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Abstract. The observed microlensing events towardsithe be < 20% (Wu 1994/ Sahu 1994, delfula et al. 199b) of that
do nothave yetacoherentexplanation. Ifthey are due to Galadizserved.
halo objects, the nature of these objects is puzzling — half the Moreover, the location of a few lenses has been determined,
halo in dark0.5 Mg objects. On the other hand, traditionakitherthrough the non-detection of parallax effect for 97-SMC-1
models of the.mc predict a self-lensing optical depth about afPalanque-Delabrouille et al. 1898), or through the observation
order of magnitude too low, although characteristics of someaffthe caustic crossing in the case of binary lenses, for 98-SMC-
the observed events favor a self-lensing explanation. We preskrifonso et al. 1998, Albrow et al. 1999, Alcock et al. 1999,
here two models of themc taking into account the correlationRhie et al. 1999, Udalski et al. 1998) or MACHO-LMC-9 (Ben-
between the mass of the stars and their velocity dispersion: a thétt et al. 1996). The case for the latter is still unclear however,
Mestel disk, and an ellipsoidal model. Both yield optical depthsince the measured lens velocity, incompatible with a Galactic
eventrates, and event duration distributions compatible with thalo lens unless the source happens to be a binary star with the
observations. The grounds for such models are discussedagpgropriate separation, seems too low fonec disk star.
well as their observational consequences. It has been pointed out by several authors (Kerins & Evans
1999,/ Di Stefano 1999) that the fact that the observed binary
Key words: Galaxy: halo — Galaxy: kinematics and dynamics lenses are all located in the Clouds might indicate tiat
Galaxy: stellar content — cosmology: dark matter — cosmologybserved events arise from Clouds deflectors. Indeed, if the
gravitational lensing two observed binary lenses with caustic crossings are in the
Clouds, then the expected number of self-lensing caustic cross-
ing events has to be greater than.53 at 90% C.L. A very con-
servative estimate of the fraction of caustic crossing events
1. Introduction (Mao & Pacznsky 1991 Di Stetfano 1999) implies that we ex-

One of the greatest uncertainties in the interpretation of tRECt more t_han 5 background self-lensing events, which is far
microlensing events detected towards the Large and the Snif@m negligible as compared to the total number of observed
Magellanic Clouds by theviacho (Alcock et al. 1997a, €Vents. . , _
Alcock et al, 1997b) and theros experiments (Renault et al, 1€ case for self-lensing in theuc andsmic is thus still
1997, Palanque-Delabrouille et al. 1998) resides in the detBPen. despite the “proofl (Gould 1995) that its contribution to
mination of the location and consequently of the nature of tffae optical depthiis too low. As §hown in (Palan_que-DeIabrowIIe
lenses. etal. 1998), themc could be thick enough to yield an expected

) e : .
ThemacHo results can be converted into an optical depth gPtical depth as large as 2 x 10, compatible with the cur-
9.9+14 « 10-7 while the two candidate eventsohos would €Nt observations towards this line-of-sight. A more thorough

*Y—0.9 '

account for~ 0.8 x 10~7. Combining both results leads to anexploration of possiblemc models therefore appears worth-

average optical depth @f1 73 x 10~7 (Benneit 1998). while. _ _ _
While this observed optical depth towards thec is too Gould (1995) noticed that the optical depth associated to

smallto accountfor a full dark halo of compact objects (expectf Self-lensing of a stellar disk, a good approximation for the
7 = 5 x 10~7), it is much too large to be explained by thé’“lk of theLMmc matter, depends only on the vertical velocity

contribution from known populations of low-mass stars in tHliSPersionry of the stars:

disks of the Milky Way and themc: based on star counts, the o2
contribution from the disk of our Galaxy is found to hgw ~ Tinme = 2 TZV sec’i 1)

8 x 1077 (Gould et al. 1997), and the global rate from known

stars in both galaxies has been estimated by several authoMhegre: is the inclination of the disk. Measurements of stellar
velocities in theLmc are difficult because of its distance. Only
Send offprint requests tdlathalie.Delabrouille@cea.fr the brightest stars are resolved. Gould based his analysis on the
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CH objects studied by Cowley & Hartwick (1991). These caconstant for 10 Gyr and then increases by a factor of three for
bon stars belong to the asymptotic giant branch (AGB) of thiee past 2 Gyr. The average stellar age i§ Gyr, quite similar

