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abstractWe analyse the most recent results of the microlensing sasenal campaigns carried
out towards the Galactic centre by the MACHO, EROS and OGLHEloorations. We compare
the expected and the observed optical depth and find a vedyagreement for current models of
the Galactic components, in particular as for the total masscial shape and inclination angle
of the Galactic bulge. As expected, we find that only the Galdaminous components, and
in particular the bulge, contribute significantly to thedguopulations. Further informations, in
particular the possibility to distinguish among differémilge models, might be gained by better
exploring regions closer to the Galactic centre.

As a second step in our analysis we exploit the relationsbtpvéen the event duration and the
lens mass so to probe the lens mass function by studyingiiesdiale distribution of the observed
events. To this purpose we make use of the maximum likelimethod. As for the bulge initial
mass function that we want to probe, we assume a powef (@y 0 1 ~%, and we study the slope
o both in the brown dwarf and in the main sequence ranges. Wefinthain sequence stars, a
slopea ~ 1.7, for all the three data sets. On the other hand, the lackrgfsreort duration events,
in particular in the EROS and OGLE data sets, makes the ristiie brown dwarf range less
robust. An observational strategy more suited to the egpilom of this kind of events would be
useful to better constrain the low mass tail of the lens masstion.
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1. Introduction

Since the original suggestion of Paézi [l], microlensing has become a very efficient tool
for the study of the (luminous or not) characteristics of the lens populatiéssfor the study
of the dark matter contribution to galactic halos in form of MACHOSs, analysearbs both the
Magellanic Clouds[]2[]3] and our nearby galaxy, Mg[L[[4, 5], probedfiiciency of the method
to approach this problem even if giving, up to now, somewhat contraglicésults. As originally
proposed by Pachgki [8], the Galactic centre is also a very interesting target. First, the nuofbe
expected, and observed, microlensing events, is much larger (bytamoorider of magnitude) than
towards either LMC or M31. Second, the expected contribution of anyidvo® dark component
is negligible as compared to that of the luminous Galactic components (bulgésahditherefore
microlensing, that allows one the study of the lens mass distribution througm#hgsis of the
optical depth, probed to be efficient to assess the inner Galactic striigtliie Furthermore, the
analysis of the event characteristics, such as the duration, has begmoustudy the lens mass
function [9,[Z0[I1[ 12]. In the present analysis we consider botlethgsects taking advantage of
the most recent observational results. Finally, we recall that microleogisgrvations towards the
Galactic bulge are being increasingly finalised to the search of extraglalzets [18].

2. Theobservational results

Popowski et al.[[14], Hamadache et 41.][15] and Sumi e{a). [16}HfeMMACHO, EROS and
OGLE collaborations, respectively, presented the final results outofsbveral-years campaigns
carried out towards the Galactic centre. In Hig. 1 we show the position obttkerved fields.
Carrying out the analysis using the subsample of bugleclumpsources, so to avoid problems
linked to blending, they reported the detection of 66, 120 and 32 eventCHOY EROS and
OGLE, respectively), and the analysis of the detection efficiency. Rexhby their reported values
for the optical depth are all in agreement among them, in particular with the xehoeted by the
MACHO collaboration as evaluated in the “Central Galactic Region” (htege&IGR, the set of 9
fields nearer to the Galactic centre where 42 of the events have beetedgtee 2.177937 1076
for (I,b) = 1°.50, —2°.68. In Fig.[2 we show the duration distributions of the observed events. We
note in particular the lack of very short duration events, Einstein time beloays,doth in the
EROS and the OGLE dataset as compared to the MACHO one. This turnstmutegevant in the
study of the lens mass function but not for the evaluation of the optical depth

3. Themodels

In order to study the microlensing quantities, optical depth and microlensiegwa need to
specify the models for the mass distribution, the kinematic and the mass funcidar the mass
distribution, for the bulge we consider the triaxial models analysed by Stinak [17], that we
take as our “fiducial” model and compare it with that of Dwek et [al] [18]. the disc we consider
a modified model of that presented by Han&Gould [19]. Having fixed thd iemasity of the disc,
we fix the overall mass of the bulge by normalising its mass distribution to thevausealue of
the optical depth. In particular it turns out a bulge mass value ousti of 15 101° M,,. As for
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Figure 1. The observed fields towards the Galactic centre: the 94 fadflttee MACHO coIIaborationIE4],
black dotted lines and bold solid lines (the 9 “CGR” fields mine Galactic centre), the 66 fields of the
EROS collaborationg [}5], red dashed lines, and the 20 figidse OGLE collaborationg [16], blue thin
solid lines.

