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Lawrence Livermore National Laboratory, Livermore, CA 94550
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Abstract

Machos (Massive Compact Halo Objects) might be a significant constituent

of the dark matter that dominates the Milky Way. (Machos are a form of

baryonic dark matter.) This article describes the experimental searches for

Machos that exploit the gravitational microlens magnification of extragalac-

tic stars. These surveys monitor millions of stars, in some cases every night,

lookhg for magnification events.

The early results from the surveys have yielded some spectacular events.

It appears that Machos do comprise a significant fraction of the galactic dark

matter. It also appears that the central bar of the Milky Way is very massive.
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1 Introduction

Most of the mass of the Milky Way and similar galaxies is in some presently

invisible form (see, e.g., the review of Fich and Tremaine [13]). This “dark

matter” cannot be in the form of normal stars or gas, which can readily be de-

tected. Additionally, there is compelling evidence for much larger quantities

of dark matter on larger scales in the universe.

Many candidates have been proposed to account for this dark matter.

These fall into two main classes: the particle-physics candidates such as mas-

sive neutrinos, axions or other weakly interacting massive particles (WIMPS)

[25], and the astrophysical candidates, including substellar objects below the

hydrogen burning threshold N 0.08M0 (’brown dwarfs’), or stellar remnants

such as white dwarfs, neutron stars or black holes; these are generically known

as massive compact halo objects (Machos). Such objects would be much too

faint to have been detected in current sky surveys.

The searches for Machos described here (and all of the experimental

searches for particle physics candidates) are looking exclusively for objects

located in the dark halo of the Milky Way. The total amount of dark matter

in all galactic halos (located say, within 50 kpc of spiral galaxies) is approxi-

mately known from rotation curve data, and contributes to the mean density

of the universe Q N 0.05: if Q = 1, either the halos must extend far beyond

50 kpc or there must be intergalactic. dark matter.

Paczynski [22] suggested that Machos could be detected by their gwlJ--
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itational ‘rnicrolensing’ of background stars. This indirect technique does

not depend upon light emitted by the Machos. (It should be remembered,

though, that the lensing objects in question are not required to be dark,

merely significantly fainter than the source stars.)

2 The Gravitational Microlens

The simple gravitational lens comprises a point-like source of light (typically

a star), a point-like massive deflector (the Macho), and an observer. If the

target star lies directly behind the Macho, its image will be a ring of light of

angular radius, 13E,called the Einstein radius. If the Macho is separated from

the line of sight to the source by some finite angle, d = b/~d (where b is the

physical distance of the Macho from the line of sight), the ring splits into two

arcs. The combined light from the two images produced by the gravitational

lens causes a net magnification

A(u) = (U2 + 2)/u/~ (1)

that depends only on the ratio of the angular separation to the Einstein

radius, u = ~/8E. Note that A > 1.34 when u < 1, and A w U–l when

u << 1. The Einstein radius is related to the underlying physical parameters

by

(2)

3



where Al is the Macho mass, and ~d, Q, and DA are the (observer-lens),

(observer-source), and (lens-source) distances, respectively. The term ‘mi-

crolensing’ is used when 6E is so small that the two images cannot be sepa-

rated with current observing equipment, and the image doubling cannot be

seen.

Frequently the related quantity ~E = (?.E~d is referred to as the radius

of the

above,

50 kpc

Einstein ring, where l?~ is the physical size of the ring described

measured at the location of the Macho. For a source distance of

x 1010AU and a deflector distance of 10 kpc, the Einstein radius is

RE z 84-AU.

earth around the sun

described below.

The coincidence between this scale and the orbit of the

can be exploited in the study of microlenses, as will be

The observable phenomenon, as the Macho moves at constant relative

projected velocity v, is the varying magnification of the star. This magnifi-

cation is given as a function of time by A[u(t)], where

u(t) = ~~ (3)

and ~ is the impact parameter in units of the Einstein radius, to is the

epoch of maximum magnification, and w– 1 (u cx v) is the characteristic time

(duration) of the event.