HR diagram. With an apparent magnitudle, ~ 14-15 and to the age of the Milky Way disk populations. For the lattgy;
assuming a distance modulus of 18.6, their bolometric luniicreases from 6 to 25 knT$ as stars grow old. Scaling these
nosities are in the range-5 x 10® L,. A velocity dispersion of results to the.mc implies that the oldest populations should
~ 20kms! led Gould to the conclusion that the optical deptreach there a dispersion velocity, ~ 80 kms !. The resulting

for LMc self-lensing could not exceddl x 10~8, well below optical depth would be therefore an order of magnitude larger
the measured value a£3 x 10~7. However, carbon stars arethan Gould’s estimate, in fairly good agreement now with the
a peculiar population. They have left the main sequenc® ( observations.

on which they have spent at moest10-12 Gyr, the age of the At this point, a detailed investigation of the effect of an
LMcC. The average lifetime of a star on thes decreases with increased velocity dispersion on the optical depthiiac self-

the initial stellar mass» as lensing is mandatory. To start with, we have refined in Sect. 2
10 5 Gould’s description by introducing several isothermal stellar
tus = (1.2 x 10% yr) (m [Mo]) ™ ) components. Depending on the stellar species, the velocity dis-

so that the oldest carbon stars observed today had an iniﬂgfsmmw varies from 20 ‘%p,t"' at mos’F, 80km This corre-
mass larger thar- 1 M. Assuming a Salpetamr for the sponds ;0 ad;ffuglon (ioefnmeﬁlg _Iylng in the range from Qto
rMc (Geha et al. 1998) and adopting the star formation histopy 10" km™s™“yr=". The gravitational potential satisfies a
derived by the same authors lead to the conclusion that apprbQ1SSOn equation. From the.determmanon of the vertical distri-
imatively 75% of the sample analyzed by Cowley & Hartwicl?uuon of stars, the self-lensing optical depth and the event rate
(1991) has formed less than 2 Gyr ago, during a recent steffsf calculated, along with the distribution of event durations.
1 . H -7
burst. The velocity dispersion of 20 kmsrefers therefore to For our extrfme mo_del, the optical depthws_().?—l x 10
young objects whereas the bulk of theee population is not " the inner3 .AS_aflrSt_apprqach, the variation of the surface
dominated by young stars (Geha et al. 1998) and could be ash ?IS density. with radluth IS iass_umed_to focIjIO\r/]v a.('j\/l?s?
ciated to much larger velocity dispersions. As a matter of fadfol"e (see Sedf]2). We have also investigated the tidal effects
Hughes et al. (1991) have measured the radial velocities of Iotrt11

t our Galaxy generates on the stellar populations afithe
period variables (LPV) in themc and showed that while young

Notice that in this thin-disk model, the vertical and radial direc-
and intermediate LPV'’s had a dispersion velocity in the ranggns are somewhat disconnected. At raditysthe stellar dis-
between 12 and 25knT$, the old LPV’s had a significantly

ribution is derived as if themc disk looked infinite. We have
larger dispersion velocity ranging from 31 to 45 kni's therefore considered in Sect. 3 the case of a multi-component
The increase of the velocity dispersion with the age of star

g&odel where each stellar population is distributed according to
a well-known fact. Bienayi@et al. (1987) have modeled stella

gn oblate spheroid, with significant flattening along the disk.
populations in the Milky Way disk and showed that whilg ~ The velocity dispersiomy, and the flattening depend on the
6kms™! at birth, it increases up to 25kms for an age o

¢ stellar species. In the extreme modg}™ reaches 45 km's',
7—10 Gyr. That is why the characteristic thickness for O and Bence a diffusion coefficiert,

~1.4x1077 km2s2 yr’l,
stars which formed very recently4s200 pc whereas it reacheg"t 100 far from the Milky Way value. Finally, in Sect. 4, we
~ 700 pc for solar type objects. Wielen (1977) has shown t

rjjow that adopting a larger value for thiec rotation velocity
the velocity dispersion and the age- of a stellar population results into an enhanced self-lensing rate. We suggest further
are related by

strategies to test our models and we conclude in Sect. 4.

