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1. Introduction

1.1 Essentialsof Microlensing

Microlensing is the gravitational lensing of one star’s light by another stéardeast this is
how it was originally conceived by Einstein in his 1936 paper “Lens-likéigkcof a Star by the
Deviation of Light in a Gravitational Field’[J1]. This is a good starting point tmderstanding
microlensing, but as we will see, microlensing encompasses far more thatejiss

Einstein (1936) provides a simple description of microlensing. First, if twe stharbitrary
distances are perfectly aligned along the line of sight, the light from thegbackd star will appear
as a ring with radius

AU AU
6 = VKM_Ttey where Tge = D D and kK =8.14mas I\/,gl. (1.2)
L s

The size of6e depends on both the lens madgs and the distances to the lens and soubeand
Ds, respectively. Second, if the alignment is less than perfect, i.e. the pia@araever-so-slightly
displaced from each other, instead of a perfect ring the light will be spéttimo images, major
and minor (aka large and small) located at

yi:i% (uj: u2+4> (1.2)

whereu is the separation between the source and lens as a fraction of the Eindtes Fagurd]L
illustrates these two images. Although the radius of the Einstein ring, and trateefseparation

of these two images, is too smaflg{ ~ 1 mas) to be resolved even with modern telescopes, there
is still an overall magnification effect

u?+2

A(u) = Wt

Later papers by Tikhov (1938), Liebes (1964), and Refsdal (L18ggand the theory of mi-
crolensing [B[K[F}. In particular, they discuss how microlensing would be observed in peactic
Our galaxy contains billions of stars all moving on their own individual orl#sthe Sun executes
its own orbit through the Galaxy, we see the other stars moving relative lioottaer like cars on a
highway. Sometimes those stars come into conjunction with each other, i.e. teatstery dif-
ferent distances will align with each other along our line of sight. As this @agpa microlensing
event occurs. The lens-source separation in Equaftiohs 12 dnd 1 @nistif of time. As shown
in Figure[] the images therefore change as a functianasfd hence as a function of time, leading
to a varying magnification. The microlensing light curve is the observedgehembrightness due
to the lensing effect as a function of time.

(1.3)

1.2 Microlensing asa Type of Gravitational Lensing

Because microlensing results in multiple images of the background source, fuisset of
strong lensing. However, microlensing differs from galaxy-clustelesemsing in one important

1Also note that there is a separate branch of microlensing that studie$ebis eff individual stars of a galaxy lens
on the images of a multiply-imaged quasar (e.g. see Section|]7 of [2]).
2The reader is also referred to more comprehensive reviews ofrmatlerolensing (e.g.[H] 4] 7).
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Figure 1: A face-on view of microlensing. The background source giaclg) is shown traveling from left

to right relative to the lens star (+). The correspondinggesof the source are also shown. The case shown
in blue emphasizes that the images of the source appearthletige between the source and lens with the
larger, major image just outside the Einstein ring (dasHeadkocircle) and the smaller, minor image just
inside the Einstein ring.

way. Usually, when we think of strong lensing, we think of how the gravitatidensing effect
which enables us to study distant galaxies and quasars atzasgamplifying their light. This is

the study of the background source, i.e. the object being imaged. Inasgrfior microlensing,
the interest is in théens The form of the lightcurve (and the underlying images) reflects the
gravitational potential of the lens star. The goal is to reconstruct informatmut the lens by
modeling the shape of the lightcurve. The nature of the source and detitslfigtft are irrelevarit

In this sense, the source is analogous to a flashlight: it is just a tool ustditotke lens.

2. Applications of Microlensing

So far we have assumed that the lens is a star, but the underlying thgmgdseonly on
the assumption that the lens is a point mass (or a collection of point massdst,Ithe very
first microlensing searches were carried out not to detect microlensihgtars, but to determine
whether or not Massive Compact Halo Objects could account for dattenfal,[12,[18]. This
application reflects the power of microlensing: it can detect objects regardf their light output,
including objects that do not emit light. Hence, microlensing can be used tetéiidr mass black

3The exception is work by Bensby et al. that took advantage of the maafivficeffect to take spectra of dwarf

stars in the Bulge[]q]9. J.0]
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holes and other stellar remnants that are isolated or in wide binaries. ltscafinal brown dwarfs
or free-floating planets.

The primary motivation of modern microlensing surveys is the search foegdambiting the
lens stars, so | will begin by discussing planetary microlensing in detail. Hawen a broader
scale microlensing offers a unique way to study galactic structure. Corbitemicrolensing is
a random process depending on the motions of individual objects within ateex¢s Then the
underlying population of microlenses reflects the underlying populatioredBtdaxy. A complete
statistical analysis of a microlensing survey has the potential to tell us almgbthplete mass
function of the Galaxy ranging from free-floating planets all the way updiaied black holes.

