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ABSTRACT

K2s Campaign 9 (K2C9) will conduct a ~3.4 deg? survey toward the Galactic bulge from 7/April through 1/July
of 2016 that will leverage the spatial separation between K2 and the Earth to facilitate measurement of the mi-
crolens parallax 7g for 22120 microlensing events, including several planetary in nature as well as many short-timescale
microlensing events, which are potentially indicative of free-floating planets (FFPs). These satellite parallax mea-
surements will in turn allow for the direct measurement of the masses of and distances to the lensing systems. In
this white paper we provide an overview of the K2C9 space- and ground-based microlensing survey. Specifically, we
detail the demographic questions that can be addressed by this program, including the frequency of FFPs and the
Galactic distribution of exoplanets, the observational parameters of K2C9, and the array of resources dedicated to
concurrent observations. Finally, we outline the avenues through which the larger community can become involved,
and generally encourage participation in K2C9, which constitutes an important pathfinding mission and community

exercise in anticipation of WFIRST.

Keywords: binaries: general — Galaxy: bulge — gravitational lensing: micro — planets and satellites:
detection — planets and satellites: fundamental parameters
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1. INTRODUCTION

Results from the Kepler Mission have revolutionized
our understanding of the frequency and distribution of
exoplanets that orbit close-in to their host stars. To-date
it has identified 4175 planet candidates (Mullally et al.
2015) and has confirmed 1039 as bona fide exoplanet@
These discoveries have led to a wealth of insights into ex-
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oplanet demographics, including the apparent ubiquity
of small planets (e.g., [Fressin et al.[2013]) and the occur-
rence rate and orbital architectures of systems with mul-
tiple transiting planet candidates (e.g., [Fabrycky et al.
2014)), along the quest to measure 7g.

The mechanical failure of the second of Kepler’s four
reaction wheels in 2013 signaled an end to the primary
mission but heralded the genesis of its extended K2 Mis-
sion, which is in the midst of a series of ~80-day cam-
paigns performing high-precision photometry for targets
along the Ecliptic (Howell et al.||2014). Orienting the
spacecraft to point along its velocity vector (+VV) allows
K2's Campaign 9 (K2C9) to observe toward the Galactic
bulge while it is simultaneously visible from Earth, en-
abling the first microlensing survey from the ground and
from space.

In this white paper we detail the joint space- and
ground-based microlensing survey enabled by K2C9. We
begin with a brief overview of the geometric principles
and observational implementation of the microlensing
technique in Then, in 3] we discuss the scientific
questions to which K2C9 will provide access. This is fol-
lowed by a description of the observational parameters
of K2C9 in In §5] we summarize the ground-based re-
sources that will be employed concurrently with K2C9,
as well as their scientific goals. We detail the goals and
implementation of a 50-hour Spitzer program that will
take simultaneous observations during the last 13 days of
K2C9 in §6] Finally, and most critically, in §7] we focus
on the channels through which the greater community
can participate in this community-driven microlensing
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experiment.

2. GRAVITATIONAL MICROLENSING OVERVIEW

In this section we provide a brief overview of the theo-
retical background and observational implementation of
gravitational microlensing. See|Gaudi (2012) for a deeper
exploration of the fundamental mechanics of lensing, par-
ticularly in the context of searches for exoplanets. Read-
ers who possess a foundational understanding of the tech-
nical details of microlensing should proceed to §3}

2.1. Lensing Geometry

A microlensing event occurs when the light from a
background “source” star is magnified by the gravita-
tional potential of an intervening foreground “lens” sys-
tem in a way that is detectable by a given observer.
When describing the temporal evolution of an event, as
is shown in Figure |1, the coordinate system keeps the
lensing body fixed at the origin such that all of the lens-
source relative proper motion is encapsulated in the tra-
jectory of the source. The light from the source is split
into two images that, in the case of perfect observer-lens-
source colinearity, trace out the Einstein radius 0g, the
angular scale for microlensing phenomena.

For a lensing system with total mass M, the Einstein
ring is defined as:

05 = \/kMymrel, Tl = mebE = AU(D, 1 =D, 7Y, (1)

where £ = 4G/(c?AU) = 8.144 mas/Mg,, Ty is the rel-
ative lens-source parallax, and D, and Dy are the dis-
tances to the lens and source, respectively. Normaliz-
ing the relative lens-source parallax to 0 yields the mi-
crolens parallax 7g. For typical microlensing surveys to-
ward the Galactic bulge, 0g is of-order a milliarcsecond
or smaller, meaning that the images of the source are not
spatially resolved.

There are four parameters that specify a microlensing
event due to a single lensing mass. The first is ¢y, the time
of closest approach of the source to the lens. Second is ug,
the angular distance of the closest approach of the source
to the lens, normalized to fg. The Einstein crossing time
tg is defined via: ;

th = — 2

" ,urel7 ( )
where pi;¢1 is the relative lens-source proper motion. Last
is p, the angular radius of the source star, 6,, normalized
to 9E:

p= - (3)

The magnification A of a point-like background source
star by a single lensing mass then is:

ﬂ (4)
uvu? + 4’

where v is the angular separation of the lens and source
at a given time normalized to .

If the lensing system contains an additional mass whose
position is roughly coincident with that of one of the im-
ages at any point during the event, the additional grav-
itational potential introduced by the second body will
distort the magnification structure of the event. In the
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Figure 1. The face-on geometry of the temporal evolution of a

microlensing event due to a single lensing mass. The green cross
at the origin denotes the fixed lens position, the red open circles
identify the trajectory of the source, and the filled black ellipses
show the paths of the two images created during the event. In the
case of exact observer-lens-source colinearity, the two images would
merge to create a circle with radius equal to 6g. The introduction
of a second body, such as a planet marked by the filled orange circle,
approximately coincident with one of the images will introduce
additional magnification structure to the light curve.

case of a static two-body lensing system, such as a planet
orbiting a host star, these perturbations allow for the
measurement of three additional parameters. The mass
ratio ¢ of a lens comprised of a planet of mass M, and a
star of mass M, is given by:

()

The instantaneous projected angular separation of the
two bodies, normalized to 0g, is denoted by s. Finally,
« gives the angle of the source trajectory relative to the
star-planet binary axis. See |Gould| (2000) and |[Skowron
et al.[(2011)) for a more complete discussion of microlens-
ing notation conventions.

The mass ratio ¢ and the separation s of the two lens-
ing masses define the topology governing the location and
morphology of the caustics (Erdl & Schneider|/1993}; Do-
minik [1999)), closed curves in the plane of the lens that
identify where the magnification of a point-like source
formally diverges to infinity. For a lens system com-
prised of two point masses, there are either one, two,
or three non-intersecting caustics. If the second lensing
body is low-mass (¢ < 1), there is typically a central
caustic located near the primary star and either one (for
s > 1) or two (for s < 1) planetary caustics, whose po-
sition and morphology can be approximated analytically
for ¢ < 1 and s # 1 (Bozzal|2000; (Chung et al.[2005; Han
2006). For s ~ 1, there is one caustic. See|Schneider &
Weiss| (1986) and [Dominik! (1999) for the exact values of
s where these caustic topologies change for arbitrary q.
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The light curve, caustic geometry, and source trajectory
for an example planetary event are shown in Figure

2.2. From Observables to Parameters
2.2.1. Observational Methodology

Due to the relatively small detectors that were avail-
able at the time when microlensing planet surveys were
first initiated, they followed a two-tiered strategy that
was first advocated by |Gould & Loeb| (1992). The mi-
crolensing event rate, even toward the Galactic bulge,
where the surface density of stars is the highest, is
such that an arbitrary source star in the bulge comes
within ~0g of a foreground lensing star only once ev-
ery ~100,000 years. To detect a few hundred events per
year, it is thus necessary to monitor tens of millions of
stars. Survey telescopes with bigger apertures and the
largest available fields of view (FoVs), such as the Op-
tical Gravitational Lensing Experiment (OGLE; |[Udalski
2003) and the Microlensing Observations in Astrophysics
collaboration (MOA;Bond et al.[|2001}; |Sumi et al.[2003)),
would monitor many tens of square degrees of high stellar
density, low extinction fields toward the bulge with ca-
dences of once or twice per night. These cadences were
sufficient to detect and alert the primary events them-
selves but insufficient to accurately characterize plane-
tary perturbations. Networks of smaller telescopes, such
as the Microlensing Follow-up Network (uFUN; |Gould
et al.||2006) and the Probing Lensing Anomalies NET-
work (PLANET; |Albrow et al.|[1998), with more readily
available narrow-angle detectors, would then monitor a
subset of the most promising of these alerted events with
the cadence and wider longitudinal coverage required to
characterize the planetary anomalies.

