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FIG. 1.ÈAbove : Standard microlensing geometry. The bold curve
shows the path of the light from the source (S) to the observer (O) being
deÑected by the lens (L) of mass M. The deÑection angle is a \ 4GM/rE c2,
where is the Einstein radius shown as a dashed line. The image (I) isrEdisplaced from the source by the angular Einstein radius which, pro-hE,
jected onto the source plane, corresponds to a physical distance Below :rü E.
Natural microlensing geometry. Mostly the same as the upper panel,
except that the Einstein radius is now projected onto the observer plane as

rather than onto the source plane as This minor di†erence allows oner8 E rü E.
to see immediately the relations between the observables and the(hE, r8 E)
physical parameters (M, First, under the small-angle approximation,nrel).so Second, by the exterior-anglea/r8 E \ hE/rE, r8 E hE \ arE \ 4GM/c2.
theorem, where and are the distances tohE \ a [ t \ r8 E/D

l
[ r8 E/D

s
, D

l
D

sthe lens and source. Hence, where is the lens-sourcehE/r8 E \ nrel/AU, nrelrelative parallax.

where and are the distances to the lens and source,D
l

D
sand Note that equation (3) can beDrel~1 4 D

l
~1 [ D

s
~1.

written more suggestively as

nE hE \ nrel , nE 4
AU
r8 E

, (4)

where is the lens-source relative parallax.nrel \ AU/Drel

Just as in astrometric parallax determinations, where n is
a more natural way to represent the measured quantity
than its inverse (distance), so in microlensing ““ parallax ÏÏ
determinations is more natural than its inverse ThenE (r8 E).
reason is the same : the observable e†ect is inversely pro-
portional to but directly proportional to so the mea-r8 E nE,
surement errors when expressed in terms of exhibit morenEregular behavior. As in the case of astrometric parallax, this
feature becomes especially important for measurements
that are consistent with zero at the few-p level. Indeed, in
contrast to astrometric parallaxes, microlensing parallaxes
are inherently two-dimensional (Gould 1995). That is, one
measures not only the amplitude of (or but also ther8 E nE)
direction of lens-source relative motion. Hence one can gen-
eralize to a two-dimensional vector whose direction isnE pEthat of the lens relative to the source. The measurement
errors in are then easily expressed as a covariancepEmatrix. By contrast, there is no natural way to generalize r8 E :
it can be made into a vector with the same direction butr8 E,
when is consistent with zero, such a vector is very poorlypEbehaved. Moreover, in some cases one component of canpEbe very well determined while the other is highly degenerate
(Refsdal 1966 ; Gould 1994b, 1995), a situation that is easily
represented using but unwieldy using (Note thatpE r8 E.
while no one has ever previously introduced the vector Ir8 E,
have often discussed the closely related projected velocity
vector, ¿8 \ r8 E/tE.)

The Einstein crossing time is the only observable thattEat present is routinely observed. While I Ðnd no fault with
considerations of symmetry with the substitutiontE,

lead me to substitute wherer8 E ] pE tE ] lE,

kE 4
1
tE

, (5)

and where the direction of is that of the lens motionlErelative to the source. With this deÐnition, the relative lens-
source proper motion is given by lrel \ lE hE.

3. RELATIONS BETWEEN OBSERVABLES AND PHYSICAL

QUANTITIES

From equations (2)È(4), one immediately derives

r8 E \S4GMDrel
c2 , nE \Snrel

iM
(6)

and

hE \S 4GM
Drel c2 \ JiMnrel , (7)

where

i 4
4G

c2AU
\ 4v2̂

M
_

c2 ^ 8.144
mas
M

_

, (8)

and km s~1 is the speed of the Earth.v
^

D 30
How well is the coefficient (8.14 . . . ) in i known? It

su†ers from two sources of uncertainty. First, the factor 4 in
equations (8) and (1) is a prediction of general relativity
(GR). Its accuracy (often parameterized by c) has been veri-
Ðed experimentally by Hipparcos, but only to 0.3%
(Froeschle, Mignard, & Arenou 1997). However, if GR is
assumed to be exact, then this coefficient can be determined
as accurately as which should be known from pulsar(v

