Executive Summary

We propose to apply SIM observations to 4 distinct but related microlensing experiments:
1) Measure the mass function (MF) of the Galactic bulge down to 0.01 My from ~ 200
microlensing mass measurements with separate identification of brown dwarfs (BDs), white
dwarfs (WDs), neutron stars (NSs), and black holes (BHs),

2) Measure the mass and distance of 5 of the lenses currently being detected toward
the LMC/SMC, and so determine whether they are halo objects (MACHOs) and hence a
substantial component of the dark matter, or are ordinary stars related to the LMC/SMC,
3) Measure masses of 15 nearby stars to 1% accuracy, including 4 low-metallicity stars,
4) Measure the masses of ~ 15% of planets found in bulge microlensing events.

Three of the four experiments will require (~ 4 day) target-of-opportunity (ToO) capability.

Microlensing (the gravititional deflection of light) is a powerful tool for detecting
astrophysical objects irrespective of whether they shine. More than 500 objects have
been detected over the last decade in photometric microlensing experiments, where the
lens betrays its presence by focusing (and so magnifying) the light from a more distance
source. Unfortunately, the information photometric microlensing yields about the lens is
usually highly ambiguous. For example, about 15 microlensing events have been detected
toward the Large Magellanic Cloud (LMC) but, despite considerable effort, it is not yet
known if these are due to a major, previously undiscovered, component of the Milky Way’s
dark halo, or to ordinary stars associated with the LMC itself. As another example, it
is likely that about 150 of the 500 events detected toward the Milky Way bulge are dark
(BDs, WDs, NSs, and BHs), but at present we have no idea as to which 150 these are.
Even if we did, we would not be able to estimate their masses to better than a factor of
100 because only the timescale of the event is measured, and this is only one of the three
parameters needed to determine the mass and distance of the lens.

However, microlensing also gives rise to astrometric deflections in the apparent posi-
tions of the source, which are typically of order 200 uas. These are far too small to have
been detected to date, but SIM will be able to measure them accurate to a few percent.
This provides a second parameter. In addition, because SIM works by counting photons
as a function of fringe position, its astrometric measurements are at the same time photo-
metric measurements. Since SIM will be in solar orbit, it will “see” a signficantly different
event than is seen from the ground. By comparing SIM and ground-based photometry, it
is possible to extract a third parameter. With these three parameters, the mass, distance,
and transverse speed of the lens can all be determined, often with a precision of 5%.

SIM will therefore revolutionize microlensing. It will resolve the nature of the lenses
being detected toward the LMC by measuring their distance and so distinguishing be-
tween the Milky Way halo and the LMC for their location. By measuring the masses
of bulge lenses, it will permit the separate identification of BDs (M < 0.08 M), NSs
(M ~ 1.35 Mg), and BHs (M > 3 Mg). And, while it may not be possible to distinguish
WDs on a star-by-star basis from main-sequence stars of the same mass, they can be recog-
nized from the sharp peak they induce in the MF. That is, SIM will permit an accounting
of the dark (or at least very dim) objects in our Galaxy, the currently mysterious lenses
detected toward the LMC and the non-luminous objects among the ordinary stars. Note
that because these mass measurements rely on SIM’s photometry from solar orbit, they
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cannot be duplicated by ground-based interferometers, even if these achieved an order of
magnitude better precision than SIM.

A variant on this technique will permit SIM to measure the masses of nearby stars
very accurately (< 1%). If a nearby star (e.g. < 100pc) comes close to the line of sight
to a more distant source, it generates a purely astrometric microlensing event, i.e., there is
negligible magnification, while the astrometric deflection can be hundreds of pas. Under
favorable circumstances, this deflection can be measured to 1% precision, which means
that the mass can be measured to the same level. The main difficulty is just to find
these favorable lens-source pairs that come close enough during the mission to permit such
precision measurements. We have already identified 11 pairs that will have encounters
between 2005 and 2015, and expect to be able to find 20 additional ones using existing
catalogs or catalogs to be published well before launch. These require on average 12 hours
of SIM mission time to achieve 1% precision in mass. Since the mission will last for 5
years, about half of these 30 potential measurements can actually be carried out by SIM.
Approximately 25% of these candidates are low-metallicity, while to date there are no
accurate mass measurements for low-metallicity stars.

Photometric microlensing is sensitive to planets, particularly those that are ~ 4 AU
from their parent star. None have been detected to date, but when they are, only the
planet/star mass ratio will be measured photometrically, not the planet mass or planet/star
projected separation. For ~ 15% of planetary events, SIM observations can start quickly
enough to measure the parent star’s mass and distance and so recover the planet’s mass
and projected separation. The technique is the same as to measure the bulge MF.

We request a total mission time of 1515 hours, including 1200 hours for the bulge MF,
100 hours to resolve the nature of the LMC lenses, 180 hours for the mass measurements
of nearby stars, and 35 hours to measure the masses of planets. The great majority of the
observations require only relative astrometry and will therefore be carried out in narrow-
angle mode. However, there will be some supplementary (and less essential) absolute-
astrometry observations that require wide-angle mode.

The detection of non-luminous objects, particularly black holes and planets, evokes
extremely wide interest in the general public. We plan to take advantage of this interest by
working with science education professionals to develop scientific inquiry-based units on
light, optics, and astronomy for use in grades 4-8. These units will link our measurements
of exotic objects with the broad scientific and technological goals of SIM.



Science Investigation and Technical Description

1. Introduction
We propose to apply SIM observations to 4 distinct but related microlensing experiments:
1) Measure the mass function (MF) of the Galactic bulge down to 0.01 Mg from ~ 200
microlensing mass measurements with separate identification of brown dwarfs (BDs), white
dwarfs (WDs), neutron stars (NSs), and black holes (BHs),
2) Measure the mass and distance of 5 of the lenses currently being detected toward
the LMC/SMC, and so determine whether they are halo objects (MACHOs) and hence a
substantial component of the dark matter, or are ordinary stars related to the LMC/SMC,
3) Measure masses of 15 nearby stars to 1% accuracy, including 5 low-metallicity stars,
4) Measure the masses of ~ 15% of planets found in bulge microlensing events.
Three of the 4 experiments will require (~ 4 day) target-of-opportunity (ToO) capability.

2. Scientific Objectives
2.1 Bulge Mass Function

The mass functions (MFs) of stellar populations are of fundamental importance to
astronomy. First, if the distribution of all stellar objects, including non-luminous ones
such as BDs were known, one could accurately determine the mass-to-light ratio and so
derive important constraints on dark matter. Second, any structure in the MF (such as
breaks in the power-law index) would provide an important clue to the process of star
formation. Third, measurement of the remnant (WD, NS, BH) MF for an old population
would provide important constraints on its initial mass function (IMF). The IMF plays a
crucial role in the history of galaxies and in galaxy formation in general.

