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12.9 million stars have been monitored by EROS during 7 seagwwards 4 directions in the
Galactic plane, away from the Galactic center. 27 micraotenevent candidates have been found.
Estimates of the optical depths from the 22 best events akédad. A first order analysis shows
that our observations favour galactic models without aktHisk or a spiral structure. We find that
the average microlensing optical depth towards the comEBOS-catalogued stars of the spiral
arms ist = 0.50"11, a number that is stable when moderately varying the sefectiteria. As
EROS catalog is almost complete (unbiased) Ugtit 18.5, the optical depth estimated for the
sub-sample of bright stars witg < 18.5 (T = 0.39" }g) is easier to interpret.

A more precise interpretation requires either a better kedge of the distance distribution of the
target stars, or a simulation based on a Galactic modeligmptirpose, we discuss the concept of

optical depth for a given catalogue or for a limiting magdéu

The Manchester Microlensing Conference: The 12th Intéonal Conference and ANGLES Microlensing
Workshop

January 21-25 2008

Manchester, UK

*Speaker.
TOn behalf of the EROS collaboration.

(© Copyright owned by the author(s) under the terms of the Cre@dmmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:moniez@lal.in2p3.fr

EROS results in the Galactic plane Moniez Marc

1. Introduction

After the first discoveries of microlensing effects [1][2][3], the ER@S&m has performed
extensive microlensing surveys from 1996 to 2003, that monitored theslMag clouds, and
large regions in the galactic plane. Our team has devoted about 15% digbevimg time during
7 seasons to search for microlensing events toward the Galactic Spiral(&®#y, as far as 55
degrees in longitude away from the Galactic center. In our previous pitiblis [4][5] (hereafter
refered as papers | and Il) describing the detection of respectiaatg J events, our attention was
called on a possible optical depth asymmetry, emphasized by an asymetticlgmamics with
respect to the Galactic center. This marginal effect (a 9% probability tatidental) could be
interpreted as an indication of a long Galactic bar. Its investigation requiseghdicant increase
in the number of events.

In addition to the observing time increase (more than a factor 2), we impravaedtalogue of
monitored stars by increasing the limiting magnitude as well as by recoveringfsddseand sub-
fields that were not analyzed previously. These improvements allowed&saeer another factor
of two in sensitivity. Moreover the discrimination power for microlensing eveaentification has
been significantly increased, partly due to the fact that the light curedsiager, and thus provide
a better rejection of recurrent variable objects.

2. Experimental setup and observations

The telescope, the camera and the observations, as well as the opeaatictesta reduction
are described in paper | and references therein. The 29 fields thatblean monitored in four
different regions 8 Sct, y Sct, y Nor and@ Mus) are shown in figurfl 1. Taking into account the
dead zones, the lower efficiency sectors of our CCDs and the blind zoaend the brightest stars,
we estimate that 7% 4% of the total CCD area (85 deg’) was effectively sensitive. We took
exposures of 128 towardsf Sct (field= 4.3 deg?), y Sct (field= 3.6 deg?) andy Nor (field
= 8.4 deg?) and 180s towards8 Mus (field = 3.8 deg?). The observations span a period of
Tobs = 2325days starting July 1996 and ending October 2002; 369 measurements per éetd w
obtained on average in each of tRerosandBgrosbands, which are related to the Cousins | and
Johnson V magnitudes through the following colour equations, to a preciior®.1 mag:

Reros=Ic, Beros=Vi—0.4(V;—Ic). (2.1)

The catalogues of monitored stars have been produced following thedenecdescribed in papers
I and Il. The objects in the catalogues considered below are identifiedraardbiguously associ-
ated in both colors. They have at least one good quality measuremenhinaac(fit of the Point
Spread Function). We have removed objects that are close to a verydtegh

3. The catalogues

The seven season data set contains 12.9 million objects: 3.0 t@\&ot, 2.4 toward/ Sct,
5.2 towardy Nor and 2.3 toward Mus. The number of monitored stars was increased 0%
since the time of papers | and Il, by producing a richer catalogue frondarwhoice of good
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Figure 1. The Galactic plane fields (Galactic coordinates) monitdmg&ROS superimposed on the image
of the Milky-way. The locations of our fields toward the spaans, as well as our Galactic bulge fields (not
discussed in this paper) are shown. The large blue dot taya®dt indicates the position of the HST field
used to estimate our star detection efficiency (see text).

guality images than available before. We were also able to solve some tegmablms that

prevented us to produce the catalogue for some fields [6][7]. Theeesd stars are mainly faint
stars that do not permit a high microlensing sensitivity. The global pattafeafolour-magnitude
diagrams follows the reddening versus absorption lines expected fristaack-distributed stellar
populations.

From a comparison with HST images, we have estimated our star detectionnefficie a
function of the star magnitude (see figdyfe 2). This efficiency is the pitityator a star to be
detected as the main contributor to an EROS object in an active region of thea@@y. It refers
to the effective field (i.e. @1 deg for the full mosaic). A star can also have a minor contribution
to the flux of an EROS object, as a result of a blending effect. Such aibtehichits the detection
efficiency, even for bright stars, whenever such stars are blentledimilar or brighter ones.

