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12.9 million stars have been monitored by EROS during 7 seasons towards 4 directions in the
Galactic plane, away from the Galactic center. 27 microlensing event candidates have been found.
Estimates of the optical depths from the 22 best events are provided. A �rst order analysis shows
that our observations favour galactic models without a thick disk or a spiral structure. We �nd that
the average microlensing optical depth towards the complete EROS-catalogued stars of the spiral
arms is τ = 0:50+:11

�:11, a number that is stable when moderately varying the selection criteria. As
EROS catalog is almost complete (unbiased) until IC = 18:5, the optical depth estimated for the
sub-sample of bright stars with IC < 18:5 (τ = 0:39+:10

�:10) is easier to interpret.

A more precise interpretation requires either a better knowledge of the distance distribution of the

target stars, or a simulation based on a Galactic model. In this purpose, we discuss the concept of

optical depth for a given catalogue or for a limiting magnitude.
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1. Introduction

After the �rst discoveries of microlensing effects [1][2][3], the EROS team has performed
extensive microlensing surveys from 1996 to 2003, that monitored the Magellanic clouds, and
large regions in the galactic plane. Our team has devoted about 15% of the observing time during
7 seasons to search for microlensing events toward the Galactic Spiral Arms (GSA), as far as 55
degrees in longitude away from the Galactic center. In our previous publications [4][5] (hereafter
refered as papers I and II) describing the detection of respectively 3 and 7 events, our attention was
called on a possible optical depth asymmetry, emphasized by an asymetric event dynamics with
respect to the Galactic center. This marginal effect (a 9% probability to be accidental) could be
interpreted as an indication of a long Galactic bar. Its investigation required a signi�cant increase
in the number of events.

In addition to the observing time increase (more than a factor 2), we improved our catalogue of
monitored stars by increasing the limiting magnitude as well as by recovering some �elds and sub-
�elds that were not analyzed previously. These improvements allowed us to recover another factor
of two in sensitivity. Moreover the discrimination power for microlensing event identi�cation has
been signi�cantly increased, partly due to the fact that the light curves ar e longer, 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 operations and data reduction
are described in paper I and references therein. The 29 �elds that ha ve been monitored in four
different regions (β Sct, γ Sct, γ Nor and θ Mus) are shown in �gure 1. Taking into account the
dead zones, the lower ef�ciency sectors of our CCDs and the blind zone s around the brightest stars,
we estimate that 75 � 4% of the total CCD area (0:95 deg2) was effectively sensitive. We took
exposures of 120 s towards β Sct (�eld = 4:3 deg:2), γ Sct (�eld = 3:6 deg:2) and γ Nor (�eld
= 8:4 deg:2) and 180 s towards θ Mus (�eld = 3:8 deg:2). The observations span a period of
Tobs = 2325 days, starting July 1996 and ending October 2002; 369 measurements per �eld w ere
obtained on average in each of the REROS and BEROS bands, which are related to the Cousins I and
Johnson V magnitudes through the following colour equations, to a precision of � 0:1 mag:

REROS = IC ; BEROS = VJ � 0:4(VJ � IC): (2.1)

The catalogues of monitored stars have been produced following the procedure described in papers
I and II. The objects in the catalogues considered below are identi�ed and unambiguously associ-
ated in both colors. They have at least one good quality measurement in each color (�t of the Point
Spread Function). We have removed objects that are close to a very bright star.

3. The catalogues

The seven season data set contains 12.9 million objects: 3.0 toward β Sct, 2.4 toward γ Sct,
5.2 toward γ Nor and 2.3 toward θ Mus. The number of monitored stars was increased by � 50%
since the time of papers I and II, by producing a richer catalogue from a wider choice of good
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●

Figure 1: The Galactic plane �elds (Galactic coordinates) monitored by EROS superimposed on the image
of the Milky-way. The locations of our �elds toward the spira l arms, as well as our Galactic bulge �elds (not
discussed in this paper) are shown. The large blue dot towards γ Sct indicates the position of the HST �eld
used to estimate our star detection ef�ciency (see text).

quality images than available before. We were also able to solve some technical problems that
prevented us to produce the catalogue for some �elds [6][7]. The reco vered stars are mainly faint
stars that do not permit a high microlensing sensitivity. The global pattern of the colour-magnitude
diagrams follows the reddening versus absorption lines expected from a distance-distributed stellar
populations.

