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ABSTRACT

We show that a space-based gravitational microlensingegunor terrestrial extra-solar
planets is feasible in the near future, and could provide alypeomplete picture of the
properties of planetary systems in our Galaxy. We presentilations of such a survey
using al — 2m aperture space telescope withva2 square degree field-of-view which is
used to continuously moniter 10® Galactic bulge main sequence stars. The microlensing
techniques allows the discovery of low mass planets with Bignal-to-noise, and the space
mission that we have studied are sensitive to planets wigsasaas low as that of Mars. By
targeting main sequence source stars, which can only blveeldoom space, the space-based
microlensing survey is able to detect enough light from émsistars to determine the spectral
type of one third of the lens stars with detected planet#diag virtually all of the F, G, and
K stars which comprise one quarter of the event sample. Tiables the determination of
the planetary masses and separations in physical unitelbasithe abundance of planets as
a function of stellar type and distance from the GalactideeWe show that a space-based
microlensing planet search program has its highest seitgit planets at orbital separations
of 0.7-10 AU, but it will also have significant sensitivity Erger separations and will be
able to detect free-floating planets in significant numbd@rkis complements the planned
terrestrial planet transit missions which are sensitiveetoestrial planets at separations of
< 1AU. Such a mission should also deteet50, 000 giant planets via transits, and it is,
therefore, the only proposed planet detection method shegnsitive to planets at all orbital
radii.

Subject headings: dark matter - gravitational lensing
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1. Introduction

The discovery of the first extra-solar planets a few
years ago|(Mayor & Queloz 1995; Marcy & But-
ler 1996;‘rlém%%has spurred the
growth of a new branch of observational astronomy,
the study of extra-solar planets. The success of the
precision radial velocity technique has been spec-
tacular [Marcy, Cochran & Mayor 2000; Perryman
2000 Ty 2B B0} o e discovery of
more than 70 extra-solar giant planets in the past
seven years. This technique is sensitive enough to
detect Jupiter-mass planets in Jupiter-like orbits, and
it is anticipated that such planets will be discovered in
the next few years as the duration of the radial veloc-
ity monitoring programs approaches Jupiter’s orbital
period of 12 years. The dramatic success of these ra-
dial velocity extra-solar planet search programs has
encouraged the astronomical community to address
the far more ambitious goal of searching for Earth-
like extra-solar planets (Dressler et al. 1]996) because
such planets seem best suited for life. The search for
Earth-like extra-solar planets has now become a ma-
jor NASA goal. It is likely that it will require the
development of new extra-solar planet search tech-
nigues since it is thought that the intrinsic radial ve-
locity noise of stars will limit this technique to plan-
ets with masse& a few x10~* of the host star’s
mass which is 100 times greater than an Earth mass.

A number of extra-solar planet search methods
have been proposed that should be able to detect plan-
ets in the Earth mass range _(Perryman P000). The
Space Interferometry Mission (SIM) (Danner & Un-
win 1999) will be able to detect planets of a few Earth
masses around nearby stars via their astrometric ef-
fects on the stars they orbit. But, SIM requires some
technical development before it will be ready to fly,
and it is not required to have the capability to de-
tect Earth mass planets. The most ambitious planet
search missions being considered are the Terrestrial
Planet Finder (TPF)[(Beichman 1998) and Darwin
(Fridlund 200D) missions which will have the abil-
ity to directly detect Earth-like planets around nearby
stars. However, these missions require a consid-

erable amount of technological development before
they will be ready to fly. Also, the McKee-Taylor
Decadal Survey Committeg (McKee & Taylor 2p00)
qualified its endorsement of the TPF mission with the
condition that the abundance of Earth-size planets be
determined prior to the start of the TPF mission.

The gravitational microlensing and transit tech-
niques are two methods that have sensitivity to ter-
restrial planets, but are technically easier than SIM or
TPF. These missions are sensitive to planets orbiting
distant stars, so they are most useful for obtaining sta-
tistical information regarding the abundance of plan-
etary systems. The transit technique is employed by
the COROT mission[ (Schneider et al. 1/998) which
is slated for launch by CNES in 2004, the the Ed-
dington mission|(Deeg et al. 2000) which has been
selected as an ESA F2/F3 “reserve” mission, and Ke-
pler mission[(Koch et al. 19P8) which is under devel-
opment for NASAs Discovery Program. However,
these surveys share the property that the transit signal
due to an Earth-like planet is a photometric variation
of only ~ 0.01%. This is only a few times above
the anticipated photometric noise, so these mission
generally require the observation of 3 or 4 transits
in order to avoid false detections due to photomet-
ric noise. Even then, one false detection is expected
over the course of the missiop (Koch et al. J000).
The requirement for 3-4 transits limits the sensitivity
of the transit technique to planets with orbital periods
of < 1 year due to the limited mission duration and
low transit probability for planets in longer period or-
bits. In contrast, the sensitivity of a space-based mi-
crolensing planet search program extends from about
0.7 AU to infinity, with significant sensitivity to free-
floating planets. Thus, the combination of a transit
survey like Kepler with a space-based microlensing
planet search will determine the abundance of terres-
trial and larger planets at all orbital radii.

Knowledge of the general properties of planetary
systems is important even if we are primarily inter-
ested in habitable planets because the issue of plane-
tary habitability is a complex and poorly defined one.
The Earth’s habitability is a consequence of a com-
plex interplay of physical processes (Lunine 1999)




that are not likely to be replicated in exactly the same
way on other worlds. While the fundamental require-
ment is assumed to be stable liquid water over geo-
logic time, many diverse factors come into play in
establishing habitable ecosystems (Des Marais et al.
2001). More importantly, we do not know what the
outcome of a different combination or timing of such
processes would be in terms of habitability (Chyba
et al. 2000). A non-exhaustive list of the potential
requirements for habitability include the presence of
giant planets in 5-10 AU orbits (Lunine 2001), the
presence of a large moon to stabilize the planetary
spin axis (Ward 1982), main sequence stellar type of
F, G, or K (Ward and Brownlee 2000; Kasting 1997).
Also, the traditional notion that a narrow range of
semi-major axes are consistent with the presence of
liquid water (Kasting, Whitmire & Reynolds 1993)

is challenged by the evidence for liquid water on the
early Mars (Carr 1996). The length and incomplete-
ness of this shopping list demands survey missions
be initiated soon to map out the geometries of extra-
solar planetary systems prior to much more expensive
missions whose intent is to spectroscopically exam-
ine extra-solar terrestrial planets. With its high sen-
sitivity to low-mass planets at a wide range of sepa-
rations, a space-based gravitational microlensing sur-
vey would be the ideal mission for a comprehensive
survey of the properties of planetary systems.

1.1. The Gravitational Microlensing Technique

The gravitational microlensing technique (Mao &
Paczynski 1991, Gould & Loeb 1992; Bennett et al.
2000), has the unique property that the strength of the
planet’s photometric microlensing signal is nearly in-
dependent of the planetary mass. Instead of a weaker
signal, the microlensing signals of low-mass plan-
ets have a shorter duration and a lower detection
probability than those of high-mass planets. (This
argument breaks down for planetary masses below
0.1Mg because such planets lens only a fraction of
the main sequence source star disks.) This means that
a microlensing survey with frequent observations of
a very large number of stars will be able to detect ter-

restrial planets at high signal-to-noise (Tytler 1]996;

Bennett & Rhie 1996] Wambsganss 1/997; Bennett
& Rhie 2000). The microlensing technique employs
stars in the Galactic bulge which act as sources of
light rays which are bent by the gravitational fields
of stars in the foreground: on the near side of the
Galactic bulge, or in the disk. Planets which may or-
bit these “lens” stars can be detected when the light
rays from one of the lensed images pass close to a
planet orbiting the lens star. The gravitational field of
the planet distorts this lensed image causing a signif-
icant variation of the gravitational microlensing light
curve from the standard single lens light curve. This
planetary deviation is typically of order 10%, and

it has a duration of a few hours to a day compared to
the typical 1-2 month duration for lensing events due
to stars.

The main challenge for a microlensing planet search
project is that microlensing events are rare. Only
about3 x 10~% of Galactic bulge stars are microlensed
at any given time[(Udalski et al. 1994; Alcock et al.
1997;—|m|éam_only 2% of
earth-mass planets orbiting these stars will be in the
right position to be detected (Bennett & Rhie 1996).
The sensitivity limit of the gravitational microlensing
technique is set by the finite angular size of the source
stars because a very low mass planet will only de-
flect the light rays from a fraction of the source star’s
disk. This can wash out the photometric signal of the
planet. For main sequence source stars in the Galac-
tic bulge, the sensitivity limit is about.1Mg,, but
for giant source stars, it is 1Mg. Thus, a gravita-
tional microlensing search for terrestrial planets must
use main sequence source stars. However, the density
of bright main sequence stars in the central Galactic
bulge is several stars per square arc second, So angu-
lar resolution of< 1arc sec is necessary to resolve
these stars.

