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Techniques 

• Radial velocity 
• Transits 
• Astrometry/interferometry 
• Microlensing 
• Direct imaging/interferometry 

The difficulty 
with detecting 
planets lies in 
their extreme 
faintness and 
proximity to 
the parent star.  



Radial Velocity has found the bulk of the 494 planets discovered to date 



Doppler shiK diagnoses the stellar radial mo1on 



Marcy et al. 2005, ApJ 619, 570. 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Fig. 1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a transit, the flux
drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops
again when the planet is occulted by the star.

with the line of nodes; we place the descending node of the
planet’s orbit along the +X axis, giving Ω = 180◦.
The distance between the star and planet is given by

Equation (20) of Chapter 2:

r =
a(1− e2)

1 + e cos f
, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending
on the orbital eccentricity e and period P (see Section 3 of
Chapter 2). This can be resolved into Cartesian coordinates
using Equations (53-55) of Chapter 2, with Ω = 180◦:

X = −r cos(ω + f), (2)
Y = −r sin(ω + f) cos i, (3)
Z = r sin(ω + f) sin i. (4)

If eclipses occur, they do so when rsky ≡
√
X2 + Y 2 is

a local minimum. Using Equations (2-3),

rsky =
a(1 − e2)

1 + e cos f

√

1− sin2(ω + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-
ping 2008). However, an excellent approximation that we
will use throughout this chapter is that eclipses are centered
around conjunctions, which are defined by the condition
X = 0 and may be inferior (planet in front) or superior

(star in front). This gives

ftra = +
π

2
− ω, focc = −

π

2
− ω, (6)

where here and elsewhere in this chapter, “tra” refers to
transits and “occ” to occultations. This approximation is
valid for all cases except extremely eccentric and close-in
orbits with grazing eclipses.
The impact parameter b is the sky-projected distance at

conjunction, in units of the stellar radius:

btra =
a cos i

R!

(

1− e2

1 + e sinω

)

, (7)

bocc =
a cos i

R!

(

1− e2

1− e sinω

)

. (8)

For the common case R! $ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line
between the pointsX = ±R!

√
1− b2 at Y = bR!.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view
a planet’s orbit nearly edge-on. As the planet orbits its star,
its shadow describes a cone that sweeps out a band on the
celestial sphere, as illustrated in Figure 3. A distant ob-
server within the shadow band will see transits. The open-
ing angle of the cone, Θ, satisfies the condition sinΘ =

2

J. Winn, 2010, arXiv:1001.2010v2  



Annual Reviews 

Proper1es of exoplanets 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Proper1es of planets: variable in density and composi1on. 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Spectrum of a giant exoplanet Gl189733b from transits (Swain et al 2010) 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N.B.: Analysis done on short 
segments (10 days, 33 days) 
of Kepler data—close‐in 
Earths only.  

June 15, 2010: Kepler poten1ally expands the 
number of known planets with ~ 300‐700 candidates 
(need to be confirmed by further observa1ons)  

Kepler: A spacecraK that detects Earth‐sized 
planets by transit 



Sasselov, 2010 (online slides) 

Kepler observes 150,000 stars 1,500 planets for case of 1 close planet/star. 

The data imply that one of ten Sun‐like stars has a close planet with an Earth‐like radius 



Gravita1onal lensing is the bending of light from a source by the gravita1onal force of a 
foreground mass 

Microlensing= lensing where the mul1ple images are separated by less than milliarcsec and 
so are unresolved.  

HST image, Space Telescope Science Inst.  





Fig. 1.— Left: The images (dotted ovals) are shown for several different positions of the source (solid circles), along with the primary
lens (dot) and Einstein ring (long dashed circle). If the primary lens has a planet near the path of one of the images, i.e. within the
short-dashed lines, then the planet will perturb the light from the source, creating a deviation to the single lens light curve. Right: The
magnification as a function of time is shown for the case of a single lens (solid) and accompanying planet (dotted) located at the position
of the X in the left panel. If the planet was located at the + instead, then there would be no detectable perturbation, and the resulting
light curve would be essentially identical to the solid curve.