02 = g8+ Cyr . (3) 2. The Large Magellanic Cloud as a thin Mestel disk

whereoy is the initial velocity dispersion. As time goes on, disk-1. Description of the model

space. For the Milky Way, Wielen obtained a global diﬂ‘usiogt least tos°

o from the center but may conceivably be larger.
coefficient

The mass in the inner 4-5 kpc (1° = 0.92 kpc for a distance
O, ~6.x 107 km2s 2 yr~! (4) modulus of 18.6) is estimated by Hughes et al. (1991) to be
< 6.2+1.5x10° M, fromthe dispersion of the radial velocities
whereas he got a value 6 times smaller for vertical motions. of Long Period Variables (LPV) stars. The virial massis smaller:
We estimate therefore that the quoted valag ~ 4.4 x 10° M.
20kms! is only representative of the youngest stars and that Measurements of the velocity dispersion of planetary nebu-
the bulk of theLmc populations are older, hence with largetae and star clusters upte8° radius as well as Hl observations
velocity dispersions. The favored star formation history (modeldicate that themc disk rotates. The rotation curve appears flat
e of Geha et al. 1998) has a star formation rate which remamg to abou8® radius, and may remain constant oul &. As
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the rotation curve of themc does not show signs of a Keplerian~ 90 L, pc~2. Relation[% gives a surface mass density of
falloff, the mass in the inne8° radius is inferred (Schommer156 M., pc—2, hence a mass-to-light ratio of 1.71, in good
et al. 1992) to be< 1.5 4+ 2.5 x 10'° M. Because themc agreement with our model (the effect of extinction is neglected).
disk is nearly face-on, the rotation velocity is hard to determimdote thatin the case of the oblate spheroids of Sect. 3, the surface
accurately. It lies in the range between 50 and 80 klaErom mass density(1 kpc) ~ 220Mg pc—2 and the mass-to-light
now on, we adopt the median valuelef = 65 kms™1, slightly ratio becomes 2.4. Those values may be compared to the mass-
smaller than the value of 77 kmsfavored by Schommer et al.to-light ratio of our galactic disk wher#/ /L ~ 2. As regards
(1992). Oumc mass is therefore on the low side. Note that odheLmc, the general trend is an increasé\éf L with the radius
approach is meant to be conservative. Should.the be more R. At4 and 5 kpc, the thin Mestel disk model respectively gives
massive, our conclusions would be strengthened. As shownlify L = 4.3 and 5.3 whereas, for the flattened spheroids, we get
Sect. 4, a larger rotation velocity would actually result into aand 6. This is in agreement with Schommer et al. (1992) who
enhanced rate for gravitational self-lensing. conclude that the integrated mass-to-light ratio ofithe is ~
The surface mass density at radRillows a Mestel profile 10. That increase at//L with R might be due to an evolution
) of the stellar composition along the disk. The farther away from
S(R) = 156 [Mg pc—2 ( Vo ) (1kp‘3) the center a stellar field lies, the fewer bright stars it contains.
opc ] - . (5 . ) ) ) .
65kms~1 R This should lead to different HR diagrams at different locations
in theLMmc disk. For simplicity, we have not dealt here with such
refinements and we have kept our stellar distributions indepen-
Ve 2 R dent of the positiorR. We leave to Sect. 4 the discussion of the
o5 kms—l) <5 kpc> (6) influence ofM/L on our results.
The vertical velocity dispersiotiyy depends on the stellar
Increasing the rotation velocity from 65 to 80 kmisresults population. The only relevant dynamical parameter is actually
in an increase of the mass in the inner 5 kpc frard to the relationship between the surface mass densitgandtars
7.4 x 10° M. Both values are in fair agreement with the valuef different masses may well have the same velocity dispersions.
4.7-7.7 x 10° M, of Hughes et al. (1991). If so, their vertical distributions are similar, with identical disk
We have modeled the disk to contain several stellar popthickness. Relatidn 3 implies that stars with the same age should
lations. We assumed that a Salpeter distribution holds for thave the same velocity dispersion. Asthec formed~ 12 Gyr

This implies aLmc mass of

M(R) = 4.9 x 10° M, (

surface mass densities: ago, stars whose mass< 1 Mg have not yet left thets. They
4 have the same average age of 6 Gyr. Their velocity dispersion
am & m-* (7)  had ample time to diffuse and increase. That is why our first

o ) ) stellar bin comprises stars with masses between@:1(red-
wherea = 1.35. Above 0.5Mp, this is consistent with HST gwarves) and 2/, (solar type objects). Their velocity disper-
stellar counts in themc as discussed by Geha et al. (1998)§i0na;nvax is the largest of all species. Between 1 a2 (our
The normalization factor is obtained from the requirement thajost massive bin), the dispersioq; is obtained from the dif-

the global surface mass densify(R) is recovered once the fysion Eq.[3) and from noticing that thes lifetime decreases
contributionsdX of the various stellar components are addegk,,,—3. This leads to the relation

together. The luminosity of aus star is related to its mass ) B

throughL[Le] = (m[My))®, with 8 ~ 4 (Henry & McCarthy 0w =~ A + —5 . )
1993). The stars of thevc that are monitored by the microlens-ry g g efficientsd and B are determined by requiring that the
ing experimentsiros and MACHO have an absolute r‘n"’lgn"dispersion velocity increases from, = 20kms! for the
tude smaller thad/y, ~ 1. This corresponds to stellar masseﬁrightest and heaviest objects updg* for the light stars.