In order to accurately characterize the parameters
of the planets discovered via microlensing (Gaudi &
Gould 1997;[ Gaudi 1998), we must have photome-
try of ~ 1% accuracy sampled several times per hour
over a period of several daysg, a factor of a few
longer than the planetary light curve deviation). The
microlensing event light curves must also be sampled




continuously for periods of more than 24 hours, in or-
der to unambiguously characterize the planetary sig-
nals in microlensing light curves. This allows both
the full planetary deviation as well as the periods be-
fore and after it to be observed.

1.2. Ground-based Microlensing Planet Searches

The earliest discussions of detecting terrestrial
planets via gravitational microlensing generally con-
sidered it to be a technique for ground-based obser-
vations [Txtler 19%6; Bennett & Rhie 1996; Wambs-
ganss 1997). However, these early estimates proved
to be overly optimistic in a number of respects. Peale
(1997) performed a simulation of what sort of plan-
ets could be detected by a global network~of2 m
telescopes as suggested py (Tytler 1996) showed that
a substantial number of possible planet detections
would be missed due to poor weather and geographic
limitations on the locations of ground based tele-
scopes, but his results are over-optimistic for several
different reasons. For example, no account was taken
of variations in atmospheric seeing or of the poorer
average seeing from the non-Chilean observing sites.
Backett (1997) sought to avoid the problems of the
poorer observing sites by proposing a search employ-
ing only a single, excellent observing site, Paranal
under the assumption that the planetary signals of
terrestrial planets would be brief enough that some
could be fully characterized by observations span-
ning < 8 hours.

All of these papers considered the monitoring Galac-
tic bulge turn-off stars. Ground-based color magni-
tude diagrams of the dense Galactic bulge fields ob-
served by the microlensing surveys seemed to show
that there were very large numbers of these stars.
Turn-off stars are stars that have recently exhausted
the Hydrogen fuel in their cores, and are just begin-
ning the Hydrogen shell burning phase. They are 1-2
magnitudes brighter than the stars at the top of the
main sequence, but have similar colors. Their radii
are small enough to allow the detection of Earth-mass
planets via microlensing. However, this is a rela-
tively brief phase of stellar evolution, and so their
apparent abundance in Galactic bulge seemed odd.

In fact, this abundance was not confirmed with HST
data [Holtzman et al. 19P8). The apparent abun-
dance of these “turn-off” stars is an artifact the stellar
crowding in these central Galactic bulge fields; the
density of main sequence stars is too high for them to
be individually resolved, and several main sequence
stars blended together are typically identified as a sin-
gle “turn-off” star. This is illustrated in Fig] 1 which
compares two ground based images of microlensing
event MACHO-96-BLG-5 to an HST image and a
simulated image from a proposed space-based mi-
crolensing planet search telescope. Clearly, density
of bright main sequence stars (like the one indicated)
is too high for these stars be individually resolved
from the ground. This stellar blending phenomena
has been widely discussed in the gravitational mi-
crolensing literature| (di Stefano & Esin 1995; Woz-
niak & Paczynski 199 - 7), and there is now
strong evidence that virtually all of the microlens-
ing events involving apparent bulge “turn-off” source
stars are, in fact, blended microlensing events with
main sequence source stgrs gAIcock et al. 2_kzooa; Al-
cock et al. 2000b). This blending of source stars
makes microlensing planet searches much more dif-
ficult because the planetary signal will be confined to
the flux from only one of the blended stars, but all of
the blended stars will contribute to the photometric
noise.

One can hope to compensate for the increased
photometric noise caused by blended by moving to
relatively large wide field-of-view ground-based tele-
scopes, such as tHen VISTA telescope or the: 8 m
LSST (the Large Synoptic Survey Telescope - recom-
mended by the McKee-Taylor Committee (McKee &
Taylor 2000)). A detailed study of such potential ob-
serving programs reveals that a survey from an ex-
cellent observing site such as Paranal is about two
orders of magnitude less sensitive than a space-based
microlensing planet search program (Bennett & Rhie
2002). A critical problem for such a ground-based
program is that the typical duration of a microlens-
ing light curve deviation due to an Earth-mass planet
is nearly 24 hours. This is about an order of mag-
nitude longer than the Einstein radius crossing time,




which was used as the characteristic planetary event
duration in a previous study which advocated a mi-
crolensing planet survey from a single site (Sackett
1997). With a realistic distribution of event dura-
tions, however, we find that only a very small sub-
set of Earth-mass planetary microlensing signals can
be detected and characterized. The detectable Earth-
mass planet events from such a survey also suffer
from several undesirable selection effects. There is
a much higher fraction of high magnification events
with planetary separations very close to the Einstein
radius, and these events provide essentially no infor-
mation on the abundance of planets as a function of
orbital separation. Finally, few of the events which
are detected with these ground based surveys allow
the detection of the lens star, so the planetary abun-
dance as a function of spectral type also cannot be
measured from the ground.

1.3. Microlensing Planet Search Space Mission
Requirements

The primary intent of this paper is to investigate
low cost space missions which employ the gravi-
tational microlensing technique to detect terrestrial
planets orbiting other stars. The basic requirements
for such a mission are that 10® Galactic bulge main
sequence stars must be observed almost continuously
at intervals of 20 minutes, or less for periods of at
least several months. Photometric accuracy df%
or better is needed, and this implies that the angular
resolution of the images must ke 0.4” in order to
resolve main sequence stars in the crowded central
Galactic bulge fields. The required frequent photo-
metric measurements of such a large number of stars
requires relatively high data rate gf 10 Mbits/sec
depending upon the data compression scheme that is
used.

While the wide-field imaging capabilities required
for such a mission substantially exceed the capabili-
ties of existing space telescopes, it it can be under-
taken at a relatively modest cost, within the limits
of NASA's MIDEX or Discovery programs. There
may also be an opportunity to combine a microlens-
ing planet search mission with another major science

program, such as a deep, wide field, weak gravita-
tional lensing survey or a high-redshift Supernova
search similar to the proposed SuperNova Accelera-
tion Probﬁ (SNAP). It might also be possible to com-
bine a microlensing planet search mission with an as-
teroseismology program such as the Eddington mis-
siorf] mission if such a mission were designed with
good in-focus optics.

Two proposals for microlensing planet search mis-
sions have been submitted to NASA in 2001. The
Galactic Exoplanet Survey Telescope (G@)SWas
submitted to NASA's MIDEX Program, and the Sur-
vey for Terrestrial ExoPlanets (STEP) was submitted
to NASA's Extra Solar Planets: Advanced Concepts
program. We will use the GEST MIDEX proposal
as the baseline for our discussions of planet detection
sensitivity, but we will also investigate the variation
of the planet detection sensitivity on the parameters
of the mission.

The terrestrial planetary signals in gravitational
microlensing light curves that these missions would
study show significant variations on time scales rang-
ing from 20-30 minutes to about a day. Therefore,
it is important that a microlensing planet search tele-
scope be in an orbit which allows continuous viewing
of the Galactic bulge. The orbit proposed for GEST is
a polar orbit with an altitude of- 1200 km oriented
to keep the Galactic bulge in the continuous viewing
zone, while the STEP mission would employ a nearly
circular geosynchronous orbit inclined Bg.7° (the
latitude of Cape Canaveral) from the equator and by
~ 50° with respect to the ecliptic plane. Even higher
Earth orbits, such as the 14-day “Prometheus” orbit
proposed for SNAP, would also be acceptable, but
Earth-trailing orbit might make it difficult to achieve
the required data rate.

The GEST and STEP designs call fobm and
1.5m aperture telescopes each with a 2.2 square de-

'Seehttp://snap.1lbl.goy for information regarding the
proposed SNAP mission

2Seehttp ://astro.esa.int/SA-general /Projects/Eddington/

for information on ESA's Eddington mission.
3 More information on the Galactic Exoplanet Survey Telescop
is available ahttp: //bustard.phys.nd.edu/GEST/|
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gree field of view and a three mirror anastigmat de-
sign. The field of view is elliptical with an axis ratio
of about 2:1, and the GEST proposal would use an
array of 323072 x 6144 pixel Lincoln Labs high re-
sistivity CCDs for enhanced sensitivity in the near IR.
The STEP proposal would use a combination of these
same Lincoln Labs CCDs and Rockwell HgCdTe IR
detector arrays. These IR detectors would be simi-
lar to a design intended for the Hubble Space Tele-
scope’s Wide Field Camera 3 with a long wavelength
cut-off of ~ 1.7 i to allow radiative cooling from a
high Earth orbit. The quantum efficiency of these de-
tectors is displayed in Fid] 2 along with the reddened
spectrum of a typical bulge source star. The standard
CCD curve is typical of most broadband astronom-
ical CCD detectors (such as those manufactured by
Marconi, SITe, or Fairchild). Both the Lincoln Labs
and LBL devices use high resistivity Silicon to en-
hance sensitivity in the near IR, and the LBL devices
have higher sensitivity near = 1.0 because they
are more opaque at this wavelength due to tBein:
thickness vs50y for the Lincoln devices.