Of course many astronomical sources arc variable. Fortunately, simple

mierolensing has distinctive signatures which can be used to discriminate it
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from intrinsic stellar variability:

● Since the probability that any given star will be significantly lensed is

small, only one event should be seen in any given star (see discussion

of microlensing optical depth).

● The deflection of light is wavelength-independent; hence, the star should

not change color during the magnification.

. The events should have lightcurves well described by the theory (Eqs. 1

and 3).

All these characteristics are distinct from known types of intrinsic variable

stars; most variable stars are periodic or semi-regular, and do not remain

constant for long durations.

color as they vary, and they

rapid rise and slower fall.

They usually change temperature and hence

usually have asymmetrical lightcurves with a

In addition to these individual criteria,

events are detected, further statistical tests

if many candidate

can be applied:

microlensing

The events should occur equally in stars of different colors and lumi-

nosities.

The distribution of impact parameter u~,,, should be uniform from O

to the experimental cutoff u(A~i,,).
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● The event timescales and peak magnifications should be uncorrelated

(after correcting for experimental selection effects).

When a microlensing event is detected and its light curve is measured,

one determines three parameters, w, to, and ~. Of these, only u is related to

the physical parameters of the lens:

v

w = DdOE”

For microlensing of sources in the Large Magellanic

(4)

Cloud (LMC), w-l N

70~- days. One of the principal limitations of present experiments in

this area, one which cannot be resolved with purely ground-based work, is

that our uncertain knowledge of the quantities Dd, DdS, and v for an observed

microlensing event means that the uncertainty in the inferred mass of the

Macho, Al, spans more than an order of magnitude [17]. The mass is our

only clue to the true nature of the Macho.

Parallax, obtained by the simultaneous observation of a microlens event

from telescopes separated by a distance of order RE, allows one to measure

a second parameter [15],

(5)

(Generally one obtains one vector component of 0, and the absolute magni-

tude of another.)
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The complete solution of a microlensing event requires, in addition, the

determination of 8E. This is very difficult to achieve, since typically @E <

10–3 “. For a handful of cases in which the Macho passes directly in front of

the source star (or nearly in front of the star), it will be possible to measure

8E. This is possible because the magnification equation given above must

be modified to take into account the finite angular size 0.s of the star. The

modification depends principally upon the ratio f?.s/8E. (An important com-

plication is introduced by the center to limb variation of brightness over the

face of the star.) If 0,s can be estimated spectroscopically, one can in turn

infer dE.

In the rare cases when one measures U, Z, and 6E, the lens parameters

mass, distance, and transverse velocity can each be determined. For example,

c2i@E
M=—

4Gw “
(6)

3 The “Macho Fraction” in the Galactic Halo

The gravitational microlens ‘optical depth’ is the quantity that probes di-

rectly the Macho fraction of the dark matter, since it is ‘proportional’ to the

density of microlensing objects along the line of sight to the target stars. If

the distribution of the total mass density ptO~.l(~d ) is known along a given

line of sight,

line of sight

then the experimental estimate of the optical depth ~ along this

yields the fraction of’ the total dark matter that is in the form



of Machos.

The ‘optical depth’ ~ for gravitational microlensing is defined as the prob-

ability that a given star is lensed with u < 1 (A > 1.34) at any given time,

and is

I
D, /j(~d) 2 ~d) ~~d,

T=T ~RE(
o

(7)

where p is the density in Machos. Since RE m m, while for a given p

the number density of lenses w iM- 1, the optical depth is independent of

the individual Macho masses. Using the virial theorem, one finds that ~ N

(V/c)2, where V is the rotation speed of the Galaxy.

More detailed calculations [17] give an optical depth for lensing by Machos

in the Galaxy of stars in the Large Magellanic Cloud of ~LMc % 5 x 10–7,

under the assumptions that (1) all of the dark matter is in the form of

Machos; and (2) the most naive model of the halo (spherically symmetric,

small core radius) is correct. This very low value means that only one star

in two million will be magnified by A > 1.34 at any given time. (Note that

this estimate assumes that all of the dark matter is in Machos, and hence is

a crude upper limit to the optical depth.)