~ 2.2-2.4 M. We have therefore extended our stellar OIISml'able 1 features the velocity dispersions of the various stel-

bution up tomf_“‘“.‘ =2Mo . In our simple model, this massivelar components in the case of model A where the radius
component mimics the brightest members of the: popula- 1 kpc andoi® = 80kms L. In the sequel, we will assume

tions, such as t.he CH stqr;. It also stands for the sources Wrﬁﬁ orizontal velocity dispersion equal to the vertical velocity
may be potentially amplified by othemc members. Notice dispersion
that our results are not sensitive to the exact value gf,. The Each model is specified by the radiishat has been varied

lightest stars of our mOdEI haye amass, = 0.1 Mq. They from 1 to 5 kpc. The regions surveyed bBros and MACHO
correspond to the faintest objects on g the red-dwarves. ;.o actually in the innes° from theLMmc center. The value of

The mass-to-light ratio of our stellar distribution is readily de&%ax has been varied from 20 to 80 kmisand the rotation

rived velocity has been set equal 1@ = 65 kms~1. Once a model

M B—a mlo_mloo is specified, the distribution of surface mass densities and ver-

T~ a—1 mb—o _ P ®) fical velocity dispersions ensues from the arguments discussed
max min

above. Each stellar componenis assumed to be isothermal,
With the valuesy = 1.35 andg = 4, thisimpliesM /L = 1.75  with vertical velocity dispersiosyy ;. Itis distributed according
in solar units. At a radius of 1 kpc, the surface brightnesstis
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Table 1. Model A corresponds to the radiu? = 1 kpc, a rotation disk dynamics. The optical depth,, for self-lensing ensues

velocity of 65kms™* ando{i™* = 80kms ™. from relation [1) where{;7* stands for the velocity dispersion.
However, Gould’s limit is only recovered in theic regions

m[Mg] owlkms™] 10* x p.[Mopc™®] T[Mgpc?] where the disk thickness is much smaller than the vertical

0.1-1 ) 226 134.4 boundaryz,,., = £10 kpc. This is the case fakR = 1 kpc and

1.1 68.5 6.73 3.3 for o#* = 20kms~! wherea = 130 pc. When the velocity

1.2 59.2 7.13 2.9 dispersion of low-mass stars is increased up to 80k

1.3 51.6 7.52 2.6 when the radiug is large, tha.mc disk is no longer thin with

1.4 45.2 7.91 2.4 respect to the boundaey,.... The actual value of, . is smaller

1.5 39.7 8.33 2.2 than what would naively be inferred from a mere scaling from

1.6 34.9 8.78 2.0 an infinite disk. This will be further discussed in Sect. 4.

1.7 30.6 9.31 1.8

1.8 26.8 9.93 1.7

1.9 23.3 10.7 1.6 2.2. Microlensing parameters

2 20 11.7 1.5

For each of the models, one can compute the total optical depth
7 and the event ratE. The contribution of sources of mass,

» located atz, and deflectors of mass, to these microlensing
P(z o i
pi(2) = pic exp {_ - } (10) parameters is given by:
W 01(mg, z5) =
We have solved the Poisson equation along the vertical direc- /- palzq cos B, my
tion z [ dzq # TRE(ma, 24, z5)? (15)
2
— = 4nGp(z) , 11
dZQ p( ) ( ) 5F(m(ia msv Zs) -

where the total mass densijtyz) comprises the various stellar % zgcosf,m
=) comp / g LACACOSO M) o s e 2) (onall) (16)

species. The gravitational potentig]z ) and its derivativé’ (z)

are setequal to 0 at the origin. The Poisson equation is integrated . o

UP 10 zmax = %10 kpc. Stars located beyond that limit cannof/here? is the inclination angle of themc (taken equal to 27

really be considered as members of thec system. For each degrees); is measured along the line-of-sight, apdis the

stellar populatior, we compute the surface mass dengijor Mass density of the deflectors. _