Even before the first microlensing events were detected,
it was suggested by Mao & Paczynski (1991) that gravita-
tional microlensing might also be used to discover plane-
tary companions to the primary microlens stars. The basic
idea is illustrated in Figure 1. As the foreground star passes
close to the line of sight to the background source, it splits
the source into two images, which sweep out curved trajec-
tories on the sky as the foreground lens star passes close to
the line of sight to the source. These images typically have
separations of order one milliarcsecond, and so are unre-
solved. However, the total area of these images is also larger
than the area of the source, and as a result the background
star also exhibits a time-variable magnification, which is re-
ferred to as a microlensing event. If the foreground star
happens to host a planet with projected separation near the
paths of one of these two images, the planet will further
perturb the image, resulting in a characteristic, short-lived
signature of the planet.
Gould & Loeb (1992) considered this novel method of

detecting planets in detail, and laid out the practical re-
quirements for an observational search for planets with
microlensing. In particular, they advocated a “two tier”
approach. First, microlensing events are discovered and
alerted real-time by a single survey telescope that monitors
many square degrees of the Galactic bulge on a roughly
nightly basis. Second, these ongoing events are then
densely monitored with many smaller telescopes to dis-

cover the short-lived signatures of planetary perturbations.
The search for planets with microlensing began in

earnest in 1995 with the formation of several follow-up
collaborations dedicated to searching for planetary devia-
tions in ongoing events (Albrow et al., 1998; Rhie et al.
2000). These initial searches adopted the basic approach
advocated by Gould & Loeb (1993): monitoring ongo-
ing events alerted by several survey collaborations (e.g.,
Udalski et al., 1994; Alcock et al. 1996), using networks
of small telescopes spread throughout the southern hemi-
sphere. Although microlensing planet searches have ma-
tured considerably since their initiation, this basic approach
is still used to this day, with the important modification
that current follow-up collaborations tend to focus on high-
magnification events, which individually have higher sensi-
tivity to planets (Griest & Safizadeh, 1998), as discussed in
detail below.
From 1995-2001, no convincing planet detections were

made, primarily because the relatively small number of
events being alerted each year (∼ 50 − 100) by the sur-
vey collaborations meant that there were only a few events
ongoing at any given time, and often these were poorly
suited for follow-up. Although interesting upper limits were
placed on the frequency of Jovian planets (Gaudi et al.
2002, Snodgrass et al., 2004), perhaps the most important
result during this period was the development of both the
theory and practice of the microlensing method, which re-

2

Lens: Black dot. Source: Red circles. x: place where planet causes the above perturba1on 

Einstein ring 

magnifica1on 
factor = [area of 
image/area of 
source]. Surface 
brightness is 
conserved 

Gaudi, S. 2010 arXiv:1002.0332v2 



Lensing in a Glass of Water 

Caus1c is a curve or surface to which each of a bundle of refracted light rays are tangent, 
which define the boundary of a envelope of rays as curves of concentrated light. 



Fig. 7.— The magnification pattern as a function of source position for a planetary companion with q = 0.001 and d = 1.25 (top panel),
d = 1.0 (middle panel), and d = 0.8 (bottom panel), corresponding to wide, intermediate/resonant, and close topologies, respectively.
The greyscale shading denotes 2.5 log(1 + δ), where δ is the fractional deviation from the single-lens (i.e., no planet) magnification.
White shading corresponds to regions with positive deviation from the single lens magnification, whereas black shading corresponds to
negative deviations. For the wide and close topology, there are two regions of large deviations, corresponding to the central caustics
located at the position of the primary (the center of each panel), and the planetary caustics. For the intermediate/resonant topology, there
is only one large caustic, which produces relatively weak perturbations for a large fraction of the caustic area.

orbital motion, which result in a change in d over the course
of the event, are expected to be more important for resonant
caustic perturbations. The size of resonant caustics scales as
q1/3, in contrast to planetary caustics, which scale as q1/2,
and central caustics, which scale as q.

