J. - 0397. -362G0

]

22

K]

THE ASTROPHYSICAL JOURNAL, 397:362-380, 1992 October 1
© 1992. The American Astronomical Society. All rights reserved. Printed in U.S.A.

EFFECT OF BINARY SOURCES ON THE SEARCH FOR MASSIVE ASTROPHYSICAL
COMPACT HALO OBJECTS VIA MICROLENSING

KiM GRIEST
Center for Particle Astrophysics and Astronomy Department, University of California, Berkeley, CA 94720

AND

WaAyYNE Hu
Physics Department, University of California, Berkeley, CA 94720
Received 1992 March 4, accepted 1992 April 7

ABSTRACT

If the dark matter in the Galactic halo consists of compact objects in the 10~ °-10> M, mass range, it can
be detected as it gravitationally microlenses stars in neighboring galaxies and the Galactic bulge. Though
extremely rare, microlensing has several powerful signatures: the light curves follow a well-known function,
are time symmetric, and are the same in all filter bands. These signatures, however, may be lost if the source
star is a member of a binary system. Since most stars are, in fact, members of binaries, the true microlensing
events may be rejected as background. We study the effect of binary sources by using the event geometry and
resulting light curves to define several categories of binary microlensing events, and then calculate the prob-
ability of each category occurring. We average these probabilities over measured distributions of binary
orbital periods and mass ratios, finding ~10%-20% of events on binary sources should be distinguishable
from single-source microlensing events (for the LMC). The bulk of binary events should be achromatic and
similar to single source light curves, but 2%-5% should have truly unusual light curves and color shifts
greater than 0.1 mag. The total microlensing rate is larger by 5%—15% for binary sources and in deriving the
MACHO mass from a binary light curve an error of a factor of 2 or more may be made if single source

formulae are used.
Subject heading: gravitational lensing

1. INTRODUCTION

In 1986, Paczynski (1986) suggested searching for the dark
matter thought to exist in the halo of the Galaxy by watching
for microlensing of stars in the Large Magellanic Cloud
(LMC). He found that MACHOs (massive astrophysical
compact halo objects) in the mass range ~10~3-10> M,
(planets, jupiters, brown dwarfs, black holes, etc.) could be
discovered or ruled out if ~ 108 stars in the LMC were moni-
tored for several years. As a MACHO comes close to the
observer-source (star) line of sight, it acts as a gravitational
lens, producing two images. While the angular separation
between the two images is typically too small to allow them to
be resolved, an apparent increase in the brightness of the
source results and can be large (Paczynski 1986; Griest 1991).
The duration, ¢,, of the brightening depends upon the mass of
the MACHO and on its velocity transverse to the line of sight,
but typically ranges from a few hours for 107 M MACHOs,
to several years for 100 M ; MACHOs.

Since Paczynski’s work, several groups (Alcock et al. 1991;
Ferlet et al. 1990; Paczynski et al. 1991) have embarked on
serious attempts to find (or rule out) baryonic dark matter
using this technique. While this technique is very promising, it
has several potential problems. Since the microlensing of a
given star is so rare, a huge number of photometric measure-
ments must be made and the analysis must be completely
automated. Thus the potential of systematic error or back-
ground causing apparent brightening of stars is worrisome. It
has been pointed out (Paczynski 1986; Alcock 1989; Griest
1991) that while the potential background may be large com-
pared to the estimated signal, microlensing events have several
unique features which serve as signatures.

362

1. Since microlensing is so rare, an event should happen
only once on a given star. If a star continues to vary it can be
identified as a variable star and left out of the source sample.

2. The light curve of a microlensing event is symmetric in
time. (The rise is the same as the fall.)

3. The light curve of a microlensing event is achromatic.
Since the Alcock group plans to image stars in two colors
simultaneously, flare stars and other transient brightenings
which also give a change in the color of the object can be
eliminated by demanding chromaticity.

4. While the duration and peak amplification® of a micro-
lensing event depend upon the unknown MACHO mass,
impact distance, and transverse velocity, the shape of the light
curve is a well-known function of these parameters. Thus a
brightening which cannot be fit with this specific function can
be rejected. This also allows one to estimate the mass of the
MACHO from the duration of the event.?

5. Since the maximum amplification is a function only of the
scaled distance of closest approach of the MACHO to the line
of sight, if many events are found, they should follow a known
distribution of maximum amplification: dN/dA,,, ~ 1/42%,,
(Atpreshold < Amax < 00; see Griest 1991 for a more accurate
formula). This distribution is independent of MACHO mass
and velocity, source star brightness and color, etc. In fact the

! We will use the word “amplification” throughout, even though
“magnification ” might be more correct.

2 The duration actually depends on a combination of the MACHO mass,
distance, and velocity. Since the MACHO velocity and distance are not
known, deduction of MACHO masses can only be made statistically once a
velocity and density distribution have been assumed.
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microlensing rate in general is independent of the source star
brightness and color.

Given the large number of unique signatures, it is hoped that
the microlensing “needles” can be picked out of the back-
ground “ haystack,” and if nothing is found, that a strong state-
ment concerning the viability of MACHO dark matter can be
made.

However, it has been pointed out (Paczynski 1986; Alcock
1989; Spiro 1990; Griest 1991) that the above signatures are
valid only for pointlike sources and that they may not hold for
giant star sources, or for sources which are members of binary
systems. Giant stars are not pointlike, and the amplification
light curve formulae mentioned above, break down when the
projected Einstein ring radius becomes smaller than the source
radius. This effect has been studied by Paczynski (1986), Milsz-
tajn (1990, unpublished), Bennett (1990, unpublished), Griest &
Hu (1990, unpublished), and Jetzer (1991), and for MACHOs
above ~107° M, (at the LMC distance) is not an important
effect. For lower mass MACHOs, or sources in the Galactic
bulge, this can be a serious effect. However, we will not discuss
giant stars here.

Binary sources present a potentially more serious problem.’
As pointed out by Spiro (1990) and Griest (1991), and detailed
in this paper, a binary source can destroy most, if not all, of the
signatures discussed above. A microlensing event taking place
on a binary source may not be symmetric in time, or follow
anything close to the normal light curve shape. It can have two
peaks or be very asymmetric. If the two stars of the binary
system have different colors, and only one is lensed, the appar-
ent color of the unresolved system will change as a function of
amplification, and the achromaticity signature may be lost.
Thus genuine microlensing events may be rejected. Also, when
binary sources are lensed and fit to a single source light curve,
the relationship between event duration and MACHO mass
and velocity can be changed considerably. This is the case even
when the shape of the light curve is indistinguishable from a
single source microlensing light curve. If both stars are lensed
the event may have a longer duration than a single star light
curve with the same amplification, while if only one star is
lensed the duration will be shorter than expected. Finally, the
distribution of events as a function of maximum amplification
can change. Since the fraction of stars which are members of
binary (or multiple) star systems is estimated to be very large
(60%—100%) (Abt 1983), it seems that a study of the effect of
binary sources on microlensing detection is warranted. In this
paper we study this effect.

In § 2 we set up some formalism necessary to discuss micro-
lensing of binary sources. In § 3 we use this formalism to cate-
gorize and discuss the different types of binary light curves. We
define several categories of light curves: “ offset bright ” events,
where only the bright star is lensed, “ offset dim ” events, where
only the dim star is lensed, “effectively single” events, where
both stars are lensed, but they are so close together that the
light curve is indistinguishable from a single source light curve,
as well as “double-peaked events”, “asymmetric events,”
“merged offset dim events” and “borderline events.” We
display example light curves for each category, and using

3 Throughout we will be considering binary systems whose members are
gravitationally bound. However, many of the results of this paper are
unchanged if one considers “optical binarieis,” that is, stars which are by
chance near each other on the sky, but not members of the same system. Of
course the measured distributions we use are for bound systems.

363

simple geometry show how each category arises. In § 4 (and in
the Appendix) we calculate the total rate of microlensing of
binary sources (it is larger than the single source rate), and we
find the probability of each category of event occurring as a .
function of d, the projected scaled distance between the two
stars, and r = L,/(L,; + L,), the luminosity offset ratio. (L, is
the apparent luminosity of the bright star and L, is the appar-
ent luminosity of the dim star. In § 5 we attempt to make
contact with observation by averaging the probabilities found
in § 4 over realistic distributions of d and r. While a great deal
of data exist on the duplicity of stars and their distribution in
orbital period and mass ratio, we find no clear consensus on
the total binary frequency or on the actual distributions we
require. So we leave the total duplicity as a free parameter and
use three different observational determinations of these dis-
tributions. We take the differences arising as a result of using
the three different distributions as a measure of the uncertainty
of our conclusions. We find, perhaps somewhat surprisingly,
that while binarity gives a measurable effect, it does not give an
overwhelming effect for binaries in the LMC, and that the
unusual light curves, discussed in § 3 should be in fact rela-
tively rare. For the best determined distributions (Duquennoy
& Mayor 1991), in systems that are binary, light curves which
are easily distinguishable from single source light curves
should occur only 2%-5% of the time, while events which
might be distinguished with good data should occur perhaps
10%-20% of the time. Events which are “effectively single”
both in color and light curve shape occur roughly 3%—-30% of
the time depending on the MACHO mass, while the most
common type of event is the “offset bright,” occurring
50%—75% of the time. We also find that the total rate of micro-
lensing is increased by binaries (compared to the rate if all stars
were singles), but only by ~5%—-15% (depending on MACHO
mass and which binary data we use).

In § 6 we briefly consider the probability of achromatic
microlensing events. We find some interesting color shifting
light curves, but conclude that these too are also fairly rare, less
than roughly 5% of events involving binary sources should
have a shift in B— V magnitude of more than 0.1 mag. This is
mostly because it is rare to find stars of nearly equal magnitude
with different colors. In § 7 we discuss the miscalculation made
in deriving the MACHO mass using the single source formulas
for binary light curves. For offset dim events the error can be
an order of magnitude or more, but these events should be
recognizable as being due to binary microlensing. For offset
bright events, which are probably indistinguishable from single
source light curves, the error is of order 5%—-10%, and aver-
aging over all types of events one would expect to make up to a
factor of 2 error in MACHO mass if one ignored binarity.
Finally, in § 8, we briefly discuss the effect of binary motion,
finding new types of light curves such as those having periodic
“ripples” on them. We estimate, however, that this type of
event should be quite rare.