Large format detectors, with FoVs of a few square de-
grees, have facilitated a transition to a phase in which mi-
crolensing has been able to increase the planetary yield,
by imaging tens of millions of stars in a single point-
ing with the cadence necessary to detect the primary
microlensing events as well as the planet-induced devia-
tions, and for the detections themselves to be obtained
in an unbiased and automated fashion, circumventing
the biases introduced by the reliance on subjectivity and
human judgment for the selection of follow-up targets.
Furthermore, additional groups such as the Wise obser-
vatory (Shvartzvald & Maoz[|2012), RoboNet (Tsapras
et al. 2009), and MiNDSTEp (Dominik et al.| 2008,
2010) have provided greater access to events through
improved longitudinal coverage and higher-cadence ob-
servations. The Korean Microlensing Telescope Network
(KMTNet), an array of three 1.6m telescopes located
at Cerro Tololo Inter-American Observatory (CTIO) in
Chile, South African Astronomical Observatory (SAAO)
in South Africa, and Siding Springs Observatory (SSO)
in Australia (Kim et al.[|2010} 2011} [Kappler et al.[2012;
Poteet et al.|[2012; |Atwood et al.|2012), represents the
next realization of the automated survey strategy, with
its ability to conduct a ~16 square-degree survey with
a ~10-minute cadence using a homogeneous network of
telescopes (Henderson et al.|20144).

However, for a static two-body lens system, additional
information beyond the seven microlensing observables
described in §2.1]is needed to determine the fundamen-
tal properties of the planetary system (M., M,, Dy).

There are currently two primary methods to achieve this
with minimal model dependence, both of which require
measuring 0, typically by rearranging Equation (3]) and
combining multiband photometry to determine 6, with
a measurement of p through a detection of finite-source
effects (Yoo et al.|2004).

2.2.2. Microlensing Parallax

The first avenue is by determining g, which can be
measured from the distortion in the observed light curve
due to the acceleration of the Earth relative to the light
expected for a constant velocity (Gould et al.| [1994;
Hardy & Walker||1995; |Gould et al.|[2009). This can
be accomplished in three different ways, each with its
own observational challenges. Terrestrial parallax can be
measured when multiple observatories at different longi-
tudes monitor a high-magnification event simultaneously
with extremely high cadences (Hardy & Walker| |1995;
Holz & Wald||1996} |Gould et al.|[2009). Orbital parallax
can be measured for events with timescales that are a
significant fraction of a year and requires good observa-
tional coverage (Gould|1992 |Alcock et al.[1995)). Finally,
satellite parallax can be measured by leveraging the long
spatial base line (~1 AU) between a space telescope and
the Earth (Refsdal [1966} |Gould||1992; |Gould et al.|[1994;
Gould|[1995). Then, by combining ng with 6 the to-
tal mass of the lensing system can be determined via
Equation , yielding the masses of the individual com-
ponents of the lensing system. Furthermore, by assuming
the source is located in the Galactic bulge, D, can also
be extracted.

Recently, Spitzer has been employed to measure satel-
lite parallaxes. A pilot 100-hour program in 2014 made
the first satellite parallax measurement of an isolated
star (Yee et al.[2015b). The light curve, shown in Fig-
ure |3 clearly demonstrates the shifts in ¢y and wug that
arise from the ~1 AU separation between the Earth and
Spitzer and that alter the magnification of the source in
the ground-based light curve compared to that seen in
the space-based light curve. The 2014 Spitzer campaign
also resulted in the first satellite parallax measurement
for a microlensing exoplanet (Udalski et al[[2015b)). In
the case of that event, the precision of ng via satellite
parallax (~2.5%) was an order of magnitude better than
that obtained through orbital parallax (~22%), empha-
sizing the importance of space telescopes for improving
the precision on (M., M,, D;). An 832-hour Spitzer cam-
paign in 2015 observed 170 additional events, helped to
refine the methodology (see |Yee et al.[2015a), and led to
g measurements for a cold Neptune in the Galactic disk
(Street et al.[2015)), a massive stellar remnant (Shvartz-
vald et al.[[2015), and a myriad of other astrophysically
interesting objects.

2.2.3. Flux Characterization

The second channel for converting microlensing observ-
ables into the fundamental parameters (M., M,, D,) in-
volves constraining the flux of the primary lensing mass:
the host star. Determining fg from color information and
finite-source effects and assuming a value for D, gives one
mass-distance relation for the lens system. Then, mea-
suring the lens flux F; and applying a mass-luminosity
relation (Bennett et al|2007)) provides a second mass-
distance relation, given a value of the extinction toward
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Figure 3. Light curve of the microlensing event OGLE-2014-

BLG-0939 as seen by Spitzer (red points) and OGLE (black points)
(Yee et al|[2015b). The spatial baseline between Spitzer and the
Earth alters the geometry of the event as seen from each location,
inducing a shift in the time and magnitude of the peak amplifica-
tion of the light from the background source star. This shift allows
for a measurement of the satellite parallax, helping to determine
the mass of and distance to the lensing system, which in this case
is an isolated star.

the lens. Combining these two allows for the unique de-
termination of (M., M, D,). The extinction is known
for any line-of-sight within the OGLE-III footprint (see
Nataf et al|2013). Therefore, measuring Fy gives an ad-
ditional technique for deriving the fundamental parame-
ters of the lensing system.

It is important to note that this does not necessarily
require waiting for the lens and source to be resolved.
In fact, there are several ways by which Fy can be con-
strained, including;:

1. measuring a color-dependent centroid shift,

2. imaging the lens after it is spatially resolved from
the source,

. inferring Fy by measuring the elongation of the
point spread function (PSF) of the unresolved mi-
crolensing target (lens-+source) as the lens and
source begin to separate, and

. promptly obtaining high-resolution follow-up pho-
tometry while the lens and source are unresolved.

Henderson| (2015]) discusses the challenges and possibili-
ties for items 2—4 specifically in the context of KMTNet
planetary detections. Henderson et al.| (2014b]) further-
more identified the subset of past microlensing events
with e sufficiently high that the lens and source can
be spatially resolved in <10 years with current high-
resolution facilities. Here we focus only on the fourth
option.

Measuring Fy this way requires near-infrared (NIR) ob-
servations at two different epochs: the first while the
source is magnified and the event is ongoing, the second
with a high-resolution facility after the event is over and
the source has returned to its baseline brightness. By
modeling the ground-based light curve, which includes
both magnified and unmagnified NIR data, the NIR flux
of the source can be measured precisely. Then, the high-
resolution NIR observation at baseline will resolve out all
stars not dynamically associated with the event to a high
probability. By subtracting the NIR source flux from the
second, unmagnified, observation, any detected flux that
is in excess of the source flux can be ascribed to the lens,
breaking the degeneracy by searching for the light from
the planet’s possible host. The NIR flux characteriza-
tion method has been applied to a handful of planetary
events (Bennett et al.|[2007; Dong et al.[[2009; |Janczak
et al.|[2010; [Sumi et al.[[2010} [Batista et al. |2011] |2014,
2015; |Fukui et al.||2015]).

3. SCIENTIFIC DRIVERS

K2C9 represents an extraordinary opportunity to make
progress in several regimes of exoplanet demographics.
Its 3.4 deg? survey will be the first space-based campaign
dedicated to exoplanetary microlensing, facilitating g
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different observational techniques and for theoretical predictions.
MOA’s result indicates that free-floating planet (FFP) candidates
account for ~1.8 Mjy, per star. The upper limit of planetary
material bound to stars from direct imaging 2015)
yields, at most, one-third of this amount. Including transit results
from Kepler (Fressin et al.|2013) and RV and microlensing planets
(Clanton & Gaudi[2014Db) brings the total mass of bound planets
per star to ~1.0 Mjyp. Thus, if all FFP candidates are truly
FFPs, these objects dominate the mass budget of planet formation.
Moreover, theoretical simulations of gravitational dynamics during
planetary formation and evolution (Pfyffer et al.|2015)) only account
for ~40% of the amount of FFPs inferred by MOA, under the most
optimistic scenario. Deriving the true mass function of FFPs with
K2C9 will address and help resolve this tension.

measurements for 2120 events (see §4.2). In contrast
with the 2014 and 2015 Spitzer programs, which require
>4 days between target selection and observation, K2C9
will be able to measure 7y for short-timescale events (tg
of-order 1 day), which are potentially indicative of free-
floating planets (FFPs). Microlensing’s intrinsic sensi-
tivity to bound planets beyond the snow line makes it an
indispensable complement to radial velocity, transit, and
direct imaging exoplanet searches that seek to improve
demographic understanding and provide input for planet
formation models. Furthermore, planetary systems with
satellite parallax constraints will better our understand-
ing of the frequency and distribution of planets at a wide
range of distances from Earth. We lastly note that, as
with Spitzer, it will be possible to probe the stellar rem-
nant population (Shvartzvald et al.|[2015), measure the
mass of isolated objects such as stars and brown dwarfs
(Zhu et al|2015a), and determine the fundamental pa-
rameters for binary star systems (Zhu et al.2015b)).