^
/c)2,

	(and	θE)	depends	on	ML	and	DL	

@7.9	kpc	
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θE~	1	mas	



Even	in	the	most	
favorable	cases	…	there	is	
no	great	chance	of	
observing	this	
phenomenon.		
–	Albert	Einstein	1936	



Because	θE~1	mas…		

1.	Microlensing	should	"never"	occur.	
	
	
2.	The	images	can’t	be	resolved.	
		



Because	θE~1	mas…		

1.	Microlensing	should	"never"	occur.	
	à	Never	say	“never.”	

	
2.	The	images	can’t	be	resolved.	
	à	Lensing	also	*magnifies*	the	source.	
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Magnificaeon	Map	
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A	planet	makes	2	sets	of	causecs	



The	magnificaeon	diverges	to	infinty	
at	a	causec.	
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Main	Wide-Field	Microlensing	Surveys	



Is	there	a	planet	in	my	data?	



The Astrophysical Journal, 751:41 (14pp), 2012 May 20 Choi et al.

Figure 7. Light curve of MOA-2011-BLG-274. Notations are the same as in
Figure 1.
(A color version of this figure is available in the online journal.)

the radius of the source star, i.e., u0 < ρ∗, and thus the lens
passes over the surface of the source star. To obtain a sample of
events, we begin by searching for high-magnification events that
have been detected since 2004. Events with lenses passing over
source stars can usually be distinguished by the characteristic
features of their light curves near the peak. These features are
the inflection of the curvature at the moment when the finite
source first touches and completely leaves the lens and the
round shape of the light curve during the passage of the lens
over the source. To be more objective than visual inspection,
we conduct modeling of all high-magnification events with
peak magnifications of AP ! 10 to judge the qualification
of events. From these searches, we find that 18 such events
exist. Among them, analysis results of 12 events have not been
published before. We learn that four unpublished events, MOA-
2006-BLG-130/OGLE-2006-BLG-437 (J. Baudry et al. 2012,
in preparation), MOA-2009-BLG-411 (P. Fouque et al. 2012, in
preparation), MOA-2010-BLG-523 (A. Gould et al. 2012, in
preparation), and MOA-2010-BLG-311 (L.-W. Hung et al.
2012, in preparation), are under analysis by other researchers
and thus are excluded in our analysis. We note that four known
source-crossing events detected before 2004 exist, including
MACHO Alert 95-30 (Alcock et al. 1997), OGLE sc26_2218
(Smith 2003), OGLE-2003-BLG-238 (Jiang et al. 2004), and
OGLE-2003-BLG-262 (Yoo et al. 2004). We also note that
MOA-2007-BLG-400 (Dong et al. 2009) and MOA-2008-BLG-
310 (Janczak et al. 2010) exhibit characteristic features of

Figure 8. Light curve of OGLE-2011-BLG-0990/MOA-2011-BLG-300. Nota-
tions are the same as in Figure 1.
(A color version of this figure is available in the online journal.)

source-crossing single-lens events, but we exclude them from
the sample because the lenses of the events turned out to have
planetary companions.

In this work, we conduct analyses of nine events. Among
them, eight events are newly analyzed in this work. These
events include MOA-2007-BLG-176, MOA-2007-BLG-233/
OGLE-2007-BLG-302, MOA-2009-BLG-174, MOA-2010-
BLG-436, MOA-2011-BLG-093, MOA-2011-BLG-274,
OGLE-2011-BLG-0990/MOA-2011-BLG-300, and OGLE-
2011-BLG-1101/MOA-BLG-2011-325. For OGLE-2004-
BLG-254, which was analyzed before by Cassan et al. (2006),
we conduct additional analysis by adding more data sets taken
from CTIO and FCO.75 In Table 1, we summarize the status of
the analysis for all 18 events that have been detected since 2004.

3. OBSERVATION

For almost all events analyzed in this work, the source-
crossing part of the light curve was densely covered. This was
possible due to the coordinated work of the survey and follow-
up observations. Survey groups issued alerts of events. For

75 Besides the data sets listed in Table 2, an additional data set exists taken
with the Danish telescope. However, we do not use these data because it has
been shown by Heyrovský (2008) that the large scatter of the data results in
poor measurement of lensing parameters including the limb-darkening
coefficient.