2. MICROLENSING OF BINARY SOURCES

In this section we recall some of the formulae of point source
microlensing and develop some nomenclature.

We define microlensing as occurring if the total brightness of
a source increases by more than a factor Ay. (Equivalently, if
the magnitude of the source decreases by more than Amy =
—2.5log Ay.) The duration of an event ¢, is defined as the
time for which 4 > A,. The amplification (more properly
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FI1G. 1.—Point source (nonbinary) microlensing geometry and light curves. The light curves corresponding to the three trajectories shown as labeled dashed lines
in part (a) are displayed in part (b). In part (a) contours of amplification 4 = 1.34 (dark solid line), 1.5, 2, 2.5, and 3 are shown. In part (a) the MACHO and its
transverse velocity ar€ shown, as are the parameters u,,;, and u(t). The ordinate and abscissa are in units of the Einstein radius. In part (b) a line is drawn at A, = 1.34

to indicate the onset of an event.

magnification) is given by

__ws2 1
T u? + 2T’

where the approximation is valid for 4 2 2 or u <0.5. The
dimensionless distance to the line of sight is

u(t) = b/R, = [ugs, + (t/0°1', @

where b is the distance to the line-of-sight and R, is the Ein-
stein ring radius (see Fig. 1). The maximum amplification 4, ,,
is defined to occur at time ¢ = 0, and is set by u;, = b;n/R..
The characteristic time is f = R,/v,, where v, is the MACHO
speed tranverse to the line of sight. The basic lensing scale is set
by the Einstein ring radius

m L 1/2
—7 = x(1-x)| Re,
1076 My kpo ¢ x)] ©

m L x [1—x\]|"

S‘O[Mo 50 kpc 0.2 < 08 )] at ®)
where m is the MACHO mass, L is the distance to the source
(L = 50 kpc for the LMC), and x’ = x/L, where x is the dis-
tance to the MACHO from the observer. For the typical
microlensing of a star in the LMC by dark matter in the Galac-
tic halo, x" = 0.2, (Paczynski 1986), but see Griest (1991) for a
more accurate treatment. We also define the scaled threshold
distance u; as the u corresponding to A,

u= 21/2[A(A2 _ 1)—-1/2 _ 1]1/2 .

A convenient threshold amplification is A = 1.34 which cor-
responds to ur =1, ie, an event is defined as taking place
whenever the star (projected on the lensing plane) is within the
Einstein ring. Note that A = A, takes place at t = +¢,/2, so
u% = u2;, + (t,/f)*/4, and that a point source microlensing light
curve is completely determined by specifying the time of its
peak amplification and any three of the four parameters: A,
A te, and £. Thus if we set a threshold, and measure A,,,,

A(u) 0

R, = 0.61[

and t,, we can determine f. Also note that the light curve is
symmetrical in time (t > —1t) and if the source were observed
in several filter bands, the amplification would be identical in
all bands. Finally, since 4,,,, is determined only by u,,,, and
Unin 1S distributed at random between 0 and u;, for events with
A > Ar, the fraction of events which occur with u_;, between u
and u + du is just dN = du/ur, and so the fraction of events
with amplification between A4 and A +dA is dN =
uz (du/dA)dA (see Fig. 10 of Griest 1991). Figure 1 illustrates
the geometry for three sample trajectories (labeled A, B, and C)
and shows the resulting light curves (for a point source). Dis-
tances in the lensing plane are all divided by R,. The threshold
line drawn at 4 = 1.34 in Figure 1b indicates the onset of the
events.

lensing plane
F1G. 2—Geometry of binary microlensing. All distances are in the lensing

plane and are divided by the Einstein radius R,.
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When the source consists of two stars, a similar analysis can
be done. Consider two pointlike sources separated by a dis-
tance D and of apparent luminosities L, and L, (in V band for
example). If the stars are at a distance L from the observer and
the MACHO is at a distance x, then the Einstein radius is
given approximately by the last line of equation (3), R, =
8(m/My)*? au. (for MACHO:s in a Maxwellian dark matter
halo and stars in the LMC). Note [x'(1 — x)]*/? varies little as
x’ varies from 0.2 to 0.8, and we will use x' = 0.2 as typical
throughout this paper. In the plane of the lens let the scaled
projected distance between the stars be d = Dx/R, =
D/(40./m/M ). As the MACHO moves close to the observer-
star lines of sight, each point source is independently amplified
by A, = A,(u;) and A, = A,(u,) respectively, where A(u) is
given in equation (1), and u,, u, are the projected, scaled dis-
tances to the lines of sight. This geometry is shown in Figure 2.
When the MACHO is far away, the total apparent luminosity
of the system is L, + L,, so the total amplification is

AL+ A,L
Am=ﬁ=Al(l—r)+A2r, @
where we have defined the luminosity offset ratio,*
r=Ly/Ly+ L,). &)

Without loss of generality, we take L, < L;, so 0 <r<0.5
(star 2 is the dimmer star). Thus for any given MACHO trajec-
tory we can easily find the total increase in brightness as a
function of time.

When the two stars have different colors, there are then two
luminosity offset ratios, one for each color. For example, con-
sider star 1, with an apparent luminosity L, in the V-band,
and L, in the B-band. (V = —2.5 log L,y + constant, and
likewise for B.) We can then define

L
Ty = -L——%- =(1 + 10¥2"Vwiz.5)~1
1w + Loy ©
Lap - _
tp=—————=(1 + 1032 B1)/2.5y~1
B L, ( )

Now suppose star 1 has color B, — V;, and star two has color
B, — V,. Then the system will have total color

(B—=V)oe = —2.51og [(Lyy + Loy)/(Lyp + Lap)] -
As microlensing proceeds,

Liy—LijyAy, Lig—Lip4,,

™)
Lyy—>Lyy Ay, Lyg—Lypd,,
so the total color change is A(B— V) = 2.5log Ag_y, where
1l—ryA, +r A
AB—V—( VA +1v A, ®)

(I —rpd, +rpd;

Once again, a given MACHO trajectory defines u,(t) and u,(t),
from which 4,(¢) and A4,(t) can be found and from these one
finds the change in color as a function of time. Note that if the
two stars have the same color, then r, = rz and AB—V) =0

4 A MACHO which lenses only one star produces a light curve much like a
single source light curve, except that the amplification is “offset” from its
single source value due to the other star. The amount of the offset is deter-
mined by the “luminosity offset ratio” r. We will denote such microlensing
events as “ offset ” events.

EFFECT OF BINARY SOURCES
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as expected. Also, whenever both stars are amplified by the
same amount (4, = 4,),A(BB—V) =0.

3. CATEGORIES OF BINARY EVENTS

A way of displaying all of the possible binary microlensing
light curves is to draw a contour plot of amplification 4 in the
lensing plane. This shows the value of A4,, which would be
obtained if a MACHO lay at each point in the plane (at a
distance u, and u, from the sources). A light curve is then just a
slice or trajectory through this contour plot. Figure 3 shows
contours (solid lines) of A = 1.34, 1.5, 2.0, 2.5, and 3.0 for stars
separated by 2R, (d = 2), in the lensing plane (see Fig. 2) with
r = 0.1 (dim star 9 times fainter than the bright star). Figure 4
shows the same contours for the same value of r, but for stars
separated by 1.6R, (d = 1.6). Figures 5 and 6 show the same for
d =0.7 and d = 0.25, respectively. Most of the interesting
effects can be deduced from these figures.

Consider first Figure 3, where the stars are separated by
more than an Finstein radius (in the lensing plane). The dark
A = 1.34 threshold contours are distinct circles around each
star. Thus for this case there are only three possible types of
microlensing events. “ Offset bright”: the MACHO trajectory
passes through only the bright star threshold contour; “offset
dim”: the MACHO trajectory passes through only the dim
star threshold contour; and “separated double-peak ” events:
effectively two distinct microlensing events, where the trajec-
tory passes first through one and then the other threshold
circle.

The straight lines in Figure 3a show several possible trajec-
tories (labeled A, B, C, D, E, and F), and the resulting light
curves are shown in Figures 3b, 3¢, and 3d. The solid lines in
Figures 3b and 3¢ show the binary light curves, while the
dashed lines show the unique single source light curve which
has the same duration and maximum amplification. A line is
drawn at A = 1.34 to indicate the onset of an event. The differ-
ences between the solid and dashed lines indicate the
“distinguishability ” of the binary light curves. For the offset
bright light curves shown in Figure 3b, above threshold, the
solid and dashed lines fall almost on top of each other, so an
observer who measured such a light curve would have diffi-
culty distinguishing it from a single source light curve.
However, even when the binary light curve is indistinguishable
from a single source light curve, the relationship between the
duration and the MACHO mass has been changed, and the
observer would make a mistake in deducing the MACHO
mass using the single source formulae (as will be discussed in
§7)

Figure 3c shows two offset dim light curves (trajectories C,
D). Curve (C) illustrates that for high amplification events,
offset dim light curves are quite different from single source
light curves, and easily distinguishable. (Of course an inappro-
priately programmed computer might have trouble and might
reject such an event as not being caused by microlensing). A
low amplification dim offset event, however (trajectory D), may
be more difficult to distinguish. Also, clearly as r approaches
0.5, offset dim and offset bright events become the same, ren-
dering the distinction meaningless. (When r = 0.5, both offset
dim and offset bright events look fairly similar to single source
events.)

Figure 3d shows separated double-peaked events (trajec-
tories F and G), clearly identifiable as double star microlensing
events.

Next consider Figure 4. Here, while the stars are still farther
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FiG. 3—Amplification contour plots, MACHO trajectories, and the resulting light curves for binary sources. Part (a) shows contours of total amplification 4 in
the lensing plane for d = 2.0 and r = 0.1; A = 1.34 (dark solid lines), 1.5, 2, 2.5, and 3. Several MACHO trajectories are labeled (A), (B), etc. (straight solid lines). Parts
(b), (), and (d) show the light curves resulting from the labeled trajectories. Part (b) shows trajectories (A) and (B) (offset bright events), part (c) shows trajectories (C)
and (D) (offset dim events), and part (d) shows trajectories (E) and (F) (double-peaked events). In parts (b) through (d) the solid lines are binary light curves, while the
dashed lines (where shown) are the single source light curves with the same peak amplification and duration. The threshold value A, = 1.34 is indicated by the

horizontal lines in parts (b)—(d).

than u; apart (for A; = 1.34, the threshold radius u; corre-
sponds to an Einstein radius), the concentric threshold circles
have merged, with a bridge forming between them. Three tra-
jectories and the corresponding light curves are shown. Cate-
gorization in this transitional case is ambiguous and we return
to this case after considering Figures 5 and 6.

