with
sharp features. This reference is then adjusted to match the observing conditions of every other image
of the target, taken at different times. The adjustment involves a convolution that shifts the coordinates
of the stars to match small shifts in telescope pointing between the images and a ‘blurring’ and
scaling of stellar profiles in order to match different atmospheric seeing conditions and transparency.
The relevant transformations are applied to the reference, and it is then subtracted from each other
image, removing all constant features and leaving behind only the signals of stars that have varied
between different exposures. The brightness variations of microlensing events show up prominently
on the residual images and can by measured by PSF fitting or aperture photometry (see Figure 7).
Difference imaging is, on average, a factor of ⇠2 more accurate than PSF fitting, and can even perform
⇠7 times better for very faint targets [155]. The technique has been improved upon and extended in
recent years [156–158] and is now the preferred choice for analyzing microlensing observations.

Figure 7. [Top] 30⇥30 pixel thumbnails of an image sequence with the microlensing target at the
center. [Bottom] Residual difference images corresponding to each image above after subtraction of the
reference image. The change in brightness of the microlensed star is hard to spot in the top row but is
clearly visible in the bottom.

4. Results from Microlensing

Microlensing has detected more than 60 exoplanets to date (see Figure 1), including two systems
with multiple planets [159,160], a planet orbiting a double star system [161], and the first possible
detections of exo-moons [162,163]. The majority of these discoveries have been the result of close
collaboration between survey and follow-up teams and, in most cases, the planetary signals have
been confirmed in multiple data sets. The published parameters for all of these systems can be found
in the NASA exoplanet archive [164] or the Extrasolar Planet Encyclopaedia [165], which also lists
companions in the brown dwarf mass range. Both archives are regularly updated.

These microlensing planets orbit their stars (predominantly K and M-dwarfs) at separations
between 0.5 and 18 AU, a regime that remains largely unexplored by radial velocity and transit
surveys, and their masses range from ⇠1.4 MEarth to ⇠13 MJupiter. Beyond 13MJupiter, which is the
approximate minimum mass required to start deuterium fusion, the distinction between planet and
brown dwarf becomes difficult [166]. Furthermore, it must be noted that all microlensing planets have
been discovered at distances of several kilo-parsec away from the Solar system, along the line-of-sight
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Figure 9. (a) The light curve of planetary microlensing event OGLE-2005-BLG-390. Six telescopes
around the world participated in this discovery, with the individual contributions represented by the
data points in different colors. The inset on the top right shows the planetary anomaly with the best-fit
planetary model indicated by the solid black line. Single lens and binary source models, respectively
represented by the orange and gray dashed lines, cannot account for the observed deviation. The planet
has a mass of ⇠5.5 MEarth and lies at a distance of ⇠2.6 AU from its host star. [Figure adapted with
permission from Beaulieu et al. [170], Figure 1]; (b) The light curve of planetary microlensing event
OGLE-2006-BLG-109. The event was observed from 11 different telescopes, represented by the data
points in different colors. Five distinct anomalous features are apparent, produced by the source
crossing the caustic of the two-planet system (shown in the inset on the left). The gray caustics show
how the structure of the caustics appears at different times due to the orbital motion of the outer
planet. The source trajectory is slightly curved due to the effect of annual parallax. [Figure adapted with
permission from Gaudi et al. [159], Figure 1].

Image sequence showing microlensing event



Microlensing: Exoplanet Examples

• Example at Right: OGLE-2006-
BLG-109 (Gaudi et al. 2008)

• Five Distinct Model Residuals Seen
– Mass Range: ~2 ME – 0.7 MJ

– Separations: 2 – 5 AU
– Two giant planets located beyond snow

line
– Additional Planets with a > 10 AU 

cannot be excluded
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Figure 9. (a) The light curve of planetary microlensing event OGLE-2005-BLG-390. Six telescopes
around the world participated in this discovery, with the individual contributions represented by the
data points in different colors. The inset on the top right shows the planetary anomaly with the best-fit
planetary model indicated by the solid black line. Single lens and binary source models, respectively
represented by the orange and gray dashed lines, cannot account for the observed deviation. The planet
has a mass of ⇠5.5 MEarth and lies at a distance of ⇠2.6 AU from its host star. [Figure adapted with
permission from Beaulieu et al. [170], Figure 1]; (b) The light curve of planetary microlensing event
OGLE-2006-BLG-109. The event was observed from 11 different telescopes, represented by the data
points in different colors. Five distinct anomalous features are apparent, produced by the source
crossing the caustic of the two-planet system (shown in the inset on the left). The gray caustics show
how the structure of the caustics appears at different times due to the orbital motion of the outer
planet. The source trajectory is slightly curved due to the effect of annual parallax. [Figure adapted with
permission from Gaudi et al. [159], Figure 1].