At present, the only way to measure the MF of a population is to measure its lumi-
nosity function (LF) and then convert to a MF using an empirical or theoretical mass-
luminosity relation (MLR). There are two shortcomings to this approach. First, the cal-
ibration of MLRs is based on a very special class of stars (field binaries in the solar
neighborhood, e.g., Henry & McCarthy 1993) and there may be unrecognized problems
when applying this calibration to other populations. Second, and most fundamentally, the
LF measurement is sensitive only to luminous objects. Any non-luminous objects (e.g.,
BHs, NSs, old WDs or BDs) will automatically be excluded from the MF derived in this
way. It is true that for certain special populations one can partially overcome this prob-
lem. For example, in young open clusters the BDs are still luminous enough to see, and
one can therefore measure the MF well into the BD regime (Hamby et al. 1999; Lucas &
Roche 2000). However, analyses of young star clusters (ages < 10 Myrs) rest on theoretical
isochrones, while dynamical effects, such as mass segregation, may affect older clusters like
the Pleiades. Moreover, these nearby open clusters may or may not be representative of
star-formation processes in the disk as a whole. Similarly, one can hope to measure the
WD LF (and hence learn about the IMF) by deep exposures of globular clusters, but again
these systems are affected by dynamical processes.

One would really like to directly measure the masses of a population of objects, and
to be sensitive to all objects that have mass, regardless of their luminosity. Microlensing
surveys are sensitive only to mass (not light) and have detected hundreds of objects over the
last 7 years (Alcock et al. 1993, MACHO; Aubourg et al. 1993, EROS; Udalski et al. 1993,
OGLE). Unfortunately, normal microlensing observations do not permit measurements of
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the mass of the lenses. However, combined astrometry and photometry by SIM would. To
resolve the structure of the WD MF (which may be quite strongly peaked) requires 5%
mass-measurement precision, while mapping the much smoother expected structure of the
stellar+BD MF requires only ~ 15% precision. We therefore propose in § 3.1.2 a strategy
for making measurements that optimizes observation time to cover this entire range of
precisions for ~ 200 events.

These observations will probe the MF down to 0.01 Mg, i.e., a factor ~ 8 below
the hydrogen-burning limit. (The origin of this lower limit of sensitivity is given in §
3.1.4.) Thus, we will obtain an accurate census over an unprecedented mass range. For
comparison, the LF route to the bulge stellar MF has only reached ~ 0.3 Mg in the optical
(Holtzman et al. 1998) and ~ 0.15 My in the infrared (Zoccali et al. 2000). Of course,
these studies did not probe the remnant MF at all. Since the Galactic bulge is generally
considered a proxy for old spiral bulges and ellipticals, a detailed understanding of its MF
(including both dark and luminous stellar objects) will provide essential insight into these
systems which contain the majority of the stellar mass in the universe. The bulge MF
cannot be measured over this mass range by any other proposed technique, whether gound-
based or space-based. In particular, ground-based interferometry, even if it achieved an
order-of-magnitude improvement over SIM would not be able to make this measurement.

2.2 Nature of the Dark Halo

Microlensing observations were initiated toward the LMC and SMC primarily to de-
termine whether the dark halo is composed of massive compact halo objects (MACHO:s)
(Alcock et al. 1993; Aubourg et al. 1993). 5.7 years of observation by MACHO (Alcock
et al. 2000b) seemed to prove that a substantial fraction of the dark halo is in MACHOs
because the optical depth (probability that a given source star is microlensed at a given
time) was 7 = 1.270:3 x 10~7, about 1/4 the value expected for a MACHO dark halo, and 5
times higher than the theoretical upper limit of the “self-lensing” that could be generated
by a virialized LMC disk (Gould 1995¢). Nevertheless, the community has been extremely
skeptical of this result, primarily because the estimated mean mass of the lenses (assuming
they are in halo) was M ~ 0.4 M. Hence they could not be made of hydrogen, else they
would be luminous. Space considerations do not allow us to properly review all the ideas
that have been advanced to explain this conundrum, nor all the counter-arguments chal-
lenging these suggestions. Very briefly, Sahu (1994) and Wu (1994) originally suggested
the lenses could be in the LMC, which was countered by Gould’s (1995¢) virialized-disk
argument. Zhou (1998) proposed that the lensing could be due to a random object trav-
elling through the Galactic halo such as a dwarf galaxy or tidal debris from a disrupted
dwarf, and Zaritsky & Lin (1997) claimed to detect such an object. A variety of counter-,
counter?-, and counter3-arguments were given by Alcock et al. (1997b), Beaulieu & Sack-
ett (1998), Ibata, Lewis, & Beaulieu (1998), Gallart (1998), Gould (1998, 1999), Johnston
(1998), Bennett (1998), and Zaritsky et al. (1999). Another possibility is that the lenses
are halo WDs, which would be consistent with the above mass estimates. However, WDs
appear to be strongly ruled out by a variety of independent arguments (Graff et al. 1999
and references therein). Ibata et al. (1999) believe they may have detected such a halo WD
population in the HDF, but Flynn et al. (2000) argue that this is unlikely. As we discuss
in § 3.1.1, the mean mass estimate ~ 0.4 My actually depends on the details of the as-
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sumed velocity and distance distributions of the MACHOs. Gyuk, Evans, & Gates (1998)
therefore investigated whether any such distribution (consistent with other constraints)
could bring the mass estimate down to the BD regime, but found that none could.

A large number of ideas have been advanced to deduce the location of individual lenses
for various special cases of events (Gould 1996; Han & Gould 1997; Zhao 1999a,b, 2000;
Zhao, Graff, & Guhathakurta 2000). Nevertheless, to date there is only one Magellanic
Cloud event (a caustic-crossing binary-lens) for which there is an unambigous determi-
nation of the lens location: a massive observing campaign by 5 microlensing collabo-
rations operating from 8 observatories measured the relative lens-source proper motion
trel = 1.30 £ 0.08 kms~'kpc~! and therefore showed that the lens must be in the SMC
(Afonso et al. 2000). Another (LMC) binary-lens event provides similar, but less convinc-
ing evidence of being self-lensing (Alcock et al. 1997a,2000a). In principle, more caustic-
crossing binary lenses could have their locations determined. However, since $10% of
lenses are caustic-crossing binaries, and since one could (quite plausibly) argue that MA-
CHOs do not form many binaries, one cannot rule out the MACHO-halo hypothesis by
any number of such measurements.

In brief, after a decade of determined effort, the nature of the lenses being detected
toward the LMC/SMC is not resolved, and there is no clear resolution on the horizon. This
problem, which carries with it the nature of the dark matter, is of immense importance to
astronomy. If the lenses are halo objects, then they represent more mass than all previously
identified stars and gas in the Milky Way. So many dark halo objects in the half solar
mass range would have striking implications for the structure and formation history of the
Milky Way, and raise several confounding questions about galaxy formation in general.