In Figure 5 (d = 0.7 and r = 0.1), the projected separation of
the stars is comparable to the Einstein ring radius, so typically
both stars are involved in microlensing events. The contours
(solid curved lines) show more complicated structure, and so
more complicated light curves can result. In trying to cate-
gorize possible types of events, we need a measure of how near
a MACHO must come to a binary system so that its binary
nature is probed. When the MACHO passes far from a binary

source its microlensing light curve is indistinguishable from a
single star light curve. Correspondingly, low-amplification
contours are circles centered around the binary system. On the
other hand when a MACHO passes sufficiently close to one
member of a binary, the microlensing event may be described
by considering the companion as merely background. There-
fore very high amplification contours are two independent
circles centered around the respective stars. Going from low
amplifications to high amplifications the single connected
contour “pinches off” to become two disconnected contours.
The value of amplification A, at which this pinching-off
occurs and its corresponding (via eq. [1]) pinch-off distance
Upinch> thus provides an intuitive and convenient measure of the
extent to which binarity is probed. At distances closer than the
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F1G. 4—Same as Fig. 3 for d = 1.6. Pinch-off circles are shown as dot-dashed curves, while the larger influence circles are shown as dashed curves. Trajectory (A)

is an ob event, (B) is an mod event, and (C) is missed (see text).

pinch-off distance a star’s influence completely dominates the
light curve. The pinch-off amplification can be found numeri-
cally and u,., found from equation (1), but we find that the
empirical relation

d_upinch ¢ (1/2)—7‘ s_
< upinch > +|: 1/2 ] B 1 ’ (9)

fits quite well, and we will use it throughout the paper. We

found numerically that s ~ 2 for 4 > 2 and rises to s = 2.2 for

A = 1.34. This expression may easily be solved to obtain:
_ d

pinch — [1 _ (1 _ 2r)s]1/s + 1 .

u (10)

We thus can divide binary microlensing events into two
broad categories: separated threshold events, when u;,., > ur,
and merged threshold events when u,,., < uy. For the
separated threshold events already illustrated in Figure 3a, the
threshold contours can be approximated as two circles whose
radii can be found by treating the companion star as back-
ground (4, = 1forstar 1,and 4, = 1for star 2)

1 Ar—1

A=A =1+
an

1 Ar—1

Ayr=—(Ar+r—D=1+—"—,

where the radii are u,; = w(A4,7) and u,; = u(A, 7).
For the merged threshold situation shown in Figure 5a, we
likewise define independent “ pinch-off” circles from

1 1
Alpin = : (Apinch_r) ) A2pin = ; (Apinch +r— 1) ) (12)

with pinch-off radii u, ,;, = u(A4, ;,), and u,, = w4, ;). We
find that when a MACHO is inside a star’s pinch-off circle, the
microlensing light curve is completely dominated by that star
and the companion can be treated as background. When a
MACHO passes through both pinch-off circles a double-

peaked light curve results, as illustrated by trajectory (D) in
Figure 5c. The region of influence of a star, within which it has
the ability to distort significantly the light curve, extends to a
larger region than the pinch-off circle, however. In the direc-
tion of the other star it extends, in fact, to the point at which its
companion becomes dominant, i.e., until entering the compan-
ion’s pinch-off circle. Therefore we define two “influence
circles ” with radii

Utinf = d— Uz pin > U2inf = d— U1 pin - (13)

When a MACHO is inside the influence circle of a star, the
amplification is influenced by that star. Note that whenever the
MACHO is inside the pinch-off circle of one star, it is by
definition, outside the other star’s influence circle. Also note
that when u, ;¢ > Uy OF Uy > Uyp, We do not need to use
influence circles, since no event is taking place in this case. We
simply use the threshold circles. In the figures pinch-off circles
are drawn in dot-dashed lines and the large influence circles are
drawn in dashed lines.

Using the pinch-off and influence circles we can categorize
binary microlensing events in more detail. For example, trajec-
tory (A) in Figure 5 enters the influence and pinch-off circle of
star 1, but never enters either the influence or pinch-off circle of
star 2. So this will produce an event with an “offset bright”
light curve similar in properties to the curve shown in Figure
3b. This is shown if Figure 5b. Just as before, this light curve is
hard to distinguish from a single source light curve, but the
determination of the MACHO mass will be off, especially if
r = 0.5. Trajectory (B) passes only within star 2’s influence
circle, so we call it a “merged offset dim” event. The resulting
light curve is shown in Figure 5b, and is seen to be similar to
the offset dim curve in Figure 3c. However, there is an extra
“shoulder” seen in Figure 5b. This is why we separate the
“offset dim ” and “merged offset dim ” categories. Next, trajec-
tory (C) passes through both influence circles, but neither
pinch-off circle, and is never completely influenced by only one
star, yet it also never switches influences circles. Such events
are equally influenced by both stars and result in roughly sym-
metric light curves such as shown in Figure 5b. We will lump

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992ApJ...397..362G&db_key=AST

J. - 0397. -362G0

o]

2

K]

368 GRIEST & HU

1
-1 -5 0 5 1
lensing plane: r=0.1, d=0.7

_| l T 1T T1TT | 71T 1T T1TT T 1T TT 17 TT T T TT l—

o (c —
3 _|

< | D i
2 - E -

L F _

1 H= | | I | I I | I 1 1 11 I | | I ) | I | | |+
-15 -1 -5 5 1 15

0
t/t
Fi6. 5—Same as Fig. 3 and 4 for d = 0.7. Trajectory (A) is an offset bright,

(B) is a merged offset dim, (C) is a borderline, (D) is a double-peaked, (E) is an
asymmetric, and (F) is a borderline event.

this type of event with events which enter neither influence
circle and call them “borderline” events, a catch-all category
for events which lie between our other, more obvious cate-
gories. As can be seen from the light curve, this event is also on
the borderline of being distinguishable by shape from a single
source light curve, though again, the relationship between
mass and event duration is modified.

As mentioned, trajectory (D) passes through both pinch-off
circles and results in a double-peaked event shown in Figure
5c. Trajectory (E) passes through the influence circle of star 1
and then through the influence circle of star 2. It is first under
the influence of star 1 (inside influence circle 1, and not inside
influence circle 2), and then under the influence of star 2. The
resulting light curve is shown in Figure Sc. Events such as the
one shown in trajectory (E), which switch influence circles, but
do not qualify as “double-peaked ” by entering both pinch-off
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circles, typically give rise to single-peaked, but recognizably
asymmetric light curves, and will be denoted “asymmetric
events.” They are easily distinguished from single source light
curves. Lastly, trajectory F passes through neither circle of
influence, but yet does not get inside the A; = 1.34 threshold
contour. As mentioned previously, and as evidenced from its
light curve, this is a “ borderline ” event. It has low peak ampli-
fication and would be hard to detect, but with good data it
might be distinguishable from a single source event.

Next, consider Figure 6, where the projected star separation
is only 0.25R,, (still with r = 0.1). Here trajectory (A) results in
an asymmetric event shown in Figure 6b, while trajectory (B)
falls outside both influence circles and so is categorized as
borderline. Trajectory (C) is a new case. Here, the trajectory is
so far from the individual influence circles (but still within the
Aq = 1.34 contour) that the amplification contours are nearly
circular. Such trajectories do not probe the binary nature of
the source in any way, and so we call them “effectively single.”
Both the light curve and color shift will be given approximately
by the single source formulae and no correction to the mass-
duration relationship will be needed. By trial and error, we find
a radius of d =2 to be a reasonable boundary between
“effectively single” and “borderline” events. Trajectories
which do not pass within d = 2 of the center of the system will
be called effectively single.

Finally, reconsider Figure 4, where d = 1.6. Here we still
define influence and pinch-off circles, but because d is not
small, the influence circles are larger than the threshold con-
tours. We don’t have a microlensing event if the MACHO fails
to enter the threshold contour, so in this case we accept only
events which pass through the threshold circles (eq. [11]). Then
event categorization can be done as before, with trajectory (A)
being an offset bright event, trajectory (B) being a merged offset
dim event. Trajectory (C) would be classified as borderline,
since it is never completely under the influence of only one star.
However, it is actually missed by our threshold circle approx-
imation. As discussed in § 4, we are not worried about missing
such events since they are very small amplitude (see Fig. 4b),
and have very little effect on any of our results.

In summary we have introduced several categories of binary
microlensing events, which are briefly described in Table 1.
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FIG. 6.—Same as Figs. 3 and 4 for d = 0.25. Trajectory (A) is an asymmetric, (B) is a borderline, and (C) is an essentially single event.

4. MICROLENSING RATES

Having categorized some of the various types of possible
binary microlensing events, we now turn to calculating how
often each category of event occurs. We will do this in two
stages. First we find the total binary microlensing rate and the
relative frequencies of each category of event as a function of
the system parameters d, r, and m. Then, in the next section, we
average over observational determinations of the distributions
of these parameters to find estimates of the expected total rate
and expected frequency of each category of event.

To calculate the rate of each category of event we must find
the percentage of trajectories which satisfy the criteria for that
event category. In general the rate for microlensing is pro-
portional to the rate at which MACHOs enter the micro-
lensing “tube” (or tubes), which is defined as the region of
space for which A > 4. (See Griest 1991 for a more complete
discussion; especially Figs. 1 and 4.) This rate is proportional
to the MACHO speed and the angle averaged threshold
radius. Since the microlensing rate for a single source was
calculated in Griest (1991), here we will calculate only changes
with respect to that assumed known rate. Thus we define the

change

I..
- binar;
= (14)

single

where I';,. = Cnuy and C is a proportionality constant
which cancels out in 7. (The = comes from the angle average.)
Since R, c m*/2, and the MACHO density p cc m~!, both
singll/e2 source and binary source rates are proportional to
m~ Y2,

When the stars are far apart (d > 1), then the A = A; thresh-
old contours are distinct, well separated circles and we expect
Tyinary = Ci(ugr + u,7), 50 1 = (Uyr + uy7)/ug for d > 1, which
is always larger than 1. A plot of this limiting value of # as a
function of r for several values of A is shown in Figure 7. We
see that in general binary stars increase the total microlensing
rate between a few and 50%. When the stars are very near each
other we expect the total rate to be smaller than that estimated
above. In the limit where d < 1 we expect mainly “effectively
single” events and so expect 7 — 1. Note that for realistic
observations of the LMC or bulge the secondary stars will not
be optically resolved and so these estimates are relevant.