the kinematic we consider both a bulk and a random motion. For the latter, féidagial model,
we fix the values of the dispersion of the anisotropic Gaussian distributithe dfulge components
making use of the virial theoren [20]. As a second estimate we make usessftrebservational
results [2IL]. Finally, we have to fix the lens mass function. For both the diddtz bulge we
use a power law. For the former we use the values and the normalisatiotec o [22]. For
the bulge, we leave as free parameters in our analysis the slopgsawms, in the brown dwarf
0.01—0.08 M, and in the main sequenced8— 1 M, ranges. Following the analysis of Gould
[P3] we assume everything above 1 Solar mass to have evolved in a repirzeset
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Figure 2: Duration distributions for the three data sets we consider.

4. Theoptical depth : astudy of thelens mass distribution

The acknowledgement of thendingissue, and the consequent choice to restrict the analysis
to the subsample of bulged clumpsources has been essential to reach an agreement between the
observed values and the theoretical estimate of the optical depth [19Y. B we show the profiles
of the optical depth for bulge sources and both the luminous, bulge anadistdark” populations
of lenses. As expected, we find that the contribution of any would be M@@blpulation would be
negligible as compared to that of the luminous components (by more than areobrdagnitude
even for aull MACHO halo).

As we have normalised the bulge mass distribution to the observed valuesopitited depth
(as evaluated at the centre of the CGR), we may ask whether the theoogtical depth profile
trace the observed one. To this purpose we carry out the following sisaWe bin the space of
the theoretical optical depth, we note that each bin delimits a regions within tleeveldsfields,
and we compare the expected optical depth value with the observed onal@ested whithin the
corresponding region. As a result, Fig. 4, we find a very good agmeefoeall the three data sets
and the two bulge models we have studied.
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Figure 3: Optical depth profiles for bulge sources and bulge and dissele (top) and dark matter halo lenses
(for a full “standard” halo model[}2]). The circle &, b) = 1°.50, —2°.68 marks the CGR centre where we
have normalised the bulge mass distribution to the obserake of the optical depth, = 2.17 107 [L4].

5. Themicrolensingrate: astudy of the lens mass function

The microlensing rate allows the evaluation of the expected number of evehts thheir char-
acteristics, in particular of their durations. Once given the characteristitee observed events
and the experimental detection efficiency, the evaluation of the microlengmgliaws us there-
fore to carry out a maximum likelihood analysis to determine the free paranvétais our model,
namely, the bulge mass function slogas, aus. Given the efficiency corrected differential rate,
dr »/dte, and allowing for the Poisson nature of the process, where in particeavntnumber
itself is a random variable, the likelihood reads

Nobs dr| &
dte

L (aBp, ams) = eXp(—Nexp) (5.1)

tE event

HereNeyp is the overall expected number of events, to be evaluated by integratitigeodifferen-
tial rate taking into account, besides the detection efficiency, the numbeufes and the overall
duration of the experiment. In particular it resuNg,, = Nexp(0ep, ams). The product runs over
the Ngps Observed events.
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Figure 4: The observed versus the expected optical depth for the tigebuodels considered. EROS,
MACHO and OGLE data are the empty, filled circles and stanseaetively. The solid line is thg = x line.
(Plot adapted from[[24]).

In Fig.[§ we report the result of this analysis, restricted to the subsampheef2 events re-
ported by the MACHO collaboration within the CGR]14]. As it turns out, the magjuence slope
is better constrained by the data than the brown dwarf one. It resulsatasgy, after marginalisa-
tion over one variablegys = 1.7+ 0.5 andagp = 1.6+ 1.0 (we note that the former value agrees
well with the evaluation made by Zoccali et 4.][25] in the main sequence rangel.3). Further-
more, as also shown in the plot, we find that the lines of equal expectetibthuckosely follow the
lines of degeneracy in the parameter spagg — ams, this being a consequence of the relationship
between lens mass and event duration. As to be expected, larger vathesdaration are found
for smaller values of the IMF slopes. As for themberof expected events, corresponding to the
maximum likelihood values, we estimal,, = 38 (with~ 80% to be attributed to the bulge), in
excellent agreement with the 42 observed events used in this analysilly, Firaanalysis of the
EROS and OGLE data sets gives, for the main sequence slope, a similarlfesuvever, because
of the lack of short duration events in these data sets, we find no lowaddouthe brown dwarf
slope, for which, therefore, we can only assess an upper limit. (We t@f@alchi Novati et al.
[P4] and references therein for more details and discussions.)
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Figure 5: Probability isocontours with 34%, 68% and 90% regions indRge, aus plane (the slopes of
the power law IMF of the Galactic bulge lenses, in the browaudand main sequence range, respectively).
The dashed lines are the lines of equal average expecteticavations. Here the set of 42 events reported
by the MACHO collaboration in the CGR, for whigk: = 20 d), is considered. (Plot adapted frolﬂ[24]).