3. PRACTICE OF MICROLENSING

3.1. Light Curves and Fitting
The apparent relative motion between the lens and the

source gives rise to a time-variable magnification of the
source: a microlensing event. Is is often (but not always,
see Section 3.2) a good approximation that the source, lens,
and observer are in uniform, rectilinear motion, in which
case the angular separation between the lens and source as
a function of time can be written as,

u(t) =
(

τ2 + u2
0

)1/2
, (28)

where τ ≡ (t− t0)/tE, t0 is the time of closest alignment,
which is also the time of maximummagnification, u0 is the
impact parameter of the event, and tE is the Einstein ring
crossing time,

tE ≡
θE
µrel

, (29)

where µrel is the relative lens-source proper motion. Fig-
ure 3 shows the magnification as a function of time for a

microlensing event due to a single lens, with impact pa-
rameters of u0 = 0.01, 0.1, 0.2, ..., 0.9, 1.0, which serve to
illustrate the variety of light curve shapes.
Of course, what is observed is not the magnification, but

the flux of a photometered source as a function of time,
which is given by,

F (t) = FsA(t) + Fb. (30)

Here Fs is the flux of the microlensing star, and Fb is the
flux of any unresolved light (or “blended light”) that is not
being lensed. The latter can include light from a compan-
ion to the source, light from unrelated nearby stars, light
from a companion to the lens, and (most interestingly) light
from the lens itself. Microlensing experiments are typi-
cally carried out toward crowded fields in order to maximize
the event rate, and therefore one often finds unrelated stars
blended with the microlensed source for typical ground-
based resolutions of∼ 1′′. Even in the most crowded bulge
fields, most unrelated background stars are resolved at the
resolution of the Hubble Space Telescope (HST). Figure 10
shows the fields of two events as observed from the ground
with typical seeing, withHST, and with ground-based adap-
tive optics (AO).
The observed flux as a function of time for a microlens-

ing event due to a single lens can be fit by five parameters:
t0, u0, tE, Fs, and Fb. It is important to note that several
of these parameters tend to be highly degenerate. There
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mass ra1o = 0.001;  separa1on 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units of Einstein ring)  1.25, 1 and 0.8 (top to bolom) 
Gaudi, S. 2010 arXiv:1002.0332v2 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er identify ~700 ongoing microlensing events per
year. Two collaborations, a joint venture of the
Probing LensingAnomaliesNetwork (PLANET)
(22) and RoboNet (23) collaborations, and the
Microlensing Follow-Up Network (mFUN) (24),
then monitor a subset of these events to search
for planets. mFUN focuses almost entirely on
high-magnification events, including two events
originally identified by OGLE that proved to
have a Jupiter-mass (9) and a Neptune-mass
(11) planet, respectively. Here, we report on the
detection of a multiplanet system using this
approach.

On 28 March 2006 [heliocentric Julian day
(HJD) ~ 3822], the OGLE Early Warning
System (EWS) (21) announced OGLE-2006-
BLG-109 as a nonstandard microlensing event
possibly indicative of a planet. This immedi-
ately triggered follow-up observations by mFUN

and RoboNet, which gained intensity as the
event approached high magnification. On 5
April, the event underwent a deviation from
the single-lens form indicative of a binary lens.
Within 12 hours of this deviation, a preliminary
model indicated a jovian-class planet, which
was predicted to generate an additional peak on
8 April. The 8 April peak occurred as predicted,
but in the meantime, there was an additional
peak on 5 to 6 April, which turned out to be due
to a second jovian-class planet.

Figure 1 shows the data from 11 observatories,
including 7 from mFUN [the Auckland 0.35 m
and Farm Cove 0.25 m in New Zealand (clear
filter), the Wise 1 m in Israel (clear), the Cerro
Tololo Inter-American Observatory (CTIO) Small
andModerateApertureResearchTelescopeSystem
(SMARTS) 1.3 m in Chile (I-band and H-band),
the AREO8 0.3 m in NewMexico operated by the

Campo Catino Astronomical Observatory (clear),
and the xxxxxxxxxx xxxxxxxxx xxxxxxxxxxxx
(MDM) 2.4 m (I-band) and Mt. Lemmon 1.0 m
(I-band) in Arizona], the OGLE Warsaw 1.3 m
(I-band) inChile, theMOAMt. John 0.6m (I-band)
in New Zealand, the PLANET/Canopus 1 m
(I-band) in Tasmania, and the RoboNet/Liverpool
2m (R-band) in the Canary Islands. There are a total
of 2642 data points. In addition, there are 29V-band
data points fromOGLE andCTIO/SMARTS that
we use to determine the source color.