TABLE 1
SUMMARY OF LIGHT CURVE CATEGORIES FOR BINARY SOURCES

Category Symbol Criteria Distinguishable

Offset bright ..................... ob through only bright star difficult
threshold or influence circle

Offsetdim .........cccoeeeniininn, od through only dim star possible
threshold circle

Merged offset dim ............... mod through only dim star yes
influence circle

Double-peaked .................. dp entering both pinch-off circles yes

Asymmetric .........ooeeeninnenn. asy only under influence 1 to only yes
under influence 2, without
entering both pinch-off circles

Effectively single ................. es more than 2d away from no
center of system

Borderline .............c..o.o.eent bor falling between other categories maybe
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FiG. 7—Limiting values of #§ = ;.0 /Tinge (ratio of binary microlensing
rate to single source microlensing rate). The stellar separation is taken d > 1
and 7, is plotted as a function of luminosity ratio r for several values of
amplification threshold A;.

For values of d near unity, a more careful analysis is
required. When the two threshold circles are distinct, but not
far apart, the microlensing rate depends upon the angle of the
trajectory. For some angles dI'y;p,,, o€ 2(uy 7 + ,y), While if
“shadowing” occurs the rate is less. Averaging over all angles
we find

Dhinary o€ 2uy 705 + (g7 + tpp)(m — 6, — 0

—d(cos 0, —cos 0), (d>u;p+uyp) (15)

where the shadow angle is

0, =sin™" [(uyr — uar)/d],
and the tangent angle is

0, =sin"! [(u;r + u,p)/d] .

The derivation of equation (15) is given in the Appendix.

When the threshold circles begin to merge (Upinen < U, OT
roughly d < u,+ + u,7), the calculation of rates becomes more
complicated. For the total binary rate we want the angle
average of the distance shadowed by the egg-shaped 4 = 4,
contour (see Figs. 4a and 5a). We calculate this both numeri-
cally and by using an approximation which gives reasonable
accuracy. The results are shown in Figure 8, where we plot # as
a function of d for two values of r. For the approximation we
continue to calculate the total rate using two circles, as in
equation (15); however, when u;,., < ur, we find the radius of
these circles by finding the distdnce from each star to the
closest A = Ay threshold contour. We then use equation (15)
with 6, = n/2 to find the total rate through both these circles.
This works reasonably well, as shown by the dashed lines in
Figure 8. As d —» 0 our approximation for # eventually dips
slightly below unity, because the actual contours bulge slightly
in the direction perpendicular to d (see Fig. 5a). As shown in
Figure 8, when calculating rates, we will just set # to unity
when this occurs. Note that the events we miss by not includ-
ing this threshold bulge are very low-amplification events
which just barely come above threshold (extreme borderline
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events). Also evident in the numerical determination of the
total binary rate is a sharp spike at d ~ 1.8-2. As the separate
threshold circles merge, a thin “bridge” forms between the
circles (see Fig. 4a), giving a larger total rate. The trajectories
which pass through this bridge (and are therefore missed when
we use our circular approximation to calculate the total rates)
are very low-amplification events which barely come above
threshold, and are neglected (see Fig. 4b).

Having found the total binary microlensing rate, we can find
the fraction of events which fall into each of the categories
defined earlier. When d > u,r + u,7 (more precisely u;,., >
u7), the rates are easily found. Using the simple formulae in the
Appendix, the rate of “offset bright” events (passing only
through star 1’s threshold circle) and “offset dim” events
(passing through only star 2’s circle), as well as the fraction of
“double-peaked ” events (passing through both circles) are (for

ur < upinch):
Ty = C[2uz 0, + (uy 1 + uyr)(0, — 0) + d(cos 6, — cos 6))] ,
(16)

where C again is a proportionality constant which cancels out
in n. When ur > u;,.,, the formulae become more complicated,
because we must use the pinch-off and influence circles in addi-
tion to the threshold contours. The rate formulae in this case
are given in the Appendix.

In order to find the importance of each category of event we
use the formulae above and in the Appendix to find the rate at
which events satisfying the criteria (defined in § 3 and sum-
marized in Table 1) occur. We then divide this rate by our
approximate total rate to find the fraction f{(r, d) of events in
each category i. The rate for “borderline” events is found by
subtracting the sum of the rates of all the other categories from
the total rate I'y;,,,,. In Figure 9, we plot these fractions f; as
functions of d for several values of r. The event categories are
labeled (see Table 1). The “totd” category is the sum of all
“probably distinguishable ” events: dp, asy, od, and mod. Note

Foo=Cruyr —Tap, Toa=Cruyy — Ty,

Fi1G. 8—Total binary microlensing rate divided by the single source rate,
1 = Dinary/T singte @8 @ function of projected scaled stellar separation d. Values
of stellar luminosity offset ratio r = 0.5 and 0.1 are shown. The solid lines show
the numerical result, and the dashed lines show our approximation.
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F16. 9—Relative importance of various categories of binary microlensing events as a function of projected scaled stellar separation d for several values of
luminosity offset ratio r. Part (a) shows r = 0.5 (equal luminosity stars), while (b) shows r = 0.25, (c) shows r = 0.1 and (d) shows r = 0.01. Curves are labeled by the
categories summarized in Table 1: ob: offset bright, od: offset dim (or mod: merged offset dim for small d), asy: asymmetric, dp: double peaked, es: effectively single,

and bor: borderline. The dashed lines show the fraction of “ probably distinguishable ” events (asy + dp + mod + od).

that the abscissa extends from 10~ 2 to 10? Einstein radii. Most
of the features in these plots are as expected. For d < 1 most
binary events are “effectively single,” and thus have virtually
no effect on the microlensing search. For d > 1 only “offset
dim” and “offset bright” events occur with significant prob-
abilities and the ratio of probabilities of offset brights to offset
dims is given by I'yp/T g = u; /ot = (A7 — Duy/r for small r.
The regions near d ~ 1 are the most interesting. Here probably
distinguishable events comprise up to 60% of the total.

The largest percentage of distinguishable events occur near
r=0.5 and d ~ 1. (For r = 0.5 the distinction between offset
bright and offset dim is of course meaningless.) As r decreases,
the fraction of essentially single and borderline events stays
roughly constant, but the fraction of probably distinguishable
events drops. At r = 0.1, totd peaks at ~35%, while by
r = 0.01 the peak in totd is under 15%. Below r ~ 0.01, the

number of uniquely binary microlensing events becomes very
small—the MACHO is just not very likely to amplify the dim
star enough to make a difference.

Having calculated the fraction of events which lie in each
category as a function of r and d, and having discussed the
detectability of each category of event, we are now ready to
make contact with astrophysical observations by averaging
our probabilities over realistic distributions in r and d.

5. CONTACT WITH OBSERVATIONS: AVERAGING OVER 4, r

In order to apply the results of the previous sections to an
actual observing program and predict how large an effect
binary sources are expected to produce, we need to know
several things. First we need to know the fraction of the
observed stars which have companions bright enough to affect
a microlensing light curve. Next we need to know, for these
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stars, the distribution of separations a, and the distribution of
luminosity offset ratios r. The distribution in a can be found
(approximately and on average) from the distribution in binary
orbital periods P and Kepler’s Law, P2 = GM;a?, while for
main-sequence stars, the r distribution can be found from the
distribution in stellar mass ratio ¢ = M,/M, (M, is the mass of
the primary star, M, is the mass of the secondary and M is the
sum), and a mass-luminosity relation.

Since currently planned observation programs are focusing
on the LMC or the Galactic bulge, we ideally want the above
quantities for stars in the LMC and bulge. In the LMC, given
an observational magnitude limit of ~19-20 mag, the
observed stars will be mostly K giants and A-B main-sequence
stars. For the bulge, most stars will probably be giants, so
ideally we want the total binarity and distributions for these
populations.

Many studies have been done, and continue to be done, on
the total binarity of select samples of stars, and on the period
and mass ratio distributions of binaries. For example, Kuiper
(1935), Heintz (1969), Abt & Levy (1976), Wolff (1978), Abt &
Levy (1978), Abt (1983), Zinnecker (1984), Griffin (1985),
Poveda, Allen, & Parrao (1987), Abt & Levy (1985), Halb-
wachs (1987), Abt, Gomez, & Levy (1990), Trimble (1990), and
Duquennoy & Mayor (1991), to name just a few. Unfor-
tunately, a consensus has not been reached, even for the most
well studied group of stars in the local solar neighborhood.
The problem is that there are several very different methods
used to detect binary systems (e.g., visual binary, common
proper motion, radial velocities) and each method has severe
selection effects which seem to dominate the conclusions
(Trimble 1990). However, it is clear that the fraction of stars in
binary or multiple systems is very high. Abt (1983) concluded
that from studies of radial velocities that somewhere between
50%-100% of normal stars are members of short-period
binaries, and from studies of visual companions that nearly
100% of stars are also in long-period binaries (for the most
part, we will include multiple star systems under the rubric
“binary ”). In our study, we will leave the total binary fre-
quency as a free parameter, but remember that the normal
frequency is probably near unity.

As for the distributions in P and g, our approach will not be
to try to find the one best current study or the best fit to all the
studies, but to pick three recent and representative studies,
selected to span the range of reasonable possibilities. We also
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will not attempt to use distributions specific to the LMC or
bulge, where the data quality is lower, or to focus especially on
the somewhat controversial differences in distributions among
different types of stars (though in our selection of studies we
specifically included two with data from A and B stars). Of
these three studies, the best determined distributions are from
the Duquennoy & Mayor (1991) study and we use these in
generating our primary conclusions. However, we present
results for the distributions derived from each of the three
studies, the differences arising from use of different distribu-
tions perhaps being indicative of the uncertainties in our
results.

