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ABSTRACT

The possibility of searching for non-visible massive compact objects in the galactic halo
is discussed here. The discovery of such objects would solve the problem of the missing
mass in the galaxies, and the experiments which investigate for weakly interacting
particles assuming a diffuse cloud of dark matter would have to revise their limits. The
non-discovery of these objects would exclude the last possibility left for baryonic dark
matter, providing good evidence that the galactic halo has to be made of new particles.
The description of the general-relativistic microlensing effect and its application to the
search of massive compact objects are given here. A feasibility study shows that it is
possible to monitor the luminosity of several million stars in the Large Magellanic Cloud
with the required precision, in order to detect a possible microlensing phenomenon
induced by heavy compact objects (10*4 - 1(H solar mass units). A CCD-based
experimental setup is described, which would make it possible to search for compact
objects in the 10"6 - 1(H solar mass unit domain.



1. DARK MATTER AND GALACTIC HALOS

It is widely accepted that the flat rotation curve of stars and interstellar matter around the centre of

spiral galaxies provides strong evidence for dark matter halos of yet unknown origin and

composition, in which the luminous part of spiral galaxies (such as our own Milky Way) is

embedded [I]. We know that these halos are not made of stars or diffuse baryonic matter because

they would have been easily detected. The only two remaining possibilities are

- Massive Compact Objects (MCOs) which could be brown dwarves (stars not massive

enough to sustain nuclear reactions in their cores), giant-planet-sized objects (Jupiters), smaller

planet-like objects, primordial black holes or massive objects made of new particles...

- Weakly Interacting Massive Particles (WIMPs) which could be either neutrinos or photinos

(the lightest supersymmetric particles)...

Although the second candidates are generally favoured from galaxy-formation considerations, the

first ones can certainly not be ruled out. In particular, the existence of MCOs is favoured by

primordial nucleosynthesis results. The MCOs represent the last possibility left for baryonic dark

matter.

An experiment sensitive to the gravitational effects of MCOs could decide between these two

possibilities. The idea is to survey for several months, at 10% accuracy or better, the luminosity of a

large number of stars in the Large Magellanic Cloud (LMC) and search for stars that undergo a

characteristic brightening due to a massive compact object passing near the line of sight and

producing a gravitational 'microlensing' effect, which is described in more detail below. Whatever

the results of this survey, the consequences will be important both for particle physics and

astrophysics. If some massive compact objects are indeed found, then this will give a strong

indication that there is less room for a diffuse gas of non-baryonic dark matter (like WIMPs) around

galaxies. This would mean that present searches for WlMPs are likely to be ineffective, because the

WIMPs density would be much lower than assumed in these searches. On the other hand, if such

compact objects are not found, then there is a strong incentive for all kind of WIMPs searches.

2. GRAVITATIONAL MICROLENSING

The idea of looking for massive compact objects through this phenomenon was first put forward in a

paper by B. Paczynski [2] and was recently reconsidered by C. Alcock during a seminar in Berkeley

(Nov. 89).

2.1 Description of microlensing events

When a spatially-small massive object (hereafter called a deflector D) happens to lie close enough to

the line of sight between a light source (a star S) and an observer O, then the observer collects more

light from the star than he would in the absence of this deflector. Moreover, the light comes to the

observer through two separate paths (on either side of the deflector, see figure 1). The closer the

deflector is to the line of sight, the larger the amplification is. This phenomenon, known as

gravitational microlensing, is due to the general-relativistic deflection of light by massive bodies.



Figure 1 : the deflection of light by a massive object
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In the special case of perfect alignment of O, D and S, the observer should see a ring of light centred

on D (known as an Einstein ring). The radius Ro of this ring is given by RQ"= 4GMd/c2, where G is

the Newton constant, M the mass of the deflector, c the speed of light and d a distance such that

1/d = 1/doD + 1/dDS- Th's radius Rn, sets the scale for all distances perpendicular to the line of sight,

and is thus a convenient unit. As an example, for a 1 solar mass deflector, situated 10 kpc from the

Sun (1 kpc = 1 kiloparsec ~ 3.1 IO16 km), and for OS = 50 kpc (distance of the Large

Magellanic Cloud), the Einstein ring radius is Ro ~ 1.4 109 km.

If the projected position S' of S in the plane perpendicular to OD containing D lies within a circle of

radius Ro centreed on D, then the light from the star S collected by O is amplified by a factor larger

than 1.34 (this corresponds to a brightening of the star by more than 0.32 stellar magnitude).

Figure 2 shows the amplification factor as a function of the distance DS' (measured in units of

This amplification factor is given by
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Figure 2 : light amplification versus the distance DS', measured in units of R0



In any realistic case, the two light rays come to the observer at a relative angle that is very small (less

than 0.002 arc second). Thus, the two rays cannot be resolved and the only noticeable effect for the

observer is the brightening of the source star.