3.1. Free-floating Planets

[Sumi et al. (2011) announced the discovery of an ex-
cess of short-timescale microlensing events, with tg < 2
days, discovered by the MOA survey, which they inferred
to be caused by a population of “unbound or distant
planetary-mass” objects with masses comparable to that
of Jupiter and outnumbering main sequence stars by 2:1.
Their results imply that these FFP candidates account
for ~1.8 My, of planetary-mass objects per star on the
main sequence, as highlighted in Figure [4

Such a plenitude of FFPs stands in stark contrast to
observations of bound planetary systems. Combining the

detailed statistical analysis of exoplanets discovered by
microlensing and radial velocity surveys out to an or-
bital period of ~105 d (Clanton & Gaudi 2014b)) and
including planets with small radii inaccessible to RV
surveys and planets orbiting more massive host stars
(Fressin et al|2013) only accounts for ~0.4 Mjy,, of
bound planetary mass material per star. Extending out
to the farthest reaches of stellar systems and adding,
optimistically, cold-start-based upper limits from direct
imaging searches for loosely bound planets around young
stars only contributes at most an additional ~0.6 My,
(Bowler et al.|2015). Furthermore, simulations by
et al| (2015]) of the formation and evolution of planetary
systems without eccentricity damping eject planets at a
rate that is a factor of ~2 lower than is needed to explain
the MOA result.

If the short-timescale events discovered by MOA are in
fact FFPs, these objects must thus dominate the mass
budget of planet formation. Additionally, their abun-
dance is severely underestimated by even the most de-
tailed theoretical models of planetary dynamics. How-
ever, short-timescale microlensing events can also be
caused by stars with large proper motions in the Galactic
bulge or low-mass planets bound to but widely separated
from their host star. It is thus of crucial importance to
investigate the nature of events with short ¢tg and de-
termine whether they are indeed caused by free-floating
planetary-mass objects.

Satellite parallax measurements made with K2 dur-
ing C9 will help verify whether the cause of each of
these short-timescale events is, in fact, a low-mass ob-
ject. The NIR source flux measurements enabled with
ground-based facilities (see §5)) will then set the stage
for follow-up high-resolution NIR observations that will
help distinguish between a planet that is bound to but
widely separated from its host star and one that is truly
free-floating (see §2.2.3).

K2C9 presents another method for vetting FFP candi-
dates. K2 will take continuous observations with a pho-
tometric precision that is better than that attained by
the ground-based telescopes. High-quality uninterrupted
coverage of the source trajectory makes it possible to de-
tect potential host stars, and with an efficiency that will
be much higher than was possible for the [Sumi et al.
(2011)) sample. [Poleski et al.| (2014) explored the regime
in which a perturbation due to a bound planetary com-
panion for an event with a large impact parameter wug
would instead be classified as arising from a free-floating
exoplanet.

3.2. Galactic Distribution of Exoplanets

Figure [5| shows planet mass M), as a function of plan-
etary system distance from Earth D, for all verified ex-
oplanets, with M, and D, data taken from the NASA
Exoplanet Archiveifl (Akeson et al.2013). While the 34
microlensing detections account for only ~4% of the 844
total such planets, they constitute ~40% (32 out of 78)
of those with D, > 1000 pc and ~70% (26 out of 36)
of those with D, > 2000 pc. We note that only half of
the microlensing-discovered exoplanets have mass con-
straints either via mg or NIR flux measurements, while

58 http://exoplanetarchive.ipac.caltech.edu/
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Figure 5. Planet mass M) as a function of the distance to

the planetary system from Earth Dj, with points styled according
to discovery technique. The data were taken from the NASA Exo-
planet Archive (Akeson et al.|2013)). Of the 844 planets shown here,
only 34 were discovered by microlensing. However, microlensing
exoplanets are responsible for the vast majority of known systems
with D, 2 2000 pc (~70%). Efforts such as K2C9 will improve
our understanding of planet demographics throughout the Galaxy
by helping to directly measure planet distances out to the bulge.

the rest rely on characterization through Bayesian anal-
ysis. There are thus only 17 microlensing planets (in 15
systems) with directly measured distances.

In order to best understand the frequency of planets in
different stellar environments, it is crucial that any selec-
tion effects be well understood (see[Street et al|2015), a
problem made tractable by the K2C9 automated survey.
Such an approach will not only then improve our under-
standing of planet demographics from the Solar neighbor-
hood to the Galactic bulge but will also allow us to inves-
tigate planet occurrence rate as a function of, e.g., metal-
licity (Montet et al.|2014). Perhaps most compelling
is that bound planetary systems with satellite parallax-
derived masses and distances are invaluable as we strive
toward a comprehensive picture of exoplanet demograph-
ics that can reconcile detections obtained using multiple
techniques (Clanton & Gaudil[2014alb; [2015)).

4. K2C9 OBSERVATIONAL SETUP

Gould & Horne| (2013) identified that a repurposed
Kepler spacecraft could be utilized as a microlens par-
allax satellite. They estimated that a 90-day survey of
the Ecliptic that is coordinated with ground-based ob-
servatories would result in 7 measurements for several
hundred microlensing events, including ~12 planetary in
nature. K2C9 is, in essence, a realization of this idea.

4.1. Campaign and Spacecraft Parameters

K2C9 will conduct an 86-day microlensing survey to-
ward the Galactic bulge from 7/April through 1/July of
2016. The spacecraft will be re-oriented to point along its
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velocity vector (+VV), enabling it to observe the bulge
during a window when it is simultaneously visible for
ground-based telescopes. The field center for C9 is lo-
cated at (RA, Dec) = (18:01:25, -21:46:47). A minimum
of 2.8 million pixels, or 3.4 deg?, will be dedicated to
the microlensing survey, with the remaining ~15% of the
downloadable area devoted to the K2’s Director’s Discre-
tionary Target program. In §4.2) we discuss the method-
ology used to determine the exact superstamp, or roughly
contiguous selection of pixels to be downloaded, that will
comprise the microlensing survey area for K2C9.

Figure [6] shows the orbits of the Earth, Kepler, and
Spitzer (which will contribute simultaneous observations
for the final 13 days of C9; see throughout C9. The
projected separation between Kepler and the Earth as
viewed from the center of the K2C9 superstamp, D,
changes throughout the duration of the campaign, and
dictates the range of 6y for which the geometry will be
most favorable for measuring mg. We have created short
movies to help visualize the temporal evolution of D
over the course of C9 and to facilitate intuition about
the satellite parallax effect. To browse and utilize both
still-frame pdfs and animated gifs, please visit:

http://www.astronomy.ohio-state.edu/
~henderson/k2c9_parallax_animations/

In addition to the re-orientation of the spacecraft,
K2C9 will feature several modifications to its standard
observing procedure. To attain the survey area quoted
above, K2C9 will utilize a mid-campaign data downlink
in order to increase the number of microlensing events
for which g will be measured. This will divide the cam-
paign into two halves denoted as C9a and C9b. Further-
more, careful exploration by the K2 team has approved
the possibility to add, to the target list for both C9a and
C9b, postage stamps for individual microlensing events
that will have been detected by the ground-based survey
groups (see §5.1) and that will be ongoing and expected
to peak during K2C9, increasing the number of events for
which 7g can be measured. The deadlines for including
ongoing events are listed in Table[ll A postage stamp for
such an ongoing event will consist of a square of a few
hundred pixels. To account for the additional data to
be downlinked, each campaign half will be shortened by
an amount of time that is proportional to the number of
postage stamps included in the target list for these ongo-
ing events. Given the low fractional cost of such events,
the time required to account for these ongoing events will
be small: of-order 20 minutes per 1,000 pixels, a factor
that is likely less than the uncertainty in the data stor-
age requirements onboard the spacecraft. We discuss the
im-mementation and projected yields of this endeavor in
4.2

All observations will be long cadence (i.e., 30-minute
sampling). Within the first week after C9a and C9b have
each concluded, the corresponding cadence pixel files will
be available through the Mikulski Archive for Space Tele-
scopes (MAST The pipeline-processed target pixel
files for the full campaign will be posted to MAST on
26/September/2016. Table [1| describes all of the obser-
vational parameters for K2C9.

