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Abstract. We apply the pixel method of analysis (sometimesr more distant galaxies (Pa¢mki (1986,1996), Griest(1991)).
called “pixel lensing”) to a small subset of the EROS-1 miSeveral lines of sight are now under investigation, and events
crolensing observations of the bar of the Large Magellani@ve been claimed in several directions: towards the LMC (Al-
Cloud (LMC). The pixel method is designed to find microlenssock et al. 1997a, Renault et al. 1997), the SMC (Alcock et al.
ing events of unresolved source stars and had heretofore beeri897b, Palanque-Delabrouille et al. 1998), in the direction of
plied only to M31 where essentially all sources are unresolvetle Galactic Bulge (Alard etal. 1997, Alcock et al. 1997c¢, Udal-
With our analysis optimised for the detection of long-duratioski et al 1994) and more recently towards spiral arms (Derue
microlensing events due to 0.014%;, Machos, we detect no et al. 1998), giving some first evidences of the Macho distri-
microlensing events and compute the corresponding detectimrtion towards these lines of sight. These results are based on
efficiencies. We show that the pixel method, applied to crowdeadstar monitoring analysis: the fluxes of several milliongesf
fields, should detect 10 to 20 times more microlensing evestsivedstars are monitored. As first discussed by Crotts (1992)
for M > 0.05M Machos compared to a classical analysis @ind Baillon et al. (1993), events dueunresolvedstars essen-
the same data which latter monitors only resolved stars. In paally escape detection of these analyses. Such stars, beyond the
ticular, we show that for a full halo of Machos in the mass rangeowding limit or too dim to resolve, could significantly con-
0.1 - 0.5M,, a pixel analysis of the three-year EROS-1 dataibute to the number of detectable events. This is illustrated by
set covering).39 deg? would yield~ 4 events. the detection of two variable objects in the MACHO analysis
(Alcock et al. 1997a) of LMC data, which could not be resolved
Key words: methods: data analysis — techniques: photomeittheir minimum luminosity. The detection of the variation was
ric — galaxies: Magellanic Clouds — dark matter — gravitationakvertheless possible because the reference images used to es-
lensing tablish the catalogue of monitored stars were taken during their
maximum luminosity, when the stars were resolved. However,
such events can neither be kept for further considerations nor
1. Introduction be included in the computation of detection efficiencies, in the
) ) o _star monitoring approach.
Microlensing searches can probe the distribution of MAssive In this paper, we apply a pixel analysis to the EROS 91-92

Compact Halo Objects (Machos) in the dark halo of our Gala)((jyata (10% of the whole EROS-1 CCD data set) of the LMC Bar.
Send offprint requests 1é.L.Melchior@gmw.ac.uk The idea is to monitor the flux of all the pixels present on the
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images, thus achieving a good sensitivity to the whole stelianage is first geometrically aligned with the reference image.
content of the images. The magnification of one unresolved stdren sky background and absorption factor are corrected to the
can be detected as a variation of the pixel flux, provided thatlues of the reference image. Finally, each super-pixel flux is
the magnification is high enough. — In the following, we wiladjusted to take account of the seeing variation, affecating
refer to this approach as pixel monitoring, as opposed to s&ince the mean seeing is abduarc-second, we estimate
monitoring referring to classical analyses restricted to resolverlbe on averagé.7 for the corrected!’6 x 3!'6 super-pixel
stars. — The main uncertainties of this approach concern dight curves, obtained in Paper I. We showed that in the absence
ability to account properly for variations of the observationalf microlensing eventsA (¢;) = 1), we achieve a proper un-
conditions, and to be able to disentangle intrinsic variations frasherstanding of the errors affecting these light curves, and that
observational systematics. In Paper | (Melchior et al. 1998&)).[1 describes to a good approximation the light curves we are
dedicated to the description of the treatment of the data astddying.
the production oR.1 x 10° super-pixel light curves, we have  The usual requirements used for the selection of microlens-
shown that an average stability bR8% of the super-pixel flux ing events detected by star monitoring can be applied here:
is achieved in blue antl.3% in red, about twice the expected _ _ i )
photon noise. This homogeneous set of super-pixel light curves S the microlensing phenomenonis atransient and rare phe-
is called AGAPEROS: each of these light curves covers a period °Menon, it should produceuiquesignificant variation
of 120 days and is composed of about 90 measurements. With in the star flux. i ) L i
this rather short period of observation, we show here how it is 't must beachromatic This characteristic has two applica-
possible to investigate the Macho mass range of intefdst( tions for a p|>_(el analysis: the time of th_e maximum has to
10~2 — 1 M) with the existing EROS-1 CCD data set, initially ~ °€ the same in both colours and the ratio
designed for short time scale events in a mass range~{ ¢P(B) _ ¢£B_>
1078 — 1073 M) where no event has been detected. 1(,@7&)

¢f - (//)bg

Microlensing selection with the pixel method must remain constant, during the variation.