The overall sensitivity of the detectors is given by
the integral of the product of the source spectrum, the
QE curve, and an additional function describing the
throughput of the rest of the optical system. If we
assume that the optical system has no other signif-
icant wavelength dependence besides the detectors,
then we find sensitivity improvements of 44%, 62%,
and 150% for the Lincoln, LBL, and Rockwell de-
tectors, respectively when compared to the sensitiv-
ity of the standard astronomical CCD. At the time
of this writing, only the standard and Lincoln CCDs
can be produced in the large quantities needed for a
microlensing planet search mission, but this situation
may change in the near future.

It is anticipated that GEST and STEP will take
~ 100 second exposures at 2 minute intervals which
would be co-added into ten minutes exposures. As-
suming digitization at 14 bits/pixel, this gives a total
data rate ofl4 Mbits/sec if no data compression is
employed.

In order to make use of the high angular resolution
available from space, it is necessary for the space-

based telescope to have high pointing stability. We
require that the pointing be stable to 10% or better
of the assumed 0.2 arc second CCD pixel size. This
should be achievable with three-axis stabilized, ultra-
low jitter spacecraft, such as Lockheed’'s LM-900,
as long as a fine-guidance signal is provided from
guide CCDs in the focal science focal plane which
would be read out a few times a second. Another op-
tion, which could correct higher frequency pointing
jitter, would be to use a fast-guiding secondary mir-
ror. The only pointing variation needed during the
~ 8 month Galactic bulge season would be a sub-
pixel scale dither pattern needed to ensure that the
photometric accuracy remains very close to the pho-
ton noise limit [Cauer 1999; Gilliland et al. 2000).

In this paper, we present the results of a detailed
simulation of a space-based microlensing planet search
mission. In sectiof 2, we explain the assumptions and
the details of our simulation and argue that our as-
sumptions are conservative. In sect[pn 3, we present
the details of our results including example light
curves, the predicted planet detection sensitivity to
bound and free-floating planets, and the prospects for
direct observations of the lens stars. There is also a
brief discussion of the- 50,000 planets that such
a mission is likely to detect via transits. Finally,
in section[}#, we summarize the scientific results to
be expected from a space-based microlensing planet
search mission.

2. Mission Simulation Details

In order to simulate a space-based microlensing
planet search mission, we must make assumptions re-
garding the source stars, the lens star systems and the
telescope. Our distribution of source stars is based
upon the Galactic bulge luminosity function of Holtz-
man et al. (1998). Following the GEST proposal,
we select a field at Galactic coordinates: 1.2°,

b ~ —2.4°, which is closer to the Galactic Center
than the Baade’s window field observed by Holtz-
man et al. This implies that both the star density
and the reddening will be higher, and we split the
field into two pieces for the purposes or our simula-
tions in order to account for the gradient of the star




density with Galactic latitude. The two half-fields
have central Galactic latitudes f = —2.0° and
—2.8°, and we have assigned them star densities of
2.06 and 1.55 times tHe Holtzman et al. (1998) star
density measured at= —3.9° based upon number
counts of “red clump” stars in the MACHO fields
(Popowski et al. 2000). The I-band extinctions for
these two half fields are assumed to e = 1.6

for the inner half field andd; = 1.5 for the outer
half field. These reddening values can be obtained
from the|Schlegel, Finkbeiner & Davis (1998) dust
map with a correction for stellar emission as advo-
cated by[ Stanek (1999) or by assuming that the ex-
cess IR emission is proportional to the “red clump”
star number counts.

Another very crucial physical input for our sim-
ulation is the microlensing probability (or optical
depth,7) towards the Galactic bulge. Measured val-
uesarer =3.34+1.2x107%atl =0.9°,b = —3.8°
(dalski et al. _1994),r = 3.971% x 1076 at
[ = 2.55° andb = —3.64° (Alcock et al. 199f7), and
7 =3.237722 % 1070 at! = 2.68° andb = —3.35°
(Alcock et al. 2000b). We have used this latest mea-

surement because it is based upon the largest sample,

and it is closest to the theoretical estimates. Theoret-
ical determinations of the scaling of the microlens-
ing probability with position [(Bissantz et al. 1997;
Peale 1998) indicate that the microlensing probabil-
ity at GEST’s outer half field{(= 1.2°, b = —2.8°)
should be 1.2-1.3 times larger thanlat= 2.68°,

b = —3.35°, while the increase at the inner half field
(¢ = 1.2°, b = —2.0°) should be a factor 1.4-1.8.
For the purposes of this simulation, we have selected
a conservative choice for the microlensing probabil-
ity, 7 = 2.43 x 1076 at! = 2.68° andb = —3.35°
which we then scale to = 2.9 x 1076 at! = 1.2°,

b = -28,and7 = 39 x 10°%atl = 1.2°,

b = —2.0°. This is thel.60 lower limit on the value

of 7 extrapolated to our selected field.

The mass function of the lens stars is assumed to
follow the a conventional power law forny,(m) o
m~* where f(m)dm is the number of stars in the
mass intervain to m + dm. We use a mass function
similar to those advocated lyy Zoccali et al. (3000)

and[Kroupa (20Q0) which imply different values®f

in different mass intervalsy = 2.3 for m > 0.8Mg,

a = 1.33 for 0.15M < m < 0.8Mg, anda = 0.3,

for 0.06M; < m < 0.15Mg. The mass function
is truncated a0.05M, in order to keep the distribu-
tion of microlensing event timescales consistent with
the observations df Alcock et al. (2000b). Stellar
remnants are also included with white dwarfs con-
tributing 13% of the lens stars, while neutron stars
and black holes contribute 1% and< 0.1% of the
lens stars, respectively.

With these parameters for the properties of the in-
ner Galaxy, we precede to run our simulations as fol-
lows:

1. We create an artificial image with stais<
M; < 9 at random locations in an artificial
image using a “pseudo-gaussian” profile (as in
DOPHOT (Schechter, Mateo & Saha 1P93))
with a FWHM of 0.24 Brighter stars are not
included, but we assume that 5% of the 2.1
square degree field of view is lost due to bright,
saturated stars or CCD defects.

2. A stellar lensing event is selected for each star
in the frame with lens parameters selected at
random assuming the mass function described
above and a density and velocity distribution
from a standard model of the Galaxy (Han &
Gould 1997). All stellar lensing events are as-
sumed to have an impact parametexas Ein-
stein radii, and the source stars are assumed
to reside ab.5 kpc behind the Galactic Center
which is atR, = 8 kpc.

3. The orientation of each “exo-ecliptic” plane is
selected at random, and then planet locations
are selected by assigning each planet a random
orbital phase within this plane. The planets are
assumed to follow circular orbits with radii be-
tween 0.25 and0 AU and mass fractions rang-
ing frome =3 x 1077 toe = 1073,

4. Planetary lensing light curves are constructed
assuming measurements every ten minutes. Fi-
nite source effects are incorporated assuming



a mass radius relationship taken from Bertelli
et al. (1994).

5. The CCD camera is assumed to detect 13 pho-
tons per second from ah= 22 star. This can
be achieved with a 1.5m telescope with stan-
dard CCDs employing a 650-900nm passband,
or with a 1.0m telescope with high-resistivity
Lincoln labs or LBL CCDs with a 500-1000nm
passband.

6. Light curve error bars are generated under the
assumption that the photometric accuracy is
limited by photon statistics for noise levels
down to 0.3%. This level of accuracy has
been demonstrated with highly undersampled
HST images of very crowded star fields (Lauer
1999; |Gilliland et al. 2000). The key to this
photometric accuracy is to recover the diffrac-
tion limited resolution with a sub-pixel scale
dither pattern. The undersampling of these
HST images is similar to the level of under-
sampling for the proposed GEST mission, as
shown in Fig.[ll. In addition to the source star,
the lens star and nearby stars with images that
are blended with the source star are assumed to
contribute to the photon noise.

7. A single lens, point source light curve is fit to
each event, and planet detections are signaled
by an excess fit2. We measure the planetary
signal with theA 2 which is the difference be-
tween they? for the single lens fit and the cor-
rect planetary lensing fit. Our detection thresh-
old is Ax? > 160 which is the equivalent of a
12.50 detection.

One potential drawback with our method for identify-
ing planet detections is that planet detections may be
incorrectly indicated for events with very high mag-
nification because the effects of the finite angular size
of the source star may be seen. These high magnifi-
cation events also have higher sensitivity to planets
than lower magnification events (Griest & Safizadeh
1998) because the source star must necessarily pass

close to the “stellar” caustic curve which will be dis-
torted due to the presence of planets. However, the
determination of the planetary mass fractiehdnd
separation can be difficult for events detected due
to the stellar caustid (Dominik 1999). Thus, it is
not yet clear how useful such detections will be, al-
though they do present enhanced sensitivity to multi-
ple planets|(Gaudi, Naber & Sackett 1998). Because
of this uncertainty, we have excluded planets detected
in events with maximum magnifications 200.