SIM can resolve the nature of these lenses unambiguously. The same type of measure-
ments that we propose for measuring the mass of individual bulge lenses, can be applied
to measure the mass, velocity, and distance of lenses towards the LMC/SMC. Because
the LMC/SMC sources are much fainter than the bulge sources, the required SIM time
is much greater, even to achieve substantially worse precision. However, to definitively
resolve the nature of the lenses, only ~ 5 mass/distance measurements are required and
only to a precision of ~ 20%. This can be achieved in about 100 hours of SIM time.

Thus, it will be straight forward for SIM to determine the nature of these lenses, and
hence determine whether the dark matter is composed in significant part of MACHOs.

2.3 Masses of Nearby Stars

Except for the Sun, all stars with measured masses are in eclipsing or visual binaries.
These are essentially drawn respectively from magnitude- and volume-limited catalogs,
and hence the former are overwhelmingly high-mass stars and the latter are mainly low-
mass. In both cases, there is a strong bias toward metallicities near solar. The precision
of the eclipsing-binary measurements can be better than 1%, but the visual-binaries are
generally measured to no better than 5% and often much worse (Henry & McCarthy 1993),
although in recent years there have been a few high-precision measurements of visuals using
interferometry (Armstrong et al. 1992; Boden et al. 1999a,b, 2000; Hummel et al. 1994,
2000). See Figure 1. In principle, one would like to use these mass measurements to check
theoretical predictions for mass as a function of luminosity and metallicity, and also to
determine whether mass is a function of any additional parameters. In practice, the large



Fig. 1. Existing mass measurements as L] I T
a function of bolometric magnitude, includ- ~ 5
ing eclipsing binaries (solid circles) and visual
binaries (open triangles). The curves show

various theoretical predictions for [Fe/H]= 0
(bold) and [Fe/H]= —1 (solid). Clearly the
data are incapable of distinguishing between
the models. SIM will produce about 15 mass ]
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largest. Of these 15, 4 will be low-metallicity
stars. Presently there are no mass measure-
ments at low metallicities.

errors and narrow range of metallicities explored mean that it has been possible only to
derive a MLR at fixed (roughly solar) metallicity.

Astrometric microlensing of nearby stars provides an alternate route to masses with a
number of appealing features. First, it works by a completely different physical principle
than the standard methods. Second, it works for single stars (and components of binaries
with much wider separations than visuals). Third, the selection bias is toward high proper-
motion (hence low-metallicity, —2 5 [Fe/H] S —1) stars. Finally, 1% precisions are relatively
easily achieved. About 15 such measurements could be made in about 180 hours of SIM
time during a 5-year mission. We discuss these four advantages in turn.

Standard mass measurements are based on Keplerian orbits, while astrometric mi-
crolensing mass measurements are based on deflection of light. Hipparcos measurements
of light deflection by the Sun on the relevant (~AU) scales confirm general relativity’s
prediction of the correspondence of the two methods to within a factor v = 0.997 £+ 0.003
(Froeschle, Mignard, & Arenou 1997). Hence, comparison of the results of the two methods
is an excellent test of any “hidden systematics” in either.

While there is no known reason for binary members and single stars to have different
spectral properties at the same mass, neither is there any observational evidence to the
contrary. Astrometric microlensing is the only known way to obtain accurate masses of
single stars (except the Sun), and so provides the only check on this assumption.

The complete lack of mass data for low-metallicity stars means that stellar models
in this regime are very poorly constrained by observations. This limits our ability to
transform the LF's of globular clusters into MF's, and also creates uncertainty in estimates
of the age of globulars from the brightness of the turnoff. Moreover, if models were
compelled to reproduce observed masses at a range of metallicities, they would become
more sensitive to the details of the internal structures of stars.

Finally, 1% mass measurements of all types of faint stars (dwarfs, subdwarfs, WDs,
and BDs) would mark an order of magnitude improvement over the current situation and
hence would challenge stellar models at a much higher level.

It is possible that some, but not all, aspects of what SIM can achieve could be ac-
complished by other means. For example, photometric surveys of globulars are revealing
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some eclipsing binaries (e.g., Kaluzny et al. 1999) that could ultimately be used for low-
metallicity mass measurements, assuming the components are sufficiently separated to
rule out interactions. However, precisions of better than 5% are unlikely and even these
may be restricted to turn-off (i.e., evolved, not main-sequence [MS]) stars for the fore-
seeable future. Hummel (1999) predicts that the Navy Prototype Optical Interferometer
(NPOI) will obtain 1% mass measurements of 164 stars. If so, two completely independent
mass-measurement methods (SIM and NPOI) would both achieve 1% precision. Any dis-
crepencies between masses at fixed spectral type would then imply undetected systematic
errors in one of the techniques or a dependence of mass on stellar characteristics not easily
detected in spectra. Either would be quite important for precision modeling of stars.

2.4 Masses of Planets Discovered in Microlensing Searches

Microlensing is a potentially powerful way to discover planets (Mao & Paczyriski 1991;
Gould & Loeb 1992). While several interesting candidates have been discovered, there are
as yet no secure detections (Rhie et al. 1999; Bennett et al. 1999; Albrow et al. 2000a,b;
Gaudi et al. 2000). The major advantages of microlensing relative to other techniques are:
1) it is sensitive to planets at larger radii, and 2) it is sensitive to lower mass planets.
The major disadvantage is that typically one measures only the star/planet mass ratio,
but measures neither the planet mass nor the star/planet separation in physical units.
Hence, microlensing is useful mainly to characterize planets statistically rather than on a
planet-by-planet basis. Another disadvantage is that no follow-up study of the planetary
system is possible. This disadvantage is somewhat compensated for because, unlike most
other techniques, microlensing can discover planetary systems throughout the Galaxy.

If the planetary perturbation occurs early enough in the event, then SIM observations
(see §§ 2.1 & 3.1) can determine the mass and distance to the primary lens and thus the
planet mass and star/planet projected separation. At present it is difficult to estimate
the rate of planet detection during the mission because microlensing planetary searches
are nowhere near their maximum potential for discovery. Our initial projection is that it
will be possible to measure masses for only a small number (< 5) of events over the SIM
mission. This sample would not be large enough to make a statistical statement about the
planets being detected. [By the same token, it should require relatively little (<35 hrs)
of observation time.] However, it should be useful as a calibration of the (now purely
theoretical) estimate of what part of planet parameter space microlensing is sensitive to.
If, as we note above is possible, the true rate is significantly larger, we will expand our
planet mass measurements, somewhat at the expense of our bulge MF program.