6

14	

16	

18	

5750	 5755	 5760	 5765	

The Astrophysical Journal, 763:141 (11pp), 2013 February 1 Gould et al.

Figure 5. Planetary model of MOA-2010-BLG-523 (black) fit to I-band data points from several observatories as indicated in the legend. H-band data are not shown.

to be explained by this effect. The relative difference in effective
source sizes is
√

⟨[r(H )]2⟩
⟨[r(I )]2⟩

− 1 =

√
1 − 0.2ΓH

1 − 0.2ΓI

− 1 ∼ 0.1(ΓI − ΓH ) < 0.02,

(14)
whereas the difference in timescales of the observed deviations
is a factor of ∼2. Hence, there is no plausible reason for the
difference in the I and H bands over the peak. Moreover, J.C.Y.
found that the other part of the “planetary signal,” the asymmetry
in the light curve (both I and H bands), can be fit by “xallarap”
(orbital motion of the source about a companion) with periods
of 3–15 days.

The path to gathering the evidence summarized in Section 4
was circuitous. First, in response to J.C.Y.’s report, A.U.
reiterated that the source (or at least some star in the aperture)
was a variable with an 11 day period and a 1% amplitude. This
variability had previously been ignored in the analysis due to the
fact that the “planetary” deviation had a much shorter timescale.
Then A.G. learned from stellar-interiors expert M.H.P. that
RS CVn stars were found very frequently at T ∼ 5250 K.
M.H.P. then suggested that the Rossby number scalings from
Hartman et al. (2009) could explain the observed variability.
In the meantime, it was found that variability at fixed period
but random phase (characteristic of spots) is strongly favored
over a strictly periodic signal. These results were consistent
with an RS CVn star, so one would expect to see the strong
calcium H&K emission characteristic of such stars in the UVES
spectrum. However, Bensby et al. (2011) had not remarked upon
this because the blue spectral channel is rarely if ever examined

for stars in this program because they are very heavily reddened.
A check of the blue channel indeed showed strong H&K lines.
These lines proved to be easily detectable in this case, not
only because they are intrinsically strong, but also because the
spectrum was taken at I ∼ 13.3, which is substantially brighter
than is typical for the Bensby et al. (2011) sample (see their
Figure 1).

In brief, the contradiction between the optical and IR light
curves proved to be the crucial turning point in debunking
the “planet,” even though a more detailed investigation of the
available data provides overwhelming evidence that this was a
microlensed RS CVn star.

This history argues for caution in the interpretation of
planetary signals, particularly when they are both of small
amplitude and without the discontinuous slopes characteristic
of caustic crossings (e.g., Gould et al. 2006). One may counter
in this case that RS CVn stars are extremely rare, but the fact
remains that this “rare event” occurred within the first dozen
or so microlensing planets. Such rare events in small samples
remind us to be vigilant about our assumptions.

We note that the misinterpretation of microlensed spots as
planetary signals was suggested more than a decade ago by
Heyrovský & Sasselov (2000), who specifically cautioned on
the difficulty of distinguishing spots from planets in high-
magnification events and even suggested intensive multi-band
photometry as a means to tell the difference. As they re-
marked, such multi-band (optical/IR) photometry had already
been advocated by Gaudi & Gould (1997) as a means to bet-
ter characterize planetary perturbations. This earlier paper (see
also Gould & Welch 1996) was the motivation to build the
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Planetary	Observables	Are	Measured	
Rela6ve	To	the	Host	Star	

q =
mp

M*

Microlensing	

Radial	Velocity	
	

K ∝
mp sin i
M*

2/3

Transits	 δ =
rp
R*

⎛

⎝
⎜

⎞

⎠
⎟
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Microlensed	photons	are	from	the	
source!	
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More	Informaeon	is	Needed	

tE	=	θE/μ		
àtE(Mstar,	Dlens,	μ)	
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Mstar=	θE/(κπE)	

κ	=	constant	

Angular	Size	
of	Einstein	

Ring	 Microlens		
Parallax	



θE	à	nearby	lens	

θE	



Yee	et	al.	2012	ApJ	755,	102	

θE	

θE	is	half	the	necessary	informaeon	



Jennifer C. Yee Research Statement

significance of the result can only be evaluated with a full detection efficiency/sensitivity
analysis including events with no known planets. Second, Gould et al. (2010) report the
frequency of planets and claim that a typical lens star mass is 0.5 M⊙, but the lens star
masses are measured for only six of their 13 microlensing events, and these show a variety
of masses including several K dwarfs.