4. Thesearch for lensed stars

The general technique to select microlensing events in our sample of lighgscis the same
as the one of papers | and Il. We used the same non specific prefiltergugilsbd in paper II,
and preselected the 15% most variable light curves. We searched for bumps and selected the
light-curves displaying single significant bumps, simultaneously in the two ldie candidate
selection is then based on the fit qualify?) and on variables obtained by using tiggtime of
maximum magnification)tz (Einstein duration) andg (impact parameter) fitted parameters. In
particular, we select light curves withx3 + Ax3 > 60, whereAx? is the x? improvement from
a stable star fit to a microlensing fit. 27 microlensing candidates are selectidsselection
process. Theitc magnitudes and colour¥/y— Ic) are shown in figurg]5 together with a set of
points representing the population obtained after selection of simulated .events
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5. Optical depth studies

In the following, one should keep in mind that the impact on the optical deptleyafts
with tg > 700 dayscannot be estimated by EROS. To obtain reliable optical depth estimates, we
use a sub-sample of good quality candidates, assumed to be free of Hgrdaad that have
been identified towards the other EROS targets. In this purpose, we apytike candidates that
have a fitted impact parametaeg < 0.7 (from the fit assuming a point-like source and a point-
like deflector with a constant speed). This is approximately equivalengieest the maximum
magnification to bé\nax > 1.68. As for our previous papers, we estimate our detection efficiency
using the technique of the superposition of simulated events on experimehtaldiyes from an
unbiased sub-sample of our catalogue. Events are simulated as poitg;gooint-lens constant
speed microlensing, with parameters uniformly spanning a domain largelgdirgehe domain of
experimental sensitivityup up to 2, 1day < tg < 900days to generated from 150 days before the
first observation to 150 days after the last) but efficiencies are norrddbzthe number of events
generated up tap = 1. Figurg B shows the EROS efficiency as a functiotx @veraged over all the
other parameters, for each monitored direction. The optical depth estinasted bn the 22 events
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Figure 2: Left: star detection efficiencies versRsros= Ic and versuBegros= Ic +0.6(V; —Ic). The
efficiency to detect a star in both EROS colours is the prodtitiie two efficiencies. The thin line shows
the probability for an HST star to contribute to an EROS dbjec to be closer than 1 arcsec to such an
object. The thick line gives the probability for an HST stabt the first contributor to the flux of an EROS
object found within 1 arcsec.

Figure3: Right: Microlensing detection efficiency as a functioniggfaveraged over all the other parameters.

with up < 0.7 are given in the upper part of Table 1. The average over all direction > fie|ds
is defined as the proportion of stars covered by an Einstein disk. [Figowsstie variation of
< T >tields With the threshold magnitudg of the sources and the maximum color indgx- Ic.
An interesting use of these figures is the possibility to extrdor specific stellar populations, in
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6 Mus yNor y Sct B Sct

b° -1.46 -2.42 -2.09 -2.15
|o 306.56 331.09 18.51 26.6(
Observations All
52 18 33 2T 1T
T .68j43 ‘48j16 ‘69j25 ‘28j18 ‘50j11
N 3 10 6 3 22

te 97.2 566 469  59.1| (59.1)
G 80.3 279 137 83| (36.7)

7 from published models Xz odel
A 0.32 0.48 0.79 0.60| 29
+spiral | 0.56 0.69 1.07 0.83| 93
B 0.34 0.51 0.85 0.64| 3.6
+spiral | 0.61 0.72 1.13 0.90| 119
C 0.47 0.78 111 0.95| 14.3
+spiral | 0.71 1.18 1.43 1.23| 394
te from published model

B | 45 28 25 27
Predictions from mode! 1

T 0.34 0.49 0.65 056| 22

N 11 3.6 1.6 1.4

te 72 67 53 66

Oy 48 45 42 47

Table 1. Observed and expected optical deptfx 10°), number of eventl, averageg, dispersionoy in
days for each monitored direction, assuming that the distéamsource stars is 7 kpc.

Quantitative comparisons of measuredith the predictions of [8] (A), [9] (B), [10] (C) and includg the
effects of spiral structure [11], and with the simple Galtaotodel described in the text.

particular to consider only the brightest stars with< 18.5, or avoid the contamination of remote
stars that are redder and more probably lensed. One advantagesaferorg only the brightest
stars withlc < 18.5 is that these bright sources suffer less from blending. Moreouegaialogue
can be considered as almost complete at this magnitude, as our star detéidii@encg is large
(see Fig.[]2) and the magnitude distribution peaks d9. Using such a sub-catalogue of bright
stars should make the interpretation easier within a galactic model frameword adll discuss
hereafter.