The qualitative character of the event can be
read directly from the light curve, primarily from
the five distinctive features shown in Fig. 2. Con-
sider the first three features: the low-amplitude
anomaly (OGLE, HJD ~ 3823) that triggered the
OGLE EWS alert, the gentle “shoulder” during
the first rise (MOA, HJD ~ 3830), and the first
peak (Auckland, HJD ~ 3831). Together, these
can only be produced by, respectively, passage
close to or over a weak cusp, entrance into a weak
caustic, and exit from a strong caustic. (The mag-
nification diverges when a point source crosses a
closed concave caustic curve, where additional
images are created on entry or destroyed on exit
of the enclosed area. Caustics are strong or weak
depending on the brightness of these images. The
concave curves meet at cusps that produce sharp
spikes of magnification when crossed by the
source.) Such a sequence requires a topology
similar to the one shown in the inset to Fig. 1. The
specific strengths of each feature require the
specific caustic topology shown. In particular, the
narrow mouth of the caustic toward the bottom
generates a very strong caustic. This was essen-
tially the argument used to predict the fifth feature
(OGLE/MDM/Lemmon/Auckland/FarmCove/
Tasmania, HJD ~ 3834), corresponding to a mod-
erately strong cusp passage (Fig. 1). The size and
strength of this caustic imply a jovian-class planet
lying very close to the Einstein ring, although
detailedmodeling is required to derive the precise
planet/star mass ratio. The fourth feature (Wise/
OGLE, HJD ~ 3831.5) cannot be explained by
considering the caustic generated by this jovian-
class planet alone. This feature occurs near the
time when the source approaches closest to the
center-of-mass of the planet/star system; this is
exactly the time at which the central-caustic
bumps due to additional planets are expected to
occur (20). The inset in Fig. 1 highlights the
additional caustic feature due to a second planet
that is required to explain this bump. This caustic
feature is smaller than the main caustic, which
implies that the planet, also of jovian class, lies
farther from the Einstein ring, so it is subject to
the standard (16) b↔ b−1 degeneracy, where b is
the planet-star projected separation in units of the
Einstein radius. A detailed analysis shows the
mass is three times as great as that of the first
planet and that the b < 1 solution is favored by
Dc2 = 11.4. We label these planets OGLE-2006-
BLG-109Lc and OGLE-2006-BLG-109Lb, re-
spectively. Although the caustics of the individual
planets do interact to form a single caustic curve,

Fig. 1. Data and best-fit model of the OGLE-2006-BLG-109Lb,c two-planet system. The data have been
binned for clarity, although the fitting procedures used the unbinned data. Data from each different
observatory/filter combination (as indicated by the color scheme) have been aligned using a linear fit to
the magnification, which introduces negligible uncertainties. Only data near the peak of the event are
shown (the unlensed magnitude is I = 16.42). (A) The source trajectory through the caustic created by the
two-planet system is shown as the dark gray curve with the arrow indicating the direction of motion. The
horizontal line shows an angular scale of 0.01qE, or ~15 mas. The shape and orientation of the caustic due
to both planets at the peak of the event is shown by the black curve. The five light-curve features detailed
in Fig. 2 are caused by the source crossing or approaching the caustic; the approximate locations of the
features are labeled with numbers. The majority of the caustic (in black) is due to only the outer (Saturn-
analog) planet; this portion of the caustic explains four of the five features. The portion arising from the
second (Jupiter-analog) planet is highlighted in red. This additional cusp in the caustic is required to
explain the fourth feature in the light curve; as such, the fourth feature signals the presence of a second
(Jupiter-analog) planet. Because of the orbital motion of the Saturn-analog planet, the shape and
orientation of the caustic changes over the course of the event. The light gray curves show the caustic at
the time of features 1 and 5. (B) A zoom of the source trajectory and caustic near the times of the second,
third, and fourth features. The circle shows the size of the source.

