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We discuss the results obtained so far by microlensing tidsvdre Andromeda galaxy. In par-
ticular, we focus on the events detected by the POINT-AGAREEMEGA collaborations. The
POINT-AGAPE collaboration concluded that at least 20% &f llalo mass in the direction of
M31 should be in the form of MACHOSs, whereas the MEGA collaiimn, although finding
more events, claimed that their result is compatible witleaénts being due to self-lensing. We
consider the spatial and time-duration distributions @&f thicrolensing events for several mass
distribution models of the M31 bulge. We find that only forrexhe models of the M31 luminous
components it is possible to reconcile the total observedMEvents with the expected self-
lensing contribution. Moreover, the expected spatialritistion of self-lensing events is more
concentrated and hardly agrees with the distribution oleskby the MEGA collaboration. Nev-
ertheless, the small number of events at disposal so farmiatesllow to draw firm conclusions
on the halo dark matter fraction in the form of MACHOs.
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1. Introduction

Since the proposal by Padzski [1] gravitational microlensing has proved to be an affic
tool for studying the MACHO contribution to the dark matterthe halos of the Milky Way and of
M31, the latter one as first discussed in Refs. [2], [3], arjd [4

The interpretation of the results obtained so far remaiosever, debated and controversial.
Along the line of sight towards the LMC the MACHO collabomatj [5] reported a halo fraction of
about 20% in the form of MACHOs with mass0.5 M, while the latest results of the EROS col-
laboration towards both the SMC and the LMC are even comlgatitih a no MACHO hypothesis
[6, 7]. The case towards M31 is complicated by the fact thatces at baseline are unresolved,
a situation referred to as “pixel-lensing” [2, 3, 8]. Stidl, handful of microlensing events have
been observed in the meantime [9—16]. The POINT-AGAPE bolation made a high-threshold
analysis of 3 years of data and found 6 bright short-duratmerolensing events, one of which is
a likely candidate for a binary lens event with caustic drig$l7]. A detailed analysis, includ-
ing the determination of the efficiency, lead to the conduoghat the POINT-AGAPE results are
compatible with the ones of the MACHO group with a lower limit the halo fraction in the form
of MACHOs of ~ 20% for objects in the mass rangeb6- 1 M, (see Fig. 1). In contrast, the
MEGA collaboration [18] finds that their results, althougbt monclusive, agree with a no MA-
CHO hypothesis. Although the issues involved in the miarsileg observations towards the LMC
or the M31 are indeed rather different, the results for thie fiaction in the form of MACHOs
depend crucially on the prediction of the expected signaltdiknown luminous populations, this
being dominated by the “self-lensing” signal where bothreewand lens belong to the same star
population residing respectively either in the LMC or in M31

The expected microlensing signal towards M31 has beengfeclin a few works [19—-22]. In
this respect the modeling of the M31 luminous componentsssmial in order to get meaningful
results. We explored these issues in detail [23, 24] takig account the latest MEGA results.
In particular, we computed the predicted number of eventichvwe then compared with the
observational results and addressed also the question ethesthe expected self-lensing signal
due to stars belonging either to the bulge or the disc of M3bis, as claimed by [18], to fully
explain the MEGA results.

2. Massdistribution in M31

An important ingredient is the choice of a suitable mass mimatév131, as discussed in detail
in [24]. The visible mass distributions for the M31 bulge aligk are derived by fitting the observed
brightness profiles given by [25] and by further assumings¥iadight ratios for bulge and disk
stellar populations. Moreover, the consideration of thelM®ation curve data allows to derive the
distribution of the dark matter in the M31 halo.

2.1 M31 bulge

The M31 bulge model is derived from Table | in [25] containitige bulge 3-D brightness
density in the Gunm-band and the ellipticitg(a) as a function of the major-axis distana¢o the
M31 centre. The 3-D brightness profile is fitted with a singgevducouleurs/4 law with central
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3-D brightness density; (0) = 9.57 x 10~ L, arcsec®. This model accurately fits Kent data for
amin =~ 1 arcmin, namely in the region usually explored by pixel Irgobservations.
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Figure 1: Most probable value, upper and lower 95% CL limit for the hiadass fraction as a function of
MACHO mass (from [17]).

From the 3-D brightness density profile one can then derigectirresponding mass density
profile, which has the same behaviour as the brightness @aoiidl central mass density given by

M —0.4[15.048— (r —R) —exXtr—Mor— 0o
p(0) = <L_R> 10704 (r—R)—exte—Mor—0mod (2.1)
where (M/Lg) is the mass-to-light ratio in th&-band, (r — R) the colour of the bulge stellar
population, Mg = 4.42 the absolute brightness of the Sun in Rband, ext the extinction
in the same filter, and distance moduldig,q = 24.43 (for an M31 distance of 770 kpc). By
using the valuegM/Lgr) = 2.96, (r — R) = 0.59 and ext = 0.36 quoted by [21], one obtains
p(0) =4.53x 10* M, /pc, corresponding to a total bulge madgyge~ 3.85x 10'° M., in agree-
ment with the value given by [25].