3. Science Measurements
3.1 Bulge Mass Function
3.1.1 Physical Principles

The quantities that can, in principle, be measured via microlensing are related in a
complicated way to the mass M and the other physical parameters of interest:

4GM - 4GMDrel 9E
Op = |/ = — = |2 = 2B 1

D;llzdi‘l__d';‘l, Brel = K — s, (2)

where
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Fig. 2: Rates of microlensing events
toward the bulge by mass (panel a) and time
scale (panel ¢) for MS+BDs (0.03 Mo < M <
1 Mg) (bold dashed curve) and WD, NS, and
BH remnants (solid curves). The total is
shown by a bold solid curve. The mass model
(a) is described in § 2 of Gould (2000b). The
mass model is convolved with the time scale
distribution at fixed mass (b) derived in §
2.2 of Gould (2000b), to produce the observ-
able time scale distribution (c¢). The abscis-
sae of panels () and (c¢) contain logtZ rather
than logtg so that they can be directly com- 10g1(te/ty)]
pared with panel (a), since t4 oc M. All 50E_HIT]HH;HH|III
three classes of remnants are clearly identifi- (©)
able in the mass distribution which could be
extracted from SIM observations, but are ut-
terly lost in the time scale distribution. The 0
normalizations in panels (a) and (c) are for
100 events. Panel (b) is normalized to unity. 10g{(te/tyysur) ]
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d; and p; are the lens distance and proper motion, and ds and p, are the corresponding
quantities for the source. Note that AU/D,e = 7re1, the lens-source relative parallax.

Here, fg is the angular Einstein radius, 7g is the projected Einstein radius, and tg is
the Einstein crossing time. The reason that these are the 3 measurable quantities is that
all microlensing effects scale with the Einstein ring radius, the effective range of action of
the lens, while g is the Einstein ring projected onto the plane of the sky, 7g is the Einstein
ring projected onto the plane of the observer, and tg is the time it takes the source to
traverse the Einstein ring.

In fact, the only one of these quantities that can be routinely measured by traditional
(photometric) microlensing techniques is tg. Since M t%}, it seems at first sight possible
to obtain a rough estimate of M from tg and equation (1) by making statistical estimates
of D, and pre. However, from Figure 2, the FWHM of this mass estimate is a factor
~ 100, and the full-width quarter maximum is a factor ~ 1000, which imply that very
little about the mass function apart from its mean and variance can be extracted from
normal microlensing observations, even assuming that the distributions of D¢ and p.e are
known. In fact, these distributions are not known and are the subject of some controversy.

For a few, very atypical events, it has been possible to measure fg by using the angular
size of the source as a “standard angular ruler” (Alcock et al. 1997¢,2000a; Afonso et al.
2000; Albrow et al. 2000b), and for a different few, it has been possible to measure 7g by
using the Earth’s orbit as a “standard ruler” in the plane of the observer (Alcock et al.
1995; Bennett et al. 1997; Mao 1999). However, to date there has not been a single event
for which both g and 7g could be measured, and for which M and D, could consequently
be unambiguously determined: M = (c?/4G)7g0g, Diel = 7E/0E.



3.1.2 SIM Implementation

To understand how SIM can make mass measurements routinely, even though no
masses have been measured previously, it is helpful to write equation (1) in physical units,

M 1/2 Dot —-1/2 M 1/2 Dey 1/2

O = 2 "5 = 8.5 AU
E 80“35(0.31\4@) <30kpc> 'E <0.3M@> <30kpc> !
3

where we have scaled to typical bulge parameters.

The two images are separated by ~ 20 which is an order of magnitude smaller than
can be resolved by SIM. However, SIM can determine g from the deviation of the centroid
of the combined images, O4ey, relative to the expected position of the source in the absence
of microlensing (Boden, Shao, & Van Buren 1998; Paczyriski 1998),

u orel
04y = ——— Og, = X 4
d u2+2 B v 9E ()

Here, 6, is the angular position of the lens relative to the source (as it would appear in
the absence of light deflection), and u is the same quantity normalized to the Einstein ring.
Note that 04e, achieves a maximum at u = v/2, when 046y = 05 / v/8. Thus, measurement
of this deviation of the centroid is well within SIM’s capabilities. Although it is not
obvious from equation (4), O4ey traces out an ellipse (see Boden et al. 1998, Fig. 7). The
axis ratio of the ellipse is determined by the impact parameter 8 = umnin, which is much
better determined from the photometry (see below) than the astrometry. Hence, a series
of astrometric measurments can be fit to an ellipse of known axis ratio. The size of this
fit ellipse gives fg, while its orientation gives the direction of relative proper motion,
HPrel = dorel/dt‘

The projected Einstein radius 7g can be measured using the Earth-SIM separation
(projected onto the plane of the sky), dg_simv as a “ruler”. The event as seen from SIM
will be displaced in the Einstein ring from the one seen from Earth by Au = dg_sim/7E-
Hence, the impact parameters as observed from the two stations will differ by AS and the
times of closest approach will differ by Atq according to

—A—t—O:Au cos¢:di_sﬂcos¢, AﬁzAusingb:Msinqﬁ, (5)

te TE TE
where ¢ is the angle between u,; and the Earth-SIM axis. These offsets can be measured
by comparing the photometric microlensing events as seen from Earth and SIM. For each,
the observed flux is given by

uz —to 2 1/2
F(t) = FyA(ult; to, 8, t5]) + F, A(u):u\/T:—_jZ, u(t) = {(tt;) +ﬁ2] . (6)

where Fy is the unmagnified source flux, and Fj is the sum of all background light (which
does not participate in the event). FEach light curve can be fit for the 5 parameters
to,B,tg, Fs, and F,. Then AB = fBsim — B, and Aty = tosmm — to,g- From these
measurements one can therefore determine both 75 and ¢ (Refsdal 1966; Gould 1995b).
This chain of deduction is illustrated in Figure 3. Note that the SIM orbit will drift
away from Earth at ~ 0.1 AUyr~!, so that at mid-mission Au ~ 3% for typical bulge
parameters.
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Fig. 3: Geometry of microlensing par-
allax. Panel (a) is an elaboration of the lens-
ing geometry for a hypothetical observer per-
fectly aligned with the source-lens axis: « is
the bending angle and g is the angular Ein-
stein radius. The physical Einstein ring is
the circle centered on L. Its radius, rg, is not
explicitly labeled. In addition, the diagram
shows 7g, the projection of rg onto the plane
of the observer. Panels (b) and (c) show how
7g is measured by parallax. Panel (b) shows
the source position in the Einstein ring as Seplen gt
a function of time (labeled in days) as seen
from the Earth and SIM. The vector separa-
tion Au = (Atgy/tg, AB) remains a constant
during the event. The resulting light curves
as seen from the Earth and SIM are shown in
(c). By measuring the impact parameters (3
and A’ and the times of maximum ¢ty and ¢, 3

one can reconstruct the geometry of (b) and SR -
so determine Au. From (a) it is clear that the 5§ 25F —
magnitude of this vector, Au, is the distance 3 = =
to SIM dsiv as a fraction of 7g. One there- = 2 E_ I
fore recovers 7g = dsim/Au. The solution S 45 = _f (C)
is actually degenerate because from the light - !‘I’| L I?m ll‘l‘m‘m:

curves (c) alone one cannot tell whether the
source trajectories in (b) pass on the same or
opposite sides of the lens. As discussed in the
text, the degeneracy can be broken.