, . . . . — Theshapemust be compatible with Ef] 1.
We first present the simple formalism used to describe the pixel P P

events in which we are interested. The pixel flbf affected The first criterion allows us to remove recurrent variable stars

(4)

by a microlensing event, can be written as: as well as most of the noise, while the two other criteria will
be applied to the few remaining light curves at the end of the
P N ohE bg
¢; = aiA(ti)¢; + ; (1) selection process.

wherei is the measurement numbeis the time o is the seeing

fraction, A the magnificationg* the flux of the star of interest
at rest (i.e., unmagnified), ar® includes the sky and stellar
backgrounds. The magnification (Pabzki 1986) depends on

— Last, we consider the fact that the probability for a star to
be lensed is independent of its type. This will allow us to
reject specific populations of variable stars.

the normalized impact paramete(t; ): In Sect[2, we present the Monte-Carlo simulations used in
2. 9 this article. Then, in Sedt] 3, we describe step by step the se-
At;) = _wrs (2) lection procedure designed to detect microlensing events and
uvu? +4 applied to these light curves. In Sddt. 4, we show how the se-
with lected variations can be eliminated as compatible with variable
stars. In Secf.]5, we discuss the detection efficiencies achieved
B ) v 2 ) by this analysis, and compare the number of expected events
u(ti) Uy + (RE> (ti —to) with the sensitivity of star monitoring. We rely on these results

in Sect[6 to discuss the possible prospects of this approach.
wherevr is the Macho transverse velocity andt, the impact

parameter and time of closest approach, &dthe Einstein

radius: 2. A useful tool: mock super-pixel light curves with

microlensing events

4G2M % Monte-Carlo simulations described in Baillon et al. (1993) gave
¢ oS a first estimate of the number of events expected with a pixel
The typical time scale of the variation is the Einstein radiusnalysis. The main uncertainties discussed there derived from
crossing time: the noise presentinreal data. In SECIl 2.1, we presenta summary
R of the simulations of microlensing events used in this paper.
= — (3) These model the physical ingredients including the halo density
vr profile, the luminosity function of source stars, and the Macho
In Paper |, we showed that the variations of the observationalocity distribution and mass function (see Baillon et al. 1993).
conditions, which obviously affect Eg. 1, can be corrected: eathSect[2.2, we define a minimal threshold that will be useful

Rp =

tg
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later on for the interpretation of the results of our analysis. In g
Sect[Z.8, we discuss the characteristics of the simulated events 1
as expected for an ideal analysis of our data set. Last, inSédct. 2.4, . ;
we add to this model the characteristics of the AGAPEROS data, 0 =
and thus produce realistic mock super-pixel light curves. This ¢
tool will be used in the following to adjust the selection criteria 10 ¢
in Sect[B and to compute the detection efficiencies in §kct. 5 i

dN/dV / pixel

2.1. Physical ingredients

dN/dV / arc
|
i

We assume an isothermal halo with a core radiuskgic, nor- g
malized at the solar neighbourhoogutg = 8. x 1073 Mg pce3 6" i
(Flores 1988) and filled with compact objects with a given mass g
M as discussed by Griest (1991). We adopt a LMC distance, -7 |
of 50 kpc. The corresponding optical depth for a full halo is T
the same as the one used by the MACHO group (Alcock etal. 10 15 20 25 30
1997a) 74y = 4.7 x 10~7. It is to be noted that our esti- v

mate of the expected number of events assumes a full halo a1, Luminosity function used for the simulations: the number of
it should be multiplied by a factof < 0.5 according to the stars per arcséwr per pixel (’21 x 1”21), normalised to a surface
MACHO and EROS results (Alcock et al. 1997a, Renault et ditightnessuy = 21 is exhibited as a function of the V magnitude.
1997), wheref is the halo fraction actually filled with Machos. This shows the typical stellar content of a pixel.

According to the MACHO results (Alcock et al. 1997a), it is

most probably smaller thah5. Note that no halo flattening has

been considered at this stage, but more sophisticated models

could be implemented and tested once serious candidates are . _ _ .
detected. 2.2. Minimal requirements for simulated microlensing events

We calculate the number of potential lenses with a fixed magg require here some minimal requirements that will define a
M located in the cone pointing towards our field of view. We aset of simulated microlensing events that could be detected with
sign a random position to the Macho and choose its transvesgeideal experiment.
velocity vy from a two-dimensioned Maxwellian distribution
g(vr) weighted byvr. For each given Macho, we determin
the probability that a star will lie close enough to this line (()T{:
sight to give rise to a microlensing event. We use the lumin
ity function described in Baillon et al. (1993) which is base

As we do not expect to detect a significant number of low-
agnification events, we introduce a threshdig,. > 1.34
our simulations. Detectable low-magnification events affect
right stars and hence would have already been detected by

. e previous EROS star monitoring analysis anyway. Moreover,
on Hardy et al. (1984) for the bright stars, on Ardeberg et P d y yway

1085 udE — 2 di lated to the fai e magnification by such a small factor of a dim star would
( )_up o magn_ltu y =23 andis extrapolate _tOt e faint, completely buried into the noise, therefore one must add a
end using the luminosity function of the solar nelghbourhoqﬁiibi"ty condition. We choose the followingat the time of
(Allen 1973). Note that on the one hand, the details of this lat

lati . b how bel aximum magnificatigrihe flux of the central super-pixel of a
extrapolation are notimportant ecause, as we show below, ﬁ‘l‘%{gnified star should rise higher thamabove the background,
events are detectable for sources fainter thias- 24; but on

the other hand. th tion bet h 3 sets of bg being taken as twice the photon noise. It is important to note
€ other hand, the connection between these o Sels of OBREL this threshold does not depend on the duration of the event.

vations is a source of uncertainties. This luminosity function ftsonly removes events that we would not detect in any case
displayed in Fig[1l and is quite compatible with recent mea- '

surements (Holtzman et al. 1997, Ardeberg et al. 1997). We The effect of this requirement on the characterist?cs of the
then normalize this function to a surface brightnessof= 21 Simulated sample can be seen in Fig. 2a dnd b. The impact pa-
(de Vaucouleurs 1957). The star's magnitude is drawn fronf@neter distribution is no longer expected flat. Thisthresh-
uniform distribution and the simulated event is then weight&d introduces a (necessary) bias into the impact parameter
according to the luminosity function. As described in Baillon élistribution towards small values. The majority of the events
al. (1993), we account for possible finite source effects that & €xpected to affect dim stars with a small impact parameter
expected when the stellar radius projected onto the plane of Hie< 0.2.