59 https://archive.stsci.edu/
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Figure 6. The temporal evolution of the orbits of the Earth, Kepler, and Spitzer throughout C9. We have furthermore created short videos
to help visualize and make intuitive the satellite parallax effect as it will be measured during K2C9. Both still-frame pdfs and animated gifs,
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Table 1
K2C9 Observational Parameters

Key Dates”
Superstamp pizel selection deadline 25/January
CYa
Ongoing event upload deadline 1/March
Observing window 7/April-18 /May
Raw data available at MAST 24/May
Mid-campaign break (data downlink) 19-21/May
C9b
Ongoing event upload deadline 25/April
Observing window 22/May—1/July
Raw data available at MAST 6/July
Processed data available at MAST 26/September
Superstamp Center (approximate)
RA (hh:mm) 17:57
Dec (dd:mm) -28:24
Aperture [m] 0.95
Plate Scale [ pixel 1] 3.98
Pixels [x109] 2.8
Survey Area [deg?] 3.4
Cadence [min] 30

2 All dates are in 2016.
4.2. Pizel Selection

The K2 camera has a full FoV of 105 deg?. However,
only a few percent of the pixels can be downloaded due to
limited data storage. Prior K2 campaigns thus observed
a postage stamp of pixels for each individual pre-selected
target star. Since C9 will conduct an automated survey
to detect lensing events, which are transient and inher-
ently unpredictable, the pixels that will be downloaded
will instead form a roughly contiguous region, or super-
stamp. The highest scientific return of K2C9 comes from

the events that are observed both from K2 and from the
ground. We select the survey superstamp to optimize the
predicted number of events observed from Earth since the
ground-based event rate is far better understood than
that expected for K2.

To predict the ground-based event rate across the full
K2C9 FoV we use the framework presented by [Poleski
(2016). He showed that the number of standard events,
or events well-described by a single-lens model (i.e., ex-
cluding two-body lensing events or single-lens events with
strong finite-source effects), detected by the OGLE-III
survey is a linear function of the product of two observ-
ables that can be measured relatively easily: the surface
density of red clump (RC) stars (Nrc), and the surface
density of all stars brighter than the completeness limit
(N.(I < 20 mag)). The reasoning behind this linear
relation is a simple model: the event rate should be a
product of number of potential lenses (which correlates
with Nrc) and the number of potential sources (approxi-
mated by N, (I < 20 mag)). RC stars are used because it
is possible to use a color-magnitude diagram to identify
and count them in all but the highest-extinction regions.
The final formula of [Poleski| (2016)) modifies this product
slightly by varying the brightness limit and the exponent
of Nrc as such:

0.55
Wt >8d) 0767 Nrc
deg—2yr—1 103 deg—2
N, (I < 20.5 mag)
(<205 me)

to better fit the data. Here y(tg > 8 d) is the observed
number of standard events per year per deg? with tg
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longer than 8 d. The limit on the event timescale was ap-
plied in order to reduce the impact of the varying OGLE-
IIT observing cadence, and it removed 14% of events in
the best-observed fields. The ~(tg > 8 d) was estimated
based on the catalog of standard microlensing events in
the OGLE-III survey (Wyrzykowski et al.|2015). The
OGLE-III catalog is the largest database of microlensing
events selected in a uniform way and with minimal con-
tamination from false positives. |Poleski| (2016]) limited
the sample to events observed in fields with an average
of 165 epochs per year. The Nyrc values were taken from
Nataf et al.| (2013) and N, values were calculated based
on [Szymanski et al.| (2011)).

The K2C9 superstamp should balance yielding the
highest possible event rate with facilitating ground-based
tiling strategies with the highest cadences and coverage
of the superstamp. Such a task is complicated by the
fact that, unlike the K2C9 footprint, most ground-based
cameras are aligned with the equatorial coordinate grid.
For the superstamp pixel selection we divide every K2
channel of 1100 x 1024 pixels into an 11 x 10 grid, result-
ing in 6.6 x 6.8’ regions. Each such region is included
or excluded as a whole. Some regions that have a high
expected event rate will subtend small areas with high
extinction that do not contribute to the event rate, but
we do not exclude these sub-regions. Some of the bulge
regions with high event rate are beyond the OGLE-III
footprint and thus are not included in the RC density
study by Nataf et al.| (2013). However, we are able to ex-
trapolate the |Nataf et al.| (2013) Ngc values since they
correlate with the Galactic bulge density profile of [Kent
(1992).

We use this correlation to estimate Ngrc across the
entire K2C9 footprint. We find N, (I < 20.5 mag) val-
ues using the reference images of the ongoing OGLE-IV
survey (Udalski et al|2015a). The OGLE-IV reference
images do not cover full Galactic bulge, but the missing
areas show low event rates in optical bands. We estimate
the event rate for each 6.6’ x 6.8 region and select those
with the highest event rate until we have accumulated the
current estimate of the total survey area of 2.8 million
pixels. One of the regions with the highest event rate as
selected in this manner is located in the northern bulge
region at (I,b) = (2.8°,43.7°). Given the high observa-
tional cost of covering this single 6.6’ x 6.8 region from
the ground we reject it from the final K2C9 superstamp.
All other selected regions fall in five K2 channels. We
note that the area of the final superstamp has been ob-
served by microlensing surveys for many years and that
many variable stars have been catalogued. Specifically,
there are up to 1000 RR Lyr stars per deg? (Soszynski
et al.[2011)). Such information about variable stars will be
used to improve photometry of microlensing events and
will allow independent studies that are not the primary
science driver for the K2C9 microlensing experiment.

Figure [7| shows the 2.8 million pixels, or 3.4 deg? (see
Table for all K2C9 parameters), that comprise the final
K2C9 superstamp. Equation @g predicts that 105 stan-
dard events will occur within the superstamp through-
out the entire bulge observing season (early February
through early November). Including events with ¢ty > 8 d
and scaling to the higher cadence of OGLE-IV (20 min)
gives 285 events. Including non-standard events results
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in as many as 320 events. Out of these, 121 should peak
during K2C9, but it is not guaranteed that the peak
for every event will be seen in the K2 data, particularly
given the shift induced by the satellite parallax. Simi-
larly, there can be events that are found in the K2 data
that are below the detection threshold for ground-based
surveys. We note that in some cases the microlens par-
allax can be measured using ground-based and satellite
photometry event if a satellite did not observe the peak of
the event (Calchi Novati et al.|[2015]). Additional events
will probably be recovered in the ground-based data after
the campaign.

The deadline by which the superstamp must be final-
ized and sent to NASA is 25/January/2016. However,
even after this date it will be possible to add to the
target list postage stamps that correspond to microlens-
ing events within the K2C9 FoV (but outside the super-
stamp) that have been detected by the ground-based sur-
veys. The deadline for adding events that are expected
to peak at any point during K2C9 is 1/March/2016.
Similarly, the deadline for events detected by ground-
based surveys that are expected to peak during C9b is
25/April/2016. We estimate there to be 10 and 35 events
detected before these dates, respectively, but emphasize
the numbers strongly depend on the observing strategy
for the OGLE, MOA, and RoboNet surveys, which would
be the facilities identifying these events. Given the mor-
phology of the microlensing event rate across the bulge,
the majority of these events will be located close to the
survey superstamp. Furthermore, only a subset of these
additional ongoing events will actually peak during K2C9
because of the relatively long delay between the selection
dates and the start of observations.

Finally, we note that covering the K2C9 superstamp
with ground-based surveys requires observations of a
larger area than the area of the K2C9 superstamp, given
the gaps between the K2 channels (e.g., near RA =
270.5°). Any microlensing events and other time-variable
sources that are not seen by K2 but that are within the
areas covered by the ground-based surveys will have high-
cadence multi-wavelength coverage, allowing in-depth
study.

4.3. Photometric Methodology

Potentially the most important task of the Microlens-
ing Science Team (MST) is to develop the tools necessary
to extract photometry from the K2C9 data. Accurate
photometry of faint stars in very crowded fields must be
measured from K2 images that have large pixels (4”), a
PSF that is poorly sampled and at some level variable,
and a non-uniform intra-pixel response. Figure [§| under-
scores this with a CDF of the stellar density in one of the
regions central to the K2C9 superstamp, where there are
~3 stars per Kepler pixel with I < 20. These problems
are further complicated by the drift of stars across the
focal plane that is caused by the torque of the Solar wind
and is of-order 1 pixel/6 hours.