From a comparison with HST images, we have estimated our star detection ef�cie ncy as a
function of the star magnitude (see �gure 2). This ef�ciency is the probab ility for a star to be
detected as the main contributor to an EROS object in an active region of the CCD-array. It refers
to the effective �eld (i.e. 0 :71 deg2 for the full mosaic). A star can also have a minor contribution
to the �ux of an EROS object, as a result of a blending effect. Such a blend ing limits the detection
ef�ciency, even for bright stars, whenever such stars are blended with similar or brighter ones.

4. The search for lensed stars

The general technique to select microlensing events in our sample of light curves is the same
as the one of papers I and II. We used the same non speci�c pre�ltering d escribed in paper II,
and preselected the � 15% most variable light curves. We searched for bumps and selected the
light-curves displaying single signi�cant bumps, simultaneously in the two colou rs. The candidate
selection is then based on the �t quality ( χ2) and on variables obtained by using the t0 (time of
maximum magni�cation), tE (Einstein duration) and u0 (impact parameter) �tted parameters. In
particular, we select light curves with ∆χ2

B + ∆χ2
R > 60, where ∆χ2 is the χ2 improvement from

a stable star �t to a microlensing �t. 27 microlensing candidates are selected by this selection
process. Their IC magnitudes and colours (VJ � IC) are shown in �gure 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 depths of events
with tE > 700 days cannot be estimated by EROS. To obtain reliable optical depth estimates, we
use a sub-sample of good quality candidates, assumed to be free of the background that have
been identi�ed towards the other EROS targets. In this purpose, we only ke ep the candidates that
have a �tted impact parameter u0 < 0:7 (from the �t assuming a point-like source and a point-
like de�ector with a constant speed). This is approximately equivalent to re quest the maximum
magni�cation to be Amax > 1:68. As for our previous papers, we estimate our detection ef�ciency
using the technique of the superposition of simulated events on experimental light curves from an
unbiased sub-sample of our catalogue. Events are simulated as point-source, point-lens constant
speed microlensing, with parameters uniformly spanning a domain largely exceeding the domain of
experimental sensitivity (u0 up to 2, 1 day < tE < 900 days, t0 generated from 150 days before the
�rst observation to 150 days after the last) but ef�ciencies are normalize d to the number of events
generated up to u0 = 1. Figure 3 shows the EROS ef�ciency as a function of tE averaged over all the
other parameters, for each monitored direction. The optical depth estimates based on the 22 events

Figure 2: Left: star detection ef�ciencies versus REROS = IC and versus BEROS = IC + 0:6(VJ � IC). The
ef�ciency to detect a star in both EROS colours is the product of the two ef�ciencies. The thin line shows
the probability for an HST star to contribute to an EROS object i.e. to be closer than 1 arcsec to such an
object. The thick line gives the probability for an HST star to be the �rst contributor to the �ux of an EROS
object found within 1 arcsec.