Macho is comparable with the Einstein radius. We are then able The simulations including these two thresholdsx 1.34,

to compute the number of expected events using well-knownd S/N> 30) will be used as a reference for the computation
Monte-Carlo integration techniques. of our detection efficiency in Se€i. 5.



A.-L. Melchior et al.: Searches for microlensing in the LMC with the pixel method. I 661

Table 1.Number of expected microlensing events as a function of the
Macho mass, given the minimal requirements discussed in the text.

M/Mg 0.01 0.05 01 05 1.0

NAGAPEROS /¢ 9@ 44 31 14 1.0

Number of expected events

2.3.2. Effective number of monitored stars

021 If we were able to select all light curves of our reference sam-
N ple, we would define the equivalent number of monitored stars
NAGAPEROS gg follows:

stars

NAGAPEROS — / 46" Notars (6% )10 (6°130) 6)

(b) ug(¢*|30) is the threshold impact parameter that enterd Eq. 5
=== Wwhich accounts for th&o deviation imposed at the time of
maximum magnification in Sedi._2.2. Actually, this number

N
‘m\; \\—_—.
! NAGAPEROS \woyld only depend on the luminosity function

Fig. 2a and b.Initial set of the simulated light curves with some mi- S:jaﬁq definiti f f le H
crolensing events. The distributions of the impact parametgefganel an € definiion of our reference sample. FHence, we can con-

a) and of thel” magnitude of the un-magnified star (pabglare ex- Sider that we effectively monitor the equivalentp x 10°
hibited. The histograms shown are computed for@5 Machos. At Stars, whose mean magnitudeis1 (see Fig. 2b).
this stage simulations with different Macho’s mass will give the same If one integrates the luminosity functBrﬂFig. 1) over a
histograms but with a different normalization. pixel area {21 x 1!"21), one finds one star in the magnitude
range20 — 24, that could undergo a microlensing event. This
o ) explains why the effective number of stars thus defined is of the
2.3. Preliminary estimates same order as the number of pixels.

Firstly, we discuss the number of microlensing that can be ex-
pected with anideal experiment. Secondly, we estimate the nuw. Model of the data
ber of stars effectively monitored in our reference set.

Number of expected events
o
\

The idea is to simulate super-pixel light curves that include
microlensing events. We compute the flux of the star — affected
2.3.1. Number of expected events by a microlensing variation —which enters 816 x 3!'6 super-

The number of microlensing events estimated by our simufdixel. We also add a background flux —together with expected

tions for a halo filled with Machos of mas¥ is thus defined read-out and photon noises — in order to obtain realistic mock
as: light curves. The computation of these fluxes takes account of

the pass-band of the filters, the quantum efficiency of the CCD

_ N N camera and its gain. (See Paper | and references therein for
Nevt = / dé [N stars (97) X Tobs / dvr {UTQ (vr) % more quantitative information about the characteristics of the
raw data.) Actual spacing and variations of the observational

/dD [2u0(¢*)RE(D)f /;\(4 ) % e(qb*,tE(M,D,vT))]H (5) conditions (absorption and sky background), measured on the

data, are also taken into account in this procedure. Similarly

to what is done for real data, the averaging procedure of the
whereN;..s(¢*) is the true number of stars with a flux betweemeasurements available each night is applied to these mock
¢* and¢* + do* present in the sky area studi€li,,s is the light curves, as well as to the computation of error bars. We
duration of the observations (120 dayg)D) the Macho density multiply these errors, assumed to be gaussian and uncorrelated,
distribution, D the position of the Macho ands the efficiency by the factor found in Paper | between the measured dispersion
(e = 1 for an ideal experiment). and the expected photon noise.

Table[1 gives the number of microlensing events that can be \we finally get mock light curves typical of the microlensing
expected with an ideal analysis of the super-pixel light curvegents we are looking for. Figl 3 displays two examples of typical
produced in Paper I. In the large-mass range, where all @ected events.
known microlensing candidates on the LMC have been identi-
fied, we expect between 1 and 10 microlensing events assumirigwe estimate that the remaining uncertainty on the LF translates
a full halo. into 20% uncertainty in this effective number of stars.
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Fig. 3. Two examples of simulated super-pixel light curves containing
a microlensing event.

they will be further studied in Sedil 4. The efficiency of our

) ) . selection procedure with simulated super-pixel light curves has
3. Selection of microlensing events been checked in both colours.

We apply a pixel analysis designed to select microlensing events W& Work on a simulation based anx 10° realizations,

on the EROS 91-92 data of the LMC. Using the methods dwhich allows to have small statistical errors on the number of
scribed in Paper | and applied on the AGAPEROS data s@)ﬁpec.ted events. Thg number of events given at each step of the
we constructed somz1 x 10° (real) super-pixel light curves, selection procedure is ca]culated assuming a halo ft@lIaMQ
cleaned of all observational effects and corrected for systemafl@chos. In Sect]5, we discuss the sensitivity actually achieved
effects to the degree possible. In this section, we define a &2 larger-mass range01Me < M < 1Mo,

lection process designed to select possible microlensing events.The selection procedure, defined in this section and sum-
The application of a basic trigger — detection of bumps — rgarised in Tablgl2, splits intdsteps: (1) a significant variation
veals a large number of variations, most of them correspondifigist be present in at least one colour. (2) Light curves with any
to obvious variable stars, but also to some noisy variations tigénificantsecondary variations are eliminated. (3) A correlation
we will have to eliminate. Owing to the averaging of the imbetween the two colours is required. The two first thresholds are
ages taken each night (see Paper 1), some of the variationsk@ged on the following definition of the variations or “bumps”.
most probably due to short-time scale variables already stud-

ied elsewhere (Beaulieu 1995, Grison 1995). As Renault et ﬂefinition of abumpA baselingpy,
(1997,1998) have already excluded the small-mass Machora
with this data set, we choose to optimise our sensitivity to lo

tmr"]n_e —hsczlailehvalilatlons, gorrlcaqund|ng to thhe Iargbe—mags rang&8 paseline flux determination. All the light curves are scanned
which all the known microlensing events have been detectey, he getection of bumps, defined as at leastonsecutive