A careful study of multiplicity of F7-G9 stars in our solar
neighborhood has recently been completed by Duquennoy &
Mayor (1991, hereafter DM) with much attention being paid to
making the sample as unbiased as possible. In a sample of 164
systems they find 62 doubles, seven triples, and two quadruple
systems, for a “ binary ” frequency of 43%, a value rather lower
than most. Their distributions in ¢ = M,/M, and log P are
given in Tables 2 and 3, respectively. We will use the DM
distributions even for A and B star primaries since it is the best
determined.

Abt and Levy have studied binary systems for decades, and
have recently (Abt, Gomez & Levy 1990, hereafter AGL)
updated an earlier study (Abt & Levy 1978) of B2-BS main-
sequence stars. After allowing for incompleteness, they con-
clude that there are 0.8 companions per primary with g > %,
and 1.9 companions per primary with g > 5. Their distribu-
tions in g and log P are also given in Tables 2 and 3.

Finally, since many A stars will be observed when LMC
stars are monitored for microlensing, we include a study by
Abt & Levy (1985, hereafter AL) of A stars. The period dis-
tribution for this sample (both Am and A stars) is given in
Table 2, and the distribution in g (Am stars only) is given in
Table 3.

Other recent determinations of the g distribution have also
been given by Trimble (1990), for a sample of mostly K giants,
and Halbwachs (1987) for a mixture of types, and could have
easily also been considered. However, these studies do not give
P distributions and the g distributions fall between the
extremes given by the three g distributions discussed above.

From a distribution in ¢ = M,/M, the distribution in lumi-
nosity offset ratio r = L,/(L; + L,) can be found for stars
on the main sequence using the mass-luminosity relation

TABLE 2

NORMALIZED DISTRIBUTIONS OF ¢ = M,/M; FOR BINARY SAMPLES FOR
F-G StARs (DM), B STARS (AGL), AND A STARS (AL)

q
Distribution 0-0.2 0.2-0.35 0.35-0.7 0.7-1.1
DM (F-G)............. 25 23 37 15
AGLB) ..cooveninnnnn 39 22 29 10
AL(Am) ............e 6 29 26 39
q
Distribution 0-0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -09 0.9-1.1
DM (F-G)......... 11 14 16 11 12 6 5 3 7
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TABLE 3

NORMALIZED DISTRIBUTIONS OF LOG PERIOD FOR BINARY SAMPLES FOR
F-G StARs (DM), B STARS (AGL), AND A STARS (AL)

log P
Distribution -1-0 0-1 1-2 2-3 3-4 4-5 5-6 6-17 7-8 8-9 9-10
DM(F-G)............. 1 4 8 13 18 13 14 11 6 3
AGL(B) ............... . 17 20 4 5 7 7 12 24 .
AL(A) .coiiieiinne 1 10 8 13 7 10 22 8 8

Lp/Lo = (M, /Mg)*2, where because of the larger uncer-
tainties in the distributions, we have not worried about devi-
ations from this approximate relation at high and low masses.
In order to turn a period distribution into a distribution in
separation, we first use Kepler’s law P2 = GMa® to get a
distribution in semi-major axis a, and then follow Duquennoy
& Mayor (1991) in using the statistical relation log a = log
D + ¢, with ¢ = 0.13. (Abt & Levy 1978 used the same relation
with ¢ = 0.2)) Thus, the number of systems N with a scaled
projected separation d is

dN _dNdPdadD dN (3 ., .5\Re 013
dd—deadDdd_dP(ZMTa w 100, (1)

where we recall that D = R, d/x’ and we are using x’ = 0.2 and
L = 50 kpc throughout [so R,/x' =~ 40 (m/My)'/? a.u.]. Like-
wise, the number of systems with luminosity offset ratio r is

dN dN d rY2\ _ dN
_dT — El— d_‘: ~ (E)O 1_ 1) 4.2/3.2 71; . (18)

Given dN/dddr and the probabilities f(d, r) of the i categories
of microlensing events (i = “ob”, “od,” “bor,” etc.), we can
find the total probability of observing a binary light curve of

type i
1 © 0.5 dN
Pi= '[) dd L rf{r, ’”(EIE) ) (19)

Note that we have assumed that the g and P distributions are
“factorizable,” that is that dN/dqdP = (dN/dq)(dN/dP), and
have normalized N to unity. Equation (19) is relevant when
using an analytic model of dN/dqdP (which we did initially).
However, since the distributions above are binned, we define
n, = dN/dq to be the value of the distribution for the g bins
gtven in Table 2. Likewise we define np = dN/dP for the period
distributions given in Table 3. Then the probability of a binary
event of type i is found by summing over bins.

P i= Z z npn, f;'(rave’ dave) > (20)

Pbins gbins

TABLE 4
EXPECTED FRACTION OF BINARY EVENTS BY CATEGORY

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

Mass (M) ob od mod dp + asy es bor totd )
DM (F-G stars) with AO Primary
1075......... 0.78 0.14 0.007 0.015 0.033 0.021 0.16-0.18 1.11
1074......... 0.74 0.13 0.009 0.017 0.073 0.031 0.16-0.19 1.10
1073......... 0.69 0.12 0.010 0.021 0.12 0.040 0.15-0.19 1.09
1072......... 0.62 0.10 0.013 0.028 0.19 0.050 0.14-0.19 1.08
107 ... 0.53 0.08 0.016 0.032 0.28 0.060 0.13-0.19 1.06
DM with A5 Primary
1073......... 0.69 0.12 0.009 0.02 0.12 0.038 0.15-0.19 1.09
10°Y......... 0.55 0.079 0.017 0.032 0.26 0.058 0.13-0.19 1.06
DM with B5 Primary
1073......... 0.68 0.11 0.011 0.022 0.14 0.040 0.15-0.19 1.09
107......... 0.51 0.075 0.015 0.033 0.30 0.066 0.12-0.19 1.06
AGL (B stars) with B5 Primary
1075......... 0.68 0.090 0.012 0.027 0.12 0.072 0.13-0.20 1.07
1074......... 0.59 0.085 0.006 0.014 0.25 0.056 0.11-0.16 1.07
1073......... 0.55 0.081 0.004 0.009 0.33 0.030 0.09-0.12 1.06
1072......... 0.51 0.076 0.004 0.009 0.38 0.022 0.09-0.11 1.06
10071 048 0.070 0.004 0.010 0.41 0.020 0.08-0.10 1.05
AL (A stars) with A0 Primary

1075......... 0.65 0.22 0.014 0.025 0.065 0.030 0.26-0.29 1.17
1074......... 0.60 0.19 0.021 0.030 0.12 0.037 0.24-0.28 1.15
1073......... 0.54 0.17 0.020 0.032 0.18 0.052 0.22-0.28 1.13
1072......... 0.48 0.15 0.016 0.030 0.27 0.054 0.20-0.25 1.11
107 ..., 043 0.14 0.014 0.027 0.36 0.040 0.18-0.22 1.10
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where we evaluate the distribution f; at the average value of r in
the g bin, r(g) = (1 + ¢~ >?)" L. Abt et al. (1990) use four bins
for the g distribution: 1>¢g>272 2712 < gq<8712
8712 < g <327%2 and 327 Y2 < g < 1282, and we bin data
into these “course” bins for comparison purposes. The DM
study uses finer bins (g between 0 and 1 in steps of 0.1) so when
using this data set alone we will use these finer bins. The differ-
ence in results between using the course and fine bins is not
great. Because f; changes rapidly with d, we actually performed
the integral over P approximately using the binned values.

The results of this averaging for each of the three different
data sets are shown in Table 4 which constitutes a main result
of this paper.

The results shown in Table 4 show the division into cate-
gories for a sample of stars of a given type, for a given
MACHO mass and for the given P and g distributions.
Because of the steepness of the mass-luminosity relation, the
results depend somewhat on the luminosity of the primary star,
though as seen from the entries labeled DM with A0 primary,
A5 primary, and BS primary, the differences are small. The
symbols such as “ob,” “dp,”, etc., are defined in Table 1. The
column in Table 4 labeled “totd ” is, in some sense, the bottom
line of this paper. This is the total fraction of binary micro-
lensing events which we expect to be probably distinguishable
from single source microlensing events. It includes
“od” + “mod” + “dp” + “asy” and perhaps “bor” events.

The range in “totd” values listed in Table 4 come from

whether or not borderline events are included as probably
distinguishable from single source events. The “totd” events
are the ones which might be rejected as due to nonmicrolensing
causes if care is not taken. We have a total fraction of distin-
guishable events between 10% and 20%. We now discuss these
results in more detail.

Examination of the P and g distributions (Tables 2 and 3)
show very large variations among them, and these variations
are reflected in the factor of 2 or more differences between
corresponding entries in Table 4. For the most part the results
in Table 4 can be understood from the distributions in Tables 2
and 3, and the results shown in Figure 9. For example, the ratio
of offset bright to offset dim events is inversely proportional to
the “average” value of r. Since the AGL(B star) distribution
peaks at low values of r, we see it has a larger ob/od ratio than
the DM(F-G star) distribution, which in turn has a larger ratio
than the AL(A star) distribution which peaks at large values
of r.

Figure 9 shows that the switch over from essentially single
events to offset bright and offset dim events occurs for
d ~107°%°-10°%, and that in this range the most uniquely
binary light curves (dp, asy, mod) occur. Using P =
MY%(10°13R,d/x’)*?, this d range corresponds to periods in
the range

P ~ (10* — 10%)m/M)>* days . 1)

When one of the high-valued bins in a period distribution falls
in this range, we expect a large contribution to the double-
peaked, asymmetric, and merged offset dim categories. Exami-
nation of Table 4 bears this out.

The bins with periods below the range given in equation (21)
contribute mostly to effectively single events, and so for
example with m = 1073 M, we expect from Table 3, twice as
many AGL(B star) effectively single events as AL(A star) “es”
events, and 4 times as many as from the DM(A-F star) dis-
tribution. This is just what is found in Table 4. The bins with

GRIEST & HU

Vol. 397

periods longer than the equation (21) range above contribute
mostly to offset bright and offset dim events as expected.