3. Expected Results

3.1. Planetary Parameters from Microlensing

The diversity of microlensing planetary light curves
has been studied quite extensively (Mao & Paczynski
1991;TGould & Toeb 1092] Bolatto & Falco 1994;
6{ Wambsganss 1997; Gaudi &
Gould 1997;| Gaudi 1998), and these studies have
shown that it is possible to measure both the plan-
etary mass fractiors, and the planet-star separation
from the light curve shape. The duration of the plane-
tary light curve deviation gives The overall magni-
fication of the light curve at the time of the planetary
deviation and the basic shape of the planetary devia-
tion give the separation. However, the transverse sep-
aration,a, is only determined in units of the Einstein
ring radius,

M D

Mg 1kpe’

Rg =2.85AU 1)
which is just the radius of ring image for a single lens
of massM that is perfectly aligned with the source
star.D = D;(Ds— D)/ D;, whereD; andD; are the
distances to the lens and source stars, respectively.

For a source star in the Galactic buldey is typ-
ically ~ 2 AU, and it ranges from 1-4 AU, so a mea-
surement ofa/Rg will yield an estimate ofu that
is good to a factor of 2. For most of the terrestrial
planet detections, however, we can do somewhat bet-
ter than this because we can also measure the time
for the lens center-of-mass to cross the source star ra-
dius, ts. This parameter is measurable for events in
which the source comes very close to or crosses one



of the lens caustics. This occurs for a large fraction of
the terrestrial planet events, but there are many of the
giant planet lensing events that are detectable without
a close approach to a caustic. Precise valuesanfd

M can be obtained for events in which the lens can
be detected either via multi-color photometry, spec-
troscopy, or proper motion, as the lens separates from
the source in the years after the event. This should be
possible for about one third of the events including
virtually all of the F, G and K star lenses. (See sub-
section[3.J7 for a more detailed discussion of source
star identification.)

3.2. Event Light Curves

Examples of the planetary light curves from our
GEST mission simulation are shown in Figufgf 3-5.
The data are shown with the error bars determined as
described above, and the light curves are presented
with the sampling interval of 10 minutes that was
used for the event detection calculations. While the
error bars are meant to indicate the uncertainties,
we have not added this noise to the data points shown
in Figureq[B anfl|4 because of the high density of data
points in these figures. These light curves are meant
to illustrate the range of planetary light curves that a
space-based microlensing survey should detect. They
also represent the range of signal-to-noise of the ter-
restrial planet detections in our GEST simulations.
Figure[B(a) represents one of the highest signal-to-
noise planet detections with the Earth:Sun mass ratio
of e = 3 x 1075, and Figurd]3(b) is an event which
barely passes our event detection cut\of? > 160.

The other events have more typical signal-to-noise.

We've assumed that the photometric accuracy of a
space-based microlensing survey will be dominated
by photon statistics and that systematic errors will
not become dominant until the statistical errors reach
< 0.3% (in 5 co-added 00 sec exposures). However,
Figures[B andf]4 illustrate that most of the planet de-
tections are made with lower precision photometry,
with photometric errors of 1% dominated by pho-
ton statistics.

These events serve to illustrate why ground based
microlensing searches are not effective for the detec-

tion of terrestrial planetg (Bennett & Rhie 2000; Rhie
et al. 2000b). The necessity of using main sequence
target stars for a microlensing program to find terres-
trial planets means that the accuracy of photometry is
compromised by the blending of the source star im-
ages as demonstrated in Fig. 1. This is true even if
the planet search program is limit to the best ground
based observing sites such as Pargnal (Sackeft 1999).
This blending with neighboring stars less than an
arc second away substantially reduces the photomet-
ric signal-to-noise and would make the events shown
in Figs. [B(b)-(d) undetectable. The event shown in
Fig.[3(a) would have a large enough signal to be de-
tectable from a ground-based program, but since the
planetary deviation lasts for more than 24 hours, it
would be poorly sampled from a single site. Follow-
up observations from sites at other longitudes would
be of little help because the poorer seeing at these
sites would make the photometry too noisy to be very
useful in characterizing the properties of the detected
planet.

3.2.1. Light Curvesfor Multiple Planetsand Moons

Figure[4# shows events in which multiple planets
are detected. Most multiple planet events have light
curves that are very similar to single planet events
except that that are two different planetary deviation
regions. We've run simulations of “solar-type” plan-
etary systems in which every stellar lens is assumed
to have planets with the same mass fractions as the
planets in the solar system and with the same sepa-
rations. Most of the multiple planet detections in our
simulations are similar to Figuf¢ 4(a) in which both
the “Jupiter” and “Saturn” planets are detected. In
about 25% of the cases where the “Saturn” planet is
detected, the Jupiter planet is also detected. This is
a consequence of the fact that Saturn’s orbital semi-
major axis is only a factor of 1.8 larger than Jupiter’s
orbital semi-major axis. Such orbits are stable only if
they are close to circular, so a space-based microlens-
ing survey will be able to provide information on the
abundance of giant planets with nearly circular or-
bits by measuring the frequency of double planet de-
tections and the ratios of their separations. This is



important information as giant planets in Jupiter or
Saturn-like orbits are thought to be required for the
delivery of volatiles, such as water, to the inner plan-

ets in the habitable zonp (Cunine 2p01).

Events in which a terrestrial planet and a “Jupiter”
are detected, such as the event shown in Fifjure 4(b)
are more rare. In part, this is because the lower mass
of the terrestrial planet means that less of them will
be detected, but another factor of is that the ratio
of Jupiter's semi-major axis to that of the terrestrial
planets is a factor of 3.5-7 rather than the factor of
1.8 ratio between the Jupiter and Saturn orbital dis-
tances. Because of this, only 10-15% of the detected
terrestrial planets will also have a Jupiter detection.

The detection sensitivity for multiple planets de-
pends more on the telescope size and the assumed
level of systematic photometry errors than the sen-
sitivity for single planets does. More sensitive pho-
tometry increases the probability that a planet can be
detected in the light curve of a microlensing event,
and the number of double planets detected depends
on this probability squared.

In order to estimate the sensitivity for detecting
multiple planets, we have calculated the detection
probabilities for lenses with planetary systems with
the same planetary mass fractions and separations as
the planets of our own Solar System. For the param-
eters of the proposed GEST mission, we find that a
total of about150f multiple planet systems will be
discovered, wherg is the fraction of planetary sys-
tems that resemble our own. Abolif of these will
be terrestrial-giant planet pairs, and the remainder
will be multiple planet detections consisting of only
giant planets. (These numbers assume that a lower
detection threshold ofc can be used for the sec-
ond planets to be detected because there is a much
smaller number of light curves that must be searched
for multiple planets.) A substantial improvement in
sensitivity can be obtained with the parameters of the
STEP mission: a 1.5m telescope with a 2.2 square
degree field-of-view. Half of the focal plane would
use Lincoln Labs near-IR optimized CCD detectors
and the other half would use the HgCdTe IR arrays
with a 1.7um cutoff. If we assume that the photom-
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etry is limited by systematic errors of 0.15% in a 10
minute exposure, then our simulation indicate a total
of 490 f multiple planet detections with5 f of these
being terrestrial-giant planet pairs.

It is also possible to detect the large moons of ter-
restrial planets as shown in Fig. 5. The semi-major
axis of the moon'’s orbit is about 0.8 times the Earth’s
Einstein radius, so systems like our own should be
detectable. Because the planet-moon separation is
likely to be similar to the planetary Einstein radius,
the light curve deviations due to the planet and moon
are likely to be closely spaced in time or even over-
lapping as in the example shown in Fjg. 5(b). Nev-
ertheless, most of the light curve deviations due to
planet-moon systems are well approximated by the
sum of the deviations due the two minor masses by
themselves. A more systematic study of the detection
of planet plus moon systems by microlensing will be
carried out in a future paper.

3.3. Planet Detection Sensitivity

The major goal of our simulations is to determine
the sensitivity of a space-based microlensing survey.
The sensitivity to planets orbiting each of the lens
stars depends on a large number of factors including
the event timescale, the size of the photometric error
bars, and the angular size of the source star. Thus,
the simplest way to display the planet detection sen-
sitivity to is to give the number of expected planet de-
tections under the assumption that each lens star has
a planet of a given mass fractios, and separation.
This is what is plotted in Fig$] 6 arjfl 7. The different
curves in Fig[6 are contours of constant numbers of
planet discoveries, assuming one planet per star at the
given mass fraction and semi-major axis. In Fig. 7,
we compare the sensitivities of the proposed GEST
and STEP missions. The locations of the planets in
our Solar System are also shown. Each planet name
starts at the planetary mass fraction of the planet and
continues toward higher mass fractions. Because the
typical mass of a lens star is ab@us M), planets of
the same mass as the Solar System’s planets will have
a typical mass fraction that is larger by about a factor
of three. A planet of one Earth mass, for example,



will usually havee ~ 10~° rather thare = 3 x 1079,
which is the Earth’s mass fraction. So, the sensitivity
to planets with the same mass as those in the Solar
System will appear near the top of each planet name
while the bottom of each planet name indicates the
sensitivity to planets of a fixed mass fraction. The
sensitivity to planets of Mg for the parameters of
the GEST mission is shown in Figuie 8 which indi-
cates that just over 100 Earths would be detected if
each lens star has one il &U orbit. The peak sen-
sitivity is at an orbital distance df.5 AU where we
would expect 230 detections if each lens star star had
a planet in such an orbit.