2.1 Planetary Microlensing

To first order, planetary companions to the lens star can be thoughpeftasbations. The lens
star is far more massive, so it will dominate the deflection of the light and hémeenicrolensing
light curve. However, if there is a planet near one of the images, it with&rdeflect the light,
distorting the image and the light curfe][{4] 15]. Hence, the sensitivity dfdisidual event to
planets, depends on the paths traced by the images, which in turn reflepethhaf the source.
Additionally, if the lens star is perfectly (or nearly perfectly) aligned with therse, such that the
source is imaged into a ring, that event will be extremely sensitive to planedsige such large
images are easily perturbed and have complete angular coverage ablemstistar[[16].

An alternative way to think about microlensing is through the magnification magphaAe a
mathematical description for the magnification produced by a particular lesisg Bquatiorf 1|3,
we can calculate what the magnification of a source will be at any pointvelatia lens star. For a
point lens, this map has the basic properties of being radially symmetric, bejgeg Vaith smaller
u, and diverging to infinity ast — 0. A planet will perturb this map as in Figufg 2. To a first
approximation, the strongest perturbations happen at source locat&mdabe one of the images
at the location of the planet. Along the “caustics,” the magnification will diedaginfinity. Note
that there are usually two sets of caustics, the planetary and centritsadsplanetary caustic
reflects a perturbation of an image created when the source is well-&=pfican the lens, whereas
the central caustic reflects the perturbation of an exceptionally largelikemgnage created when
the source is directly behind the lens star.

Any number of microlensing light curves can be created given a magnificatap for a par-
ticular lens by tracing different paths through that map. For example thespatin in Figurd]2
maps onto the light curve shown in Figdife 3. The main difficulty in microlensingdsnistructing
the underlying map (and lens system) based on only the light curve, whitfhasively a 1D slice
of a 2D map. This leads to a number of degeneracies, which may or may rexdieed by a full
model. These degeneracies range from the trivial to the severe (seeafople [1IB[ 19, 24, 21]).
For example, the magnification map is symmetric across the star-planet axishghdeat two
different source trajectories can give rise to the observed light ciWireether or not this matters
to the interpretation of the lens depends on the circumstances. Alternasgglgtimes the light
curve can be explained by more than one lens system.
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"Demagnified"
Region

Figure 2: Magnification map for OGLE-2014-BLG-012ﬂ17]. The preseraf the planet distorts the
underlying magnification pattern due to the lens star. Thistoais the white outline; in this case the central
and planetary caustics are merged into a single, resonasticaThe path of the source produces the light
curve shown in Figure 3.
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Figure 3: The light curves of OGLE-2014-BLG-0124 as seen from OGLEi{@tandSpitzer (red). The
planetary perturbation is seen frddpitzer ~ 20 days before it is seen from Earth because of the microlens
parallax effect. Image credit: NASA/JPL-Caltech/Warsamigrsity Observatory.
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3. Modern Microlensing Surveys

Observational microlensing is shaped by the tension between the rarity alemsing events
and the fleeting nature of planetary perturbations. Even in the densket S&dds, i.e. in the
direction of the Galactic Bulge, the probability of a microlensing event is onenfilleon [2].
At the same time, the typical planetary perturbations last between a few aodra few days
[L4,[I%]. This means that conducting an ideal microlensing survey esjmionitoring millions of
stars several times per hour, 24 hours per day. In the past, this wassitsippso the work was split
between surveys with cadences-~ofl day ! to detect events and followup teams, which would
monitor some subset of microlensing events at a much higher cadencetra@tagyghas resulted in
the majority microlensing planet discoveries to date. However, it makes stdtstalgses difficult
because of the complex selection function. While some statistical analysedéen done (e.g.
(B3, [24.[25[26[ 37]), a truly objective microlensing survey would yieldenarecise and more
complete results.