For three of the Gould et al. (2010) events without mass measurements, no estimate of the
host mass is possible, and the masses of the other four are estimated using a Bayesian estimate
based on the observed microlensing properties and a Galactic model prior, which tends to
favor M dwarfs since they are the most common stars. We implicitly assume that all stars
are equally likely to host a planet at a given separation, even though core-accretion theory
and RV studies indicate that the probability of having a planet should depend on stellar
mass. In the case of MOA-2011-BLG-293, I found the Bayesian probability distribution for
the lens mass peaks at 0.4 M⊙, but there is a significant probability for the lens star to be
more massive (Yee et al. 2012). Since the mass ratio in that event is large (q ∼ 0.005), one
could argue for an additional Bayesian prior giving preference to larger stellar masses since
the planet is so massive. Hence, because the results of a Bayesian analysis depend on the
input priors, actually measuring the masses of the lenses is vitally important to confirming
that they are M dwarfs and for using the frequency of microlensing planets to distinguish
between planet formation by core accretion and formation by gravitational instability.

The mass of the host star is usually well-estimated for transit and RV surveys, but in
microlensing we often have very little information about the lens stars. By definition, when a
microlensing event occurs, the source and lens are superposed. During the event, the source
is magnified and contributes the majority of the light. Even when the source is unmagnified,
since microlensing observations are conducted in very crowded fields, other, unrelated stars
often fall within the seeing-limited PSF, which is at best FWHM∼1′′. Figure 4 compares
seeing-limited and AO observations of MOA-2011-BLG-293, showing the high density of
stars. Thus, the light from the lens stars cannot be isolated with normal, seeing-limited
observations, so the lens masses are generally unknown.

Figure 4: CTIO H-band images of MOA-2011-BLG-293 showing the magnified (left) and
unmagnified (center) target. The red box matches the area of the baseline image from Keck
(right), which reveals many stars of similar brightness to the unmagnified target.

Measuring the Frequency of Planets Around M Dwarfs

I will solve the problem of lens star masses using AO images from a large telescope. The
increased resolution allows the combined light from the source and lens star to be isolated
from any blended stars. The source flux is measured from the microlensing fit, and then any

6
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Baesta	et	al.	(incl.	Yee)	2014,	ApJ,	780,	54	

Measuring	the	Lens	Flux	is	Hard	
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MH = 4.2 ±0.3 mag 
DL = 7.72 ±0.44 kpc 

ML	=	0.86±0.06	M¤	
mp	=	4.8	±	0.3	MJup	

Baesta	et	al.	(incl.	Yee)	2014,	ApJ,	780,	54	
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Fig. 1.— Lightcurve of OGLE-2014-BLG-0939 as seen by OGLE from Earth (black) and
Spitzer (red) ∼ 1 AU to the West. While both are well-represented by Paczyński (1986)

curves (blue), they have substantially different maximum magnifications and times of max-
imum, whose differences yield a measurement of the “microlens parallax” vector πE. The
dashed portion of the Spitzer curve extends the model to what Spitzer could have observed if

it were not prevented from doing so by its Sun-angle constraints. Light curves are aligned to
the OGLE I-band scale (as is customary), even though Spitzer observations are at 3.6 µm.

Lower panel shows residuals.

Yee	et	al.	2015,	ApJ	802,	76	
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Planet		
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No	Planet?	