Thus we see the contributions from the various categories.
The fraction of offset bright events ranges from 65%—78% at
m=107° Mg to 43%-53% at m = 10~ M. The fraction of
separated offset dim events varies from between 8% and 22%,
while the fraction of merged offset dim events varies from 0.4%
to 2%. Double-peaked plus asymmetric events comprise from
less than 1% to around 3% of the total, while essentially single
events comprise between 3% and 40% depending upon the
MACHO mass and distribution used. Borderline events give
between 2% and 7% of the total. Including the variation from
all three distributions, the total percentage of probably distin-
guishable events ranges from 8% to 29%, with the more well-
determined DM distribution giving a 13%-19% range.

In summary, the fraction of uniquely binary light curves (dp,
asy, and mod) is actually quite small, less than 5% in all cases.
We see that our initial worry that most binary light curves
might be rejected as microlensing candidates is not borne out.
While a measurable fraction of binary light curves will be
uniquely binary, the large majority will not differ greatly from
single source light curves, even assuming 100% of observed
stars are members of binary systems. However, for the
10%—-20% (DM and AGL distributions) of binary light curves
which are probably distinguishable from single source light
curves, care should be taken so as not to reject them from the
microlensing candidate pool. It would be quite interesting and
worthwhile to see examples of such light curves. (For example,
information concerning the MACHO velocity could be
extracted.)

Finally, we should note that for the most part, we have not
considered binaries in which giant stars are the primary (see
the sections on achromaticity and binary motion for
exceptions), even though a large fraction of LMC stars and
most Galactic bulge stars observed are expected to be giants.
The main reason is that we do not, for the most part, expect the
companion to be bright enough to cause the various effects
discussed. Unless luminosity ratio r is larger than ~0.01, the
chance of significant effect on the light curve is small. At the
LMC distance the bulk of the observed stars will be A, B, and
giant stars. A giant star formed from an F-K type main-
sequence star is unlikely to have an A or B star companion,
since the A and B lifetimes are shorter than the F-K. main-
sequence times.

Imagine a main-sequence binary. The more massive and
therefore brighter star will evolve into a giant first, becoming
30-1000 times brighter and decreasing r by this factor. Thus we
expect a giant main-sequence binary system to have r < 0.03,
and typically, r < 0.01. It is possible for both stars to enter
simultaneously the giant phase, but this requires that their
masses to be very nearly equal. Since stars spend more than
90% of their lives on the main sequence, the binary members’
main-sequence lifetimes 7, would have to be equal to within
10% for both stars to coexist in the giant phase. Using
Toc M~22, with At/t < 0.1, would require AM/M < 0.1/2.2,
ie., that the masses be equal to within ~5%. The Duquennoy
& Mayor (1990) distribution of binary masses shows that fewer
than 3% of binaries have masses within 10% of each other.
Since low-mass stars spend more time on the giant branch and
the mass-luminosity relation steepens as mass decreases, a
more realistic estimate would give even fewer simultaneous
giant binaries. Thus we do not expect many double giant stars.
We should note that this argument does not apply to Algol

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992ApJ...397..362G&db_key=AST

J. - 0397. -362G0

]

2

K]

No. 2, 1992

type systems, where a main-sequence star is in a contact binary
with a giant star. Mass loss/transfer is suspected to be involved
here, and we will not consider microlensing of this class of
binaries. Finally, we should note that for smaller mass
MACHOs the light curve from a giant star source is not given
by the pointlike star approximation, given in § 2. Thus, in
general, giant stars should be treated separately. In summary,
we have presented results only for main-sequence stars, pri-
marily because more of these binaries will have r > 0.01.

6. COLOR SHIFT LIGHT CURVE

Achromaticity is an important signature of a true micro-
lensing light curve. However, as pointed out by Spiro (1990), if
only one component of a binary source is lensed, the event will
not be achromatic. The formalism for calculation of the
expected shift in color was discussed in § 2. Here we apply it in
conjunction with the empirical distributions in g and P.

First recall that when discussing color shifts, luminosity
offset ratios in both color bands are required (r, and ry for
example, see eq. [8]). Previously we used the mass ratio g and a
mass-luminosity relation to derive r = L,/(L, + L,) in some
color band. In order to calculate a color shift light curve we
also require the color, or equivalently the M—K classification of
the stars.

As an example, consider a KO/AO binary with M, magni-
tudes of 0.6/0.7 and M magnitudes of 1.63/0.7, respectively.
Note that we are considering a giant/main-sequence binary
here, even though we just argued that such cases should be
rare. We use this as an illustration because the color shifting is
large in such a case. When we estimate the expected size of a
typical color shift, we will return to exclusively main-sequence
binaries.

Using equation (6) we find r,, = 0.523 and ry = 0.298. Thus
the formula for the color shift light curve is A5_, = (04774,
+ 0.5234,)/(0.7024, + 0.2984,), where A, and A, are the
amplifications from the KO giant and AO star respectively (eq.
[1]). All possible color shift light curves for this system can be
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lensing plane: r,=0.523, r,=0.298, d=0.7
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shown in Ag_, [or equivalently A(B— V)] contour diagrams,
such as Figure 10. Figure 10a shows two stars (A0 on left and
KO on right) separated (in the lensing plane) by d = 0.7. As the
MACHO moves through this plane it will cross various con- .
tours of constant A(B— V) (labeled in the figure). For example,
if a MACHO crosses a contour labeled 0.1, at that time the
apparent B—V of the system will be 0. mag higher than
before the microlensing event took place. A MACHO trajec-
tory through this plane thus generates a A(B— V) light curve,
such as shown in Figure 10b. We see that in the regions
between the stars the color shift is near zero, but as the
MACHO approaches either star, A(B— V) increases in abso-
lute value, tending towards the limiting values

1_
Ag_yfstar 1 lim) >~ VA, (star 2 lim)—»?i, 2)

— T B
where AB—V)=25 log Az_,. For our example
AB—V)— —042 mag near to the AO star and

A(B—V) — 0.61 mag near to the KO star. Note for comparison
that a classical Cepheid with a 10 day period has a min/max
shift in B—V of 0.43 mag, while an RR Lyrae with a 1 day
period has A(B— V) ~ 0.25 (Allen 1973).

Also note that if a well-measured color shift light curve of
the type shown in Figure 10b were obtained, the trajectory of
the MACHO (in the scaled lensing plane) could be determined
apart from a two-fold ambiguity arising from the reflection
symmetry in the geometry. When A(B— V) is at its maximum,
the trajectory is tangent to the A(B— V)(max) contour, while
when A(B—V) < 0 is at its minimum, the trajectory must be
tangent to the minimum contour. Examination of Figure 10a
shows only two pairs of trajectories which satisfy both con-
straints; of which only one pair would generate the observed
light curve. A similar procedure could also be applied to a
double-peaked light curve, even if no color shift light curves
were obtained.

The color shift light curve caused by trajectory (A), shown in

'4I|II|IIIIII||IIIIIIII|III
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F_IG 10.—Contour plots of A(B— V), MACHO trajectories, and the resulting color shift light curves for binary sources. Part (a) shows contours of A(B— V) in the
lensing plane for d = 0.70, r, = 0.523, and r, = 0.298 (A0 and KO stars). Contour values are labeled. Two MACHO trajectories are also labeled (A) and (B) (straight
solid lines). Part (b) shows the color shift light curves resulting from the labeled trajectories.
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Figure 10b is quite distinctive and quite different from a typical
variable star color shift light curve. A curve which results from
a trajectory such as (B), however, might be confused with a new
type of variable star and the microlensing event might be
rejected as a microlensing candidate. (Again, a poorly pro-
grammed computer might also reject curves from trajectories
of type A.)

Now, as we mentioned, we do not expect many KO/A0
binary systems due to the mismatch in giant and main-
sequence lifetimes. A more likely combination is a pair of
main-sequence stars such as AO/F5. Using M, = 3.3 and
My = 3.77 for the F5 (Allen 1973) we find r,, = 0.084 andrp =
0.058. Now the limiting values become A(B—V),,, = 0.040
and A(B— V), = —0.30, giving a much smaller signal. This is
to be expected, since for two main-sequence stars, either they
have nearly the same color (if they are close in mass), or one
star is much dimmer (if they are quite different in mass). In
either case, we do not expect very large color shifting to occur.

In order to quantify the expected color shift, we can average
over one of the observed distributions [DM(A-F)] discussed
in § 5. We consider three different primary stars: A0, AS, and
BS5 and average over all fainter main-sequence secondaries. We
find the fraction of events which give a maximum A(B—V)
greater than 0.1 mag. For an AQ primary star and MACHO
mass m = 1073 Mg, we find ~2.9% of events will have a
maximum A(B— V) of greater than 0.1 mag. For A5 and B5
stars, the fractions are 3.7% and 1.7%, respectively. For an AQ
primary and m = 10> M, the fraction is 4.4%, while for an
A0 with m = 10"! M, it is 2.4%. These numbers were found
very approximately, without a careful search of merged thresh-
old events and we estimate them to be accurate only to within
a factor of 2. The differences between the DM, AGL, and AL
period distributions give an unavoidable uncertainty that is
this large in any case. (We used the DM distribution for the
above numbers.) Note that for r = 0.1, it may be possible to
spectroscopically distinguish between binary and single stars.

The shifts are quite small compared to an estimated
MACHO collaboration photometric accuracy of 5%-10%.
However, for larger MACHO masses where many measure-
ments will be made on a typical light curve, the color shift
should be a measurable effect. Our original worry, however,
that many true microlensing events might be rejected because
of achromaticity, seems unlikely to occur.

7. MISESTIMATING THE MACHO MASS

In this section we briefly consider the misestimation of
underlying MACHO parameters which may occur if binary
microlensing is not taken into account. First recall that for a
single source microlensing event, the simple relationship ul =
u2;, + (t,/D)*/4 holds, where the threshold u; is set by the
observer, u_;, is determined from the maximum amplification,
t, is the measured event duration, and £ = R,/v, contains
the MACHO parameters (R, oc m'/?). For arguments sake,
suppose that the MACHO distance and transverse velocity are
known. Then measurement of u,;, and ¢, result in a determi-
nation of the MACHO mass. For large amplification events,
U, is small and £ ~ t,/2uz oc m*/%.