The green and yellow shaded regions in Figljre 6
indicate the sensitivity of other planet search tech-
nigues. The known extra-solar planets which orbit
main sequence stars have been discovered with the
precision radial velocity technique (Marcy & But-
ler 1996), and a number of these individual detec-
tions are indicated in the upper left region of the fig-
ure at small semi-major axes and large masses. The
solid yellow shaded region indicates the sensitivity of
a 20-year radial velocity program assuming a mini-
mum detectable velocity amplitude tim /sec. This
is close to the demonstrated accuracy of the Keck
(Marcy & Butler 1996) and CORALIE (Queloz et al.
2000) radial velocity programs, but it is expected that
the current radial velocity state of the art is close
to the limit set by the intrinsic radial velocity noise
of the source stars. The expected sensitivity of the
planned 5-year Space Interferometry Mission (SIM)
satellite is shown in green with the vertical green
lines showing the planned SIM sensitivity and the
solid green region showing the sensitivity of the SIM
floor mission. (The assumed detectable astrometric
signals ard pas ands pas, respectively, at a distance
of 10pc.)

The cyan shaded region in Figdie 6 represents the
space-based transit technique which is very sensi-
tive to terrestrial planets in short period orbits. Sev-
eral such transit missions are planned including the
French COROT mission, ESA's (not yet funded) Ed-
dington mission, and NASA's Kepler mission. Kepler
will be the most sensitive of these, and its sensitivity
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is represented by the diagonal cyan lines. A sensitive
transit search like Kepler is the only program that is
competitive with a space-based microlensing survey
for finding Earth-mass planets BAU. However, the
prime sensitivity of a transit survey extends inwards
from 1 AU, while the sensitivity of microlensing ex-
tends outwards. So, the two methods are largely com-
plementary.

Figs. [$ indicates that microlensing’s peak planet
detection sensitivity is at 2-3 AU with significant sen-
sitivity in the range 0.7-10 AU. In fact, the sensitiv-
ity at large distances is underestimated by our simu-
lation because we do not consider planets that may
be detected when the source star magnification is
A < 1.06. Events withA,,.x < 1.06 and events
with the planetary deviation which occurs before or
after theA > 1.06 region of the light curve have not
been included in our simulations. However, some of
these planets will be detectable. A lower limit on our
sensitivity to distant planets is set by our sensitivity
to free-floating planets which is discussed in section
B.8. This sensitivity is indicated by the thinner, hori-
zontal lines on the right side of Figufk 6. These lines
should be considered to extend to infinite distances,
indicating that a space-based microlensing survey has
strong sensitivity to planets at separation$) gfAU
to co. However, for planets at distances 10 AU,
it will often be the case that the star that the planet
orbits will not be detectable. Such cases may be dif-
ficult to distinguish from free-floating planet detec-
tions unless the lens star can be detected (see Section

BD.

Microlensing of Galactic bulge stars is most sensi-
tive at semi-major axes of 2-3 AU because this is the
typical Einstein ring radius for Galactic bulge source
stars. Images are located close to the Einstein ring
when they are bright, and the a planet is most eas-
ily detectable if one of the bright images passes close
to it. In contrast, the astrometry technique is more
sensitive at large orbital radii, while the radial veloc-
ity and transit techniques (see sector] 3.9) are more
sensitive at smaller radii. The astrometry, radial ve-
locity, and transit techniques all have sharp cutoffs
on their sensitivity at larger semi-major axes due to



the fact that these techniques require data from a full
orbit, or several orbits in the case of transits. Thus,
microlensing has an advantage over these other tech-
niques at large orbital distances, since it is able to
make prompt discoveries of distant planets.

The main advantage of the microlensing tech-
nique over both the astrometry and radial velocity
techniques is its sensitivity to lower mass planets.
At 1 AU, microlensing is sensitive to planets with

masses that are about three orders of magnitude smaller

than the smallest masses that ground based radial ve-
locity and astrometry searches are likely to detect. A
space based microlensing survey also offers an ad-
vantage in sensitivity to low mass planets with re-
spect to space based astrometry missions such as
SIM. Figure[p indicates that GEST's sensitivity ex-
tends to masses that are a factor of 20 lower than ex-
pected for the SIM baseline mission and a factor of
100 lower than for the SIM floor mission. (The floor
mission is considered to be the minimum acceptable
sensitivity that SIM could descope to if it should run
into budget problems.) Of course, SIM will find plan-
ets orbiting nearby stars, so planetary results to be ex-
pected from the GEST and SIM missions are some-
what complementary: GEST will determine extra-
solar planet abundances extending down to very low
masses, while SIM will study planetary systems close
to the Sun with sensitivity down to planets somewhat
more massive than the Earth.

Another important advantage of the gravitational
microlensing technique is that the low mass planets
are detected with high signal-to-noise. In fact, for a
large range of planetary masses, the strength of the
microlensing signal does not depend on the mass of
the planet. Low mass planets do affect a smaller
region of the lens plane, so they have a lower de-
tection probability and a shorter duration. Figlire 9
shows the distribution of the signal-to-noise of our
detected planets for planetary mass fractions ranging
frome = 3 x 1077 (Mars-like) toe = 3 x 1074
(Saturn-like). Ax? is the detection significance pa-
rameter used for the x-axis of this plot, and a logarith-
mic scale must be used because of the large spread in
Ax? values. The most striking feature of this figure is
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that number of events with largky? values falls off
rather slowly. The power lawy ~ (sz)_l'g, pro-
vides a rough fit to these curves for all but the lowest
mass fractiond = 3 x 10~") where the effects of the
finite angular size of the source stars begin to reduce
the number of high signal-to-noise events.

3.4. Sensitivity Dependence on Telescope Param-
eters

Tables 1 and 2 summarize how the planet detec-
tion sensitivity for Earth-like planets depends on the
parameters of the space-based microlensing survey
telescope. The parameters varied are the telescope
field of view, the assumed minimum photometric er-
ror in a 10 minute exposure, the assumed FWHM
of the images, and the effective telescope aperture
in meters. The FWHM and aperture are considered
independently because they can be varied indepen-
dently when the pass-band and telescope optics are
varied. The pass-band and detector sensitivity con-
tribute to the effective aperture by modifying the total
number of photons detected. The effective aperture is
normalized assuming the detector quantum efficiency
of the standard CCDs shown in F{g. 2 with a broad
0.50.9 1 pass-band and a telescope optical thruput
of 70%. Narrower pass-bands can decrease the effec-
tive aperture, and the use of more sensitive detectors
can increase the effective aperture. Thus, the tele-
scope proposed for the GEST MIDEX proposal has
an effective aperture of 1.25m even though the actual
aperture is 1.0m because the more sensitive Lincoln
Labs CCDs are used with a 0159 i, pass-band.

The planet detection sensitivity has a weaker de-
pendence on a number of these parameters than might
naively be expected. For example, the number of
planets detected does not depend linearly on the field-
of-view because we are able to select a field with a
higher average microlensing optical depth when the
field is smaller. Also, the dependence on the image
FWHM is relatively weak because all of the values
considered allow stars near the top of the bulge main
sequence to be individually resolved. The sensitiv-
ity decreases quite substantially at FWH¥ 0.5",
however.



We should caution that the main advantage of a
more sensitive telescope, like the proposed STEP
mission, is the increased sensitivity to multiple planet
detections. As described in sub-sectfon 3.2.1, the
proposed STEP mission should expect to detect 3-
3.5 times more multiple planet systems than the pro-
posed GEST mission would. Some of this increase
in sensitivity to multiple planets is due to the fact that
the probability of detecting two planets scales like the
single planet detection probability squared. However,
when one planet is detected, it often has a separation
that is close to the Einstein ring radius. Since a sec-
ond planet is likely to have a separation that is not
close to the Einstein ring radius, it will likely have
a weaker than average signal. Thus, the ability to
detect multiple planets is more sensitive to the tele-
scope size and detector sensitivity than the square of
the single planet detection probability.

3.5. Variable Star Background

All of our simulations have implicitly assumed
that there is no significant background of variable
stars that might interfere with the detection of plan-
ets. Some justification for this is provided by the ex-
isting gravitational microlensing surveys which have
not seen a significant background of variable stars

cock et al. 1997; Alcock et al. 2000b; Udalski
et al. 2000). In fact, the most significant source of
variability that might contaminate samples of gravita-
tional microlensing events is background supernovae
(Alcock et al. 200dc). However, the space-based mi-
crolensing program that we propose will use source
stars that are fainter than the source stars used for the
ground-based surveys. Faint flare stars (Lacy et al.
1976) are of particular concern because they can have
long quiescent phases with infrequent brightenings
seen in broad-band photometry. However, this broad-
band variability is generally seen in the blue or ultra-
violet bands, and is much less pronounced in the red
and near-IR where microlensing surveys would ob-
serve.