6. Conclusions

Microlensing observations towards the Galactic centre are a very effitiehfor the study
of the lens mass distribution and characteristics. Using the most recentatimgal results of
the MACHO, EROS and OGLE collaborations we have analysed the profitbe @ptical depth
and carried out a maximum likelihood analysis of the microlesing rate to contieioulge mass
function. As for the optical depth, we have found a very good agreeonfehe theoretical profile
with the observed one, through all the observed fields. The microlernsiagnalysis allowed us
to constrain the parameter of a power law bulge initial mass function. In platime have found,
in the main sequence range, a value for the stopel.7, in good agreement with previous results.
In order to improve these estimates, in particular for the low mass tail of the mastdn, it
would be suitable to better probe also shorter duration events. A further teat deserves better
understanding is that of blending, that can bias the evaluation of the timesualiherefore the
analysis of the lens characteristics.



Microlensing towards the Galactic centre Sebastiano Calchi Novati

References

[1] B. Paczyski, Gravitational microlensing by the galactic halapJ 304, 1 (1986)

[2] C. Alcock et al.,The MACHO Project: Microlensing Results from 5.7 Years afjedagellanic
Cloud ObservationsApJ542, 281 (2000)

[3] P. Tisserand et alLimits on the Macho content of the Galactic Halo from the ERORurvey of the
Magellanic CloudsA&A 469, 387 (2007)

[4] S. Calchi Novati et al.POINT-AGAPE pixel lensing survey of M 31. Evidence for a MACH
contribution to galactic halosA&A 443, 911 (2005)

[5] J.de Jong et alIMACHOs in M 31? Absence of evidence but not evidence of agssfié 446, 855
(2006)

[6] B.Paczyski, Gravitational microlensing of the Galactic bulge stafgpJ, 371, L63 (1991)
[7] B. Paczyski et al., Are the OGLE microlenses in the galactic ba&pJ, 435, L113 (1994)
[8] G. Gyuk,Gravitational Microlensing and the Structure of the Inneiltyt Way, ApJ, 510, 205 (1999)
[9] C. Han & A. Gould,Statistical Determination of the MACHO Mass Spectrdym] 467, 540 (1996)
[10] Ph. JetzerOn the mass of the dark compact objects in the Galactic &&lA 432, L43 (1994)
[11] L. Grenacher et alMicrolensing towards different Galactic targes&A 351, 775 (1999)

[12] A. Wood & S. Mao,Optical depths and time-scale distributions in Galacticrmliensing MNRAS
362, 945 (2005)

[13] A. Gould,Recent Developments in Gravitational Microlensifay Xi v: 0803. 4324] (2008)

[14] P. Popowski et alMicrolensing Optical Depth toward the Galactic Bulge Usi@lymp Giants from
the MACHO SurveyApJ 631, 879 (2005)

[15] C. Hamadache et alGalactic Bulge microlensing optical depth from EROSR&A 454, 185 (2006)

[16] T. Sumi et al. Microlensing Optical Depth toward the Galactic Bulge UsiBgght Sources from
OGLE-II, ApJ 636, 240 (2006)

[17] K. Stanek et al.Modeling the Galactic Bar Using Red Clump GiamgJ477, 163 (1997)

[18] E. Dwek et al. Morphology, near-infrared luminosity, and mass of the @titabulge from COBE
DIRBE observationsApJ 445, 716 (1995)

[19] C. Han & A. Gould,Stellar Contribution to the Galactic Bulge Microlensing tijal Depth ApJ 592,
172 (2003)

[20] C. Han & A. Gould,The Mass Spectrum of MACHOSs from Parallax Measuremam447, 53
(1995)

[21] S. Kozlowski et alMapping stellar kinematics across the Galactic bar; HST sugaments of proper
motions in 35 fieldsMNRAS370, 435

[22] P. Kroupa,The Initial Mass Function of Stars: Evidence for Uniforniityariable Systemscience
295, 82

[23] A. Gould,Measuring the Remnant Mass Function of the Galactic BuAgd 535, 928 (2000)

[24] S. Calchi Novati et alMicrolensing constraints on the Galactic bulge initial rsdanction A&A
480, 723 (2008)

[25] M. Zoccali et al.,The Initial Mass Function of the Galactic Bulge downt00.15 M, ApJ 530, 418
(2000)