The majority of the MST members are working on
some aspect of the photometry problem, with support
from both their proposed co-investigators and also vol-
unteers. Members of the MST will develop several photo-
metric pipelines to process the K2C9 data. The first, re-
lying on difference imaging software designed for ground-
based images, will provide quick-look photometry with
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of stars brighter than a given limiting magnitude per square degree
(left axis) and per K2 pixel (right). The data were taken from the
OGLE-III maps of |Szymarnski et al.| (2011) for an 8 x 17’ subfield
centered on (RA, Dec) = (269.225°, —28.3681°). The plot extends
to I ~ 20, at which there are ~3 stars, on average, per Kepler

pixel. This underscores one of the many challenges of performing
crowded-field photometry toward the Galactic bulge with K2 data.

no reliance on additional data. A second technique will
construct difference images for individual pixels and then
fit the light curve parameters. Thirdly, forward model
difference imaging will use ground-based images and/or
photometric catalogs to enable accurate modeling of the
K2C9 images. We will briefly describe the plans for all
pipelines here, which are being developed and tested on
data taken during Campaign 0 of the dense open cluster
NGC 2158.

Difference image analysis (DIA; Tomaney & Crotts|
11996; |Alard & Lupton|[1998) uses convolution to match
the PSF of a high-quality reference image to that of a
generally poorer-quality target image in order to enable
the reference image to be subtracted from the target
image, leaving only variable objects with non-zero flux
in the residuals that comprise the difference image. It
is typically used on well-sampled ground-based images
for which the variations in the PSF are caused by time-
dependent changes in the seeing. The K2 data differ
significantly from the usual application of DIA in that
the PSF does not differ significantly over the entire data
set, and that the PSF is severely undersampled, suggest-
ing that without significant modification, standard DIA
software packages might not work well on K2 data. Early
experiments with Campaign 0 data of NGC 2158 seem to
confirm this. However, Penny & Stanek (2016, in prep)
showed that by first convolving the K2 images with a
Gaussian in order to produce a well-sampled PSF, an
algorithm that pairs the ISIS package (Alard & Lupton|
11998 |Alard|[2000) with rudimentary detrending against




pointing shifts could produce photometry of quality suf-
ficient to detect and measure the variability of almost all
known variable stars in the NGC 2158 cluster, including,
most importantly, those with magnitudes and amplitudes
similar to the microlensing events that will be observed
in K2C9. The K2C9 pipeline based on this method will
produce a light curve for every pixel in the K2C9 super-
stamp, as each pixel will contain several stars (see Figure
. Quick-look DIA light curves of known microlensing
events will delivered to the Exoplanet Follow-up Observ-
ing Program (ExoFOP) site (see §7.1)) as soon as they are
processed. A full catalog of light curves for all pixels will
be hosted on the NASA Exoplanet Archive at a date to
be determined once the pipeline’s performance has been
evaluated.

A second difference imaging technique being investi-
gated involves extending the detrending procedure on
resolved stars to individual pixels, or combinations of
pixels. Applying the procedure to pixel-by-pixel light
curves will generate a series of residual images. These
can be used in a similar fashion to classical difference
images in that they can be used to identify the locations
of variable stars, including microlensing events. One ap-
proach to extracting photometry for variable stars is to
combine the modeling of the intrinsic shape of the light
curve profile with the detrending procedure. By itera-
tion, it is thus possible to find an optimal set of light
curve parameters. This method has been applied on
eclipsing binaries within NGC 2158 using a simple model
for the shape of the eclipse profiles. Preliminary results
have yielded a photometric precision of a few millimag for
15th-magnitude eclipse eclipsing binaries, and this same
approach can be taken for microlensing events.

A final methodology involves forward modeling the
K2 images using either star catalogs or higher-resolution
ground-based images as the input. Forward modeling
refers to the process of producing a generative model
of the K2 data by modeling the process by which stars
cause charge to be collected in Kepler’'s pixels. For our
purposes, this will involve the production of a model im-
age for each 30-minute cadence from a model of the Ke-
pler pixel response function (PRF) and a set of input
data. This model image will then be subtracted from
the actual data, enabling photometry of the much less
crowded variable sources that remain in the subtracted
image. For each cadence the Kepler PRF (as a function of
wavelength and position) will be fit for (using well mea-
sured Kepler PRFs as strong priors) together with the
pointing, roll, and distortion of the focal plane in order
to produce each model image. If, rather than a catalog,
ground-based images are used for the input, a convolu-
tion kernel that matches the ground-based PSF to Ke-
pler’s will be fit for instead of the PRF itself. Because
the pipeline for this method will rely on other data and
the technique is new and will likely require more com-
puting power, we expect the outputs of the pipeline to
be delayed relative to the DIA-based pipeline. However,
we expect the photometry from this pipeline to improve
significantly upon that from the DIA pipeline, enabling
many additional microlensing events to be detected and
measured from K2.

5. CONCURRENT GROUND-BASED RESOURCES
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The MST and many members of the larger exoplan-
etary microlensing community have worked to secure a
substantial network of ground-based resources that will
observe in concert with K2C9. We broadly classify them
according to four primary scientific motivations — auto-
mated survey, high-cadence follow-up, multiband photo-
metric monitoring, and NIR source flux measurement —
and discuss each in greater detail below. Figure [J] pro-
vides a map of the contributing observatories and Table
2] lists the parameters of each facility. It is important
to note that the specifications of available resources and
their exact observing plans are subject to modification
prior to the start of K2C9; the final version of this pa-
per will contain a more accurate accounting. We then
conclude with a discussion of the value of and efforts for
real-time modeling of microlensing events during K2C9.

5.1. Automated Survey

The OGLE survey has been monitoring the Galactic
bulge for microlensing phenomena for the last 24 years.
Since the discovery of the first microlensing event to-
ward the Galactic bulge (Udalski et al.[1993), OGLE
has detected over 17,000 microlensing phenomena. The
vast majority of them were alerted to the community
via the OGLE Early Warning Systenﬂ (Udalski et al.
1994). In its current fourth phase, the OGLE-IV survey
discovers over 2,000 real-time microlensing events annu-
ally, which constitutes about 90% of lensing events to-
ward the bulge. The OGLE-IV facilities are located at
the Las Campanas Observatory (LCO) in Chile. The
1.3m Warsaw telescope and 256 Megapixel, 32-CCD de-
tector mosaic camera, which covers 1.4 square degrees,
have been used by OGLE-IV since 2010. In 2016 OGLE-
IV will continue its extensive monitoring of the Galactic
bulge fields, adjusting somewhat the observing strategy
to maximize coverage of the K2C9 superstamp. Also,
considerable effort will be undertaken to detect a signif-
icant number of promising microlensing events outside
the main superstamp region.

MOA has similarly spent over a decade monitoring of
the Galactic bulge to detect exoplanets via microlensing.
The second generation of MOA, MOA-II, is a 1.8m tele-
scope with a 2.2 deg? FoV located at Mt. John University
Observatory (MJUO) in New Zealand. It will continue
its concerted effort to reduce data daily and publish and
circulate alerts of new microlensing events through their
Transient Alert Systen®]] Both OGLE-IV and MOA-IT
will observe the entire K2C9 superstamp with a cadence
that is <1 hour. Each will conduct their survey in a pri-
mary filter, I for OGLE-IV and MOA-red for MOA-II,
with occasional observations in V for both surveys for
source color measurements. Table [2] provides a detailed
list of the parameters of each facility.

The Las Cumbres Observatory Global Telescope
(LCOGT) network, which consists of multiple telescopes
at several northern and southern hemisphere sites, will
also perform survey-mode operations during K2C9. At
each of CTIO, SAAO, and SSO they expect to have
equipped one 1.0m telescope with a 26’ x 26’ Sinistro
imager to provide survey capabilities at a wider range
of sites and longitudes. Wise Observatory in Israel will

60 http://ogle.astrouw.edu.pl/ogle4/ews/ews.html
61 https://it019909.massey.ac.nz/moa/
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Figure 9.