MONTH 2008 VOL 000 SCIENCE www.sciencemag.org2

REPORT

MS no: RE1151947/CJH

#09 EMBARGOED UNTIL 14 FEBRUARY 2008 AT 2:00 PM US ET 
C
onfid

en
tia

l

D
o n

ot d
uplic

at
e

Discovery of a Jupiter/Saturn Analog
with Gravitational Microlensing
B. S. Gaudi,1* D. P. Bennett,2 A. Udalski,3 A. Gould,1 G. W. Christie,4 D. Maoz,5 S. Dong,1
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Searches for extrasolar planets have uncovered an astonishing diversity of planetary systems, yet
the frequency of solar system analogs remains unknown. The gravitational microlensing planet
search method is potentially sensitive to multiple-planet systems containing analogs of all the solar
system planets except Mercury. We report the detection of a multiple-planet system with
microlensing. We identify two planets with masses of ~0.71 and ~0.27 times the mass of Jupiter
and orbital separations of ~2.3 and ~4.6 astronomical units orbiting a primary star of mass ~0.50
solar masses at a distance of ~1.5 kiloparsecs. This system resembles a scaled version of our solar
system in that the mass ratio, separation ratio, and equilibrium temperatures of the planets are
similar to those of Jupiter and Saturn. These planets could not have been detected with other
techniques; their discovery from only six confirmed microlensing planet detections suggests that
solar system analogs may be common.

Nearly 250 extrasolar planets (1) have been
discovered by measuring a variety of ef-
fects: reflex motion of the host star using

pulsar timing or precision Doppler measurements
(2–4); periodic dimming of the parent star as the
planet transits in front (5, 6); and planet-induced
perturbations to microlensing light curves in
which the host star acts as the primary gravita-
tional lens (7–11). These detections have uncovered
an enormous range of planetary properties, indi-
cating that planetary systems very unlike our own
are common throughout the Galaxy (12).

To date, ~25 multiple-planet systems have
been detected (13), all but one (2) using the
Doppler method. Because Doppler surveys must
monitor the host star’s reflex motion over the
planet’s orbital period, they are limited by the finite
duration as well as the sensitivity of the measure-
ments. Hence, they are only just now becoming
sensitive to Jupiter analogs and are not yet sen-
sitive to Saturn analogs (nor, ipso facto, Jupiter/
Saturn systems). Thus, all multiple-planet systems
discovered so far are very dissimilar from our
own, and the frequency of solar system analogs
remains unknown.

Because microlensing relies on the direct per-
turbation of light from distant stars by the gravi-
tational field of the planet, it is “instantaneously”
able to detect planets without requiring observa-
tions over a full orbit. For a primary star of mass

M, microlensing sensitivity peaks for planets in
the range ~[1 ~ 5](M/0.3 M◉)

1/2 astronomical
units (AU) (14). For solar-mass stars, this is
exactly the range of the solar system gas giants,
so microlensing provides a method to probe solar
system analogs (14, 15).

As pointed out by Griest and Safizadeh (16),
the very rare class of high-magnification (>100)
microlensing events provides an extremely sen-
sitive method of detecting planets. Near the peak
of high-magnification events, the two images
created by the primary star are highly magnified
and distorted and form a complete or nearly
complete Einstein ring. A planetary companion
to the primary star lying reasonably near the
Einstein ring will distort the symmetry of the
ring. As the host passes very close to the source
line-of-sight, the images sweep around the Einstein
ring, thus probing this distortion. Although the
total number of high-magnification events is
small, the instantaneous chance of detection in
each is much higher than for the more common
low-magnification events. Equally important, the
interval of high sensitivity (i.e., high magnifica-
tion) is predictable from the evolution of the light
curve (16–19). This permits concentration of scarce
observing resources on these events. Furthermore,
the high-magnification makes it possible to ac-
quire high signal-to-noise ratio photometry of
the peak of the events using relatively small-

aperture (and so plentiful) telescopes. As a result,
four (9, 11) of the six planets (8, 10) discovered to
date in microlensing events were in high-
magnification events.

Almost immediately, Gaudiet al. (20) derived
an important corollary: Because planets in the
neighborhood of the Einstein ring are revealed
with near-unit probability in high-magnification
events, multiple-planet systems lying in this
region will be revealed with almost the same
probability.