2| < 10kpe and modify its central mass density,, in such  1he velocitiesu; and v, of the objects are supposed to

a way that, after a dozen iterations, the proper distribution Bf Gaussian-distributed with a mass-dependent velocity disper-

surface mass densities is recovered. The convergence is fodifl @S explained in SeCt.P.1. The tefim.|) in Eq. (16) rep-

to be excellent. resents the average of the relative velocity between the deflector
Should thernc disk contain a single stellar species an@nd the source over all possible velocities of these two objects:

extend vertically to infinity, we would have obtained a surface

_ mq

Zmax

mass density of (|vrer]) :/ fs(vs,ms) fa(va, ma) [vs — valdvsdvg — (17)
5 =2v2pca (12) where f, (resp. f,) is the source (resp. deflector) velocity
where the typical thicknessis defined as dliirl%utlon function — projection effects are neglected since
z LMC -
= W 13 Let ps be the mass density of the sources. The mass density
a : 13) . : :
VArGpe at a given coordinate only depends on the mass of the object.

Assuming a Mestel profile to accommodate the flat rotatidftegrating equationd (15) anid {16) over all source positions
curve of thermc would have led to the conclusion that the/ields:
thickness at radiug is

, oy P A bl )
_ 2 ow 2 Ve a T\, Ms ) = Zmax 2 (22 cO5 0,m4)
a = 1.34 x 102 pe <2Okms*1) <65kms1) JEm dg, Lelscostums)
R *Zmax ps(zs cos§,ms)
) 14 jfzmx dzs? 0T (myg, zs)
< 1 kpC> ( ) F(md’ ms) = Zmax dz :S(z,g cos ,mg) (19)

—Zmax ms

This simple picture is complicated by the presence of several
stellar populations with different velocity dispersions and also The values obtained with the equatiohsl(18) (19) must
by the presence of a cut-off gt 10 kpc. As is clear from Ta- then be summed on all the deflector species, and averaged on
ble[, the low-mass stars with = 0.1-1 M, dominate the all the source species. Only the uppermost mass bin will be
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Fig. 1. Evolution of the optical depth with the maximum velocity Fig. 2. Evolution of the event rat€ with the maximum velocity dis-
dispersion of the various populations for the disk model, at two differepérsion of the various populations for the disk model, at two different
distances from the center of theic: 1 kpc and 5 kpc. distances from the center of theic: 1 kpc and 5 kpc.

considered as possible sources (ie. € [1.9 — —2.0] M) dl(m M, M, 2s)

in agreement with the mass of the faintest stars that are recddst
structed in microlensing surveys, whereas all the mass bins are /Z° dzy pd(zd cos b, mq)

of course taken into account when summing for all possible de- mq

Zmax

flectors. The global optical depth and event rate due to the entire
stellar population are therefore given by: x // dvg dvs fa(va, ma) fs(vs,ms)
1d=%max RE
) . x0 | ———— — At | 2Rg|vs — 22
T = Z T(md(zd)vms(lmax)) (20) <|vs - Ud| ) E|U Ud‘ ( )
1q=1
id;. " Integrating over the source positions yields:
I' = F(md(id)vms(imax)) (21) dar
ia=1 E(Ata mq, ms)
The first mass bin has in practice to be treated specially, since it [7** dz, % AL (AL, Mg, M, 25)
is not thin. The deflector masses in this bin follow the Salpeter= [ g 2 (25 c0s 0,m5) (23)
law given in Eq.[(F). —Zmax F me
These results depend on the maximum dispersion veloGiiyd therefore
of the stars (i.e. on the dispersion velocity of the lightest popu- o
lation), as illustrated in FigS] 1 afidl 2. The configuration wherel IR dT , _
all the stellar populations have the same velocity dispersion (i@( )= Z dAt (At ma(ia), ms (imax)) (24)

whenum., = 20 kms™1) yields the same results as the calcu- fa=l

lations done by Gould (Gould 1995). The slower increase in tRgs[3 and ¥ show the distribution of the event duration ob-
optical depth with the maximum velocity for a radial distanceined in this multi-mass disk model of therc normalized to
of 5 kpc as compared to that observed at a distance of 1 kpaismaximum value of 1, for two different values of the maxi-
due to the 10 kpc vertical cut-off we have imposed on the stargim velocity dispersion and at two different distances from the
to be considered asMcC objects (see comment at the end afalactic center.
SectZ.1), since the disk gets wider on the edges. As expectedAt 1 kpc from the center, the duration distribution is nearly
the optical depth and event rate decrease as one goes to largipendent of the maximum velocity dispersion, because the
and larger radii from the galactic center. kgL, = 80kms™!, velocity cancels out itk /v whenz « v2. At 5 kpc from the
there is a factor of two in optical depths and three in event ratgsnter, the truncation at= 10 kpc prevents this cancellation.
between a distance of 1 and 5 kpc.