A map of all ground-based telescopes that the MST and others have procured to observe during K2C9. Each is color-coded

according to its primary scientific goal: automated survey (blue), high-cadence follow-up (orange), multiband photometric monitoring
(yellow), and NIR source flux measurement (purple). Such a concerted effort will help to optimize the scientific return of K2C9.

operate the Jay Baum 0.71m telescope, with a 1.0 square-
degree FoV, to cover the K2C9 superstamp with 6 fields
at a cadence of ~30 minutes, and will use a blue-blocking
Astrodon exoplanet filter that permits only A > 5000A.
Finally, KMTNet will tile a substantial fraction of the
K2C9 superstamp in I-band with a cadence of ~10 min-
utes. Together, OGLE-IV, MOA-II, LCOGT, and KMT-
Net will provide the dense coverage necessary to detect
microlensing events and, in the case of OGLE-IV and
MOA-II, generate and circulate alerts for new events on
a ~daily timescale. Such information is not only cru-
cial for constructing a database of known microlensing
events within the K2C9 superstamp but also for provid-
ing real-time updates to targeted follow-up groups (see
and quick-look photometry for real-time modeling
analysis (see §5.5)), which itself is also useful for follow-up
observations across all wavelengths.

5.2. High-cadence Follow-up

Although the current generation of microlensing sur-
veys are able to observe many square degrees at an
<hourly cadence, there are many advantages of collect-
ing yet higher-cadence follow-up photometry of individ-
ual events. The first is for event characterization. While
survey groups are indeed able to detect events as well as
the perturbations induced by the presence of a planet,
observing at a rate of several times more frequently can
provide the most robust interpretation of the lens sys-
tem, particularly in the case of high-magnification events
(Yee et al.[2012; Han et al.||2013} [Yee et al.|[2014; |Gould
et al.[2014)). Furthermore, a higher cadence is optimal for
securely detecting higher-order effects in light curves, in-
cluding orbital and terrestrial parallax (see §2.2.2)) as well
as orbital motion in the lensing system (Dominik|[1998;
Albrow et al.|2000; [Shin et al.|2011; |Skowron et al.|2011;
Jung et al.|[2013|), which causes the location and mor-

phology of the caustics to change as a function of time.
A final benefit is that smaller-aperture smaller-FoV fa-
cilities can obtain observations if time is anticipated to
be lost due to technical problems or weather for a survey
telescope at a similar longitude.

To this effect LCOGT will operate two 1.0m telescopes
each at CTIO and SAAO and one 1.0m at SSO, all with
a 15’ x 15’ FoV, as well as a 2.0m telescope at SSO
with a 10’ x 10’ FoV. These will produce concentrated
i-band observations of selected events during K2C9. The
PLANET collaboration will operate the 1.3m Harlingten
telescope at the University of Tasmania, Greenhill Ob-
servatory (UTGO). During the campaign it will be pri-
marily dedicated to follow-up of K2C9 microlensing tar-
gets in V' and I with a 20’ x 20’ FoV camera. The ob-
servations will be coordinated with other facilities op-
erated by LCOGT and the MST. PLANET will provide
real-time photometry of the observed microlensing events
and alerts for potential anomalies. MiNDSTEp will con-
tribute continuous high-cadence extended V' and I-band
observations from the Danish 1.54m telescope at ESO’s
La Silla observatory in Chile, equipped with a two-color
EMCCD lucky imaging camera with a 45" x 45" FoV,
operated at 10 Hz time resolution (Skottfelt et al.|2015)),
and continuous high-cadence I-band observations from
the Salerno University 0.6m telescope located in Fis-
ciano, Italy, equipped with a CCD camera with a 22’ x 22’
FoV. MiNDSTEp also expects to provide I-band observa-
tions from the MONET-South 1.2m telescope at SAAO
in South Africa, equipped with a back-illuminated CCD
camera and a FoV of 12.6' x 12.6’, and from the 1lm
SONG Hertzsprung telescope at Tenerife, equipped with
an EMCCD lucky imaging camera with a 40" x 40" FoV.
Additionally, the SMARTS 1.3m telescope at CTIO, the
2.0m Liverpool Telescope (LT) at La Palma, and the
3.0m Infrared Telescope Facility (IRTF) at Mauna Kea,



the primary purpose of all of which is for NIR source
flux measurement for short-timescale events (see §5.4)),
will take high-cadence follow-up observations in optical
bands. The parameters of each of these resources is in-
cluded in Table

5.3. Multiband Photometric Monitoring

Multiband time-series photometry plays two critical
roles for K2C9, and in both cases the goal of the ob-
servations is to measure the color and magnitude of the
source star. Firstly, knowledge of the source color will be
invaluable in measuring all parameters of the microlens-
ing events seen from Kepler. This is because the events
seen by Kepler will be highly blended, and will be in the
so-called pixel lensing regime (Crotts||1992; Baillon et al.
1993)), wherein the impact parameter wug, timescale tg,
and the source flux relative to blended light are strongly
degenerate (see Riffeser et al.|[2006|for an overview). The
impact parameter must be measured in order to deter-
mine the parallax, so if the degeneracy is not broken it
is only possible to measure one-dimensional parallaxes
(Gould|[2014). However, if the source magnitude in the
Kepler bandpass can be inferred from ground-based mon-
itoring of the event in one or more filters, and if the
timescale is also measured from the ground-based event,
the impact parameter for Kepler can be measured. Ke-
pler’s bandpass is broad, covering ~430-880 nm, and so
covers BV RI or griz bandpasses, though with only par-
tial overlap of B, g, and z. Reconstruction of the source’s
Kepler magnitude K, can best be done with knowledge of
the source magnitude in several filters that cover the Ke-
pler bandpass (especially in regions where there is signif-
icant differential extinction), but it can also be achieved
to lesser accuracy with just a single color.

The second application of a source color is the measure-
ment of the source’s angular diameter through a color-
angular diameter relation. This becomes important if the
microlensing light curve displays finite-source effects, as
this allows the conversion of these effects into a measure-
ment of the angular Einstein ring radius g (Yoo et al.
2004)), which together with microlens parallax mg can be
used to fully solve the event and measure the lens mass
My and the lens-source relative parallax 7o (see .
The angular diameter measurements are best made us-
ing the widest practical wavelength baseline; V' — I has
sufficient baseline and is regularly used in practice, and
r — z has a similar baseline but may be more useful in
regions of high extinction. If NIR measurements are pos-
sible, then visual minus NIR colors can be used and may
prove to be more accurate.

In all cases, measurements of the source color must
be made using time-series photometry in order to sepa-
rate the varying, magnified source flux from any blended
light whose magnitude is constant in time. For short-
timescale FFP events, there may not be enough time to
alert follow-up observations to obtain multicolor obser-
vations, so it is necessary to survey the entire C9 super-
stamp with a cadence of at least a few hours in each filter
in order to ensure the color measurements are possible.

There are several facilities that will contribute the
aperture and FoV necessary to obtain multiband pho-
tometric monitoring across the K2C9 superstamp. Table
details the parameters of each of them. The OGLE
and MOA surveys will obtain occasional V-band data
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(see Table , which will provide source color measure-
ments for some events. But, as explained above, it is
important to measure the source color for all events, re-
gardless of timescale or magnitude, and to do so in multi-
ple filter combinations and across long wavelength base-
lines. The Canada France Hawai’i Telescope (CFHT) on
Mauna Kea, with a 3.6m aperture and 1.0 deg? FoV,
will take gri data twice per night. SkyMapper, a 1.3m
telescope with a 5.6 deg? FoV located at SSO, will cycle
through griz every 2-3 hours. The one-degree imager on
the WIYN 3.5m at Kitt Peak will take r- and, less fre-
quently, i-band images. Lastly, the 2.6m ESO-operated
VLT Survey Telescope (VST), which has a 1.0 square-
degree FoV and is located in Cerro Paranal, will con-
tribute V' and r observations ~3 times per night. How-
ever, even with the involvement from all of these ob-
servatories, telescope and instrument scheduling means
that the color coverage is not complete over the entire
campaign. There is thus a significant role to be played
by follow-up observations. Additionally, there will be no
survey-style multiband coverage for events outside the
superstamp, so color follow-up observations are essential
for interpretation of events monitored by K2 outside the
superstamp.

5.4. NIR Source Flux Measurement

By tiling the K2C9 superstamp with NIR facilities it
will be possible to determine the NIR source flux of most
if not all microlensing events. As discussed in detail in
§92.2.3 such an effort will provide a second method by
which to directly measure (M., M,, D;) that is inde-
pendent from 7. K2C9, then, will provide a large con-
trol sample with which we can refine and calibrate the
flux characterization-derived results with satellite paral-
lax values, which moreover is crucial pathfinding work
in advance of WFIRST (Spergel et al.|2015), as NIR
flux characterization may be the dominant mechanism
by which to derive the fundamental parameters of the
planetary systems WFEFIRST will detect. Additionally,
NIR source flux measurements are integral to ultimately
deriving the strongest constraints possible on the nature
of FFP candidates.