Street	et	al.	2016,	ApJ,	819,	93	

– 25 –

Fig. 1.— OGLE-2015-BLG-0966 lightcurve. Combined data from 10 telescopes (color coded)

trace the ground-based light curve nearly continuously. With the exception of the ∼ 6 hr
post peak bump, it is well characterized by a high-magnification point-lens Paczyński (1986)
curve. As described in the text, five of the seven parameters (t0, u0, tE,α, ρ) needed to

describe this curve can be read off lightcurve or extracted with very simple analysis. The
remaining two (s, q) (planet-star separation and mass ratio) require more detailed modeling.

The Spitzer lightcurve is aligned to the OGLE scale so that equal “magnitudes” represent
equal magnifications. The microlens parallax πE can be well-estimated simply by comparing

the Spitzer and ground-based light curves. See Section 3. (OGLE and MOA data are binned
for display in the Figure, but not in the fit. Ground-based data points with uncertainties
> 0.2 mag are suppressed in the figure to avoid clutter, but are included in the fit.)

Planet	or		
No	Planet?	



θE+	πE	=	precise	mass	and	distance	

πE	 θE	
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Fig. 1.— Lightcurve of OGLE-2014-BLG-0939 as seen by OGLE from Earth (black) and
Spitzer (red) ∼ 1 AU to the West. While both are well-represented by Paczyński (1986)

curves (blue), they have substantially different maximum magnifications and times of max-
imum, whose differences yield a measurement of the “microlens parallax” vector πE. The
dashed portion of the Spitzer curve extends the model to what Spitzer could have observed if

it were not prevented from doing so by its Sun-angle constraints. Light curves are aligned to
the OGLE I-band scale (as is customary), even though Spitzer observations are at 3.6 µm.

Lower panel shows residuals.
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Jennifer C. Yee Research Statement

significance of the result can only be evaluated with a full detection efficiency/sensitivity
analysis including events with no known planets. Second, Gould et al. (2010) report the
frequency of planets and claim that a typical lens star mass is 0.5 M⊙, but the lens star
masses are measured for only six of their 13 microlensing events, and these show a variety
of masses including several K dwarfs.

For three of the Gould et al. (2010) events without mass measurements, no estimate of the
host mass is possible, and the masses of the other four are estimated using a Bayesian estimate
based on the observed microlensing properties and a Galactic model prior, which tends to
favor M dwarfs since they are the most common stars. We implicitly assume that all stars
are equally likely to host a planet at a given separation, even though core-accretion theory
and RV studies indicate that the probability of having a planet should depend on stellar
mass. In the case of MOA-2011-BLG-293, I found the Bayesian probability distribution for
the lens mass peaks at 0.4 M⊙, but there is a significant probability for the lens star to be
more massive (Yee et al. 2012). Since the mass ratio in that event is large (q ∼ 0.005), one
could argue for an additional Bayesian prior giving preference to larger stellar masses since
the planet is so massive. Hence, because the results of a Bayesian analysis depend on the
input priors, actually measuring the masses of the lenses is vitally important to confirming
that they are M dwarfs and for using the frequency of microlensing planets to distinguish
between planet formation by core accretion and formation by gravitational instability.

The mass of the host star is usually well-estimated for transit and RV surveys, but in
microlensing we often have very little information about the lens stars. By definition, when a
microlensing event occurs, the source and lens are superposed. During the event, the source
is magnified and contributes the majority of the light. Even when the source is unmagnified,
since microlensing observations are conducted in very crowded fields, other, unrelated stars
often fall within the seeing-limited PSF, which is at best FWHM∼1′′. Figure 4 compares
seeing-limited and AO observations of MOA-2011-BLG-293, showing the high density of
stars. Thus, the light from the lens stars cannot be isolated with normal, seeing-limited
observations, so the lens masses are generally unknown.

Figure 4: CTIO H-band images of MOA-2011-BLG-293 showing the magnified (left) and
unmagnified (center) target. The red box matches the area of the baseline image from Keck
(right), which reveals many stars of similar brightness to the unmagnified target.

Measuring the Frequency of Planets Around M Dwarfs

I will solve the problem of lens star masses using AO images from a large telescope. The
increased resolution allows the combined light from the source and lens star to be isolated
from any blended stars. The source flux is measured from the microlensing fit, and then any

6

θE	 πE
		 flux	

Three	ways	to	constrain	the	lens	mass:	

The	causecs	determine	the	lightcurve:	
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