An interesting comparison to the microlensing data ¢ '
be done through the predicted distribution of event duratio%,s' Tidal effects
P(At) which can be calculated directly from the event rat&Ve have finally modeled the tidal effects which the Milky Way
P(At) « dI'/dAt. In a similar manner as what was done fopotentially induces on the optical depth,.. Because themc
the calculation of the optical depth and the event rate, we hauetates in the potential well of our Galaxy, the interplay between
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Fig. 3. Predicted distribution of event durations for the multi-mass didkig. 5. Optical depthr.. as a function of the velocity dispersiet;™~,
model at a distance of 1 kpc from the center of thec. Plain curve for various radiiR, with and without the inclusion of tidal effects in
is for a maximum velocity dispersion of 80 km’ dashed curve for the model.

a maximum velocity dispersion of 20 km.
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of Mga = 6 x 10" Mg, we getpga ~ 1072 Mg pc=3. The
tidal forces make the potential well of therc disk flatter.

In Fig.[, the optical depth,, is plotted as a function of
the velocity dispersion;**, for various radiik. The trend is an
increase of, when tidal effects are included. Near thec
center, the disk is thin with a strong cohesion. Tidal effects are
negligible. Far from tha.mc center, the vertical scale length
of the disk increases, translating into an enhanced sensitivity of
the stellar populations to the Milky Way tide. The increase of
the optical depth is noticeable. Finally, f&r > 5 kpc, the disk
scale lengtla compares with the cut-off,,,, = £10kpc asthe
dispersion velocityr{3** increases towards 80 km In that
case, low-mass stars tend to be uniformly distributed, even in
the absence of tidal forces.

3. Ellipsoidal models

Fig. 4. Predicted distribution of event durations for the multi-mass di%‘_l_ Description of the model

model at a distance of 5 kpc from the center of thec. Plain curve

is for a maximum velocity dispersion of 80 km's dashed curve for In the previous disk model, the and R dependences of the

a maximum velocity dispersion of 20 km.

potential were decoupled, which is not true for the exact poten-
tial of therLmc. In this section, we therefore investigate another
model, more realistic as far as the co-dependenceas R is

the gravitational attraction and the centrifugal force results i”&%ncerned

an effective tidal potential

The LMmc is described with the same mass bins as in the

3 GMya 5. previous section. The density of each population is assumed to
Pride(2) = —5 —5— cosTi 2", (25)  be of the form
LMC
in the vicinity of the disk, for smalt. The associated repulsioni(R, 2) = —————5— (27)
tends to stretch the stellar populations apart from the disk as if R* + o2
A

they were no longer pressure supported. The Poisson equation
so that the iso-density surfaces are oblate ellipsoids with ellip-
ticity e;. This distribution is truncated at the ellipsoid passing
through the cut-off radius,.., = 15kpc, beyond which the

now becomes
d*®

) = 4nG {p(z) _ﬁgal} )

mass density is zero. Note that the cut-off ellipsoids are not

wherep,, denotes the average density of our Galaxy as settie same for the different mass species. They are illustrated in
by thermc at a distance o, = 52 kpc. With a galactic massFig 8.
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Fig. 6. Truncation ellipsoids, each corresponding to a different specigsg. 7. Evolution of the optical depth with the distance to the center of
Outer ellipsoid corresponds to the OV, - 1 M mass bin, and then thermc, for the ellipsoidal model and two values of the maximum ve-
inwards to the species from 1.1 ta\Z., by 0.1Mg increments. locity dispersion: 20 kms! (model B-0) and 45 km's' (model B-1).