The United Kingdom Infrared Telescope (UKIRT),
with a 3.8m aperture and a 0.20 deg? FoV, will conduct
an automated survey of the K2C9 superstamp through
the campaign with a cadence of 2-3 observations per
night. In principle this will be sufficient to measure the
NIR source flux for all microlensing events save those
with the very shortest timescales. As these are charac-
teristic of FFPs, one of the primary scientific drivers for
K2C9, the MST have worked to procure an array of NIR,
facilities able to trigger NIR follow-up for these events.
Specifically, the SMARTS 1.3m at CTIO, the IRTF at
Mauna Kea, the LT at La Palma, and the 1.4m Infrared
Survey Facility (IRSF) at SAAO will all target individual
microlensing events to guarantee NIR source flux mea-
surements.



14

' P93 UO suoIjedo[[e Wa)sAs () Jo ) pue Yoej[e)) Sunmp s[qissod pesjueIend A[uo are sQOJ, 23 YL, g
“A[snosueynuats (37 () STONY 99IUY [[8 UT BIeP o3e) [[IM JSHI
*991s payads a1y Je ainjiede payoeds oY) yim sedoossey oidinu ajeirado [ [HODT »

“Y000g > X UMM 1S S$Y0O[q 103[Y ST, |

‘[+¥ Aq pejewrxordde [[om ST 10T PaI-YOIN UL, »
"60 199y pue 210Joq Jead Jer) $ULAS JO 9FRISA0D SUIdYURIENS ‘UOSLSS SUIAISSO SF[N( SIYUS Y} Fulnp modo [[im durejstodns D3] 29U} JO SUOIIRAIS]Q

6D Suimorjoj pue 0y Jotid durejszodns gDz 37 Y} UIYIIM SAISSCO ABUI SAIYI[IOR] SUINALIIU0D AUeU YSNOY) ‘9I9Y PaIapISUu0d ale gDz Sulmp sajep A[UQ

Tﬁ:m\ﬂwmpaeﬂ\b s108311) OO, ¥ H .08 X ,,0% 00T ©o3y] BRUNBIN oo
eunf/gz ‘9z—¢ ‘0z—T ‘01-9
‘ounr /¢—LeIN /87 ‘ARIN/ST—0G pajasrey H 1,09 X ,,09 o€ ©o}] PUNBIN ATdI
Anp/1-ady /L pojeliey H 9% ,9 0% rwied ©] Il
adyL adrL yMHL LTL XL i ovvSs ASHI
Amp/1-udy /), pojesiey H YT X vt e OLLD SIMVINS
Anp/1-ady /L WBru/g-g H Z39pP ¢°0 8¢ ©O} BUNRIN IHIN
JUBWIBINSRITA
xn[q 92anog YIN
Amp/1-1ady /L st/ g~ <A g3P 0'T 9T [ewered 01100 ISA
AySiu 4
Amr/6-G
‘ounp /p—AeN /LT ‘KeIN/TT-6 sopnuIw g ! Z39pP €50 ge seod 1 NAIM
Amp/1-1ady /2 smoy ¢-g Z246 Z3oP 9°g €1 0SS ToddeNAYS
adyl samoy ¢ b Z3ep 0°'T 9'¢ ©OM BUNRIN LHAD
Suraojruon
orI3ewol0yd pueqInIAl
Anp/1-ady /L — A 0T X 0% e 0DLN LANVTId
Anp/1-ady /L — T 07 X ,,0F 01 oprJ,
Ap/1-ady /L — I LT X €T C1 OVVS
Amp/T-ady /), — I /3T X TT 90 OuRIOSI{
Anp/1-1ady /g1 — A i iz ¥qT ®I[IS e dILSANTN
ounp/gg ‘9z ‘0¢—¥T ‘0T-9
‘oun( /¢—AeIN /8T ‘ARIN/ST-0G — I 1,09 X ,,09 o€ 'O} BUNeN A1dI
— A
Anp/1-ady /L — I £9X 89 e OLLD SIYVINS
Amp/1-ady /L — 2 01 X ,0T 0%c ewed eJ I1
Amr/1-1ady /2, — v 01 X 01 0% 0SS
Amp/1-1ady /2, — b ST X ST 0T 0SS
Amp/1-ady /2, — 16 ST X ST () 01 ovVSs
Amr/1-ady /2 — 16 ST X 6T () 01 OLLD ID001T
dn-mof[og @ousped-y3ryg
QAme/T-1ady /L sopnuIw 0T~ I 239p 0% 91 0SS
Amr/1-1ady /2, sopnurm (T~ I Z%9P 0% 91 OvVVS
Amr/T-1ady /L sopmuIw )T~ I Z39p 0% 91 OLLD 1ONLINM
Amp/1-1ady /L soInuIW ()¢~ pUOPOISY z%9P 0’1 1.0 A107eATesq() 9SIA\ OSTA\
Anp/1-ady /L AyStu ? 9T X 92 01 0SS
Anp/1-ady /L AyStu ( 9T X 9% 0T ovvs
Ap/1-ady /L ApyyStu ( 9T X 9% 0T OLLD LOODT
ApySu A
Ame/T-1ady /L sonuIW 06-GT  ,POI-VOIN  39P ¢'C 8T ONrn VO
WBu/g-T A
Ame/1-1advy /4, sepnuIw (g I Z3ep 7T eT 001 cgrale)
AaAang pajewrony
(Amr/r-1dy /L 60g3)  [pumy yrun/sqo] (]
LANIqRITRAY aouape)) (s)01114 JCE| amyrody 1S adoose[9,/dnoix) £391e11G

603 UM JUSIINOUOY) SOOINO0SIY SUIAISS() POSE]-PUNOIL)
¢ °IqeL



A final, experimental venture to this end is the use of
NIRC2 on Keck to trigger target-of-opportunity (ToO)
observations of hand-picked short-timescale events. The
MST was awarded four such ToO triggers during K2C9,
the goal being to obtain the first epoch of magnified
NIR data for short-timescale FFP candidates described
in It is true that all of the NIR resources that
have hitherto been discussed are able to accomplish this
task. Nevertheless, as the second epoch must necessar-
ily be taken with a high-resolution facility, if the first
epoch can be taken using the same instrument on the
same telescope, all uncertainty introduced by calibrating
the data is removed, allowing for the strongest possible
lens flux constraints. In Table [2] we provide a catalog of
the parameters of all observatories.

5.5. Real-time Modeling

Along with the aggregation of telescopes listed above,
a real-time modeling effort will be essential to the suc-
cess of K2C9. While K2 itself and many of the ground-
based facilities will operate in an automated fashion, all
targeted data collection efforts, and in particular those
contributing NIR imagers, will benefit from and rely on
some form of real-time event analysis. This capability
helps efficaciously allocate resources to events with high
observational and/or scientific priority via rapid interpre-
tation of the temporal evolution of the events. In specific,
predictions by real-time modeling efforts help to predict
caustic crossings in order to guarantee the dense observa-
tions necessary to constrain the microlensing observables
(see §2.1). Furthermore, the rapid and robust determi-
nation of short-timescale microlensing events is crucial
for any NIR facilities. Having a well-developed model-
ing pipeline is of paramount importance for eliminating
false positives and utilizing the Keck ToO triggers on the
candidates most likely to yield secure FFP detections. A
prompt classification of anomalous events can also be
useful for deploying additional ToO facilities for genuine
planetary events, identifying stellar binary contaminants,
and preventing the use of expensive facilities on less in-
teresting events. Within the microlensing community,
there are several active groups providing real-time mod-
eling of binary and planetary events. These groups have
developed their own codes using different algorithms that
naturally provide independent checks for the proposed
solutions. The modeling of binary microlensing events
is made particularly difficult by the existence of caustics
(see , which rapidly change their shapes for small
variations in the parameters and may abruptly create
peaks or dips in the light curves. For this reason, many
disconnected local minima for the chi-squared function
can coexist in the parameter space. With the purpose of
making the exploration as exhaustive and fast as possi-
ble, two strategies have been proposed to set the initial
conditions of downhill fitting: a grid search in the param-
eter space, or template-matching from a wide library of
light curves (Mao & Di Stefano||1995; [Liebig et al.|2015)).