The selection criteria should remove intrinsic variations anfleasyrements lying above the baseline by at fast
systematic effects, keeping genuine microlensing events. We

describe these various criteria successively applied to the data.
Some rather loose cuts, applied on super-pixel light curves, tdrn = 1/ ol,® + o
out to be sufficient to reduce considerably the number of light

curves to analyse. Then a visual inspection of the 120 remainimgereos’, is the error associated to each super-pixel flux com-
curves confirms that they are affected by genuine variations gnded in paper | for the night. The bump ends when at least 2

is calculated for each super-
gl light curve as the minimum of a running average over 5
Qiccessive flux measurements; is the error associated with

(7)
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[ [Entries 515218 EROS — CCD no03 — pixel (059,180)
100 - | © F
I i 1ooo:blue % %%
5 X «ﬁ i \FH*\H
I 950 F | ot th
75 N W‘W %
90 + J[ o 3 } t
g é% | %
: { i %’M%’ ’%”*%’%%* " J?{
=z r E 850 l}?éf\ll\ | \%\ T T S A A RS N
50 § 0 20 40 60 80 100 120
= JD—-24486608.5
I ® 7000 - o
25 - red e t ,H,
6000 wg'lo A
r W .
| 5000 - éé%ooo&f/
o E . ¢:°//,»’
-1 4000 |- e
P F o T
Fig. 5. Histogram of the correlation factor computed between the two 5 = %‘mz‘ow‘ ‘ 4‘0 — 6‘0 — 8‘0 ‘ ‘160‘ 120
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a correlation factor below the threshgld= 0.8. The histogram super-
imposed with adashed line on this figure corresponds to the simulati¢tig. 7. Super-pixel light curve with a shape incompatible with a mi-
and scales with the tick marks and values given on the right axis. crolensing eventl{? = 1386. ; LF = 16416. ; L¥ = 80.; L¥ = 0.

p = 0.93)
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3.1. At least one significant variation

Fig. 6. Super-pixel light curve with a shape compatible with a mi- ) o ]
crolensing event.I{f = 641.; LF = 744.; LY = 57.; L% = 0.; Firstly, we require one significant bump in at least one colour.

p=0.84) Secondly, we then look for a minimal variation in the other
colour.
consecutive measurements lie below this threshold. Each bump
i is characterised using a likelihood function: A large bump in at least one colour In order to identify
significant variations, we require the likelihood functibpas-
Li=—1In H P(¢ > ¢,) given { Pl (8) sociated with the largest fluctuation to be larger théfor at
nebump i In least one colourThis value is chosen using the Monte-Carlo
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Fig. 8. Super-pixel light curve for which it is inconclusiveLf = Fig.9. Colour magnitude diagram: the _sm_all dots cqrresponds to the
1791.; LB = 12927, LB = 0.; LE = 176. p = 0.96) stars detected by the EROS-1 star monitoring analysis (Renault, 1996).

The circles corresponds to the 120 selected variations discussed in the
text. Among them thefilled circles are Miras detected by Hughes (1989)

simulations to optimise the S/N ratio. In a given colour, wid the I band (see text).

search for clusters of super-pix¢lsaving eachi; larger than

500. We then select theentralsuper-pixel of each cluster, if it 5ian the constraints mentioned above, the correlatign
also satisfies thé, > 500 requirement. The latter requirement)onveen the two colours:

is intended to remove some artifacts, in particular close to bright

stars. The next cuts will be applied on these central super—pix%lﬁ. B 2on (B8 = (D)) biue(Ph — (D)) rea )

col T
VS (65— (8) e T (65— (6)) e

Minimal variation in the other colour The previous cut has
allowed to detect significant variations in at least one colour. \@hieves agood sensitivity to the achromaticity and to the disper-
now require that the first fluctuation of the central super-pixe}on of the measurements. As shown by the mock light curves
of the other colour to have at leastonsecutive point3s above in Fig.[3 (dashed curve), a clear correlation between the two
the baseline. Although it corresponds to a quite small value @lours is expected: most of the mock curves (85.5%) lie above
L (~ 15), it constitutes a first requirement of achromaticity. athresholg = 0.8. Fig.[3 displays the corresponding histogram

for thereal light curves selected so far (full line). This distribu-

o tion is quite different and exhibits a peak closepte- 0. With
3.2. No significant second bump a threshold ap? , > 0.8, 94.4% of the remaining light curves

At this stage, we have selected super-pixel light curves wi#€ removedt20 variations remain. Fi¢l6 displays one of these
at least one significant variation. Now, it is important to chedi@ht curves: its shape is in quite good agreement with what we
uniqueness. We then require the second most significant flu@ad expect from a microlensing event although the period of ob-

ation to havel, < 250 in both colour. Figi# shows an exampleés€rvation is short compared to the duration of the variation, and
of rejected light curves with two variations. itis not possible to test up to now the uniqueness of the variation.