Given the fact that the alignment has to be very good between the observer, the source and the

deflector to get a significant effect, the relative velocity (~ 200 km/s) of these bodies makes the

brightening of the star a relatively short time scale phenomenon. For the time and distance scales

involved, the relative motion of D with respect to the line OS is linear to a very good approximation.

Thus, the time-dependent brightening curve for a given impact parameter umjn is easily obtained from

the formula for A(u) (see figure 3 taken from reference [2]). The important characteristics of this light

curve are its symmetry, uniqueness (the brightening happens only once) and its achromaticity (the

brightening is identical, whatever the radiation length emitted by the source), in contrast to all the

known light curves for intrinsic variable stars. For brightenings larger than 0.32 magnitude, 561X-.

92.5% and 98.5% of the events undergo a magnitude variation smaller than 0.50, l.(X), 1.50

magnitude respectively.
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Figure 3 : light curves of a microlensing event

( from reference [2] )

All these characteristics are exact only in the limit that the deflector D and star S are pointlike and

simple (no double star, for example). We now examine how they are modified when one of these

hypotheses fails.

- D cannot be considered pointlike when its diameter is larger than its Einstein ring radius Ro.

In that case, there is an eclipse of the star rather than a brightening. With the same numerical values

used above - O D = 10 kpc and OS = 50 kpc - and for a density of 1 g/cm3 for D, this is the case

for deflector diameters smaller than 0.5 km which are objects not accessible in the proposed search.



- S cannot be considered pointlike when its radius, projected in the deflector plane, is

comparable to, or larger than 2xRo- In this case, there is no impact parameter for which the average

amplification is larger than 1.32. In practice, this excludes from the search using LMC the very small

deflectors (smaller than 1(K1 solar mass) that may only be able to significantly amplify a too restricted

population of the smallest stars.

- If S is in fact a multiple star system - this is the case for half of the stellar systems - not

resolved by the observer, then if the components are very close (projected distance in the deflectors

plane d «Ro) , the light curve is not affected. If they are very distant (d »Rrj), one component will

undergo the brightening and the others will remain unaffected. Thus the relative light brightening will

be smaller than in the simple case and it may go unnoticed. If d ~ Ro, then each component undergo

different amplifications, giving a combined brightening curve that is more complicated than the ideal

one. Moreover, if these stars have different colours (different surface temperatures), the combined

brightening is no longer achromatic.

- If D is in a multiple system, then if the components are very close (d « individual Einstein

radii) then the light curve is not changed, if they are at distances comparable to the individual Einstein

radii then the light curve becomes more complicated (not symmetric) but remains achromatic, and if

they are very far away then the light curve is the same as when the deflector is simple.

We have also studied the possibility that the deflectors are grouped in clusters of the typical size of a

globular cluster (105 to 106 solar masses). Even in this case, there are enough dusters in the Galactic-

halo in front of the LMC (at least a few per square degree) and we find that the components of the

clusters can be considered as independent deflectors, because their average mutual apparent distance

is much larger than their Einstein radii. The clusters as a whole may deflect light from the monitored

SUu-S by an amount that is larger than in an individual microlensing event, but this has no observable

consequence because this global deflection varies on a time scale much larger than the observing

period.

2.2 The expected frequency of microlensing events

The probability that a star undergoes a brightening due to microlensing with an amplification larger

than 1.34 is simply the probability that the line OS crosses one of the zones of "gravitational

influence" of area rcRg associated with a deflector. Because this area is proportional to the mass of

the deflector, it is easy to see that, at any given moment, this probability is directly proportional to the

total mass along the line of sight OS (and independent of the mass distribution of the deflectors).

Using a common halo model that explains the observed Galactic rotation curve [3]', we estimate this

probability to be 0.1 10"6, 0.5 H)"6 and 0.5 10"6 respectively for stars at the Galactic centre, in the

LMC and in the SMC (Small Magellanic Cloud). For the case of deflectors of 1 M o (one solar

mass), figure 4 shows the distribution of the 'transit time', period during which the amplification is

larger than 1.34. For deflectors of mass 10"^n M Q. the horizontal scale of this figure should simply

In this model, the halo mass is 8. i o " solar masses wiihin a radius of 100 kiloparsccs.
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be scaled by a factor K)-". Assuming a halo made of objects of the same mass, figure 5 shows the

mean value of the 'excitation time' and the mean number of microlensing events expected for K)6

stars monitored (in the LMC) during one year as functions of the mass of the deflectors.
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2.3 Backgrounds and physics summary

The main a priori background to this search is intrinsic variable stars. The requirements of symmetry,

achromaticity and uniqueness of the brightening, however, constitute a powerful tool to reject these

backgrounds. Also, the magnitude of a star brightened by microlensing should be identical well



before and well after the observed brightening, and the maximum brightening has a very low

probability (1.5%) of exceeding 1.50 magnitude. We presently know of no type of variable star that

could simulate the signal being searched for [4|. In any case, all candidate stars should be monitored

for intrinsic variability following the observation of a brightening that is compatible with a

microlensing effect, and the old data available on such stars should also be checked.