The Optical Gravitational Lens Experiment
(OGLE) (21) and Microlensing Observations in
Astrophysics (MOA) (19) collaborations togeth-
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Masses of ~0.71 and ~0.27 1mes the mass of Jupiter and orbital separa1ons of ~2.3 and 
~4.6 astronomical units orbi1ng a primary star of mass ~0.50 solar masses at a distance of 
~1.5 kiloparsecs. 

Peak 4 is not expected in 
the caus1cs associated 
with a single planet.    

2008, 319, 927‐930 
Strong microlensing event with caus1cs. 



Beaulieu et al. 2010  arXiv:1001.3349v1  



Two actual“super‐Earths” 

•  Gliese 581 g: A habitable world between 3 and 
4 1mes the mass of the Earth (Vogt et al). 

•  MOA‐2007‐BLG‐192La: A frozen world 
between 2 and 8 1mes the mass of the Earth 
(Kubas et al.) 

•  Both planets orbit cool, “M‐dwarf” stars. 
•  Both planets are examples of what JWST 
might be able to observe for other, transi1ng, 
M‐dwarf planet systems.  





Gliese 581g 

Gleise 581g is in the classical “habitable zone” where liquid water is stable 



MOA‐2007‐BLG‐192La 

MOA‐20070BLG‐192La  is beyond the classical “habitable zone”, but liquid methane/nitrogen 
might be stable  



James Webb Space Telescope 

...will  provide the first informa1on on composi1on of transi1ng superEarths. 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Fig. 13.— Upper panel: Points are synthetic NIRSpec observations of water absorption near
2 µm, in a hot (T = 506K) superEarth having R = 2.1R⊕, at a distance of 32 parsecs. The

red line is the modeled spectrum, and the synthetic data have been binned in wavelength by
a factor of 10, to a spectral resolving power R = 100, for clarity of presentation. The SNR

for the aggregate detection of water absorption in this example is SNR = 163, for 301 hours.
Lower panel: synthetic NIRSpec observations of water absorption in a habitable superEarth

having T = 302K and R = 1.8R⊕. The aggregate SNR for this detection is SNR = 16 for
122 hours, and the distance to this M-dwarf planetary system is d = 20parsecs.

Synthe1c spectra of H2O 
absorp1on in a hot (T 
~500K) superEarth with 
twice Earth’s radius. 300 
hour integra1on. 30 parsecs 
distance.  

Synthe1c spectra of H2O 
absorp1on in a habitable (T 
~300K) superEarth with 
twice Earth’s radius.  5 day 
integra1on. 20 parsecs 
distance. 

Deming, Seager et al 2009. 

Simula1ons of JWST transit spectra for M‐dwarf planets. 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Fig. 14.— Upper panel: synthetic NIRSpec observations (points) of carbon dioxide absorp-
tion near 4.3 µm, in a hot (T = 797K) superEarth having R = 2.2R⊕, at a distance of 18
parsecs, with the model overlaid (red line). The synthetic data have been binned in wave-

length by a factor of 10, to a spectral resolving power R = 100, for clarity of presentation.
The SNR for the aggregate detection of water absorption in this example is SNR = 150,

observing for 480 hours in-transit. (The SNR for 20-hours in-transit would scale down to
31.) Lower panel: synthetic NIRSpec observations (points) of carbon dioxide absorption in

a habitable superEarth having T = 308K and R = 2.3R⊕, with the model specturm overlaid
(blue line). The aggregate SNR for this detection is SNR = 28 for 85 hours of in-transit
observing, and the distance to this planetary system is d = 22parsecs.

Simula1ons of JWST transit spectra for M‐dwarf planets. 

Synthe1c spectra of H2O 
absorp1on in a hot (T 
~800K) superEarth with 
twice Earth’s radius. 20 day 
integra1on. 20 parsecs 
distance.  

Synthe1c spectra of H2O 
absorp1on in a habitable (T 
~300K) superEarth with 
twice Earth’s radius.  4 day 
integra1on. 20 parsecs 
distance. 

Deming, Seager et al 2009. 





U.S. Decadal Survey 2010: 



Is Earth --as a planet 
which has played host 
to complex life for 
billions of years-- 
unique in the cosmos? 