Surveys for gravitational microlensing follow millions of stars photomet-

rically in order to obtain event rates of a few per year against the Large

llagellanic Cloud. The optical depth in principle can be estimated directly

from the experimental data, once a statistically significant number of elents
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has been recorded. This interpretation iscomplicated, inpractice, byineffi-

ciencies introduced by the irregular sampling, and by the very crowded star

fields that must be observed in order to make the large number of photometric

measurements.

The interpretation of microlens optical depths in terms of the fraction of

the dark matter in the form of Machos is limited by our poor knowledge of

Ptotal(Dal)” ‘he ‘ark ‘alo ‘aY be ‘Pherical ‘r ‘lattened [261>and‘f‘lattened‘t
may or may not be aligned with the plane of the disk [14]. The core radius of

the halo is not securely known. Also important is a complete understanding

of the contribution of the disk and bulge to the total

solar circle. This has turned out to be more significant

mass interior to the

than expected.

4 The Current Situation

Four groups have reported detections of microlens events: the MACHO

Project [3, 4, 5, 7], the EROS Project [8], the OGLE Project [28, 29], and

the DUO Project [1]. The MACHO Project follows N 107 stars in each of

the Large Magellanic Cloud and the galactic bulge. The MACHO Project

has recorded w 100 events, of which eight are toward the Large Magellanic

Cloud, and the rest toward the galactic bulge. The EROS Project has fol-

lowed * 4 x 106 stars in the Large Magellanic Cloud, and recorded two

events

OGLE

(both of these are possibly due to intrinsic stellar variation). The

Project follows N 2 x 10Gstars in fields near the galactic center,

f)

and



has recorded ~ 18 events, and the DUO Project follows * 106 stars also in

fields near the galactic center, and has recorded N 12 events.

Two example events are shown in Figure 1. The upper panel shows a

high magnification event from the MACHO Project (the star is in the galac-

tic bulge). The lower panel shows an event that was noticed well before it

reached maximum magnification. (The epoch at which the event was rec-

ognized is marked on the figure.) This “alert recognition” is a new capabil-

ity now routinely used by both MACHO and OGLE. The MACHO Project

currently uses the alert process to select events for more careful photometric

monitoring at Cerro Tololo Interamerican Observatory, and for spectroscopic

follow-up. Spectra have been obtained during two alert events, and in each

case spectra were taken at epochs spanning the maximum. The spectra

showed no evolution during the events, confirming the gravitational lens in-

terpretation.

The galactic bulge observations have yielded substantial surprises. The

estimated optical depths are w 3 x higher than the upper limits that were

estimated prior to the experimental results [30, 4]. (These upper limits [18,

23] were based upon standard models for the galaxy.) Suggestions have

included (1) that the galactic bulge is a very massive bar, with the long axis

pointing in our direction (a successful model fit to the OGLE and MACHO

results using a pre-existing model bar was made by [31]); (2) that the mass

of the disk is much greater than anticipated [4]; (3) that the dark halo has
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a low density or even hollow core [12]; and (4) that the dark halo is a very

flattened structure, and the high rate toward the galactic center is due to

halo Machos.

A quantitative examination of the MACHO observations towards the

Large Magellanic Cloud [7] shows that the best-fit Macho fraction, assuming

a standard model for the dark matter distribution, is j w 0.4, but with very

large uncertainties. It is not possible to exclude the possibility that all of

the dark matter is in the form of Machos (especially considering our poor

knowledge of the true distribution of the dark matter).

A significant surprise in this analysis is that the best-fit ‘typical mass’

of the lensing objects is * 0.5M0. This is inconsistent with brown dwarfs,

These objects might be very old white dwarfs, or perhaps even primordial

black holes.