30 40 50 60 70
Time of Observation (days)

While SIM was not originally designed to do photometry, it makes astrometric mea-
surements by centering the central fringe which in turn requires scanning (i.e., counting)
photons over this fringe. These counts (if recorded and sent to the ground) constitute
photometry. The Earth-based photometry need be only somewhat better than the SIM
photometry, and therefore can be obtained easily on 1m class telescopes.

Gould & Salim (1999) have analyzed the full astrometric+photometric problem and
found that for a range of typical bulge parameters, it is possible to measure both M and
D, to ~ 5% precision with a total of 5 hours of SIM time for an I = 15 source star. For
I = 17, the precision drops to 12% for the same 5 hours of observation time. That is, the
precision scales simply as the inverse square root of the total number of photons.

From the measurements of 6g, 7g,tg, and ¢ and equation (1), one obtains M, D,
and p..;. From the late-time astrometric measurements of the source, one obtains d; and
i, Combining these gives the mass, distance, and transverse velocity of the lens. [We
note that getting ds and p, for ~ 200 bulge sources would be of considerable interest in its
own right, although one would have to take account of the (microlensing) selection bias.]
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3.1.2.1 Enhanced Sensitivity to Stellar-Mass Black Holes

The program of observation described in the previous section has relatively low sensi-
tivity to stellar mass BHs, primarily because such objects are expected to be rare (1%,
Gould 2000b), but also because the ratio dg_siv/7E is so small that it is hard to determine
75 (Gould & Salim 1999). Fortunately, BH events tend to last long enough that 7g can
usually be measured from the ground due to the distortion of the light curve produced
by the motion of the Earth about the Sun (Gould 1992; Alcock et al. 1995). Thus, it is
only necessary for SIM to measure fg in order to determine the lens mass and so confirm
that it is a BH. Since 0g tends to be exceptionally large (see eq. 1), this measurement is
exceptionally easy. It can be done for fainter sources because lower astrometric precision
is required. It can even be done for events that ended (photometrically) before SIM was
launched. For example, MACHO 98-BLG-6 peaked in July 1998 and has a timescale of
tg = 225 days, so the photometric event is already over. However, if the lens is a BH of
mass M ~ 6 Mg, then g = 4.8 mas. Hence, between 2006 and 2011, the proper motion of
the image centroid will change by Ap = 28 pasyr~!, which would be measurable by SIM.

We expect that of order 10 long-timescale events will take place either before or during
the SIM mission for which ground-based parallaxes will be obtained, and which therefore
can easily have their masses measured by SIM. In this way, we will dramatically enhance
our sensitivity to BHs.

3.1.3 Resolution of Degeneracies

A potential complication is that AJ cannot in fact be determined just from (g and
Bsim- Rather, there is a four-fold degeneracy A1 = +|Bg + Bsim| which arises because
the two trajectories in Figure 3b can be on the same or opposite side of the center, and
because the entire diagram can equally well be reflected about the z-axis. The latter two-
fold degeneracy would affect only the direction of motion, but not the mass or distance,
and hence would not seriously degrade the science. However, the former would have a
major adverse impact because it would affect both M and d;.

In fact, these degeneracies are not a serious problem for M 2 0.01 M. First, they can
usually be broken by two independent methods (photometric and astrometric), provided
M2z 0.01 Mgy (Gould & Salim 1999; Gaudi & Gould 1997a). Second, for the specific SIM
orbit (and for the same mass range), almost all events have [S_ as their true solution.
The false ((4) solution then corresponds to a lens far in the foreground, which would be
obviously anomalous since real such events are very rare. Hence, there will be multiple
independent methods for breaking the G4 degeneracy. All these methods break down for
M 50.01 Mg, and this sets the lower mass limit on the sensitivity of the experiment.

3.1.4 Real-time Identification of Candidates

To measure the mass of a microlens, SIM observations (and simultaneous intensive
ground-based observations) must begin well before the peak of the event. The simulations
of Gould & Salim (1999) specifically assumed they begin at A = 1.5, i.e., at about a time
0.75 tg before the peak. Real-time alerts will be provided by the OGLE collaboration of
which one of us (BP) is a member. OGLE has substantial experience providing microlens-
ing alerts (http://www.astrouw.edu.pl/~ftp/ogle/ogle2/ews/ews.html) including 48 dur-
ing 1999 and 23 in the first 3.6 months of 2000. OGLE expects to upgrade its microlensing
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search observations during 2000, primarily by increasing the size of its camera (16 times
more pixels, 6.25 times larger angular area), but also by introducing improved (image-
subtraction) processing algorithms. Because of the high S/N requirements, SIM obser-
vations will be restricted to lensing of relatively bright (I < 17) sources. At present,
we are anticipating that OGLE will be able to alert on these at A = 1.25, or ~ 1.1tg
before peak. This implies that SIM observations can begin by A = 1.5 for events with
tE > tE thresh = 6 days, assuming an optimistic ToO warning time of 2 days. We adopt this
timescale as the threshold for SIM observations and then discuss various contingencies.
The fraction of lensing events with tg > tg thresh for lenses of mass M observed in a
field with Galactocentric impact parameter b is F[(tg thresn/toar)?] where (Gould 2000b),

V2GMb b \Y:r M \Y? o -1
tor = S22 — 6 days | —— 7 S —
oc 550 pc 0.065 Mg 110kms—!

o is the bulge velocity dispersion, and where we have normalized to the approximate
characteristics of Baade’s Window. F(z) is the cumulative distribution function whose
differential form is shown in Figure 2b. Specifically, F'(1) = 0.73, F'(2) = 0.61, F'(5) = 0.41,
and F'(10) = 0.30. That is, there is a very long tail toward higher timescales at fixed
mass. This means that for ¢g thresh = 6 days we would be 41% complete at M = 0.013 M,
and 30% complete at 0.0065 Mg. The estimate of a 2-day ToO warning time may prove
too optimistic. However, this will not critically impact the science. If the ToO time is
doubled to 4 days, we have several options that would improve our sensitivity to short
timescales (and hence low masses): we can work with OGLE to achieve earlier alerts, we
can somewhat increase the observing time for short events to compensate for starting at
A > 1.5. Finally, even in a pessimisitic scenario where we were forced to adopt tg thresh =
10 days, we would still be 30% complete at M = 0.018 M, i.e., well into the BD regime.

Two factors will combine to degrade our sensitivity for M £0.01 Mg. First, our
timescale threshold cannot be pushed much below 6 days, and so below 0.01 M we cap-
ture an increasingly smaller fraction of events. Second, the degeneracies discussed in §
3.1.3 become increasingly difficult to break. Hence, 0.01 M marks the approximate lower
limit of the mass sensitivity of the experiment.