The observed 2-D brightness profile is also compatible withertoncentrated mass distribu-
tions for the bulge [28]. As an example we considered a boxgiehaith 99% of the mass inside 4
kpc [24]. For comparison we also take into account the reabitained by using the bulge model
adopted by the WeCapp collaboration [21].

2.2 M31Disk
As in [19] the disk 3-D brightness density in théand is modeled by the law

jr(x,y,2) = j: (0) exp(—v/x2+y?/h) secl(z/H) , (2.2)

and a best-fit procedure to the Kent data dar 6 arcmin) allows to obtain the central brightness
densityj; (0) = 4.2x 1023 L, arcsec? (corresponding to a central magnituaig(0) = 20.5), the
radial scale lengtih = 27.95 arcmin and the vertical scale length= 1.34 arcmin (corresponding
toh= 6.4 kpc andH = 0.3 kpc, respectively).
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As for the bulge, the corresponding disk mass density prédilews the same behaviour
as the brightness profile. Accordingly, the disk central sndansity is derived by assuming the
following parameter value$M/Lgr) = 0.88, (r —R) = 0.54 and ex; = 0.68 for the disk [21],
implying p(0) = 0.2 M, pc~23 and a total disk madg ~ 3.09x 10'° M,,..

2.3 M3l and MW halos
Both M31 and MW halo mass distributions are modeled as isothlespheres

p(y=—"F . (2.3)
1+ (%)
For M31 a fit to the M31 rotational curve by using the three-poment model (bulge, disk, and
halo) allows us to get the best-fit parameter values 2 kpc andp(0) = 0.23 M., pc3.

The overall M31 rotational curve which we obtain [24] repnods well the data points derived
from HI measurements of [26] and [27]. In comparison with theent determination of the mass
distribution in M31 [27], we find that & = 35 kpc the dark matter mass\g, = 3.7 x 10t* M., and
the stellar masMlyis = 6.6 x 101° M,,. This translates to a total dynamical mass-6f.4 x 10 M,
and to a rotational velocity of 233 knr$atR = 35 kpc, in agreement with the recent observations,
and the M31 halo is truncated Bt= 150 kpc.

For the MW we use a core radias~ 5.6 kpc and a localFy = 8.5 kpc) dark matter density
p(Ro) ~ 1.09x 10" M., kpc3. The corresponding asymptotic rotational velocityis ~ 220 km
s 1. The MW halo is truncated & ~ 100 kpc.
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Figure 2: The mapdN.,/dQ of the expected (total) event rate towards M31 is shown,rassythe model
discussed in the text, a MACHO mass vajye= 0.5 and a MACHO halo dark matter fractidp = 0.2 (see
text for details) (from [24]).

2.4 Veocity dispersions

The random velocities of stars and MACHOs are assumed madddaxwellian distributions,
with one-dimensional velocity dispersian= 140 and 166 kms' for the M31 bulge and MA-
CHOs, andg = 156 km s for the MACHOs in the MW halo. Moreover, following [29], the 34
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disk stars are assumed to have one-dimensional disperslonity decreasing towards the outer
part from the central value (r = 0) ~ 110 km s to o(r = 30 kpg ~ 5 km s, In addition, a
rigid rotational velocity of 40 kms! has been taken into account for the M31 bulge [19].

3. Resultsand conclusions

In the tables and figures, we assume for both the M31 and MWsteldACHO halo dark
matter fractionf, = 0.2, as suggested by microlensing observations towards tigelMaic Clouds
[5] and pixel-lensing observations towards M31 [17]. Hoesewnost results can be easily rescaled
to other values off,.

Assuming the model discussed above (which we denote agnefemodel) for the M31 mass
distribution, the spatial distribution of the expected mvate is shown in Fig. 2. We also adopt
the observational parameters of the MEGA collaboration:carsiderT,ps = 2 yr and we account
for the detection efficiency and maximum impact parameteyiaen by [18]. In particular, in Fig.

2, from the outer to the inner M31 region, contour levels espond to the values»610 3 | 1 x
102,2%x102,3x102, 1x 10! event arcmin?, respectively. From Fig. 2 one can see that
dark-lensing makes an important contribution to pixelsieg beyond the second (from the inner)
iso-rate contour, namely beyonre10 arcmin from the M31 centre.

The expected number of self-lensing events inside the 8 ME&ds is given in Table 1 for
different source and lens populations. Here with the sysibptl, and h we indicate sources and/or
lenses in the M31 bulge, disk, and halo, respectively. @hpitmbol H is used to indicate lenses
in the MW halo. In any case, the first (second) symbol refethéosource (lens). From Table 1
one can see that, for all the considered models (referemsy, dnd WeCapp), the total number of
self-lensing events is roughly the same (within 15%).