While the ground-based microlensing surveys fol-
low relatively bright stars in the Galactic bulge and
Large Magellanic Cloud, they also observe many
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thousands of intrinsicly fainter stars in the foreground
of these targets. None of the foreground stars ob-
served by the MACHO Collaboration has exhibited
the sort of photometric variation that could be con-
fused with a planetary microlensing deviation if, by
chance, the intrinsic stellar photometric variation oc-
curred during a stellar microlensing event. Since
we expect about0* stellar microlensing events, the
statistics of the foreground stars observed by the
ground-based surveys suggest that there should be no
contamination of the planet sample due to variable
star. The data provided by a space based survey will
provide much more stringent constraints on possible
variable star contamination, and we expect that the
accurate measurements of the light curve shape from
a space-based survey will clearly distinguish between
deviations due to microlensing and any intrinsic vari-
ability of the source star. It is likely that the variable
star background will have a negligible effect on the
sensitivity of a space-based gravitational microlens-
ing planet search program.

3.6. Free Floating Planets

The leading theories of planet formation (Levison
et al. 19900) indicate that planets of-
ten don't stay in the same orbit where they formed.
The migration of giant planets inward is thought to
be necessary to explain the “hot Jupiter” planets dis-
covered by the radial velocity planet searches, and
the orbital distribution of Kuiper Belt Objects (Mal-
hotra, Duncan & Levison 2000) suggests that Nep-
tune has migrated outward from its birth site. These
migrations are likely to be due to the gravitational
interactions of these giant planets with a large num-
ber of planetesimals in the protoplanetary disk. Many
of these planetesimals are likely to be perturbed into
highly elliptical orbits which will send them crash-
ing into the Sun or ejecting them from the solar sys-
tem, and it is expected that the most massive of these
ejected objects will have a mass in the terrestrial
planet range which means that they should be de-
tectable via microlensing.

The majority of known extra-solar giant planets
in orbits of semi-major axis> 0.3AU have rela-




tively large orbital eccentricities, and this can be ex-
plained via gravitational scattering with other giant
planets in the same system (Levison et al. [1998).
A consequence of these interactions is that many of
these giant planets will be ejected from their plane-
tary system. Terrestrial planets, which are more eas-
ily ejected via two-body interactions, should also be
ejected in large numbers. Thus, there are good the-
oretical reasons to believe that free-floating planets
may be abundant as a by-product of the planetary for-
mation process. If so, they can be detected via grav-
itational microlensing. Figur¢ 10 shows the num-
ber of free-floating planet detections expected for the
GEST mission under the assumption that there is one
free-floating planet per Galactic star. The detection
threshold is set higher for the free-floating planet de-
tections because we must searechl0® light curves

for free-floating planets while we only need to search
the ~ 10* detected stellar microlensing event light
curves for evidence of bound planets. Since theory
predicts that many stars may be ejected from the sys-
tem during the planetary formation process, it may be
reasonable to assume that there will be many more
free-floating planets than the numbers indicated in
Figure[1. If half of the star systems eject an aver-
age of tenlMg, planets each, then we would expect
to detect more than 100. In fact, there has already
been a possible detection of a free-floating planet in
the MACHO data|(Bennett et al. 1997).

3.7. Source Star Identification

The planets detected by and space-based microlens-
ing survey orbit the lens stars in the foreground of the
Galactic bulge source stars. The mass distribution of
the lens stars from our GEST simulations is shown
in Fig. [L1. This distribution is somewhat flatter than
the stellar mass function because we have assumed
that the planetary mass distribution is proportional to
the stellar mass distribution and more massive plan-
ets have a higher detection probability.

Although microlensing does not require the de-
tection of any light from the lens stars, a signifi-
cant fraction of the microlensing events seen by a
space-based microlensing survey will have lens stars
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that are bright enough to be detected. Our simula-
tions indicate that for~ 17% of the detected plan-
ets, the planetary host (lens) star is brighter than the
source star, and for another23% the lens stars that

is within 2.5 I-band magnitudes of the source star’'s
brightness. A few of these stars are blended with the
images of other brighter stars, and if we ignore those
stars, we find that 33% of the lens stars should be di-
rectly detectable. The detectable planetary host stars
are depicted in red in Fi§. J11, and they comprise vir-
tually all of the F and G star lenses, most of the K star
lenses, and a few of the nearby M-star lenses.

The visibility of the lens star will allow for the
measurement of a number of other useful parameters.
The most obvious of these are the apparent magni-
tude and color of the lens star. This would enable
an approximate determination of the lens mass and
distance if the dust extinction was small. Our field,
however, has high and variable extinction, and so it
will be prudent to obtain IR photometry. This will
allow us to estimate both the extinction and the in-
trinsic color of the star. Because our fields are quite
crowded, we will need IR observations with high an-
gular resolution which can be obtained with adaptive
optics (AO) systems on large telescope such as the
VLT, Gemini, LBT or Keck. The high stellar density
of the microlensing survey fields implies that there
are virtually guaranteed to be nearby guide stars to
provide the phase reference needed for these AO sys-
tems. We would expect to obtain two sets of IR, AO
observations: one during the event which would be
scheduled as soon as the planetary signal is detected
and the second set of observations would be taken
well after the event is over. This pair of observations
taken at different lens magnifications will allow us
to unambiguously determine the color and brightness
of the lens stars. We will require this data only for
events with detected planetary signals, and so there
should no difficulty in obtaining the ground-based
telescope time.

Another measurable parameter for the visible lens
stars is the relative proper motion between the lens
and the source which is typically ~ 8 mas/yr for a
total motion of 32 mas over 4 years. This is 15% of



a CCD pixel for the sampling of the proposed GEST
mission. Anderson and King (2000) argue that cen-
troids can be measured to 0.2% of a pixel with a
combination of a set of undersampled HST WFPC2
frames that have been dithered to recover the resolu-
tion lost to undersampling. A space-based microlens-
ing survey will provide> 100 times more data than
the most ambitious HST programs, which will al-
low numerous cross-checks to look for systematic er-
rors in the centroid determinations. Thus, we expect
that the centroids of the space-based stellar images
can be determined at least as well as the centroids
of the HST stars, so we expect to be able to mea-
sure the relative proper motion to an accuracy of a
few percent. An independent measurement of the
lens-source proper motion can be obtained for the
events which exhibit planetary lens caustic crossing
features. These comprise somewhat more than 50%
of the events in which terrestrial planets are detected,
and they allow the ratio of the angular radius of the
star to the angular Einstein radids;, to be measured

in the light curve fit. Since the source star angular ra-
dius can be estimated from its brightness and color,
an estimate ofl; can be obtained. The ratio of the
angular Einstein radius to the lens-source proper mo-
tion isfg /1 = tp, the Einstein radius crossing time
which can also be measured from the light curve, and
so these measurementspfand 6y give equivalent
information.

The measurement ¢f or 6z allows us to use the
following relation for the lens star mass,
M, = H%Dsc2 T

4G

- 2)
wherex = D,/ Dy, the ratio of the lens to source dis-
tances. This relation allows us to determine the dif-
ference between the source and lens distances when
the lens is close to the source because it indicates that
M;, and hence the lens luminosity, depends sensi-
tivelyonl—x = (Ds;— D;)/Ds. This means that the
Einstein radius,Rg, can be determined for all lens
stars with a measurement of the lens star brightness
and its relative proper motiomn,, or its color, which

in turn, implies that the planetary separation can be

15

determined in physical units. The results of this de-
termination are shown in Figd.]12, which shows the
measured separation for detected planets as a func-
tion of their orbital semi-major axis. For this plot
we have assumed that the change in the relative lens-
source centroid can be measured to 2 mas, the red-
dening corrected | magnitude of the lens can be mea-
sured to an accuracy of 0.2 mag., and the reddening
corrected I-K color can be measured to 0.1 mag. As
Fig. [12, indicates, the resulting estimate for plane-
tary semi-major axis is accurate to about 20%. The
uncertainty is dominated by the unmeasured distance
along the line-of-site. When the lens star cannot be
detected, the projected separation between the planet
and its host star can only be measured in units of
Rpg. This can be used to estimate the planetary orbit
semi-major axis by means of the expected correlation
shown in the right hand panel of Fig.]12 which indi-
cates that physical separation can be estimated with
an accuracy of a factor of 2 or 3.

3.8. Measurable Planetary Parameters

The utility of planets that are detected by a space-
based gravitational microlensing survey depends, of
course, on the planetary properties that can be mea-
sured. For thev 33% of events with lens stars that
are bright enough to be detected, the following pa-
rameters can be measured:

e The mass of the planetary host (and lens) star is
determined (with some redundancy) from the
microlensing event time scale, the lens-source
proper motion,u, and the source brightness
and color.

e The planetary mass)Mjanet, IS determined
from the the stellar mass and planetary mass
fraction, ¢, which comes from the microlens-
ing light curve fit.

e The distance to the planetary host star is deter-
mined from the same combination of parame-
ters that gives the stellar mass.

e The planet-star separation (in the plane of the
sky) is always measured in units of the Ein-



stein ring radiusR . This can be converted to
physical units when the lens star is detected.