When binary sources are involved, both minimum distances
Uiy and u,, are needed, as is the scaled projected stellar
separation d (see Fig. 2). Because various types of microlensing
light curves can occur, no one simple formula relates the event
duration to the MACHO mass. When the light curve is clearly
the result of binary microlensing, one should fit for the various
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parameters and use the full formula, equation (4). However,
there are some estimates which can be made in general. For
example, since the average event duration is the optical depth
to microlensing divided by the total microlensing rate, an
expected average shift in event duration can be calculated. The
expected mistake in estimating MACHO mass can be esti-
mated from this. In addition, for certain categories of binary
events, such as offset bright and offset dim, the formulae sim-
plify and estimates of the misestimation of MACHO mass can
be made. :

Consider first a large amplification offset bright event, where
effectively only the bright star is lensed. As shown in § 3, this
type of event is difficult to distinguish from a single source
event and hence an estimate of the MACHO mass is likely to
be made using the single source formula. The duration of the
event is, as always, the time for which A > Ay, and we suppose
that, in this case, we can ignore the amplification of the faint
star (4, = 1). The duration condition becomes A4; > A;r,
where A, ; is given in equation (11). For small u,;,, the ratio of
the actual value of £ to the £ one would get using the single
source assumption is uy/u, r. The actual MACHO mass would
be larger than the single source formula mass by a factor
(Myrue/Mingdob = (ug/u,)* (assuming x’' and v, were known).
This ratio is plotted as a function of 7 in Figure 11 (dashed line).
Note that this is a very approximate result since we set 4, =
0 and did not consider the amplification of star 2. However, it
does show that one might expect an error of up to a factor of 2
for offset bright events.

A similar expression holds for large amplification offset dim
events, where only the dim star is lensed. Making the same
approximations as before gives (Myye/Mgngoa = (Ur/tz7)?
which is a much larger effect, plotted in Figure 11 (dashed line).
For A; =134 and small 7, (Myy/Mgngea = (Ar — 1)°r72.
During offset dim events most of the amplification is drowned
in the light of the brighter star, giving only a very short obser-
vable peak as the MACHO comes very close to the dim star.

The dashed lines in Figure 11 show that the mass mis-

Mirue / msi.ng )
) 19))

=
)l

FiG. 11.—Misestimates of MACHO mass if single source formulas are
used. The dashed lines show the misestimation ratio for offset bright (ob) and
offset dim (od) events. The solid lines show the misestimation averaged over all
event types ford = 2,4, 8, and oo.
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estimation for offset bright and offset dim events depends sensi-
tively on r. We can find the expected misestimation for these
events types by averaging over the three q and P distributions
discussed in §5. For the DM(F)-(G) distribution,
{Mypye/Mgne> = 1.05 for offset bright events and it is 5.3 for
offset dim events. For the AL(A) distributions the numbers are
1.04 and 7.3, respectively, while for the AGL(B) distributions
they are 1.1 and 3.2, respectively. Recall that we expect to be
able to distinguish offset dim events by the light curve shape, so
hopefully one would not use the single source fomula in deriv-
ing the MACHO mass. If one did, however, the error would be
substantial. Offset bright events, however, are probably indis-
tinguishable, so a 5%-10% error in mass estimation may be
unavoidable for these events (which constitute a large fraction
of the total). It may, however, be possible to check for duplicity
spectroscopically.

Finally, the dashed lines in Figure 11 give the misestimation
of mass for only a special class of events. More generally,
perhaps, one would like to average over all types of events to
find an expected miscalculation of MACHO mass. In practice,
the MACHO mass will be found using the method of moments
(DeRujula, Jetzer, & Masso 1990), or maximume-likelihood
fitting, so finding the precise miscalculation in the binary case
is beyond the scope of this paper. However, an estimate can be
made as follows. As described in Griest (1990), the average or
expected event duration is <t,> = t/T",,, where the optical
depth 7 is the total number of MACHOs inside the micro-
lensing tube (proportional to the total area of the A = A,
contour), and the total rate I',,, is the rate at which MACHOs
enter the tube (proportional to the angle averaged cross-
sectional area). Using our calculation of binary rates, etc., we
can therefore find <t >pinary and <t.),,. We expect approx-
imately  fyng/fhinary = {te)sing/<{lePbinary> SO Can estimate
<rn(rue/msing> ~ (<te>sing/<te>binar )2’ For binary stars far from
each other (d » 1), T oc u?; + ugr, and I, oc u;r + tyy. Thus
in the large d limit we have

2
<mtme> ~ |:uT(u1T + uZT)]
— ™= 2 .
msing d=ow uir + uxr

A plot of equation (23) is given in Figure 11 (labeled d = o).

However, equation (23) assumed that d > 1. For other
values of d we can use the more general event rate formulae
discussed in § 4. The result then becomes dependent upon the
value of d. We plot the mass misestimation ratio for several
values of d in Figure 11. We did not consider d near unity
where calculation of the rate and optical depth becomes more
tedious. The solid lines in Figure 11, however, do not represent
the actual mistake one would make since, hopefully, single
source formulae would not be used for distinguishable events.

In summary, we find a significant misestimation of MACHO
mass when the binary nature of the source is not taken into
account. For events in which distinguishability is difficult
(offset bright events) we expect to estimate the mass small by
up to a factor of 2 (but 5%-10% on average). For offset dim
events the mass estimate can be off by orders of magnitude, but
here one hopes to be able to recognize the binary nature of the
event and take it into account. On average, for binary micro-
lensing, if no account is taken of binarity, the mass will be
misestimated by between a very small amount and a factor of 2
depending upon d and r.

8. BINARY MOTION

23

In this section we very briefly discuss another physical
mechanism in binary systems which can affect microlensing. In
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F1G. 12—Binary microlensing light curve where orbital motion is impor-
tant (see text).

a binary system, both stars orbit their common center of mass
so as the orbit proceeds the lines of sight to the observer vary.
Thus the usual assumption that the MACHO has a straight-
line trajectory is not valid. Depending upon the size and period
of the orbit, the size and position of the Einstein ring, and the
MACHO velocity, this can be a negligible or observable
effect.® If the duration of the microlensing event is long com-
pared to the binary period, then small “ripples ” will appear on
the light curve as illustrated in Figure 12. Various other light
curve distortions will result if the binary period is comparable
to the event duration.

Note, however, that light curves such as that shown in
Figure 12 are extremely unlikely. In order to have such an
event, the projected binary semi-major axis must be compara-
ble in size to the Einstein ring radius (d ~ 1). The orbital period
must also be comparable to the event duration, f ~ P [or
(GM;)'2D%2 ~ R_/v,]. For LMC observations there is no
natural range of parameters which simultaneously satisfy both
of these constraints. For example, for My =3 Mg, x' =02,
L=50 kpc, the second constraint becomes v, ~
0.09m~1/4d~3/2 km s~ 1, requiring an unusually low value of v,
for reasonable MACHO mass. To generate Figure 12, we
assumed a circular face-on orbit with P = 100 days, m = 107>
Mg, up, =03,7=0.5,and v, = 1 km s~ . This gives f = 441
days and d = 0.23. All these parameters are reasonable except
v,, which typically would be ~200 km s~ ! for halo dark
matter MACHOs. For parameters consistent with more rea-
sonable values of v, the amplitude of the ripples is very small
or the event duration is too short for the effect to be significant.
Thus we do not expect many cases such as shown in Figure 12
to be detected.

We would like to thank Andy Gould for many helpful
suggestions.

5 Andy Gould (1992) has independently discussed this effect, only using the
Earth’s motion around the Sun instead of the binary motion. For x’ = 0.2, the
effect of the Earth’s motion will be larger than that of binary motion (for the
same D and P) by a factor (1 — x)/x".
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APPENDIX
BINARY EVENT RATES

Al. TOTAL RATE APPROXIMATION

The total microlensing rate is proportional to the probability that a trajectory takes the MACHO within the given threshold. The
separation d., at which A, = Ay is the dividing line between a merged and a separate threshold contour. At separations several
times greater than d_,, the threshold is given approximately by two circles whose radii can be well approximated by considering the
contribution of the companion as background:

Air=Ar—1/1 -1, Ayr=(Ar +r—=1r. (A1)

When d,;, < d, we may extend this formalism by finding numerically the threshold on the stellar axis. Taking the distance to the
nearer star as radius, we then approximate the contour by two overlapping circles. Note that in this limit the threshold circles will
form a merged overall threshold contour. At a given angle the rate of lensing events is proportional to the one-dimensional cross
section presented by the threshold contour. Since there is symmetry with respect to the stellar axis and time reversal, we need only
consider angles in a single quadrant. There are two important angles, 8, = sin ! [(u; 1 + u,1)/d] above which the projections do not
overlap, and 6, = sin ™! [(u;r — u,7)/d], below which the projection of the bright star completely shadows that of the dim. Simple
geometry gives us that the total rate is proportional to

AT yiary OC 2uy 7 d0 0<6<0,,
AT yinary o€ [(uy 7 + u27) + d sin 01d0 0,<0<8,,
AT yinary o€ 20Uy 1 + U, 7)d0 0,<0<m2.
Since all angles are equally likely, the total rate of microlensing is given by integrating this equation yielding
Tyinary = C[2uy 7 05 + (uyr + tp7)(m — 0, — 6) — d(cos 6, — cos 6))] , (A2)
where C is a proportionality constant which cancels out since we only report the relative increase in the microlensing rate

n= l—‘l:\imuy/ 1—‘sing > (A3)

where Crnuy is the rate of single source lensing. In reality, this ratio is always greater than one. The circular approximation breaks
down at small separation (see Fig. 8). In practice, therefore, when I, calculated above becomes less than Crnuy, we have replaced
it with I'y;p,,, = Criug.

A2. EVENT CATEGORIZATION

The separation d,,; also divides the events into two broad categories. For distances d > d_;,, we have the independent threshold
events: offset bright (ob), offset dim (od), and double-peaked (dp). For d < d_;,, merged threshold events are obtained: offset bright
(ob), merged offset dim (mod), double-peaked (dp), asymmetric (asy), essentially single (es), and borderline (bor).

Independent threshold offset events will occur when d > d_;, and the MACHO passes through the threshold of one and not the
other. Offset bright events occur when the MACHO passes through the threshold of the brighter star, offset dim, through that of the
dim star. Events that occur by passing through both thresholds are double-peaked events.

The rate of double-peaked events may easily be found to be proportional to

dl 4, oc 2u,7 do 0<6<6,,
dl'4, oc [(uy 7 + upp) — d sin 6]d0 0,<0<8,,
dly, c0 0,<0<m/2.