It is important to note that the interpretation of microlensing results

toward the Large Magellanic Cloud is contingent upon understanding the

galactic bulge results. In particular, the estimate of pt.ti (~d) in the halo,

which is combined with T to obtain the estimate of the Macho fraction, is

derived from the mass model of the Galaxy. The model of the bulge is an

important component of the mass model.
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5 Next Generation Experiments

The current experiments are far from completing their missions, and collec-

tively they will clearly be able to detect and decipher many more microlens-

ing events, probably tens of events toward the Large Magellanic Cloud and

perhaps hundreds of events toward the Galactic bulge. It is probably more

useful, however, to look at what can be achieved with more powerful or even

substantially different experiments, based upon the experience of the current

four projects.

5.1 What can be achieved from the ground?

The experience of the four groups allows us to project what could, in prin-

ciple, be achieved from the ground. This assumes that next- generation ex-

periments are exploited fully to realize the limits of ground-based microlens

surveys.

It will be possible to measure the optical depth toward the Large Magel-

lanic Cloud with reasonable accuracy.

It might be possible to do this also for the Small Magellanic Cloud. It

will not be possible to obtain useful estimates of the microlens optical depth

toward other targets that are high above the galactic plane. All other tar-

gets that contain adequate numbers of stars are either so distant that the

observations are confusion limited (e.g., M33), or the stars are

clusters that are too faint to observe usefully from the ground.

in globular

This limits



the potential usefulness of the gravitational microlens tomography technique

that was described above.

Two groups ([11, 10]) will attempt to measure microlens event rates to-

ward M31. Their technique is sensitive only to Machos in the halo of M31,

and will not in the end provide additional information about the nature and

prevalence of Machos in our own galaxy.

Ground-based work alone will not be able to determine the Macho fraction

of the dark matter. The uncertainties in the shape and radial profile of the

dark halo will be the primary limitation. This limitation can be alleviated

by using the Macho Parallax Effect, reducing the uncertainty about where

along the lines of sight the individual Machos are, and adding some velocity

information. This is discussed in the next subsection.

The situation with respect to the bulge observations is more promising. It

is possible that ground-based observations will be able to distinguish between

a large central bar, pointing in our direction, and a “maximal” disk (Han and

Gould [19] have expressed doubts that this can be achieved). It will not be

possible, however, to distinguish a “maximal” disk from an extremely flat

halo; this would require either the parallax technique or the tomography

technique.

Finally, there is an exciting new application of the gravitational microlens

technique. It is possible to search for planetary companions around Machos

by looking for the small distortions in the light curves that are produced [21,
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16]. This search would require a latitudinally spread network of telescopes

providing nearly continuous monitoring of events that are found in a survey

such as MACHO. Two groups are attempting to put such a network together:

MACHO and PLANET [2].

5.2 Observing Macho Parallax

Earlier we showed the great value of measuring the projected velocity Z,

especially in elucidating the masses of Machos. This can be accomplished by

the parallax technique: measuring an event from two different lines of sight

[15]. From the ground one can measure Macho parallaxes only for events of

exceptionally long duration, so that the acceleration of the earth around the

sun significantly changes the projected velocity during the event. These long

duration events are uncommon.

Figure 2 shows the light curve of one of the more spectacular events

discovered by the MACHO project. This is the only event for which the effect

of parallax motion has been detected [6]. There is a significant asymmetry

in the lightcurve of this star, which is well fit when the motion of the earth

is taken into account. The best fit indicates that the velocity of the Macho

with respect to the line of sight between the source star and the Sun is 75+5

km/see when projected to the position of the Sun. The knowledge of the

projected velocity allows us to derive a relation between the mass of the

hlacho and its position along the line of sight as seen in Figure 3 (solid line).