For the remaining events with undetectable pri-
mary stars, the measurable parameters are the follow-

ing:

e The planetary mass fractioa= Mpjanet /M,
is determined from the microlensing light curve.

e The planet-star separation is measured in units
of the Einstein ring radiusk ¢, and this can be
converted to physical units with an accuracy of
a factor of~ 2.

e The masses of the free-floating planets must
generally be determined from the event time
scale only. This can be done to an accuracy of
a factor of three for each individual event.

e Many of the~ 1 Mg planets and virtually all
of the ~ 0.1 Mg planets detected will have
caustic crossing features which depend on the
ratio of the source star radius fog. This will
allow a mass estimate with an accuracy of a
factor of two for planets orbiting a star or de-
tected as isolated objects.

3.9. Planet Detection via Transits

While the focus of the space mission that we pro-
pose is to find low mass planets via gravitational mi-
crolensing, the survey will also be sensitive to gi-
ant planets via transits of the 10® Galactic bulge
stars being monitored. Since giant planets like Jupiter
have a radius that is about 10% of a solar radius, a
transit of a Jupiter-like planet across the Sun will re-
duce the apparent brightness of the Sun by about 1%.
The proposed GEST telescope has the sensitivity to
detect such a transit of a solar-type Galactic bulge
star by a Saturn size planet, and the following argu-
ment shows that such a mission can detect transits
of Saturn size planets orbiting fainter main sequence
stars, as well. The luminosity and radius of a main
sequence star obeys the following approximate rela-
tions: L o« M3® andR « M. Since the fractional
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photometric signal from a transiting planet (of a fixed
radius) goes aR 2, the signal-to-noise for a transit-
ing planet scales a&/—°2°, which is a very weak
dependence slightly favoring lower mass stars.

Some of the~ 10® target stars will have images
that are blended with those of their near neighbor
stars, and this can cause a substantial increase in the
photon noise which significantly reduces the sensitiv-
ity to planetary transits. This effect has been included
in our calculations of the expected numbers of de-
tectable planetary transits. The number of expected
planetary transit detections for planets at different or-
bital distances are summarized in Table 1 which as-
sumes a detection threshold ofééo detection of
a planet of Saturn’s radius in 5 hours of exposures.
This translates into 8o detection of a Jupiter sized
planet. A crucial ingredient of our transit detection
calculation is the inclusion of realistic stellar radii for
the source stars, because many of them have a radius
that is substantially smaller than the Sun.

Planets with orbital periods longer than 4 years
can be detected via transits, but only one transit will
be detected per planet. Such transits should have
enough signal-to-noise for a significant detection be-
cause the transit duration iz 10 hours, but the pe-
riod of the planet can only be roughly estimated from
the transit duration. Because of the huge number of
stars that will be observed, planets out~020 AU
are detectable even though there is only a probability
of ~ 2 x 1076 that such a planet would have its orbit
aligned with the line of sight and have the right or-
bital phase to transit the source star during the period
of observations. This sensitivity to distant planets via
transits means that a space-based microlensing planet
search mission will have a very substantial overlap in
the planetary separations probed by the microlensing
and transit techniques. At orbital distances of 0.4-
20 AU, the proposed GEST mission will be sensitive
to giant planets through both methods. This will al-
low cross-checks to help confirm the planetary in-
terpretation of the transits. Since the transit signal
indicates radius rather than mass, some of the tran-
sits could be caused by low mass M-dwarfs or brown
dwarfs with similar radii, but much larger masses



than giant planets. Thus, some form of confirmation
is desirable. For example, we might measure the ra-
dial velocities of some sub-sample of the candidate
planets detected via transits using a moderate resolu-
tion multi-object spectrograph. This would not allow
us to distinguish between giant planets and low-mass
brown dwarfs, but we should detect radial velocity
variations for for those stars which are transited by
M-dwarfs or high-mass brown dwarfs. This might al-
low a statistical correction for the non-planetary tran-
sits.

With the combined sample of microlensing and
transit detections of giant planets, a wide FOV space
telescope will be able to probe the entire range of
giant planet orbital radii: from 0, where the transit
technique is very efficient, too, where microlensing
is the only viable technique. Thus, such a telescope
promises a complete survey of giant planets with the
combination of the two techniques.

3.10. Additional Science with a wide FOV Space
Telescope

There are several other space-based microlensing
planet search capabilities that we have not discussed
in detail. Planets orbiting a single star of a binary sys-
tem have been detected via radial velocities (Marcy
& Butler 1996), and gravitational microlensing ev-
idence has been presented for a planet orbiting a
binary star systen] (Bennett et al. 1p99), although
this interpretation remains uncertain (Albrow et al.
2000a) due to incomplete coverage of the microlens-
ing light curve.

An additional capability that we have not dis-
cussed in this paper is the possibility of studying the
abundance of planets in external galaxies, such as
M31 (Covone et al. 2000). While most of the source
stars in M31 will be either poorly resolved or unre-
solved by a telescope with angular resolution that is
no better than that of HST, it is still possible to detect
microlensing events with giant star sources if the mi-
crolensing magnification is not too small. Because an
M31 planet search follows mostly giant source stars,
it will not be very sensitive to terrestrial extra-solar
planets, but it should be able to a detect large number
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of giant planets at a separation of 1-10 AU and mea-
sure their abundance as a function of position in the
galaxy.

Other possible science programs include a high
redshift supernovae search and a deep, wide-field,
high resolution weak lensing survey. (Both of these
are goals of the proposed SNAP mission.) It would
also be possible to carry out a deep Kuiper Belt Ob-
ject (KBO) search which should discover 100,000
new KBOs [Cook et al. 20P0). Many of these pro-
grams could be carried out during the 4 months per
year when the Galactic bulge planet search field is
too close to the Sun to be observed, and they might
be selected as a part of a general observer program
via a competitive review.

4. Conclusions

In this paper, we have presented the results of a
simulations of a space-based gravitational microlens-
ing survey for terrestrial extra-solar planets, similar
to the proposed GEST mission. We have determined
the expected planet detection sensitivity as a function
of the planetary mass fractios,and the orbital semi-
major axis, and we have shown how the sensitivity to
Earth-like planets depends on the telescope parame-
ters. We have found that such a mission will be sen-
sitive to planets down to a tenth of an Earth mass,
or about 1000 times less than the masses of planets
discovered with the radial velocity technique.

We have shown that a space-based microlensing
planet search program should be able to directly de-
tect the planetary host (and lens) stars for about one
third of the detectable planets. The observations of
the host star when combined with the microlensing
light curve will allow the determination of the plane-
tary mass and separation as well as the stellar mass,
type, and Galactocentric distance. The visible stars
include virtually all of the “solar type” lens stars,
i.e. those of spectral type F, G, or K which com-
prise about 25% of the total. For the remainder of
the lens stars, which are mostly M-dwarfs, it is gen-
erally possible to accurately determine the planetary
mass fraction and to determine the projected planet-



star separation to an accuracy of a factor of 2. For

about one third of the detected planets, the lens star
should be directly detectable in the space-based sur-
vey data and with ground-based infrared observations
(with adaptive optics). This allows an accurate deter-

mination of the mass and distance to the primary as
well as the planetary separation in physical units.

The expected scientific output of a space-based
microlensing planet search program is summarized
here:

e The average number of planets per star down
to 0.1 Mg at separations of 0.7 AU - o for
terrestrial planets and Oco for giant planets.

e The planetary mass function as a function of
the planetary mass fractior),(Mpjanet /M),
and separation, for all lens stars.

e The planetary mass function as a function of
stellar mass, Galactocentric distance, and the
planet-star separation for G, K, and early M
stars.

e The abundance of giant planet pairs. A high
abundance will indicate a large fraction of near
circular orbits.

e The ratio of free-floating to bound planets as a
function of planetary mass.

Finally, we would like to emphasize that the re-
sults that we have presented are based upon very con-
servative assumptions. We've assumed a microlens-
ing optical depth number that is 1.3 times smaller
than the latest measurements indicate. If we assume
that the optical depth measurement errors have a nor-
mal distribution, this is the 95% confidence level
lower limit on the microlensing optical depth.

We've also been conservative in the selection of
our planet selection criteria by demanding 50
improvement A\ x? > 160) for a planetary microlens-
ing fit compared to a single lens fit. This ensures that
we can make a reasonably accurate determination of
the planetary parameters, but the event count could
probably by increased by about 70% if the threshold
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was dropped t&c. Furthermore, events with a peak
magnificationA,,.. > 200 have not been included
because they may be difficult to interpret. All told, if
we dropped all of our conservative assumptions, we
would have an event rate that is 2-3 times higher than
we have reported (although the interpretation of some
of these events might be difficult).

In summary, we've demonstrated that the a space-
based microlensing planet search mission can detect
planets with masses down to that of Mars which is
a tenth of and Earth mass and some three orders
of magnitude better than current techniques. Space-
based microlensing is unique among indirect terres-
trial planet search programs in that low mass plan-
ets are detected at high signal-to-noise. Such a mis-
sion would be sensitive to terrestrial planets at orbital
distances of> 0.7 AU via microlensing as well as
giant planets are all orbital radii via both microlens-
ing and transits. If each star hasl &1 planet or-
biting at1 AU, GEST would detect- 100 of these.