OGLE-2006-BLG-109 light curve. Inset shows model 
caustics in the source plane. Light grey curves show 
the shifts introduced by the motion of the most 
massive planet.



Microlensing: Exoplanet Results

• More than 60 Exoplanets Have Been Detected with Microlensing (c. 2006)
– Separations: 0.5 < a < 18 AU (largely unexplored with Transits & RV)
– Masses: ~1.4 ME < M < 13 MJ

– Limited to Distant Host Stars Due to Requirement of Foreground Lensing 
Mass
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to the Galactic center. They are much further away than the planets found by any other method
(see Figure 8). This is particularly interesting because the Galaxy has a metallicity gradient [167], and a
link has been established between stellar metallicity and the frequency of giant planets [168,169].
This could mean that the statistical properties of the systems microlensing is discovering do not follow
the same distributions as those found by other search methods, which probe only nearby stars. Thus,
microlensing is currently the only way to explore and understand the true Galactic population of
planets. At the current rate, only a few microlensing planets are discovered every year, so building a
large enough statistical sample in order to address this question might take decades.

Figure 8. Almost all known exoplanets lie within a few hundred parsecs from the Sun. The exception
are planets found with microlensing, since most lens stars are at distances of several kilo-parsec.
Microlensing is therefore the only technique capable of exploring the true Galactic population of
planets. Stars closer to the Galactic center are generally more metal-rich than those in the halo, and this
can have implications on the type of planetary systems they host.

4.1. Highlights

It is instructive to consider two microlensing events of note and examine what has been learned
from studying the morphology of their light curves.

4.1.1. A Cold Super-Earth Orbiting an M-Dwarf Star

The discovery of a planet in microlensing event OGLE-2005-BLG-390 in 2005 was noteworthy
for three reasons [170]. First, at the time of publication, it was one of the lowest-mass planets known.
Second, with a mass of ⇠5.5 MEarth and a distance from its M-dwarf host of ⇠2.6 AU, which implied a
surface temperature of ⇠50 K, it was the only planet known with a potentially solid surface composed
of rock and ice. Third, the discovery gave credence to the idea that terrestrial-mass planets orbiting
low-mass stars between 1 and 10 AU are far more common than Jupiter-mass planets, as predicted by
the core-accretion model of planet formation [171].

The planet produced an anomaly in the event light curve that lasted about a day, but the signal
was picked up and confirmed by four different telescopes independently (see Figure 9a). The signal
itself was generated by the source passing over a wide planetary caustic, which caused a brief boost in
the observed magnification about 10 days after the main peak of the event.

Exoplanet mass vs. host star distance. Note that microlensing samples
a broad range of planet masses but is limited to distant host stars.



Microlensing: Future of Exoplanet Detections

• Advantages
– Provides a Large-scale, Unbiased Sampling of Host Stars
– Discovery Timescale is Short (Snapshot)
– Relatively Cheap in Telescope Resources & Independent of Period
– Sensitive to Earth-mass Planets
– Sensitive to Planets Beyond Snow Line

• Disadvantages
– Detection Probability is Low, ~ 10-8 (monitoring 109 stars -> a few events/year)
– Events Only Last a Few Hours, Need for Worldwide Monitoring
– Targets Too Far Away for Follow-up on System (with Other Techniques), Host

Stars Faint
– Limited Orbital Range: 0.4 < a < 100AU

• Future
– Ground-based Surveys Will Continue 
– Astrometric Signal (e.g., Pacznski 1998; Dominik & Sahu 2000)
– WFIRST Offers Stable PSF, Uninterrupted Coverage: Should Find 1000s 
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