To summarize, we have to look for characteristic star brightenings over a wide range of 'excitation'

times. In the case of deflectors that are low mass stars (0.1 M Q) or brown dwarves, the typical

excitation time is one month so that a few million stars should be monitored with the highest possible

sampling rate (at least every 10 nights) during several months. In the case of 10'^ M Q deflectors,

about 60 (KX) stars should be monitored at least every 40 minutes during 20 days (see also figure 5).

Whereas in the first case, photographic plates are needed to obtain the necessary statistics, the study

of the second case requires less statistics but a more frequent sampling of star brightnesses and thus

shorter exposure time, so that CCDs are well suited. This mass range for deflectors seems to be the

largest reasonable one, because higher mass stars are luminous and would have already been se ̂ n

(except for possible black holes) and lower mass primordial objects would most likely have

evaporated since the time of galaxy formation.

The feasibility of such a project has been studied in detail with existing photographic plates (see

below) and leads to the conclusion that it is possible using the European Southern Observatory (KS(J)

facilities in La Silla, Chile.

3. PHOTOGRAPHIC PLATES

3.1 Feasibility study

Two pictures of the Large Magellanic Cloud (LMC : 30 square degrees) taken 6.5 years apart with the

1 meter SchmiJt telescope at La Silla (30x30 cm2 plates) were analysed in order to study the

reproducibility of the luminosity measurement. These pictures were made in similar conditions ( 1

hour exposure time with a Red filter). They were partially digitized (20 cm2) in steps of 10 |jm by

the MAMA measuring machine at the Paris Observatory (MAMA = Machine Automatique à Mesurer

pour l'Astronomie). The studied region, not too far from the bar of the LMC, is a quite crowded field

(5 to 10 (KX) stariike objects per cm2 on !he plate).

The algorithm defining stellar objects on these plates that is presently used during the digitizing

procedure at the MAMA is simple but rather fast. On the other hand, it is not ideally suited for star

finding in regions that are as densely populated as the ones we are interested in, and in the future it

will be necessary to develop a more efficient algorithm for the definition of the stellar objects. In spite

of this shortcoming, we have tried to match the objects that are identified on the two plates. The

comparison between the two plates is performed in a completely automatic way. One plate's

coordinates are geometrically adjusted with respect to those of the other using, in a first stage, pattern

recognition based on the brightest objects of each plate. In a second stage, a converging fitting

procedure is applied, using a large number of objects unambiguously associated after the first stage.

After the geometrical adjustment has been done, a large proportion of the objects from the two plates



can be unambiguously considered as images of the same star (applying the coordinates

transformation, the two images of a star coincide with a precision better than 7(.im). The proportion of

stars correctly identified in that way on the two plates is 6h'7<-, The remaining (missing) 341X are

explained by the already mentioned limitations of the simple star-defining algorithm that we are

presently using in connection with the MAMA machine.

F:igure 6 shows the distributions of magnitude differences measured in the two plates for objects that

are correctly associated (in 4 adjacent intervals in a magnitude range of AM = 2). These distributions

are strongly peaked at values which are related to the small differences in the recording conditions foi

the two plates. Their half-widths at half-maximum are less than 0.07 unit of magnitude. For a star in

ihis AM = 2 range, the probability to get a magnitude variation larger than 0.32 is 0.2%, which is

compatible with the expected rate of variable stars.
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Figure 6 : differences of magnitude measured in two plates for stars
in 4 adjacent intervals in a magnitude range of AM = 2

This analysis was performed using the vectorial capabilities of an IBM 3090 machine, which makes

the calculations in less than 2 minutes (CPU time) for about 100 000 objects. From the data analysed

here, and given the fact that the algorithms used need computing time proportional to the number of

objects under study, one can estimate the amount of computing resources that will be needed for a lull

comparison of two Schmidt plates. The necessary computing time amounts to 1-2 hours on an IBM

3090 and a disk space of about 0.5 Giga-octeis is required.

In summary, this feasibility study demonstrates that an automatic program is able to analyse pictures

with at least 4000 objects per cm2 so that the goal of monitoring a few million stars can be reached.



Moreover, we have achieved plate photometry that, in the region where the densit}-magnitude

relationship is nearly linear, is reproducible to 0.07 magnitude, well below the 0.32 magnitude

threshold that we have set for the search of microlensing events. Note that (possible) non-gaussian

tails in the magnitude variation distribution cannot be a problem because of the large sampling rate of

data taking.