3.1.5 Ground-based Follow-up Observations

Ground-based photometry is essential to measuring g and so obtaining masses.
In principle, SIM astrometry+photometry alone could measure 7g (Boden et al. 1998;
Paczynski 1998), but they would require 2 10* times more SIM time to achieve the same
precision (Gould & Salim 1999). To ensure that the ground-based observations are not
the limiting factor, the observing time on a 1m ground-based telescopes should be ap-
proximately equal to the SIM time. Accurate determinations of A3 and Aty require good
coverage over the peak. To ensure that these measurements are not often compromised
by weather, there should be observatories on at least two continents that cede observing
time to SIM targets whenever necessary. We are in the process of negotiating agreements
with several such observatories and do not foresee any fundamental difficulties in obtain-
ing coverage. Three of us (DB, DD, SR) have substantial experience in organizing and
analyzing high-precision microlensing follow-up observations.
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3.1.6 Extracting a Mass Function

How accurately will the bulge MF be measured? There are really three questions
here: 1) how reliably can we reconstruct a histogram of observed masses? 2) how well do
we understand the selection function that relates this histogram to the underlying MF?,
and 3) how will statistics limit the interpretation of the selection-corrected histogram?

1) We have argued in § 3.1.3 that for masses M2 0.01 M, discrete degeneracies
will not play a significant role, i.e., each mass measurement can be intrepreted almost
unambiguously up to its 5%—15% statistical error.

2) The observed event rate at fixed M and tg (both of which are observables),
['(M,tg), is related to the MF, ®(M), by

Lo (M, tg)  €(tr) fo (th/tin) M >@(M) (8)

where €(tg) is the detection efficiency of finding events of timescale tg in the OGLE survey,
and fq (t5/t2,,) is the differential distribution of tg at fixed mass M and sky position Q. If
e and f are known perfectly, the observed mass measurements can be translated into a MF
histogram which still has statistical, but no systematic errors. € can be calculated directly
from the OGLE survey data. Two of us (DB and KG) have substantial experience doing
this for the MACHO survey, and we do not expect any additional difficulties applying
previously developed methods to the OGLE survey. In a simplified (isothermal) model of
the Galactic bulge, f is a universal function which is shown in Figure 2b. This function has
1 adjustable parameter (o) which can be directly determined from the mass measurements.
More accurate models of the bulge will lead to slight variations of f() as a function of €2, but
once o is determined, these will not significantly affect the survey-area averaged value of f.
Hence, the transformation from observed masses to MF-histogram should not be seriously
affected by systematics. The MF determination will therefore be statistics limited.

To characterize the sensitivity of the experiment to the MF in the BD regime, we ask
how well it could measure a hypothetical break in the power-law index at the hydrogen-
burning limit from ays = —1.3 measured by Zocalli et al. (2000) in the range 0.15 Mg <
M < 0.7 Mg (and extended arbitrarily by us to M = 0.08 M) to app = ams + Aa for
0.01 Mgy < M < 0.08 M. Following Gould (2000b), we assume that 20% of the lenses
detected toward the bulge are disk stars, and 20% of the bulge lenses are remnants. For
finding the break in the slope, we restrict consideration to masses 0.01 My < M < 0.4 M,
so as not to be affected by WDs on the one hand and the regime of mass degeneracies on
the other. For simplicity we assume €(tg) = const. We apply the method of Gould (1995a)
and find that for {g thresh = 6 days

o(Aa) = 0.44 (5%%) s (9)

This rises only to 0.46 for tg thresh = 10 days, confirming the qualitative analysis in § 3.1.4.
Thus, to detect a significant (Aa ~ 1) break at the 2 o level requires ~ 200 events. If the
slope in the stellar range (0.08 Mg < M < 0.4 M) is regarded as known (say from future
star counts), then the coefficient in equation (9) is reduced to 0.20 for both thresholds.
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Gould (2000b) estimates that a fraction ~ 15% of bulge microlensing events are due
to WDs centered at M = 0.525 M, of which ~ 1/3 lie in one 0.05 Mg bin and ~ 60%
lie within 3 contiguous bins. The MS “background” is about half of the WD density in
the central bin. These numbers imply that for the N = 100 events with ~ 5% mass
measurements, the central WD bin is expected to have 4 WDs and 2 MS stars, and each
of the neighboring bins 1.5 WDs and 2 MS stars. The appearance of 6 stars in the central
bin where 2 “background” were expected could occur by chance with probability only
~ 1.5% and hence would by itself imply detection with good confidence. For the full
sample of N = 200 stars (including 100 with ~ 15% precision) there would be 14 WDs
in the 3 central bins together with 12 background MS stars. Together these would allow
a measurement of the frequency of WDs to ~ 30% at the 1o level. Note that it may be
possible to remove the “background” entirely by resolving the ~ 0.6 My MS lenses using
ground-based interferometers several years after the event. In this case the WD frequency
could be measured to ~ 18%. Another ~ 5% (or 10 events) would be due to NSs and
BHs. Gould (2000b) showed that for the better-precision half of the events, these would
be recognizable as such, but perhaps not for the worse half.

Note that binaries do not pose a significant problem for the MF determination (as
they do when it is derived from a LF) because the fraction of binaries that are far enough

inside the Einstein ring to appear combined as single masses is $10% (Gaudi & Gould
1997b; Chang & Han 1999; Han, Chun, & Chang 1999)

3.1.7 Mid-mission Reality Check

Clearly, this experiment is quite complicated. Not only does it seek to make use of
SIM’s previously unrecognized photometric capabilities, but it requires real time alerts
of microlensing events for SIM to observe as well as simultaneous follow-up observations
from the ground. While all these aspects have been simulated by Gould & Salim (1999),
and while such simulations will be updated and refined as the characterization of SIM’s
capabilities evolves, the very complexity of the project creates the possibility that some
unrecognized interplay among its elements will critically degrade its performance. If such
a problem were not discovered until after the mission, a significant fraction of SIM time
would be wasted on a promising but unproven idea.

We therefore point out it should be possible to use intermediate SIM data to test
whether this complex experiment is yielding its expected precision one year after the
first microlensing observation. While the full results (in particular d; and p;) depend
on accurate measurements of ds and p,, and therefore on an accurate grid solution, the
measurements of 4, (and therefore g, and so M and Dy;) do not require a grid solution.
Rather, 64y need be measured only relative to the source position expected from its
parallax and proper motion relative to the reference stars. Gould & Salim (1999) show
that this can be obtained one year after the peak of the event. Thus, if the experiment
contains a hidden flaw, it will be possible to find it long before the mission is over.

3.2 Nature of LMC/SMC Lenses

The techniques to measure the mass, distance, velocity of the LMC/SMC lenses are
essentially identical to those used to measure the bulge lenses. Hence, almost all questions
relevant to this experiment are covered in § 3.1. A few specific points call for some
clarification. First, OGLE will again provide alerts for these events. Second, since the
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events are relatively long (tg) ~ 45days, ToO requirements are less stringent. Third,
LMC/SMC events that are accessible to SIM (V' 520) are quite rare, essentially all such
events should be followed. We expect ~ 5 events, and our simulations show that even 4
would decisively determine whether the LMC/SMC events are due to halo lenses or self-
lensing. Finally, we note that for halo lenses we will be able to measure both g and 7g,
and so determine M, d;, and g, all of which would provide extremely interesting clues to
the nature of the MACHO halo. On the other hand, if the lenses are in the Clouds, the
measurements of 0 and 7 1 will both be consistent with 0, so there will be no quantitative
information on M, d;, and g; (Gould & Salim 1999). However, the combination of these
two indpendent null results will provide unambiguous confirmation that the lenses are
indeed in the Clouds.