.Also S11OWI1on this Figurc~ 3 arc two likelihood estimates taken from [6].
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The long-dashed line assumes a simple model for the velocity distributions

of stars in the Galactic disk and bulge. The short-dashed line assumes ad-

ditionally that the lensing object is a main sequence star, and that this star

contributes the baseline flux observed (see [6] for details). ~From this figure,

we can immediately conclude that the lens is either a dark object at N 1.5 kpc

or a star at N 2.5 kpc. If we had information like this for a large fraction of

the microlensing events, then we would be able to tell whether the majority

of the lensing objects are in the galactic disk, bulge, or bar. Similarly, toward

the Large Magellanic Cloud, routine measurements of microlensing parallaxes

would allow us to determine whether the observed events are Machos in the

dark halo, the Milky Way disk, or perhaps in the Large Magellanic Cloud.

Parallaxes are difficult to measure from the ground; only for the longest

duration events will the earth move far enough in its orbit during the event

to make the parallax effect visible from the ground. This limits us to mea-

surements made on events for which the Machos are in the galactic disk,

and eliminates from useful study bulge and dark halo Machos (for which the

events are of duration much shorter then six months, because of the high ex-

pected transverse velocities). For this vast majority of cases, the microlensing

events will end before the earth has had a chance to move very far, so the

parallax information will oniy be available if events can be observed simul-

taneously from the earth and a small satellite in a solar orbit of order w 1

.14Uaway from the earth [15].



Satellite parallaxes would greatly advance the study of Machos. For

events seen toward the Large Magellanic Cloud, measurement of U would dis-

tinguish between Galactic Machos (ti <300 km s–l ) and those in the Large

Magellanic Cloud (i N 2000 km s-l ). For Galactic Machos, J ~ v, so that

one could distinguish between Machos in the disk (v N 50 km s– 1), the thick

disk (v w 100 kms-l), and the halo (v ~ 200 km s-l). It would be possible to

measure the transverse direction for at least some of these Machos, yielding

additional information about their distribution.

The situation is somewhat more complicated for Machos seen towards the

bulge. Parallaxes can statistically distinguish between Machos lying in the

disk versus those which lie in the bulge itself, and also allow one to estimate

the mass of the former [19]. Moreover, for w 10?ZOof bulge Machos and N 4%

of disk Macho events it should be possible to measure OE from the ground

and therefore use the parallax to determine ill, ~d, and v individually.

6 Summary

It is useful to summarize the situation in regard to research on gravitational

microlensing in three parts: what we know, what we will likely learn from

current experiments, and what we could learn with aggressive next generation

experiments.
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6.1 What we know now:

.

. Gravitational microlensing has been observed.

. The event rate towards the galactic bulge is 3 times higher than ex-

pected.

. The event rate toward the Large Magellanic Cloud indicates that Ma-

chos make up a significant fraction of the galactic dark matter.

. The Machos appear to have masses ~ 0.5M0.

6.2 What we will learn from current experiments:

● Reasonable statistics for the event rate towards the Large Magellanic

Cloud (primary handle on halo Machos).

● Approximate event rate towards the Small Magellanic Cloud.

● Crude map of the event rate as a function of Galactic longitude and

latitude near the galactic center (needed to disentangle galactic mod-

els).

6.3 Next generation experiments:

● Develop photometric follow-up network to determine lightcurves better

(to measure higher order effects such as finite angular size of star, which

yields much more information per event, and to search for planetary

companions).



\

. Macho Parallax Satellite (measure lightcurves simultaneously from earth

and spacecraft 1 AU away to resolve the lens; this will determine where

the Machos are).

Look at: http: //wwwmacho.mcmaster. ca/ for current information on the

MACHO Project. There is current information on events in progress, and

in addition there are pointers to the other major projects (e.g., OGLE and

EROS).
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Figure Captions

Figure 1: Two microlensing events seen by the MACHO Project, with the
discovery date of the latter shown.

Figure 2: Lightcurve ofan event from the MACHO Project showing the

parallax effect. The dashed line is the best fit not including the motionof
the earth around the sun, the solid line includes the motion of the earth
around the sun.

Figure3: Mass of Macho versus distance to the Macho, andlikelihoodesti-
mates assuming the lens is dark (long dash) or a main sequence star (short
dash).
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