The corresponding rotation curve is flat, with a circular verable 2.Parameters obtained after convergence for model B-1, i.e. with

|OCIty VUmax — 45 km S_l-
arcsin e; : - _

Ve (R) =47G Y Ay [1—e? x ——— (28) m[Mp] ei  10° x Ai[Mopc™'] vwilkms™']
: € 0.1-1  0.438 70.5 45
The surface mass density of speciés 1.1 0.663 2.08 39.5
1.2 0.768 2.16 35.2
2N /T —e2 m 1.3 0.830 2.22 31.8
Yi(R) = % arctan ("‘Rf (29) 1.4 0.869 2.27 29.1
1.5 0.895 2.29 26.8
i . . . 1.6 0.913 2.30 24.9
With a given set of parameteff4;, e; ), the local vertical velocity L7 0.927 9.30 934
dispersion is defined as 18 0.937 2.99 29,1
®(R, 2) — ®(R,0 1.9 0.945 2.26 20.9
Oy = (R,z) (£,0) (30) 2 0.951 2.23 20

IOg{p(Rv 0)/p(R, Z)}

We definevy; as the vertical velocity dispersions averaged
alongz, which are more closely related to observable quantities.

ffooo pi(R, z)ow.i(R, z)dz (31) velocity dispersions ranging from,;, = 20kms! for the
ffooo pi(R,z)dz heavy starsto,,., = 45km s forthe lightstars. Thisis model
) B-1. For comparison, we also present the results for model B-0
We computed the parametets ande; that realize the fol- i, \which all species have a velocity dispersion of 20 krh.s
lowing properties: The parameters for model B-1 are shown in Table 2.

'UW7i (R) =

e The circular velocity is 65 kms!.
¢ The surface density mass function is given by a Salpeter Iaw@. Microlensing parameters

(see Sect. 2). As can be seen[inl(29), this condition can be . . . - .
consistently fulfilled for every radius. In a similar way as that explained in S¢ct]2.2, it is possible to

o asin Sect. 2, the average vertical velocity dispersigns compute the optical depth and event rate for an ellipsoidal model

vary according to the mass; as given in[[), oMy, to of thg LMC. They are shown in Figsl 7 a@ 8 as a function of
v the distance to the center of therc. There is a strong decrease
max-

of both quantities with the radius, which can be used to test
Unlike the disk model, there is an upper limit to the verticatatistically the location of the lenses detected in microlensing
velocity dispersion we canimpose. For a one-species model, #xperiments. Note that the effect is even more drastic in the
limit would be o133 = V,./+/2, numerically46 kms™, given ellipsoidal model than in the disk model of theic: in the
the chosen rotation velocity. This limit is slightly different forlatter, the increased thickness at large radius was compensating
a multi-mass model, but still present. Accordingly, we impodbe decrease in surface density.
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Fig. 8.Evolution of the event ratE with the distance to the center of theFig. 10. Predicted distribution of event durations for the multi-mass
LM, for the ellipsoidal model and two values of the maximum velocitgllipsoidal model at a distance of 5 kpc from the center ofithie.
dispersion: 20km's' (model B-0) and 45 km's' (model B-1). Plain curve is for model B-1, dashed curve for model B-0.

P(At)

r=1kpc These models of themc predict an optical depth in agree-
\ Viay = 20 km/s .
e ment with that observed by theacto and theeros collab-
orations: at a distance of 1 kpc from theic center, the disk
model yieldsr; . (disk) ~ 1 x 10~7 for a velocity dispersion
of the lightest and therefore oldest objects of 80 krhsand
the ellipsoidal model yields, . (ellipsoids) ~ 1.3 x 10~7 for
VUmax = 45 kms™L.

The optical depth which we have derived results from the
interplay of various effects. In the case of the disk model, for
instance, Gould’s estimate is only recovered in the thin disk
limit. Setting the various stellar velocities at the same value of
80 kms™! and pushing thenMc at infinite distance from the

Milky Way, we getryc = 1.80 x 1077, in agreement with
T T e e T o me e mo  relation [2). If now we assume the same distribution of stellar
buration at(indays)  velocities as in Tablel 4,e. with velocities ranging from 20 to

Fig. 9. Predicted distribution of event durations for the multi-mass ¢80 kms™*, the optical depth becomesi4 x 10~7. Because the
lipsoidal model at a distance of 1 kpc from the center ofithie. Plain ~ Sources have small velocity dispersions, they are fairly concen-
curve is for model B-1, dashed curve for model B-0. trated towards the disk, hence a decreasg,@f by a factor of
~ log 2. The proeminent effect is actually the presence of the
cut-off z,. = +10 kpc which we have enforced. At 3 kpc