3.2 The observing program

The observing program consists in recording about 50 plates taken at the 1 m Schmidt telescope of

HSO (La Silla, Chile) ; two plates are needed per night, one with a B (blue) filter and about M) inn

exposure time, the other one with a R (red) or V (visible) filter and 50 mn exposure time. All these

plates should be taken during the next period of observation of the LMC (October 1990 to March

1991), with seeing conditions better than 1.5", following a sampling schedule which allows for

covering the considered range of 'excitation times'.

This program would allow us to look for microlensing event durations ranging from 3 days to a few

months, with at least 5 points measured on the light curve above an amplification by a factor 1.34.

In order to strengthen our conclusions, any candidate star should be monitored for intrinsic

variability, either using CCDs (see next section) or photoelectric photometry. VVe would also compare

these plates with already existing ones taken in the last few years and would probably ask for some

plates to be taken in the year following this program.

So far, we have not discovered any background effect that could simulate the signal we are looking

for.

4. THE CCD APPROACH

Present CCD performance makes them particularly attractive for photometric observations of a

relatively large sample of stars. Their main advantages are a high quantum efficiency, good linearity

over a wide dynamic range, an extraordinary stability and reproducibility and an intrinsic digitization.

However, the number of pixels remains small with respect to conventional photography (H)9 pixel*

on a Schmidt plate). An array of CCD's of reasonable price can offer a few million pixels. This,

however, is enough to cover the lower part of the mass range ( 10"6 M o to 10"4 M Q) .

We propose to build an array of 16 CCD's which will cover an area of 20 cm2. The CCD's

developed by THOMSON-CSF (THX-31157) can be arranged side by side on three edges *o

minimize the dead zones. Each pixel is 22x22 | im2 and the total number of pixels is 3.7 \0b. This

CCD array can be mounted in the focal plane of the existing GPO telescope (Grand Prisme Objectif)

at La Silla, Chile, which has an angular field of view of 2° by 2° and provides pictures of 16x16 cm2.

Many more CCD's than proposed can in fact be accommodated, if necessary, at this telescone. In the

first experimental step with 16 CCD's in the focal plane, it will be possible to register some 6!) (KK)

stars in an exposure time of about 20 mn. In the focal plane of the GPO, one arc second corresponds

to one CCD pixel. This pixel size is of the order of the dispersion given by the seeing conditions

which is quite an optimum. The only disadvantages of the GPO are its relatively small aperture

(40 cm), its relatively poor equipment (no automatic handling) and the presence of chromatic



aberrations (currently under investigation). With such a telescope and with the 16-CCD array, we

would be able to cover the range KV6 M Q to K)"4 M Q for the massive compact objects of the

galactic halo.

Obviously, all the software presently developed for the photographic plate aiv'.vsis can be used for

the CCD picture analysis.

5. CONCLUSIONS

The two complementary approaches will cover the range 1(H M Q - HH M O (using plates) and

H)'6 M Q - 1 0 4 M O (using CCD's) for massive compact objects. Combining our CCD data with

another experiment equipped with CCD's looking at the same region of the LMC (from New-Zealand

for instance) it would be possible to follow a complete light brightening curve of 12 hours to 2-3

days, corresponding to deflectors of mass around 10'3 M Q - 10"4M o-

We believe that no known variable star could constitute a real background (uniqueness of the

occurrence, shape of the excitation curve, achromaticity). In the case of strong indication for a

microlensing signal, it would be necessary to compare the study of the stars in LMC with a similar

study of an equivalent population of nearby stars, the only difference between these two populations

being the optical depth of the halo. The discovery of the microlensing effect on a star, well separated

from the phenomenon of variability, would in itself be a beautiful achievement independently of the

related question of dark matter.

We believe that the proposed experiment is the most crucial dark matter experiment that can be done

\v\fr .resent technologies. The demonstration that the halo is made of massive compact objects rather

than a cloud of weakly interacting elementary particles would eliminate one big motivation for low

mass scale supersymmetry, destroy an industry of particle theorists calculating relic densities for such

particles, and motivate a completely new approach for triggering galaxy formation. On the other

hand, the demonstration that MCOs do not exist would provide good evidence that the halo is indeed

made of weakly interacting elementary particles.

Finally, while particle theory and cosmology have progressed over the last years through extensive

exchanges between theoretical astrophysicists and particle theorists, this experiment will cement a true

collaboration between experimental particle physics and astrophysics. We believe that the interplay

between particle experimentalists well familiar with the handling of large amounts of data and

astronomers well aware of star recognition problems is a unique and invaluable feature of this

proposed experiment.
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