Figure 3: Right: Microlensing detection ef�ciency as a function of tE , averaged over all the other parameters.

with u0 < 0:7 are given in the upper part of Table 1. The average over all directions < τ > f ields

is de�ned as the proportion of stars covered by an Einstein disk. Fig. 4 sh ows the variation of
< τ > f ields with the threshold magnitude Ic of the sources and the maximum color index VJ � IC.
An interesting use of these �gures is the possibility to extract τ for speci�c stellar populations, in
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θ Mus γ Nor γ Sct β Sct
flb� -1.46 -2.42 -2.09 -2.15
fll� 306.56 331.09 18.51 26.60

Observations All
τ :68+:52

�:43 :48+:18
�:16 :69+:38

�:25 :28+:21
�:18 :50+:11

�:11
N 3 10 6 3 22
fltE 97.2 56.6 46.9 59.1 (59.1)

σtE 80.3 27.9 13.7 8.3 (36.7)

τ from published models χ2
model

A 0.32 0.48 0.79 0.60 2.9
+spiral 0.56 0.69 1.07 0.83 9.3

B 0.34 0.51 0.85 0.64 3.6
+spiral 0.61 0.72 1.13 0.90 11.9

C 0.47 0.78 1.11 0.95 14.3
+spiral 0.71 1.18 1.43 1.23 39.4

fltE from published model
B 45 28 25 27

Predictions from model 1
τ 0.34 0.49 0.65 0.56 2.2
N 1.1 3.6 1.6 1.4
fltE 72 67 53 66

σtE 48 45 42 47

Table 1: Observed and expected optical depth τ (�106), number of events N, average fltE, dispersion σtE in
days for each monitored direction, assuming that the distance to source stars is 7 kpc.
Quantitative comparisons of measured τ with the predictions of [8] (A), [9] (B), [10] (C) and including the
effects of spiral structure [11], and with the simple Galactic model described in the text.

particular to consider only the brightest stars with IC < 18:5, or avoid the contamination of remote
stars that are redder and more probably lensed. One advantage of considering only the brightest
stars with IC < 18:5 is that these bright sources suffer less from blending. Moreover, our catalogue
can be considered as almost complete at this magnitude, as our star detection ef�ciency is large
(see Fig. 2) and the magnitude distribution peaks at � 19. Using such a sub-catalogue of bright
stars should make the interpretation easier within a galactic model framework as we will discuss
hereafter.

5.1 First order comparisons with simple models

We will only consider here a direct comparison with published optical depth calculations and
with home-made estimates from a naive galactic model (without a thick disk). For the Galactic
bulge, we take the parameters from [12] and [13] with Φ = 45� as the inclination of the bulge to the
Galactic center line of sight, a = 1:97 kpc, b = 0:3 kpc, c = 0:25 kpc, MB = 2:4�1010M�. The thin
disk has Σ = 50M�pc�2, H = 0:325kpc, R = 3:5kpc and Mthin = 4:3 � 1010M�. We completely
neglect any contribution from the halo to the optical depth, in the light of the latest EROS results
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Figure 4: Number of selected candidates (right scale) and < τ > f ields (left scale multiplied by 106) for the
sub-samples of stars brighter than the IC threshold (left) or redder than the color index (VJ � IC) threshold
(right). Only statistical errors are plotted.

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

χ2
model = ∑

targets i

(τi(model)� τi(observed))2

σ2
i

; (5.1)

where σi is taken as the largest error interval of τi determination. The simplest model is clearly
favoured by the data and also model A without spiral structure. We cannot draw any �rm conclusion
from our simple model, as we know that it is not a realistic description, because all targets are
supposed to be at the same distance. Nevertheless, it seems that �heavy� models trying to include
thick disk or any spiral structure are in a dif�cult position.

6. Guidelines for further interpretation

As we always emphasized when presenting previous results towards the spiral arms, the poorly
known distances of the monitored sources complicate the optical depth interpretation. Therefore,
we provide here guidelines to properly interpret our optical depth estimates within a galactic model
framework.

6.1 The concept of catalogue optical depth

The optical depth τ toward a source depends on its distance ; in contrast with LMC, SMC
and the galactic center red giant clump, the monitored sources from the galactic spiral arms span
a wide range of distances. Fig. 6 shows the expected optical depth as a function of the Galactic
longitude l, for different target distances, using our simple model. One clearly sees that the near
side of the bar increases the optical depth towards nearby stars, but on the contrary, the optical
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