For the reference and boxy models, we note an increase iellgle events to compensate
for a decrease in disk-bulge ones. This is expected to beodbhe different concentrations of bulge
mass for the two distributions. We also note the increasbendisk-bulge events in the WeCapp
model due to the more extended bulge mass distribution.

Table 1. Number of self-lensing events expected given the setup®MEGA campaign, for different
models (see text). We consider different source and lenalptipns.

Events inside
the 8 MEGA
fields

bb bd db dd self

reference | 4.25 1.17 3.30 0.96 9.69
boxy 514 110 2.76 0.95 9.95

WeCapp 498 134 4.08 0.96 11.3¢

Assuming the reference model afig= 0.2, in Table 2 we give our estimate of the expected
number of dark-lensing events for several MACHO mass valpgs= 0.1, 0.5, and 1 (in solar
units). We find that the total number of dark-lensing and-kising events turns out to be roughly
the same. The total (self+dark+background) number of drpleevents isv 23 including~ 1
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Table 2: For the reference model, the expected number of dark-lgresiants is given fop, = 0.1, 0.5, 1
andf, =0.2.

Events inside
the 8 MEGA
fields

Uh || bh - bH dh dH dark
0.1 255 1.04 881 310 144
reference || 0.5 1.96 0.72 6.85 2.23 11.7
1] 168 058 580 1.82 9.8

Oy ©

event due to supernovae (SN) contamination. This is camgistt a Zr confidence level with the
14 candidate MEGA events assumed to follow a Poisson disiif.

A comparison of our results with the corresponding valugered in Table 5 of [18] shows
that there is fairly good agreement. Indeed, to get a morenmgtul comparison for the self-
lensing contribution, we normalised the values for the nmdghe luminous components to those
of the MEGA models. We found that our estimate of the (totabnber of the self-lensing events
agrees with the [18] prediction only when considering modieegne (maximal) parameters for the
disk component.

At variance with [18] we nevertheless do not conclude thithal 14 events detected by the
MEGA collaboration can be explained only by self-lensingdded, the spatial distribution of the
events occurring inside the 8 MEGA fields clearly shows that distribution with the distance
from the M31 centre of the self-lensing events hardly candoemciled with the MEGA data.

In Fig. 3, for the reference (dotted line) and boxy (dashed)limodels, the (normalized)
distribution of the expected number of self-lensing everithin the 8 MEGA fields is given as
a function of the the distance from the M31 centre. The sanamtijy is shown for self+dark
lensing (thin solid line) assuming the reference modgk= 0.2 and i, = 0.5. For comparison
the (normalized) distribution of the 14 observed MEGA egdntalso given (thick solid line). An
excess of events with respect to expectations from sedfilgnremains at a large distance. This
conclusion is enhanced when assuming the boxy model for B lge.

A better agreement with MEGA data can be obtained if one atswiders a dark-lensing
(with u, = 0.5 and f,, = 0.2) contribution. The compatibility between the observedGftevent
distribution as a function of distance from the M31 centrd #re expected one has been evaluated
for both self-lensing and the self+dark lensing hypothesd®g using the Kolmogorov-Smirnov
test, we find a K-S probability- 0.51 for self+dark lensing and 0.18 for self-lensing only, thus
implying that a dark matter contribution to microlensing@ses to be favoured.

However, we caution that the candidate microlensing evanikl be contaminated by variable
stars. In particular, the events labeled 13 and 14, locatedregion where the microlensing rate
is negligible, might be contaminated by background sup&raa Indeed, by assuming standard
SN rate and integrating over the volume witlzigu, ~ 0.4 (the maximum distance at which the SN
signal-to-noise ratio is at leastBabove the typical baseline of 22 mag arcsgcwe expect about
one detectable SN in the outer M31 regions during the obgena MEGA campaign.

The distribution of the expected number of events with tietscald; /, is shown in Fig. 4 for
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Figure 3: The normalised distribution of the expected number of keising events within the 8 MEGA
fields as a function of the the distance from the M31 centan(ff24]).
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Figure 4: The expected event number within the 8 MEGA fields as a funaifd; ,, for both self-lensing
(dotted line) and dark-lensing (dot-dashed line) in theecafsthe reference model. For comparison the
distribution witht; /, of the 14 observed MEGA events is also given (from [24]).

the reference model anfg = 0.2, andu, = 0.5. From this figure, one can see that self-lensing and
dark-lensing events almost have the samgdistribution. Therefore, thg /, event distribution is
not particularly useful for determining the nature of theMIEGA events, at least for a MACHO
mass value near®M, (see also [23]). The excess of long duration events in the ME&a also
suggests a contamination by other variable objects.

We emphasize that our analysis shows that hardly any 14 MBE@Ats can be due to self-
lensing events by M31 stars. On the other hand, given the f@nte detected up to now, the
estimate of the halo dark matter fraction in form of MACHOsgagi by POINT-AGAPE has to be
taken as preliminary.
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