The predicted distributions of event durations, normalizgebm the center, the optical depth decreases ftord x 10~7
to a maximum value of 1, are shown in Figs. 9 10 at twe 7.57 x 10~8. At small radii, the surface mass density is large
different distances from the center of theic. Since there is and the disk thickness is small as compared tg,..,.. There,
no cut-off in the ellipsoidal model, the duration distribution ishe decrease of uc IS less sensitive than towards the outer
nearly independent of the maximum velocity dispersion at &finges of theLmc disk, where the cutoff suppression is quite
radii. noticeable. Taking furthermore into account the finite distance
of 52 kpc to theLMmc implies a minor decrease of the optical
depth which becomes now,(3 kpc) = 6.63 x 10~%. Fi-
nally, tidal forces tend to stretch the disk, hence a final value of
We have presented here two models forithves, both consis- 7,c(3 kpe) = 7.15 x 1078,
tent with the known properties of the Cloud (rotation velocity, If the rotation velocity of theLmc Vi is set equal to
surface light density), allowing for a multi-mass stellar popu80 km s™! instead of 65, the main impact on our disk model is an
lation, each associated with a specific velocity dispersion. Thikreased surface mass density. As the disk becomes thinner, the
correlation between mass and velocity dispersion is justified byppression of the optical depth resulting from the above men-
the fact that lighter stars are on the average older and had tibeed cut-off is less sensitive, hence an increased optical depth
time to diffuse in velocity space. at large radii. At 3 kpc, the optical depth becore®s x 10~5.

=45 km/s

VMAX
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0.4

0.2

4. Discussion and conclusion
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In order to model various M/L ratios, we have simply mod-cg
ified the relative contribution of our first stellar bin. That popuz :
lation corresponds to faint stars. Still wit; = 80 kms—' and g
at R = 3 kpc, an increase of the M/L ratio by a factor of 2 and
respectively leads to 9.43 aAd7 x 10~8. The optical depthis &
thus not sensitive to the precise value of the M/L ratio, insofar
as the disk dynamics is dominated by the faint and low-mass,
species.

Ellipsoids have alenticular shape. As the radiliacreases,
their surface mass density drops, and the system becomes thirp+
ner towards the edges. Increasing thec rotation velocity
without changing the velocity dispersion of the various stellar
species does not change much the optical depth. Two opposité?
effects are actually at stake: the first is that the mass densities
are larger, the second that the stellar populations are flattened , A" . . . .. 1. > I e S B I
towards the disk. If now the dispersion velocitigs are scaled ° M 808000 120 140160 180 200

. . . . . Relative projected velocity (in km/s)

to the rotation velocity, in order to maintain the shape of the el-
lipsoids — which depends to first order on the ratip / Ve — Fig. 11. Predictt_ad d_istribution of r_elative velocity betvv_een source and
increasing the rotation speed from 65 to 80 kmh eesults into a lens, for the ellipsoidal and the disk models, along with the measured
significantly larger optical depth. If we sefi** = 55 kms—! Valuéfor MACHO-LMC-9 (Bennettetal. 1996). Thin curves: null hor-
andV = 80 kms ., the optical depth at 1 and 3 kpc become|§ontal velocity d_|sper5|on,th|ck curves: horizontal velocity dispersion

. 7 equal to the vertical one.
respectively 2.19 andl.26 x 10~*. That set of values actually
correspond to anvc mass at 5 kpc of x 109 M, (Hughes et al.

1991) that increases up tot x 10'° M, at 10 kpc (Schommer tions such observations would have on the galactic dark matter
et al. 1992). issue, they would be of great use for a better understanding of
Reexamining the status of event MACHO-LMC-9 appeatbe structure of themc, the nearest galaxy to the Milky Way.
worthwhile. As pointed outin (Bennett, 1996), its measured prBurthermore, as shown in (Gould 1998), monitoring as large an

jected relative velocity was too low both for a Galactic halo eveatea as possible on theic, using the same exposure time on
and for self-lensing with a standardic disk model. FigiTIL inner and outer fields, optimizes the total number of expected
shows the distribution of the expected projected relative velogvents, even for Galactic halo lensing. Such a strategy would
ity for the 80 km s'! disk and the 45 kms' ellipsoidal models, be even more productive if associated with a real-time trigger
along with the measured velocity, for two values of the horand a high precision follow-up strategy, yielding high quality
zontal velocity dispersion, null or equal to the vertical one — thmicrolensing light-curves on which testing for parallax effect
reality being probably inbetween. The measured value is comeuld provide information on the location of the lenses.

patible with an ellipsoidal model, but only compatible with a

disk model if the horizontal velocity dispersion is not too higH*cknowledgementsie wish to thank D. Bennett, M.O. Menessier
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