Fig.[7 displays another light curve, one whose shape is clearly
] incompatible with a standard microlensing event. Eig. 8 shows
3.3. Correlation between the two colours a light curve for which it is impossible to draw any conclusion
In order to select the expected long time-scale variations, {@s€d only on compatibility with the microlensing shape: the
choose for the next requirement a reasonable correlation Bgtiod of observation is much shorter than the time-scale of the
variation.
When the criteria described above are applied in the simu-
2 We use a Friend of Friends algorithm (see for instance Huchral&tions, we exped).38 x f events for0.5M, Machos filling a
Geller (1982)). fraction f of the halo. It is obvious then that tH@0 selected

tween the blue and red light curves.
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Pixel light curve (377,225) — CCD 12 Table 3.Miras: matches with a previous study by Hughes (1989). The
2000 1 T following characteristics are given: the position at 1950.0 epoch, the
- blue l f } CCD number, the pixel position, the meamagnitude, the period in
i Ml } } days
1500 ! ! by
& i | I
. . i ‘ %hp* a s cco  ixiy® I Period
Lo 5.:16.:50.9 -69.:37.:52.0 0 295220 13.87 170
e Ll Ll L ‘ 5.:16.:57.0-69.:19.: 9.0 8 93 545 14.36 183
0 20 40 60 80 100 120 5.:18.:19.7 -69.:41.:30.0 1 301125 14.04 296
JD-2448608.5 5.:20.:15.8 -69.:30.:59.0 10 252173 14.96 293
5.:20.:35.5 -69.:43.:22.0 3 59180 13.21 650
10000 o 5.:21.: 8.7 -69.:37.:37.0 3 135493 13.11 453
. red i, | g 5.21.:43.1-69.:43.280 3 346240 1394 453
8000 - ;ﬁmﬁ i ﬁ { 5.:21.:47.6 -69.:43.:12.0 3 361 258 14.90 210
r i ¢ i 5.:23.:13.6 -69.:38.:45.0 4 258 556 13.77 255
© 6000 - " 5..23.52.9-69.:34.:1120 12 377225 1440 163
- o @Source: Hughes (19895ource: AGAPEROS, this analysi€f.
4000 - L Fig.[A“Cf. Fig.[g°Cf. Figs[ID anf 11ald
20004 ‘ 2ro — 4‘0 — 6‘0 — 8‘0 ‘ ‘1(‘30‘ 120

JD—-2448608.5
nd in particular if it lies in marginal locations of th lour-
Fig. 10.Super-pixel light curve with a variation detected byouranalys% . P C es : g a Oc.a ons ot the co O_u
: 2 . a TR _°“magnitude diagram, characteristic of variable stars. We estimate
which has been identify as a MiralLf = 10188. ; L{¥ = 47940. ; o . . -
LE =112.; LE = 0. p = 0.96) the uncertainties on this magnitude determination as the square
root of the sum of the squares of the two following components.
The first is the error on the super-pixel flux. The second one

light curves are in clear excess with respect to what is expecigtstimated as 10% of the “star” flux and is expected due to

and need to be further studied. uncertainties in the star position inside the inner pixel of the
super-pixel. In extreme cases — when the star flux at maximum
4. Colour magnitude diagram is not the main contribution of the super-pixel flux —these errors

. . . . can be underestimated.
Since the expected background for microlensing events is due to

variable stars, we have first to determine the position of fe _ _
light curves with variations on the colour magnitude diagraf2. Discussion

(CMD.)‘ befare drawing any conclusion on the nature.of theﬁeég.lﬁ displays a CMD with the stars detected by the EROS
variations. The problem is now to know how we can estimate t . ) : ,
up (dots) and the underlying stars (circles) associated with

. . . r
magnitude of the underlying star responsible for the observt%](g selected super-pixel light curves. The variations kept by our

variation. analysis are not representative of the bulk of the stars: all of
them but two lie in the red part of the CMD.
4.1. Magnitude determination

Using an image with a seeing close to the mean valuar¢- The 118 red variable stars The red detected variable stars
second) — for which no significant seeing correction is rare all located in the same area of the colour magnitude diagram.
quired —we perform photometry on the surrounding stars usiviée have even been able to check thabf them have already
DAOPHOT which returns the total background lying witlin been recorded by Hughes (1989) as Miras with a study in the |
arc-second of the center of the super-pixel. We then subtract thésd. They are displayed with filled circles on Elg 9 and their
background from the super-pixel flux measured when the skamown characteristics are displayed in TdBle 3. Fig. 10 exhibits
is at maximum luminosity, and account for the seeing fractidhe light curve of one of these Miras, with1é3 days period.
of the star flux entering the super-pixel. Hence, we deduce tKet surprisingly the variation is significant but only sampled
magnitude of the star at the maximum. Due to the crowding ofer120 days, and this is the shortest period of the Miras listed
the LMC Bar, this aperture photometry is the most efficient wag Tabl€3. Two of these Miras have been shown previously. One
to estimate a magnitude for the stars responsible of the detedtepresented in Fid.l7, it has a periodas0 days. Another one
variations. More details about magnitude determination will bg exhibited in Fig8 with a period af53 days. The catalogue of
further addressed in Melchior et al. (1998Db). Hughes (1989) containgl variable stars overlapping the field
This estimate is mainly intended to study the position istudied here and most of them have been rejected at an earlier
the CMD of the dominant source of flux of the varying pixestage of this analysis. The thick lines show the area of the CMD
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Pixel light curve (377,225) — CCD 12

220 370
20/12/ 91

Fig. 11a—d.Map of the surroundings of the
Mira whose light curve is displayed on
Fig.[I0: each figure displays the flux as a
function of position on an area @f.6” x
20.6”. Upper figuresa andb correspond to
blue images, and lower onesandd to red

- images. Figsaandc on the left side exhibit
230 230 the star at the maximum of the variations.
On the figures on the right sideandd, this
220 '370 220 370 star has disappeared in the background. Note
that such an event would have escaped any

5/ 3/ 92 23/1 2/ 9 1 star monitoring, and could not have been ac-

counted for as part of a blend.