3.3 Masses of Nearby Stars
3.3.1 Physical Principles
For 0.¢1 > 0g (i.e. u>> 1), the astrometric effect falls o u=1. From equation (4),

02 M (6 " el &
odev - eTElorel = 800 pas M@ < 1/(3 > 0//61 orel- (10)
re ’

By contrast, the photometric effect falls oc u=* (see eq. 6). Hence, for nearby lenses, there

can be a major astrometric effect without any detectable photometric effect. This is the
regime of “pure astrometric microlensing”. Since Ogey, Trel, and @ can all be determined
from a time series of relative astrometric measurements of the lens and source, it is possible
to extract the lens mass from these measurements and equation (10) (Refsdal 1964).

3.3.2 SIM Implementation

Paczyniski (1995, 1998) and Miralda-Escudé (1996) advocated applying this idea to
modern astrometry missions, especially SIM. Paczynski (1998) noted in particular that
Hipparcos stars alone might give rise to several dozen such events over a few years.

The probability that a given nearby star will deflect the light of some more distant
source by enough to measure its mass to some fixed precision (say 1%) in a given amount
of SIM time (say 10 hours) scales as

P x MmuN (11)

where M, 7, and p are the mass, parallax, and proper motion of the lens, and N is
the number density of background stars. Hence, the best place to look is a catalog of
nearby, high proper-motion stars with good coverage of the Galactic plane. We draw our
candidates for mass measurement from two existing catalogs (Hipparcos and Luyten), plus
one catalog that we expect to become available well before the SIM mission (either Guide
Star Catalog IT or USNO-B). To understand the role of these catalogs and the importance
of supplementary ground-based observations in choosing candidates, we first note that the
total amount of SIM time required for a 1% mass measurement is given by (Gould 2000a),

,B -2 Drel —2 M 2 '7 0.4(V-17
Tsim = 4h st — ) L1004(V-17) 12
SIM Ours(].” 10 pC M@ 10 0 ( )
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where (3 is the angular impact parameter of the event, V is the apparent magnitude of the
source, and 7 depends on the geometry of the event. (v achieves its minimum, vy, = 10,
for most events that we select.) For all catalogs, the errors in estimating M and V do not
introduce major uncertainties in T'syps. However, for some catalogs estimates of 8 and
Dy can be off by a factor 3 or more, leading to uncertainties in Tsyps of a factor 100,
which is unacceptably high. Nevertheless, the uncertainty in T'syps can be reduced to a
factor < 2 by ground-based observations, as we describe below. This means that if SIM
observations are planned to achieve 1% mass errors, they will actually achieve 0.7%-1.4%.

3.3.2.1 Hipparcos

Salim & Gould (2000a) compared the future predicted positions of Hipparcos stars
with the (roughly fixed) position of background stars in the all-sky position catalog USNO-
A2.0 (Monet 1998) and found 11 events between 2005 and 2015 that require SIM time
Tsram < 14 hours to yield 1% mass measurements. Given equation (11) it is perhaps not
surprising that these 11 include Proxima Cen, 61 Cyg A (2 events), and 61 Cyg B, and that
Barnard’s star yields a 2% measurement. Hipparcos astrometry gives excellent measure-
ments of 8 and D,e], so supplemental observations are not required to confirm Hipparcos
candidates (although they will be needed to fine tune the SIM observing strategy).

3.3.2.2 Luyten (NLTT)

Luyten’s (1980) NLTT catalogue provides proper motions and photographic photom-
etry for ~ 42,000 stars with g > 0”.18. The proper motions are only accurate enough to
predict 2010 positions to 1”2, and the NLTT stars do not in general have trigonometric
parallaxes. However, Salim & Gould (2000a,b) have identified 181 proto-candidates. CCD
imaging (Salim & Gould 2000b) provides photometric parallaxes and astrometry accurate
enough to predict SIM times to within a factor of 2. From a statistical analysis they pre-
dict that the full sample will yield 10 good candidates (2005-2015) with SIM times < 15
hours, including 4 metal poor stars (thick disk or halo) and 1 WD.

3.3.2.3 GSC Il or USNO-B

In addition to problems in the quality of its proper motions and photometry, NLTT
also suffers from shortcomings in its coverage, especially for § < —20° and for |b| <
10°. In the regions where it is nominally complete for V' <18.5, it is actually 85-90%
, complete. Finally, for 10% of NLTT stars, poor NLTT astrometry compromised Salim
& Gould’s (2000a) automated identification. Most of these shortcomings will be made
good when either of two groups release their planned all-sky position and proper-motion
(PPM) catalogs based on photographic surveys at two or more epochs, USNO-B (D.
Monet 1999, private communication) and Guide Star Catalog II (Baruffolo, Benacchio,
& Benfante 1999). In addition, these catalogs should reach about 1 mag fainter than
Luyten. Combining all these effects, we expect to recover an additional ~ 10 candidates
(2005-2015) from the new catalogs. This implies a total of ~ 15 candidates for a 5 year
SIM mission, with an average SIM time of 12 hours to achieve 1% mass measurements.

3.3.2.4 Other Objects

There are potentially other types of objects that we could add to our list such as BDs
(which are currently being discovered in large numbers by 2MASS, DENIS, and SDSS),
nearby NSs, or possibly others. At present, we expect <1 such mass measurement to be
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feasible, which is why we have not highlighted this possibility in the proposal. However,
by the time SIM is launched new observational results could force an upward revision of
this number. So we will be on the lookout for other interesting candidates.

3.4 Masses of Planets

The techniques to measure the star-lens mass and Einstein ring size and thus (use the
photometrically determined star/planet mass ratio and separation in the Einstein ring to
measure) the planet mass and star/planet projected separation are essentially identical to
those used to measure the bulge lenses. Two points require additional clarification. First,
mass measurements are possible only when SIM observations begin before the peak (see §
3.14). Thus, it is only planets that are found on the rising part of the light curve, at least a
week before peak, for which mass measurements are possible. Second, since even a ~ 20%
mass measurement would be quite adequate, the source stars need not be extremely bright
to obtain useful results in 5-10 hours of mission time.