Over the past decade, there has been a major push to increase thetlsezeasheras used for
microlensing surveys to increase the field of view and therefore the ca@étmvhich microlensing
events can be observed. The goal is to image a large enough arealof thelstect large numbers
of microlensing events while observing them at a high enough cadencéetd dad characterize
planetary perturbations. In the past couple of years this goal hasdohé&ved, and surveys will
soon eclipse followup groups as the primary sources of planet detections

There are four modern microlensing surveys: OGLE, MOA, Wise, and Kist. The Optical
Gravitational Lensing Experiment (OGLE) has a 1.3m telescope based&dampanas Observa-
tory and it is the most powerful, single site microlensing survey currentlyatipg [28]. In the
2015 microlensing season, OGLE IV discovered 2145 microlensing éyevitich may be con-
trasted with the dozens of events discovered annually by OGLE Il in the9&t@slor the hundreds
of events per year from OGLE Il in the 2000s . The Microlensing Ole@rns in Astrophysics
(MOA) survey has a telescope based at Mt. John Observatory in Nelare[29]. In 2015, they
found 576 microlensing events with some overlap with the OGLE survey. Wise@atory in
IsraeP is also conducting a microlensing survey, but they do not issue real-timelerising alerts
[Bd, 27]. Finally, the Korea Microlensing Telescope Network was comnmssion 2015[[31]. It
has 1.6m telescopes located at three sites: CTIO in Chile, SAAO in South AamchSSO in
Australia. This global distribution of telescopes combined with the large fieldesf (4 square
degrees) means that this survey can monitor 16 square degrees coslynuith a 10 minute ca-
dence, which is more than sufficient to detect Earth-mass ratio exoplBdg@#]. These new and
upgraded surveys have and are continuing to revolutionize the field oflensing.

4. Recent Microlensing Discoveries

4.1 Examples of Planetary Discoveries

The larger fields-of-view mean more data and more data means that micrglensints are
being discovered earlier in their evolution and earlier in the microlensingseda the second

4http://ogle.astrouw.edu.pl/ogle4/ews/2015/ews.html
5Note that this is unrelated to the Wide-field Infrared Survey Explorer @yIS
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full season of OGLE-1V, the OGLE Early Warning System announceddtbeovery of OGLE-

2012-BLG-0026 on February 13, when the Bulge is visible o2 hr nightt. Because of this
early alert, we were able to track the evolution of this event and recograté thiould be a high-

magnification microlensing event. By mobilizing telescope resources aroarglahe, especially
the Microlensing Follow-Up Network (MicroFUN), we obtained dense cage of the event over
peak. As a result, two planets with mass raties 1.3 x 10~* andq = 8 x 10~* were discovered
[B3]. This is an example of how followup groups and surveys work tageth

However, the case of OGLE-2012-BLG-0406 illustrates how followuja éabecoming less
important. Poleski et al. (2014) show that this- 6 x 10~2 planetary perturbation was adequately
covered by the OGLE-IV survey data alorje][34]. The addition of dénié®vup data decreases
the uncertaintieg[B5], but the OGLE data alone capture the basic prepefrtiee event.

A faster cadence also means routine characterization of shorter timesceddensog phe-
nomena. This includes the possibility of detecting free-floating planets, wingrtuce events last-
ing only a few hours. Sumi et al. (2011) studied the distribution of event tietes from MOA-II
[BE]. They found an excess of short timescale microlensing eventsahabtbe accounted for by
the stellar population. They posited an additional population of free-floptargets to explain this
excess. This comprehensive analysis of microlensing survey data &lgreeample of what we
can expect from surveys in the future.

4.2 Microlensing Parallax

The biggest uncertainty in microlensing is that the shape of the light curne aloly gives
relative information about the lens. For example, modeling a planetary patim will yield the
mass ratio between the planet and the host star, but it will not directly yielohétss of that host
star. As long as the mass ratio is small enougfs (L03), the system obviously contains a planet,
but the exact nature of the planet is unknown. However, there is algmifiGgant gray area (e.g.
q~ 107?) for which the planetary nature of the object is ambiguous without knowiagrthss of
the host.

One way to overcome this challenge is to measure higher-order effects mi¢chalensing
light curve. Measuring both the angular size of the Einstein ring througfle ource effects and
microlens parallaxg allows a direct measurement of the lens mass and its distance:

M. = KGII'EIE ; D_'=6em+Dgh (4.1)
Ds is the distance to the source, which can generally be assumed to be 8 kpc.

Finite source effects are literally the effect on the light curve attributableedett that the
source is a star with a finite size rather than a perfect point source. bEeeved magnification of
the source’s light is the integration of the magnification pattern across teefabe source star.
Hence, if the source crosses a caustic, instead of observing the matiprifidiverge to infinity, this
feature is rounded out. The degree of rounding gives a measurefiibatsource size = 6, /6e.
Since the angular size of the sou&ecan be inferred from the source color and surface brightness
relations [3]], this yields a measurementef

In microlensing, the microlens parallax vector gives the displacement of tseskaurce tra-
jectory from the expectation of rectilinear motion observed from a singlditotarhis is related
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to the physical parallax by
TE=——. (4.2)

There are two ways of observing parallax effects in microlensing. Fibsterwations are gener-
ally not taken from an inertial frame. The Earth and various space tgles@re all accelerating
platforms. This acceleration can be seen in the light curve of the microleegand, provided the
event timescale is a significant fraction of the orpii [88,[39, 40]. Sec@nucrolensing event from
two different locations will have a different observed light curve facle location because of the
parallax effect[[41] 47, 43, h4].