Thus
Typ = C[2u,7 05 + (uyr + uyr)(0, — 0,) + d(cos 6, — cos 6)] , Ipp=Cruyp — Ty, Iy =Cruyp — Ty (A4)

where C is a proportionality constant. Division by the total rate I'y;,,,, yields the relative probabilities of the various types.

There is a natural extension of these categories when d < d_,;,. Although the threshold tubes are already merged, and thus every
event is influenced somewhat by both stars, we may define regions of relative influence of the two stars. There will always exist an
amplification and corresponding distance at which the contour separates into two distinct tubes. We have defined this in the text as
Ainen- Corresponding to equation (A1), we may approximate this contour with circles whose radii, caled u, ;,, and u,;,, are given
by considering the second star as background. These circles define a region within which the influence of the other star can be
effectively ignored. Double-peaked events can be obtained by the MACHO passing through both of these regions. Correspondingly,
the rate of such events, I'y,,, is given by the equation (A4) above with the substitution of u, ,;, for u; 7 and u, ,;, for u, 7.

The region of strong influence of each star, within which it has the ability to distort significantly the light curve, extends to a
greater region however. On the axis, it extends to the point at which its companion becomes completely dominant, i.e., the pinch-off
circle of the companion. Therefore we define two influence circles uy ;¢ = d — U, and u,;,c = d — u, ;,. Asymmetric single-peaked
and double-peaked light curves can be obtained by passing through the region solely under the influence of one star to the region
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solely under the influence of the other. Trajectories that pass between the stars where the influence circles overlap are equally
influenced and result in symmetric curves. These are classed as borderline cases. Offset bright events in the merged threshold case
are defined as all those whose trajectories take the MACHO through the influence circle of the brighter and not that of the dimmer.
Since the resulting light curves are similar to the independent threshold offset bright curves, we will not consider the two categories
separately. Merged offset dim are the extension of offset dim events and consist of events which go through the influence circle of the
dimmer and not the brighter. Merged offset dim light curves differ from offset dim curves in that they have a broad shoulder due to
the influence of the brighter star. The rates for the merged offset events are calculated as above by replacing threshold circles with
influence circles. Note that the influence circles may only replace the threshold circles when they individually come within the
threshold.

Now let us quantify this description and calculate the rate of merged threshold events. We must introduce two additional tangent
angles:

a=cos ' [(d* + u%inf = Uin))/QuU1inc )] B =cos ! [(d® + u3inr — UFin0)/Q2inc D]
0,=mn2—-8, Op =12 —a.

If P, is the point of intersection of the two influence circles, P, is the position of star 1 and P, is the position of star 2, then a is the
angle between P, P, and P, P,, and B is the angle between P, P, and P, P,. The shadow angle 6; is again important as well:

(A9)

0y = sin ™" [(Uy50r — Usin)/d] - (A6)
If 0, < 6,,, then geometry tells us
dT gy 4 sy OC 2Uy;0e dO 0<0<86,,
Al 4, 4 asy OC (Uging + Uzine — d sin 0)d6 0. <0<86,,

AT 4 + sy O€ [ying SIN & COS O + Uy0¢ — (d — Uy¢ COS P) sin 6]dO 0,<6<80,,
dl 4y 4 asy OC 2Uy ;¢ SN 02 COS O dO 0,<0<m/2.
We find
Taptasy € 2tging O 4 Wying + Upi0e)0;1 — 0) + d(cos 6,, — cos 09 + uy (0, — 0,2)
— Uyins COS B(coOs O,, — cos 6,,) — Uy sin ofsin 0,, + sin §,; —2) .
Whereas if 6, > 0,,
AT gy 4 a5y OC 2Uy50¢ dO 0<0<4,,
dT 4y 4 asy O€ [t2i0¢ SID (6 + B) + Uyine]dO 0,<0<80,,
dT 4+ asy OC [th1 405 SIN & €OS O + Uy0¢ — (d — Upie COS P) sin 6]d0 0.<06<80,,
AT 4 4 asy O€ 2Uy 4 SiN @ cOs 6dO 0, <0<m/2,
and we find
T ip+ asy O€ Uzini(Bry + 07) — tzi0[c0s (05 + B) — cos (0,1 + B)] + (d — uzin cOs B)(c08 O, — cos b))
+ Uy 06(0ry — 0) — 1506 Sin a (sin 8,5, + sin 0, — 2) .
Note 6, > 8,, is impossible. We may also separate out asymmetric events by subtracting out the rate of double-peaked events as
calculated above:
Tasy = Taptasy — Dap - (A7)
ThTra%'ectories that take the MACHO no closer than 2d will yield light curves that look effectively like single star light curves.
erefore

I'es = Tyinary — C27d up <2d,

res = 0 uT > 2d 9
where C again is just a proportionality constant. The remaining events are categorized as borderline.
1—‘bor = 1ﬂbinary - l--‘es - 1—‘ol:t - l—‘c.\d - 1-‘mocl - 1—‘dp - l—‘asy . (A8)

This completes the categorization scheme.
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ERRATUM

In the paper “Effect of Binary Sources on the Search for Massive Astrophysical Compact Halo Objects via Microlensing” by
Kim Griest and Wayne Hu (ApJ, 397, 362 [1992]), an error occurs, which was pointed out by A. Milsztajn. Throughout, when
transforming period distributions to star separation distributions M was used where M1 ! should have been used. Correcting this
error shifts the distributions by roughly a factor of 3 toward smaller binary star separations. Since the period distributions span a
range of 1019, this is not a large effect, but all the detailed numbers change.

Fortunately, the uncertainties introduced by the variations among the three different observational period distributions used are
in most cases larger than the corrections noted here. The conclusions and the summary numbers given in the abstract, introduction,
and § 1-4 are unchanged. (One exception is the percentage of events with color shifts larger than 0.1 mag which should read (in the
Abstract) 3%—7% rather than 2%-5%). None of the figures change.

This erratum lists the changes which need to be made to §§ 5-8 and includes a new Table 4, where most of the numbers have
changed. Qualitatively, the basic change is a shift of 5%-10% of the events from the “effectively single” category to the “offset
bright ” category. Smaller changes due to the shift in the bumps and wiggles in the observational period distributions, as well as
smaller systematic changes can be gleaned from the new Table 4.

The formulae can be corrected by changing M, to M3 ! throughout. The Kepler formula should read P? = a3/M, where the
period P is in years, the semimajor axis a is in a.u., and the total mass My is in M . All factors of Newton’s G should be ignored in
these units. (Note, however, that the period bins in Table 3 are log P, with P in days.)

The following changes should be made: In § 5, all factors of M7/* should read M7 "/ 2. The second paragraph after equation (21)
should read: “ Thus we see the contributions from the various categories. The fraction of offset bright events ranges from 70%—81%
atm=10"% Mg to 49%—63% at m = 10~ ! M. The fraction of separated offset dim events varies from between 7% and 22%,
while the fraction of merged offset dim events varies from 0.4% to 2%. Double-peaked plus asymmetric events comprise from less
than 1% to around 3% of the total, while essentially single events comprise between 1% and 37%, depending upon the MACHO
mass and distribution used. Borderline events give between 1% and 7% of the total. Including the variation from all three
distributions, the total percentage of probably distinguishable events ranges from 8% to 28%, with the more well-determined dark
matter distribution, giving a 14%—19% range.”

TABLE 4
ExPECTED FRACTION OF BINARY EVENTS BY CATEGORY

Mass (M) ob od mod dp+asy es bor totd <
DM(F-G Stars) with AO Primary

1075 e 0.81 0.15 0.004 0.010 0012  0.013 0.17-0.18 1.12

1074 . 0.78 0.14 0.007 0.015 0.035 0022  0.16-0.19 1.11

1073 ... 0.73 0.13 0.008 0.017 0.08 0.030 0.16-0.19 1.10

1072 0.68 0.12 0.010 0.021 0.13 0040  0.15-0.19 1.09

107 0.61 0.10 0.012 0.027 0.20 0.052 0.14-0.19 1.08

DM with AS Primary

1073 ..., 0.73 0.13 0.009 0.018 0084  0.031 0.16-0.19 1.10
107 .. 0.60 0.10 0.013 0.027 0.21 0.055 0.14-0.19 1.08
DM with B5 Primary
1073 ............ 0.74 0.13 0.008 0.016 0.066 0.031 0.16-0.19 1.11
107 s 0.63 0.10 0.012 0.027 0.18 0.047 0.14-0.19 1.08
AGL(B Stars) with BS Primary
1075 s 0.81 0.099 0.010 0.024 0.012 0.042 0.13-0.18 1.08
1074 072 0.081 0.014 0.029 0094  0.064 0.12-0.19 1.07
1073 ..., 0.62 0.078 0.007 0.016 0.21 0.073 0.10-0.17 1.06
1072l 056 0074  0.004 0.010 0.31 0.036 0.09-0.12 1.06
107 0.53 0070  0.003 0.009 0.37 0.023 0.08-0.10 1.05
Al(A stars) with AQ Primary
1075 ..eees 0.70 0.22 0.009 0.021 0017 0029 0.25-0.28 1.18
107% ... 0.66 0.20 0.013 0.023 0066 0030  0.24-0.27 1.16
1073 ... 0.61 0.18 0.019 0.028 0.12 0037  023-0.27 1.14
1072t 0.55 0.16 0.018 0.030 0.19 0.052 0.21-0.26 1.12
1007 049 0.14 0.016 0.029 0.27 0054  0.19-0.24 1.11
440
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ERRATUM 441

In § 6, the sentences in the second to last paragraph describing the color shift results should read: “ For an A0 primary star and
MACHO mass m = 10"3 Mg, we find ~5.5% of events will have a maximum A(B— V) of greater than 0.1 mag. For A5 and B5
stars, the fractions are 6.7% and 3.4%, respectively. For an AO primary andm = 10~° M, the fraction is 6.2%, while for an A0 with
m=10"" Mg itis 4.6%.”

Finally, in § 8, the MACHO mass used in Figure 12 should be 4.3 x 10~ 3, and the MACHO velocity needed to give such curves
should be less than v, ~ 0.26m™/*d~%?2, a factor of 3 larger than stated before: thus, v, = 2.1 km s~ ! in Figure 12. All conclusions
drawn from the example are unchanged.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993ApJ...407..440G&db_key=AST