6. SYNERGY BETWEEN K2C9 AND Spitzer
MICROLENSING
From June 18 to July 26 in 2016, Spitzer will also be
able to observe the Galactic bulge, and this leads to a
13-day overlap with the K2C9 window.
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Gould, Yee, and Carey have an accepted Spitzer pro-
gram to conduct a two-satellite microlensing experiment
(PI: A. Gould, |Gould et al.|[2015)). The primary goal of
this K2 plus Spitzer endeavor is to demonstrate the idea
of using an additional satellite to break the four-fold de-
generacy that is present in the case of observations from
a single-satellite (in addition to those from the ground)
(Refsdal [1966; |Gould||1994)). In a single-satellite experi-
ment (e.g., K2C9 or Spitzer), the microlens parallax vec-
tor is given by

AU [ Aty

Here Aty = tosat — to, and Aug = uggar — Uo, are
the differences in the peak times and impact parame-
ters as seen from the two sites, respectively. While the
light curves can yield tg sat and tg g unambiguously, they
can only yield the absolute values of impact parameters,
|to sat| and |ug.q|. Hence, Equation (7)) is four-fold am-
biguous (see, e.g., Figure 1 of |Gould|1994):

AU [(tpsat —
(0’ e, i|uo,sat|i|uo,@|). (8)
E

TE = —
Dy

This degeneracy typically leads to two distinct solutions
for the lens mass and distance. Although the four-fold
degeneracy can be broken in specific cases (e.g., plane-
tary events or high-magnification events), and can be ap-
proached statistically for a sample of events (Calchi No-
vati et al.[|2015)), it can only be systematically broken by
obtaining observations from a second, misaligned, satel-
lite (Refsdal|[1966; (Gould|[1994). The addition of Spitzer
(Kepler) to Kepler (Spitzer) fulfills such a requirement, as
is shown in Figure[10] Figure[II]shows the light curve for
an event with parameters typical of a lens in the Galactic
disk as seen by the Earth, Kepler, and Spitzer. Observa-
tions with Spitzer can easily identify the correct solution,
leading to the unique determination of the lens mass and
distance.

An ensemble of single-lens events for which the four-
fold degeneracy has been broken can be used to test the
Rich argument, i.e., the assumption that is used to sta-
tistically break the four-fold degeneracy (Calchi Novati
et al.|[2015). For events with 6 measurements, the reso-
lution of this four-fold degeneracy can directly yield pre-
cise mass and distance measurements of the lens system
without requiring any additional arguments or observa-
tions (Zhu et al.|2015b)). The inclusion of a second satel-
lite can also break the 1-D continuous parallax degener-
acy in events with a binary lens system. Since g is nearly
always measured in such cases, this leads to more pre-
cise measurement of the mass of the binary lens, which is
critical for identifying binaries involving stellar remnants
(e.g., [Shvartzvald et al.|2015).

With 50 hours of Spitzer time, ~25 events that fall in-
side the K2C9 superstamp are expected to be observed.
This subset will include several binaries that remain ac-
tive when Spitzer observations begin, and ~20 relatively
bright single-lens events selected from a sample of ~50
events that will peak within a 30-day window that is cen-
tered on June 24, the midpoint of the 13-day overlap win-
dow. These events will follow the standard Spitzer event
selection procedure (Udalski et al.[[2015b): they are se-
lected based on ground-based observations, uploaded to
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Figure 10. The projected positions of Kepler and Spitzer with respect to the Earth, as seen from the center of the K2C9 superstamp

during their respective campaign periods.
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Figure 11. An example event in which the four-fold degen-
eracy can be broken by combining observations from the Earth,
Kepler, and Spitzer. With observations from the Earth and Ke-
pler, there are four allowed solutions of 7y, which lead to two
distinct predictions for the light curve as seen by Spitzer. The
Spitzer observations can easily identify the correct solution. This
event has typical parameters for disk lenses (up = 0.2, tg = 30
days, g,y = 7g,E = 0.2).

the Spitzer spacecraft on Mondays, and observed starting
the following Thursday.

7. COMMUNITY INVOLVEMENT

K2C9 is designed to provide access to a myriad of com-
pelling science goals in a way that is community-driven.
One of the most critical components of this white paper
is the description and dissemination of the opportuni-
ties for involvement for personnel outside of the field of
exoplanetary microlensing. Here we describe the online
access to relevant data products. The MST and all coau-
thors of this white paper are also in the process of draft-
ing a data policy that will govern the use of and access
to the photometry produced by the contributing ground-
based resources. It is our hope and intention that this
will encourage involvement in exoplanetary microlensing
generally and K2C9 specifically and will help to maxi-

mize the scientific yield of K2C9.

7.1. ExoFOP Interface

During the Kepler primary mission, the NASA Exo-
planet Science Institute (NExScI) developed a website
for coordination and collation of ground-based follow-up
observation activities by the Kepler Science Team. Dur-
ing the extended K2 mission, this site was transitioned
for support of the entire Kepler community and renamed
the Community Follow-up Observing Program (CFOP).
CFOP enables users to share images, spectra, radial ve-
locities, stellar parameters, planetary parameters, ob-
servational parameters, free-form observing notes, false-
positive alerts, and any type of file the users wish to
upload. Currently, CFOP contains over 100,000 files and
25,000 parameters on 7,500 Kepler objects of interest —
all uploaded by registered users and available for use by
the community. In 2015, CFOP was used as the basis
for an expanded site (ExoFOP) to support the K2 mis-
sion, and will be used in the future to support TESS,
NN-EXPLORE RV targets, and eventually WFIRST ex-
oplanet (coronagraphic and microlensing) targets. For
K2, ExoFOP includes all targets and users can upload
the same types of files and data as above, and can desig-
nate target status such as ‘planet candidate,’ ‘false posi-
tive,” or ‘eclipsing binary.” To date, users have uploaded
over 40,000 files and identified over 200 planet candi-
dates. CFOP and ExoFOP are developed and operated
by NExScl with funding from the Kepler project (for
CFOP) and from the NASA Exoplanet Archive (for Ex-
oFOP).

As K2C9 will not be driven by pre-identified targets,
ExoFOP support for the microlensing campaign will be
specifically tailored. The general strategy was designed
in discussions with the MST. The three main components
will be:

1. a sortable table containing all microlensing events
identified within the K2C9 superstamp,

2. detailed information for each event (e.g., cursory
single-lens fit parameters and magnitudes), and

3. a graphical display of available telescope resources.

The event list will be driven by events collected by
LCOGT’s RoboNet (Tsapras et al.|2009), which accrues



events and photometry from the dedicated ground-based
microlensing projects OGLE, MOA, and LCOGT. Basic
information about all events, such as cursory single-lens
fit parameters (to, tg, up) and current apparent magni-
tude, will be available in a single, sortable table, similar
to the K2 campaign tables currently on ExoFOP. The
detailed information for each event will include quick-
look photometry, images, and detailed real-time mod-
eling results. Information collated by RoboNet will be
automatically available and users will also be able to up-
load data, model parameters, files, and free-form observ-
ing notes. The telescope resources display will have a
large-scale calendar version covering the full duration of
K2C9, as well as the ability to generate a detailed visual-
ization of the observability of the K2C9 superstamp for
each ground-based site for a single day. The goal of these
graphics is to help coordinate the timing of ground-based
observations. In addition, there will be a search interface
covering all data and user notes.

The ExoFOP websitd®] is open to the entire commu-
nity. In ExoFOP, all data and uploaded files are visible to
all users. To upload content, users must have an account
and be logged in. The same user account works on both
CFOP and ExoFOP and a user account can be requested
by following the link on the ExoFOP home page.

7.2. K2C9 Visibility Tool

The K2fov tool (Mullally et al.|2016) allows users to
check whether a list of input target coordinates will fall
within the K2 FoV during a user-specified campaign.
This functionality has been expanded for K2C9 and is
available through an in-browser applicatio Given
that many of the teams representing ground-based re-
sources will eschew a proprietary period for their data
and will act to host the photometry on ExoFOP, this al-
lows users to determine if a desired target will have pub-
licly available data across a wide range of wavelengths
and cadences.

This research has made use of the NASA Exoplanet
Archive, which is operated by the California Institute of
Technology, under contract with the National Aeronau-
tics and Space Administration under the Exoplanet Ex-
ploration Program. Work by CBH and Y'S was supported
by an appointment to the NASA Postdoctoral Program
at the Jet Propulsion Laboratory, administered by Oak
Ridge Associated Universities through a contract with
NASA. The OGLE project has received funding from
the National Science Centre, Poland, grant MAESTRO
2014/14/A/ST9/00121 to AU. CBH thanks graphic de-
signer Kathryn Chamberlain for her generous assistance
with Figure 4. CBH also acknowledges the loving sup-
port of his dearest and most favorite Mum.
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