_—_
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excluded by the EROS group correspondingto the regions whé&tee 2 blue variable stars The brightest blue variable star
variable stars are expected. It is then highly probable that tfwéith Bx ~ 15) shown in Figl”IR belongs to the sample of pre-
other red variable stars selected are also Long Period Variabhlagjn-sequence stars selected by Beaulieu etal. (1996). The short
astheylieinthe same area ofthe CMD. The fact that the majoritsne scale variation which superimposes on long-time scale 0.3
of the red variable stars selected by this analysis have not begagnitude variation is real and this feature excludes the simple
identified previously demonstrates the potential interest of thécrolensing interpretation anyway.
pixel method for the detection of Long Period Variable (LPV) = The other blue variable star is characterised by a small ampli-
stars with respect to classical analysis restricted to the styg¥e (A B;; < 0.3) and a duration longer tha20 days. These
of resolved stars. A comprehensive analysis of these variafdgtures together with the position of this variable in the CMD
stars rejected as background of the microlensing search willjRgicate that the variation is compatible with the new class of
presented elsewhere (Melchior et al. 1998b). variable stars called the blue bumpers identified by the MACHO
group (Cook et al. 1995, Alcock et al. 1996).

About 10 of these red variable stars lie below the crowd:3 Final cut on the colour magnitude diagram
ing limit and Fig.[I0 displays the light curve of one of them:
the Mira already discussed above. For these stars, we are Tiwdse considerations provide convincing evidences that the se-
able to detect variations around their minimum flux. This is ilected variations are variable stars (Long Period Variables for
lustrated in Fig[ZITatd which shows the field surrounding thisost of them). We decide to apply the same cut as EROS on the
star: an unresolved star has exhibited a variation. Although tiidD, displayed with the thick lines shown in Fig. 9. These re-
particular example would have escaped the EROS-1 star mgions ardilled with a negligible number of stars(1.3%) that
itoring applied on the same data, it has already been identifea@® moreover expected to be variable. The elimination of this
in another wavelength (I band) by Hughes (1989). area does not significantly affect our sensitivity to microlensing
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Pixel light curve (050,112) — CCD 02 0471
8000 i
r b|Ue } ” > 0.5
| " 5.
7000 - Z r
F | l “M M ﬁ{ % 2 o2l
r R | ] f [ } = r
e | } } L oy } & i
6000 | Py I P W4k
b bl i i :
[ I I I I | I I I I | I I I L | L L L L
5000; ‘ ‘ ‘ ‘ | % 25 50 75 100
0 20 40 60 80 100 120 te=Re/ vr
UD7 24486085 Fig. 13. Detection efficiencies computed as a function of the Einstein
12000 radius crossing timeg.
- red ’ %
11000 | | H }} } { |
B HH {ﬁ] i } Jt ysis. Secondly, we compare our sensitivity with those achieved
900001 ! d*{ {;}f{ bt A f ‘ by star monitoring analyses.
90003 i | g {A% }g} H%
Eoal {qw ! }H i 5.1. Detection efficiencies for pixel monitoring
sooo |- 11t 1] }ﬂ
T T e T e e a0 es 120 In Sect[B, we detail the effect of the selection procedure on

UD—2448608.5 simulated light curves. For the clarity of the discussion, we
) o ) o _ restricted then the comparison to events expected with a halo
Fig. 12. Super-pixel light curve with a variation affecting a blue staf || of 0.5M, Macho. We study here the sensitivity achieved by

detected by our analysis. It has been detected previously by Beauliezt?ll selection procedure on a larger-mass range. Table 4 shows

al. (1996) and identified as a pre-main-sequence star candidate labefled .
ELHC2. (L — 1747, ; LT — 3850, : LB — 0.: LE — 14 € percentage of simulated events selected by each step of our
. 1 = « 1 = L 2 — L] 2 —

p = 0.89) selection procedure fdb.01Mo < M < 1Mg. It appears
clearly that we have optimised the selection procedure for this

Table 4.Percentage of events kept for each step of the selection pro%"’-‘Cho mass range, and that efficiency is lost with decreasing

dure for different Macho’s mass. The last row provides the percentd4@cho mass. The last cut on the correlation factor(0.8) is
of events kept with respect to the initial set of events. less favourable fo/ < 0.1M: for variations affecting only

part of the period of observation, it is more optimal to restrict
the computation of this coefficient to the portions of the light
curve undergoing variations. These efficiencies can be studied
Ly >500inat 32.0% 42.1% 43.7% 48.9% 48.4% as a function of the duratioty; as shown in Figl_13. Due to

M/Meg 0.01 0.05 0.1 0.5 1

least one colour the temporal sampling, the selection procedure is less efficient
3ptsaboved 44.1% 58.6% 650% 71.2% 72.9% for short duration events. The efficiency remains constant for
in both colours long-duration events, as we do not require a stable baseline.
L, <250in  96.4% 93.3% 92.9% 89.7% 89.4% Fig.[T4aandb shows the distribution of impact parameters
both colours and V magnitude for simulated events due to /5 Machos
p>038 75.9% 76.0% 75.0% 85.5% 88.7% satisfying all our requirements. It is clear that with respect to