5.1 First order comparisonswith simple models

We will only consider here a direct comparison with published optical degdtiulations and
with home-made estimates from a naive galactic model (without a thick disk)thEdBalactic
bulge, we take the parameters from [12] and [13] wiith- 45° as the inclination of the bulge to the
Galactic center line of sighy=1.97kpc b= 0.3kpc, c = 0.25kpc Mg = 2.4 x 10'°M,,. The thin
disk hasZ = 50M.pc 2, H = 0.325kpc,R = 3.5kpc andMhin = 4.3 x 10°M,,. We completely

neglect any contribution from the halo to the optical depth, in the light of thetl&ROS results
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Figure 4: Number of selected candidates (right scale) and> fieigs (Ieft scale multiplied by 1€) for the
sub-samples of stars brighter than thethreshold (left) or redder than the color ind&% ¢ Ic) threshold
(right). Only statistical errors are plotted.

towards the Magellanic Clouds [14]. The different models can be cordlareugh the value of:

(ti(mode) — 1;(observeq)?
o2

Xr%odelz ; (5.2)

targets i
whereg; is taken as the largest error interval mfdetermination. The simplest model is clearly
favoured by the data and also model A without spiral structure. We tdnaw any firm conclusion
from our simple model, as we know that it is not a realistic description, becallisargets are
supposed to be at the same distance. Nevertheless, it seems that “imeggl$ trying to include
thick disk or any spiral structure are in a difficult position.

6. Guidelinesfor further interpretation

As we always emphasized when presenting previous results towargsrddeasms, the poorly
known distances of the monitored sources complicate the optical depth &isgipn. Therefore,
we provide here guidelines to properly interpret our optical depth estimétgia a galactic model
framework.

6.1 The concept of catalogue optical depth

The optical depthr toward a source depends on its distance ; in contrast with LMC, SMC
and the galactic center red giant clump, the monitored sources from theigalgical arms span
a wide range of distances. Fifjf 6 shows the expected optical depth mst@ifuof the Galactic
longitudel, for different target distances, using our simple model. One clearlythaéthe near
side of the bar increases the optical depth towards nearby stars, tié @ontrary, the optical
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Figure 5: Left. Colour-magnitude diagram of the simulated eventsfang the analysis criteria (small
dots) and the detected candidates (big dots). The arrovicabedthe position of the magnified star in the
case of blend. The red dots correspond to events that ardarsthé optical depth estimates.

Figure 6: Right. Expected optical depth for sources located at 6, 9, 80, 11 and 12 kpc (from lowest to
highest curve) at galactic latitude= —2.5° as a function of the galactic longitude. The measured dptica
depths are quoted for our 4 targets.

depth towards remote stars is larger in the direction of the far side of theBR®S catalog
includes contributions of stars located at every distance, and the méasptieal depth is the
average over the monitored sources distance distribution. Establishingsthecg distribution
of the sources through individual spectrophotometric measurements vegude an enormous
amount of complementary observations. Therefore we define the dooictgatalogue optical
depth” 1.4, that is relative to our catalogue of monitored stars, defined as the frauftistars
of the catalogudahat undergo a magnificatiofh > 1.34. Such a measured optical depth can be
compared with the depth derived from a lens and source distribution medell@awvs: first, one
has to generate a synthetic source catalogue that matches the obstalmglieathen one can use
the generated source distance distributions to estimate the average opttbad g compare with
the measurements. This procedure will be described in more detail in [15].

6.2 Estimating the average optical depth expected in the EROS catalogue from a model

The pre-requisite for the optical depth study is that the statistical distribufitreghysical
observables (luminosity, colour and density per solid angle) for the ssimétesource catalogue
should fit the observed one. For this purpose, the colour-magnitudeatiagf our catalogues
([15] to be published) and the star detection efficiency of f]g. 2 shouldskd. After the syn-
thesis of a satisfactory catalogue is performed, one can compute thgevogtacal depth over the
catalogued stars, from the distances provided by the model, and thenreowiffathe measure-
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ments. With this procedure, the relative contribution of a fixed distance mddatipulation is
automatically set through the use of the EROS star detection efficiency.

For easier comparisons, we provide here two “catalogue optical deitlesfirst onercompiete=
0.50+ 0.10 is relative to our entire catalogue, and the secondrdhe< 18.5) = 0.39™1J is esti-
mated on the sub-set of stars with apparent magnitudd 8.5, for which we believe our catalogue
to be almost complete (see Fig.2).

7. Conclusions

The microlensing search of EROS2 towards the transparent windows spital arms gives
optical depths that are consistent with the simpliest galactic model. A more conmpégfretation
taking into account the distance dispersion of the monitored sourcesaesatiel that synthetises
the EROS catalogues. With such a modelisation, one will be able to make a ms®er the
event duration distributions. The instrument that has currently the bpabitidy to improve our
knowledge of the microlensing towards the galactic plane is the wide-fieldrédfreamera of
VISTA. Observations in infrared will allow astronomers to monitor stars thihahe dust, making
them free of the transparent windows that were limiting the EROS fields.
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