Program Requirements

Program Targets  (Tission) Total time ToO? SIM Phot?
(number)  (hours) (hours)
Bulge MF 200 6 1200  Yes Yes
LMC/SMC 5 20 100  Yes Yes
Nearby Stars 15 12 180  No No
Planets 5 7 35  Yes Yes

4. Technical Matters
4.1 Observing Time Calculations

All astrometric microlensing observations require a customized observing sequence.
For example, as detailed in § 4.1 of Gould & Salim (1999), the bulge MF and LMC/SMC
mass measurements require a fit to a 15-parameter model which is much more complex than
the standard 5-parameter astrometric model that will be used for most SIM observations.
Therefore, all observing time estimates reported in this proposal are based ultimately on
the customized observing models of Gould & Salim (1999), Gould (2000a), and Salim
& Gould (2000a) (hereafter Gould/Salim). These calculations were in turn based on a
set of simplified assumptions made in advance of estimates published by the SIM project
at http://sim.jpl.nasa.gov/ao_support/grid.html. Nevertheless, our revised calculations
based on these latest project estimates lead only to small changes.

For narrow-angle observations, the web page gives

2 2 10(m-mo)/2.5 L.

— 2
Osma = szstem + Uphoton to (13)

where
Ophoton = 4 pas, mo =20, to=14.1hrs, o0gystem = 1.718 pas (SIM Web Page).
For V band, Gould/Salim used the same equation (13) but with,

Ophoton = 4 pas, Vo =20, tg=26.4hrs, o0gystem = 0. (Gould/Salim).
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The underestimate (ogystem = 0) has no practical impact since all of our simulated mea-
surements have Ogma > Osystem. Our value of ¢y is a factor ~ 15/8 too long. After
reviewing the Narrow-Angle Timeline (Figure 1), we believe that this overestimate of g is
approximately compensated by the overhead. For example, we find that in typical mock
observation scenarios, we have 41 minutes of on-target science observations during a 1
hour Performance Specificiation Period, plus 11 minute slew and settling, i.e., a science
efficiency of ~ 4/7. Hence, repeating the calculations of Gould/Salim, we find that the
observing time requirements are reduced by a factor 7/4 x 8/15 = 14/15. Since this factor
is extremely close to unity, we ignore it.

For stars selected in I band, Gould/Salim used a similar formula except with Iy = 19.
A better estimate would be Iy = 20 + 2.5log(4/15) = 18.6 since one gets ~ 3/5 as many
photons in I as V at V — I = 0, and since the photons are 3/2 times longer and so (2/3)2
less efficient in terms of finding a centroid. On the other hand, we expect to be able to
develop substantially more efficient observing strategies compared to the simple algorithm
of Gould & Salim (1999), and so to be able to approximately make up this difference. We
therefore use the Gould/Salim figures with only the minor adjustments described below.

4.2 Narrow-Angle vs. Wide-Angle

As we have detailed in the separate sections of this proposal, the great majority of the
information that we extract from the observations depends only on relative astrometry.
Hence we will be using primarily the narrow-angle mode (and so use reference field stars
unless grid stars are conveniently available). However, as we discussed in § 3.1.7, narrow-
angle astrometry + photometry gives us (in addition to the mass M), only the relative
lens-source parallax and proper motion, m. and p,,. While our main concern is the mass,
we would also like to recover the lens parallax m; = m.e + 75 and lens proper motion
W = W + B, Which requires knowing the absolute source parallax and proper motion.
To reach the limit of precision set by the rest of the observations (see Table 1 of Gould &
Salim 1999), we find that this requires measuring the absolute parallax of at least one of
the reference stars to ~ 35 mas, which (from Table 2 of the Wide-Angle web site) requires
0.6 hours. That is, (for the cases where our reference star is not a grid star) about 10%
additional time is required to secure these additional absolute parallaxes beyond what was
calculated in Gould & Salim (1999). We allow a further 10% increase to compensate for
the small loss of precision that comes from including fits of the relative parallaxes and
proper motions of the reference star relative to the source star.

4.3 Crowded Field Astrometry

Three of our four projects (1, 2, and 4) require precision astrometric measurements in
the crowded fields where microlensing events are found (Galactic bulge and LMC/SMC).
How well can we recover the size and orientation of the astrometric ellipse given by equation
(4) in the presence of unwanted “background” sources? We find from simulations that if
the background source lies up to a few hundred mas from the microlensed source, it can
signficantly affect the measurement if the centroiding is done from the “white light” fringe
and if the background is equal in brightness to the microlensed source. However, we also
find that these effects can be identified and removed if the wavelength-dispersed fringe is
available for a small subset of the observations. In any event, since (for S/N reasons) we
will be measuring some of the brightest stars in the field (e.g. I < 17 in the bulge), and
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[3

2 we expect that random background

the density of such bright stars is only ~ 25 arcmin™
sources will not pose a significant problem.

Binary companions to the source can be expected to lie within the central fringe
(~ 80 AU) for ~ 40% of events. However, the vast majority of these will be O(100) times
fainter than the source, and so will not significantly affect the measurement. Moreover, we
find from simulations that the companions that are bright enough to affect the centroid

significantly can usually be identified and their effects removed.
4.4 Descopes

How will this project be affected if SIM fails to meet its performance goals? Of course,
the full answer to this question depends on the details of the performance characteristics
achieved, but we can convey the general nature of the effect by considering three descopes:

1) Mission time estimates are doubled to achieve the same astrometric
precision. In this case, the number of nearby-star masses we could measure in the same
180 hours of mission time would fall by a factor 271/3 (Gould 2000a) from ~ 15 to ~ 12.
We would have to double the time allocated to LMC/SMC events from 100 to 200 hours
because the scientific goals of this experiment depend critically both on the event number
and measurement precision that we have assumed. We would cut back the number of
bulge MF and planet mass measurements by approximately 1/3. These would be the
events with the faintest sources, so that the remaining 1135 hours of time devoted to these
experiments would achieve approximately the same precision as the fullscope experiment,
but with a reduced number of events. That is, such a descope would significantly, but not
critically, degrade our science achievements.

2) Target of Opportunity times are doubled to 8 days. This would not affect
the nearby-star mass measurements at all, since they do not require ToO capability. It
would probably not seriously affect the LMC/SMC events, since these are long and hence
can tolerate longer response times. However, our ability to measure the bulge BD MF
would be critically impacted. We probably could not successfully monitor events with
timescales tg < 20 days, which means that we would recover only 30% of the events from
marginal BDs, M ~ 0.07 Mg. We could still recover the remnant MF, but a key element
of our project would be effectively lost. We would probably refocus some of our efforts
monitoring the disk source/disk lens events which are very long (tg ~ 80 days) and hence
do not stress the ToO capabilities. To date, however, these events are relatively rare, so
we could not use them to measure the disk MF to anywhere near the precision we hope
to measure the bulge MF in the current experiment.

3) Photometric Capability is lost or seriously degraded. Again, the nearby
stars are not affected. We would still get useful information on the location of the lenses
toward the LMC from astrometry, but it would be less definitive. The information re-
covered on most bulge lenses would be more-or-less useless, except for the long events for
which we could measure 7g from the ground and so circumvent the need for SIM photom-
etry. We would therefore focus on these, but as stated above, they are quite rare. That
is, much of what we are trying to accomplish would be critically degraded.
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