Fig.[Za.andb, the selection procedure eliminates microlensing
events affecting very dim star§’(> 24), and that the main
contribution is expected due to events affecting dim stars with
a small impact parameter. Fig. 15a and b gives the same his-
. , tograms but for events due €011/, Machos. Events affect-
everlFs Wh'Ch are expected .to occur independently of the St34,3 dim stars are much more difficult to detect if they are short.
position in the colour-magnitude diagram. Hence, detected events affect on average brighter stars and the
impact parameter distribution appears flatter.
5. Results Fig[16 exhibits the detection efficiencies achieved as a func-

tion of the V magnitude of the un-magnified star and illustrates

Although we detect no microlensing events with the selecticﬁqe previous point. The longer the events, the dimmer the stars

procedure described above, we would have detected the”fhég can affect. It is also to be noted that events affecting bright
s

there were some. Whereas the detection of variable stars gi¥es< ~an be missed when the event duration is longer than the
a first idea of the sensitivity achieved by this analysis, ﬂbeeriod of observation

Monte-Carlo simulations provide detection efficiencies. Firstly,
we present the detection efficiencies achieved for this pixel anal-

Total efficiency 10.3% 17.4% 19.8% 26.7% 27.9%
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Number of expected events
Number of expected events

g 01 24 2‘6 ‘ ‘(b‘) 28 ig _: m‘ — 2‘4 - 2‘6 ‘ ‘(b‘) 28
! \

Fig. 14a and b.Selected simulated light curves. The distributions dfig. 15a and b.Selected simulated light curves. The distributions of
the impact parameter, (a) and of thel” magnitude i) of the star at the impact parameter, (a) and of thel’ magnitude I) of the star at
rest are exhibited, for 0.5/, Machos. Normalisation corresponds taest are exhibited, for 0.0, Machos. Normalisation corresponds to
a full halo. a full halo.

Table 5. Number of expected microlensing events for this pixel ana)- fi . .

X o ; i ield 60 times larger than the 0.25 ddield analysed here.

ysis and the ERgfiGsiaF)rE?ggltorlng analysis. The 2nd row gives ﬁe MACHO exposure wag acro = 9.7 x 10° star-yr.
gorresponding to an experiment duration of 409 days. In first

number of eventsv,. ¢ expected given these efficiencies an
a halo mass fractiof, that can be compared with the number of even ; . ) )
NEROS ) ¢ expected on the same data (Renault 1996) shown in the S¥Proximation, the equivalent MACHO exposure for 0.25deg

row. The last row displays the ratigAFAPEROS / yEROS, and 120 days would b&), 4.0 = 4.7 x 10* star-yr. As the
detection efficiencies present similar features as those discussed
M/Me 0.0l  0.05 0.1 0.5 1 here, this exposuriggg&%(s:ompar((ad \;vith the AG?PEROS one
Eacareros = Nitars X Tops(yr) = 7.2 x 10° star-yr,
Ne@?giiﬁos/f 102077 064 0.38 0.8 which is about 15 times larger.
N>/ f 0.14 0.055 0.045 0.018 0.014
Ratio 6 11 13 19 19

6. Perspectives for the Magellanic Clouds

We discuss here the perspectives than can be expected with the
_ _ o whole EROS-1 CCD data set (Sdci.]6.1), then with other data
5.2. Comparison with star monitoring characteristics (Se€f._6.2), and give general considerations about

Table® gives the number of microlensing events expected vvﬁlfﬁther applications of this technique (S€cL6.3).

our AGAPEROS pixel analysis as well as the number of mi-
crolensing events expected with the EROS star monitoring ar@lt. The whole EROS-1 CCD data set

is. - i > 0. i T . . .
%/hstlasmI;(;rs Ir(;r:]g g\ljvrr?ttal?enoi\gT;I dslji(sajrt\(gs—bge5rf\g®til\rﬂn?;£§irllg n'LrJhe_ limitation of this analysis due to the short-time span over
> rangev y . Pt ' W[Elllch the 91-92 data stretched could be overcome by analysing
ber of microlensing events that our pixel analysis could detetnﬁe whole EROS-1 CCD data set. We discuss here the perspec-
is enhanced by a factor larger than 15. This gain is due to t[ € ' Persp

fact that the EROS star monitoring analysis accounts for st lues offered by such an analysis. We use the same simulations,

s . - . . X
down to magnitude 19.5 but is far from complete down to tk;%eUt with the Cha@Cte”St'CS of U871 'mages avalle_lble in blue
and7011 images in red, namely the time, absorption factor and

limiting magmtudg, given the crowding and seeing Ccmdltlor.]l%ackground flux. Tablel6 shows the number of events expected
In the LMC bar fields, stellar photometry has a bad detection . :
- : assuming that the same selection proceticae be used for the
efficiency for dim stars, whereas our approach does not requir
. T whole EROS-1 CCD data set. Hence, we can reasonably expect

to resolve the stars to detect their variation.

Similar considerations can be made with respect to the MA? |n practice, the thresholds may have to be adjusted to account for
CHO star monitoring analysis (Alcock et al. 1996) applied opossible unexpected sources of noise, hence changing the sensitivity.
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However, the same problem arises with star monitoring
which is affected in a major way by blending: that is, a pa-
rameterisation similar to the one presented in[Eg. 1 must also
be considered (see Wozniak & Pafsiki 1997, Alcock et al.
1996) to account for the magnification of underlying stars.