One major result from measuring lens masses through parallax and finite sfiects was the
discovery of brown dwarf binaries. Microlensing has found some dfiivest-mass brown-dwarf-
brown-dwarf binaries. One example is OGLE-2009-BLG-151/MOA2B80.G-232 in which the
primary is 0018M, and the secondary is@75V, [AF]. Figure 5 of [4§] shows these binaries in
context with other known low-mass binaries.

4.3 Spitzer Parallaxes

Recently Spitzertime has been allocated to microlens parallax experiments, vastly increasing
the number of events with parallax measurements. The Einstein ring projettethe observer
plane is typically about 10 AU. BecauSgitzeris ~ 1 AU from the Earth (a significant fraction of
the Einstein ring size), it observes a different apparent alignment batthie source and lens stars,
and hence, a different light curve.

So far, the 2014 and 208pitzerMicrolensing Campaigns have observed over 200 microlens-
ing events[[47[48]. In 2014, we demonstrated the feasibility of measuringlens parallaxes
with Spitzer by observing~ 60 microlensing events. In this campaign, we made the first mass
measurement for an isolated star using space-based microlens parabaxations[[49]. We also
made the first space-based parallax measurement for a microlensing[pR@ine=igure[3 shows
the light curves of this event as observed from the ground and 8pitzer as well as the se-
quence of events for scheduling observations for this event.~Th@ day offset between the two
light curves is due to the parallax effect. Note that all decisions were mabdeuw reference to
the Spitzer light curve since those data were not reduced until after the campaig esad the
fact that the planetary perturbation was captured bySpiézer data was entirely fortuitous. The
2015 campaign has already yielded a microlens parallax measuremenetmraplanet (OGLE-
2015-BLG-0966[50]). In addition, we discovered a wide binary véhpsmary is likely to be a
non-accreting stellar remnant. The parallax measurement$mtnerwas crucial for constraining
the mass of the primary, which identifies it as a likely stellar remrfaht [51].

In addition to these individual discoveries, tBpitzercampaign has opened new possibilities
for statistical studies from microlensing. The microlens parallax measuretseffityields a very
good statistical estimate of the distance to the individual lenses, and wherineaintith finite
source effects (which are usually measured for planets and binaieéd3 @ precise measurement
of the lens distance (Equatipn}t.1). With these distance measurements, lveatarthe individual
lenses in the Galaxy, effectively mapping out the underlying populatiomjetcts including those
that do not emit light (e.g. black holes). One of the major goals of these ¢gnspia to make
the first measurement of the distribution of planets as a function of Galadiimdées and test the
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effect of galactic environment on planet formation by comparing the relatiwndance of planets
in the Disk and the Bulgd [4#1,52].

In 2016, there will be a thirdpitzer microlens parallax campaigh [5B,]54]. In addition,
Campaign 9 of th&k2 mission K2C9), also in 2016, will use th&epler satellite to conduct
a microlens parallax campaigh [4D] 55]. While tBpitzer campaigns are targeted to specific
microlensing events discovered from the ground KBecampaign will take advantage of the large
field-of-view to conduct a survey-like experimeriK2 will download a large superstamp for the
duration of the 80-day campaign. The primary advantage of this appi®datK2COwill be able
to measure parallaxes for shorter timescale microlensing events that oticersimperstamp. This
is a particularly interesting opportunity for measuring parallaxes of catelidee-floating planet
events (timescales of 1 day). Such events cannot be observed bySpizer program because
the lag time between scheduling and the start of observations is too long.

5. The Future of Microlensing

Looking farther into the future, th&FIRSTsatellite is expected to launch in 2024][56]. Thirty
percent of this mission will be dedicated to a microlensing survey of the GaBatge. The
WFIRSTmicrolensing mission will discover planets on a scale similar tdiygler mission. The
highly precise photometry available from space will lead to the discoveryool#mds of exoplan-
ets. This mission will complement other search techniques by finding plangtseadisas Mercury
at distances of a few AU; planets this small and distant cannot be foumagyowther technique.
Furthermore, many of these planets will have precise masses and kndagtiGdistances.[[$7]
shows howWFIRSTwill combine various pieces of information, including microlens parallax, to
obtain precise mass and distance measurements for its lenses. This missiemohitionize the
field of microlensing and our understanding of planets beyond the snow line.
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