For about one third of the detected planets, the host
stars would be directly observable in the images.
This will allow the determination of the stellar type,
mass, and distance, and it will allow an accurate es-
timate of the planet-star separation in AU. The re-
sults we've presented indicate that a space-based mi-
crolensing planet search program could provide very
useful statistics on the abundance of terrestrial and
giant planets well in advance of the Terrestrial Planet
Finder (TPF) mission, and this information would
likely be quite useful in planning TPF.
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Fig. 1.— The difference between ground and space-basedatataicrolensing of a bulge main sequence star
is illustrated with images of microlensing event MACHO-B&G-5. The two top panels are 50 min. R-band
exposures with the CTIO 0.9m telescope taken in 1” seeingffateht microlensing magnifications, and the two
images on the bottom have been constructed from HST framks.bdttom left image represents a 10 minute
exposure with GEST's angular resolution and pixel size,taedmage on the right is an HST image. The lensing
magnification factors are A =4 and 10 for the ground based@mnagd 1.07 for the space based image. The source
star, a Galactic bulge G-dwarf is indicated by the yellovoas.
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Fig. 6.— The sensitivity of the proposed GEST mission istphbtas a function of planetary mass fractien,
and orbital semi-major axis. The curves are contours itidigdahe expected number of GEST planet discoveries
assuming 1 planet per star with the given parameters. Tha wellow region gives the sensitivity of a 20-year
radial velocity program on the Keck Telescope assuming ectieh threshold of 10 m/sec, and the yellow lines
indicate the sensitivity of a 10-year interferometric astetry program with a 30as detection threshold. The
green regions indicate the sensitivity of the SIM recomneehndnd floor missions. The location of our Solar
System'’s planets and some of the extra-solar planets ddtbgtradial velocities are shown. Most detected Earth
mass planets have~ 10~° because the typical lens star has a mass 6f3),, so the plot indicates that GEST
can seev 35 Earth-mass ratio planets at 1 AU ard100 Earth-mass planets at that distance. The horizontal lines
indicate the sensitivity to free-floating planets since riii@re distant planets can sometimes be detected without
seeing a microlensing signal from their star.
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sensitivity due to STEP’s larger telescope and more seeditetectors is more pronounced at large and small
separations than at the region of maximum sensitivity atAR}3This is because the more sensitive mission is
able to detect planetary signals of a smaller amplitude kvbiten occur for planets with separations that are
significantly smaller or larger than the Einstein ring radiu
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Farth Mass Planet Discovery Potential
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Fig. 8.— This is a plot of GEST’s sensitivity to Earth-masarmts. The number of detected Earth-mass planets
is shown as a function of the orbital semi-major axis assgroime such planet per lens star. At a semi-major axis
of ~ 10 AU, the number of planet detections reaches the lower lifmébmut 30 set by the free-floating planet
detection calculation. Most of the planets detected withiseajor axis>> 10 AU will be detected in “isolation;
without a detection of their host star.
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Planet Detection Signal—to—Noise
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Fig. 9.— This is a histogram of the planetary detection $igance,Ax?, for different mass fractions, ranging
from e = 3 x 1077 (the mass fraction of Mars) to= 3 x 10~* (the mass fraction of Saturn). For planets with an
Earth-like mass fractiore(= 3 x 10~%) and above, more than half of the detected events Bagye> 800 which
corresponds to a8¢ detection.
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# of Free Floating Planet Detections
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Fig. 10.— The number of free-floating planets to be discavdrg GEST vs. planetary mass for 2 different
detection criteria which are equivalentido and30c, respectively.
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Mass Distribution of Stars w/ Planets
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Fig. 11.— The simulated distribution of stellar masses maghfor stars with detected terrestrial planets. Lens
stars are considered visible when they are at least 10% difritjetness of the source star, if they are not blended
with a brighter star (besides the source). 1/3 of the eveaus kisible lens stars.
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Separations for F, G, K, & nearby M Primaries Separations for Undetectable Primaries
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Fig. 12.— In the left panel, the measured separation forgitawith different orbital semi-major axes is shown for
the “visible” lens stars, for which the Einstein radidgg, can be determined . This allows the conversion of the
measured separation, s, into physical units (AU). The falig measurement accuracies are assumed:/lgns
20%, 1 — Kiens: 10%, lens-source star centroids: 2 mas. The observe@sgathe measured separation relation
is mostly due to the projection of the orbital plane on the Jiye distribution of measured star-planet separations
is shown on the right for detected planets which orbit urctaet#e stars. The observed correlation between the
planetary semi-major axis indicates that the measuredapacan be used to estimate the semi-major axis with
an accuracy of a factor of 2-3.
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TABLE 1
TERRESTRIAL PLANET DETECTION SENSITIVITY FORe = 3 x 1076 AT 0.7-1.5 AU

€ FOV minimum FWHM  Effective Telescope Aperture (m)
(sq. deg.) error 1.0 125 16 2.0

3x 1076 15 0.3% 0.32" 0.612 0.759 0.921 1.049
3x 1076 2.0 0.3% 0.32” 0.726 0.908 1.058 1.251
3x 1076 25 0.3% 0.32" 0.839 1.058 1.281 1.454
3x 1076 15 0.15% 0.32” 0.652 0.813 1.006 1.167
3x 1076 2.0 0.15% 0.32” 0.778 0.976 1.205 1.396
3x 1076 2.5 0.15% 0.32” 0.905 1.138 1.405 1.625
3x 1076 15 0.3% 0.24” 0.665 0.837 0.983 1.119
3x 1076 2.0 0.3% 0.24” 0.795 1.000 1.179 1.336
3x 1076 2.5 0.3% 0.24” 0925 1.163 1.374 1.553
3x 1076 15 0.15% 0.24” 0.704 0.889 1.071 1.251
3x 1076 2.0 0.15% 0.24” 0.846 1.065 1.285 1.494
3x 1076 25 0.15% 0.24” 0988 1.241 1.499 1.737
3x 1076 15 0.3% 0.16” 0.723 0.904 1.072 1.217
3x 1076 2.0 0.3% 0.16” 0.865 1.079 1.278 1.448
3x 1076 2.5 0.3% 0.16” 1.008 1.254 1.485 1.679
3x 1076 15 0.15% 0.16” 0.763 0.956 1.152 1.331
3x 1076 2.0 0.15% 0.16” 0918 1.144 1.378 1.587
3x 1076 2.5 0.15% 0.16” 1.073 1.332 1.604 1.844

This table shows the ratio of the number of terrestrial gldegections as a function
of the telescope aperture, field-of-view (FOV), and eflectpoint spread function
FWHM. The parameters of the GEST MIDEX proposal are indiddtebold.

33



TABLE 2
TERRESTRIAL PLANET DETECTION SENSITIVITY FOR epsilon = 107° AT 0.7-1.5 AU

€ FOV minimum FWHM  Effective Telescope Aperture (m)
(sg. deg.) error 1.0 125 1.6 2.0

107° 15 0.3% 0.32” 0.680 0.793 0.906 1.016
107° 2.0 0.3% 0.32” 0.803 0.937 1.074 1.202
107° 25 0.3% 0.327 0.925 1.082 1.243 1.389
107° 15 0.15% 0.32” 0.709 0.834 0.974 1.114
107° 2.0 0.15% 0.32” 0.837 0.985 1.153 1.320
107° 25 0.15% 0.32” 0.965 1.136 1.322 1.526
107° 15 0.3% 0.24” 0.732 0.846 0.969 1.095
107° 2.0 0.3% 0.24” 0.863 1.000 1.148 1.296
107° 25 0.3% 0.24” 0.994 1.154 1.326  1.497
1076 15 0.15% 0.24” 0.758 0.885 1.034 1.190
107° 2.0 0.15% 0.24” 0.894 1.046 1.225 1.411
107° 25 0.15% 0.24” 1.031 1.207 1.415 1.632
107° 15 0.3% 0.16” 0.769 0.889 1.039 1.164
107° 2.0 0.3% 0.16” 0.906 1.049 1.230 1.372
107° 25 0.3% 0.16" 1.042 1.209 1.421 1.582
107° 15 0.15% 0.16” 0.794 0.928 1.101 1.256
107° 2.0 0.15% 0.16” 0.936 1.094 1.302 1.483
107° 25 0.15% 0.16” 1.078 1.261 1.504 1.712

This table shows the ratio of the number of terrestrial plalegections as a
function of the telescope aperture, field-of-view (FOV) afigctive point spread
function FWHM. The parameters of the GEST MIDEX proposaliatécated in
bold.
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TABLE 3
PLANETARY TRANSITS FROMGEST

Semi-major axis (AU) Period (yrs.) # of detections tranpis planet transit duration

0.04 ~ 0.01 5,000,000 ~ 200 1.6
0.4 ~ 0.3 600,000 ~ 7 5

1.0 ~ 1.3 160,000 ~ 2 8

2.0 ~ 3.7 40,000 1 11
5.2 ~ 15 6,000 1 18
9.5 ~ 40 1,300 1 24
195 ~ 110 200 1 35

This table shows the number of expected transit planet tiescfor planets with a radius at
least as large as that of Saturn for a three year GEST misssnmang 8 months of observations
per year. The planet detection numbers assume 1 planetgper st
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