The MACHO and EROS groups (Alcock et al. 1997a, Pratt
1997, Renaultetal. 1998, Palanque-Delabrouille et al. 1998) has
corrected their events (detected by star monitoring) for blend-
ing effects with a statistical correction. Moreover, one could in
principle overcome this difficulty with a high resolution image
Fig. 16.Detection efficiencies computed as a function of the magmtu@@h'ev'ng a good signal to noise ratio downlfo= 24 (see
of the un-magnified star. Han 1997). Ardeberg et al. (1997) have measured the flux of
the stars in the LMC Bar on HST images down to magnitude

Table 6. Simulations for the EROS 91-94 data: the number of even%s4 (Stomgren photometry) and claimed to be completed down
NAGAPEROS /¢ exnected with a pixel analysis applying the same s&@ magnitude 22. Such a performance should solve the prob-

evt

lection procedure as described above. The lastrow gives for compari®i 0f measuring the flux of the un-magnified star for most of

EFFICIENCY

the number of expected evem&RS with the star monitoring. the events (see Fig._14aadd b). However, the identification of
the star that has varied is one possible practical problem which

M 0.1Ms 0.5Mg must be studied further, but could probably be overcome. For

NAGAFEROS | ¢ (pixel monitoring) 5.0 20 the dimmest stars, unambiguous determination of the stellar flux
NEROS | £ (star monitoring) 0.49 0.2 will most probably require an HST measurement of the star flux

during the event. Such a requirement seems reasonable for an
ambitious pixel experiment towards the LMC: HST measure-
ments are already being performed to correct for blending in

events detected by star monitoring toward the bulge.
~ 4 x f events for0.1 — 0.5M Machos. This sensitivity is

equivalent to the one typically achieved using a star monitoring
analysis performed on a much larger field (EROS-1 plates; 85C0onclusions

deg - around 16« f expected events for 0/, Machos). While the EROS-1 CCD data set has already excluded the small-
mass Macho range, we have shown that it is possible with a
6.2. Other sources of data pixel analysis of the same data set to probe the mass range
(0.01 — 1.Mg) where all the known events have been detected.
The pixel analysis described in this paper has been applig thus demonstrate for the first time the efficacy of the pixel
on data which were rather peculiar among the microlensifgethod for LMC images. We have shown with the computation
databases. An average of 10 exposures per night was availabigletection efficiencies that the gain in detectable microlensing
this is the reason why we succeed to achieve a relative stabilijyents with pixel monitoring is significargixel monitoring can
between 1 and 2% on super-pixels (see Paper ). For comparisftectl 5 times more microlensing events than star monitoring
the typical level of photon noise obtained on the backgroundfek very crowded LMC bar fields.
the EROS-2 images on the LMC Bar is about 0.3% (for super- with simple selection criteria we have been able to show
pixels). Then the stability that could be achieved on corresponfat no microlensing events are present in this data set. The cri-
ing super-pixel light curves could be typically twice the photogeria imposed mainly rely on the uniqueness of the variation,
noise, namely about 0.6%. Similar stability could be expecte@ the achromaticity and on the fact that the microlensing phe-
with MACHO images (D. Bennett, private communication). nomenm — a geometrical effect — should affect all kind of stars
One must also keep in mind that this analysis has bei@glependently of their type. This demonstrates that the noise
applied to a field in the Bar of the LMC, which is a verywhich affects super-pixel light curves can be reduced to a level
crowded field. The gain of pixel monitoring would be substanhat is adequate to conduct the analysis. Our analysis, optimised
tially smaller when used in less dense regions. for the detection of long duration events, has only detected vari-
able stars, and we have shown our ability to reject such variable
stars with the CMD. We have then demonstrated the efficacy of
this approach for the detection of variable stars, which remain
The principal problem with a pixel analysis towards the LM@e main background for microlensing. A comprehensive anal-
is that, by its very nature, it has difficulty measuring the fluysis of the variable stars rejected by this analysis is in progress
of the un-magnified star and the maximum magnification. Olelchior et al. 1998b).
significant consequence of this problem is that it produces de- Such an analysis can detect microlensing magnification of
generacies that affect the determination of the duratipiof unresolved stars up 16 = 24 and is thus complementary to star
the events. monitoring. On-line pixel analysis and follow-up will probably

6.3. Pixel method
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be necessary to better discriminate possible variable stars Blughes, S.: 19894397, 1634
to achieve a higher quality photometry. Melchior, A.-L., et al.: 1998aA&AS in press
The short period of observation analysed here26-days Melchior, A.-L., et al.: 1998bin preparation
to be compared t8 years for EROS-1 plates aridyears for Paczyski, B.: 1986,ApJ304, 1
MACHO —and the relatively small field 00 times smaller than Paczyski, B.: 1996, ARAA 34, 419
the one analysed by the EROS group (plates) (Ansari et al. 199@Janque-Delabrouille, N., et al.: 1998&A 332, 1
and 60 times smaller than the field analysed by the MACH®ratt, M., et al.: 1997A Progress Report on the MACHO LMC
group (Alcock etal. 1997a) —explain the relatively smallnumber Result 3rd International Workshop on Gravitational Mi-
of events expected. For the first time, we are able to provide crolensing Surveys, Notre-Dame, USA
detection efficiencies for a pixel analysis. These results allowlRgnault, C.: 1996Ph.D. thesisUniversié de Paris VII, Paris
to estimate that a pixel analysis of the complete existing EROSR&nault, C., et al.: 1997A&A 324, L69
CCD data base could detect about. x f microlensing events Renault, C., et al.: 1998&A 329, 522
in the mass range of interest.{ — 0.5M)... with a field of Udalski, A., et al.: 1994Acta Astron44, 165
only 0.39 deg?! Wozniak, P. and Pachgki, B.: 1997,ApJ487, 55
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