Mon. Not. R. Astron. Sod000, IHI® (2004) Printed 8 March 2004 (MNTEX style file v2.2)

The POINT-AGAPE Survey |I: The Variable Starsin M31. *

Jin H. An1+ N. W. Evans! P. Hewett! P. Baillon? S. Calchi Novat? B. J. Carr*
M. Crez 59 v, Giraud-Heraud® A. Gould? Ph. Jetze? J. Kaplarf E. Kerins®

g S. Paulin-HenrikssofS. J. Smartt,C. S. Stalirf and Y. Tsapra$.
gThe POINT-AGAPE: collaboration)

Institute of Astronomy, University of Cambridge, Madiygieoad, Cambridge CB3 OHA, UK

2European Organization for Nuclear Research CERN, CH-12¢@&8e 23, Switzerland
2 S|nstitut filr Theoretische Physik, Universitat Ziriahinterthurerstrasse 190, CH-8057 Zirich, Switzerland

4Astronomy Unit, School of Mathematical Sciences, QueeryMériversity of London, Mile End Road, London E1 4NS, UK
CD SUniversité Bretagne-Sud, Campus de Tohannic, BP 573,-B&annes Cedex, France
6Laboratoire de Physique Corpusculaire et Cosmologie, &mlde France, 11 Place Marcelin Berthelot, F-75231 Pdfiance
"Department of Astronomy, Ohio State University, 140 Wetst ABenue, Columbus, OH 43210, USA
8Astrophysics Research Institute, Liverpool John Mooreivétgity, 12 Quays House, Egerton Wharf, Birkenhead CHA, 1IK

74 v2

Accepted 2004 March 3; Revised version submitted 2004 kep2P (v3), & February 9 (v2); Original version submittedd@QJanuary 19 (v1)

ABSTRACT

For the purposes of identifying microlensing events, théNPRAGAPE collaboration has
been monitoring the Andromeda galaxy (M31) for three ses$d899-2001) with the Wide
Field Camera on the Isaac Newton Telescope. In each seadargr@ taken for one hour per
night for roughly sixty nights during the six months that Mi3lvisible. The two 33«33
fields of view straddle the central bulge, northwards andtseards. We have calculated the
locations, periods and brightness of 35414 variable stald31 as a by-product of the mi-
crolensing search. The variables are classified accordithgtr period and brightness. Rough
correspondences with classical types of variable stah(asgopulation | and 1l Cepheids,
Miras and semi-regular long-period variables) are esthbli. The spatial distribution of pop-
ulation | Cepheids is clearly associated with the spiralsanwhile the central concentration
of the Miras and long-period variables varies noticealblg, birighter and the shorter period
Miras being much more centrally concentrated.

A crucial role in the microlensing experiment is played bg #tsymmetry signal — the
excess of events expected in the southern or more distaoié islmeasured against those in
the northern or nearer fields. It was initially assumed thatariable star populations in M31
would be symmetric with respect to the major axis, and thuislske stars would not be a seri-
ous contaminant for measuring the microlensing asymmeinat We demonstrate that this
assumption is not correct. All the variable star distribng are asymmetric primarily because
of the dfects of diferential extinction associated with the dust lanes. The aim direction
of the asymmetry of the variable stars is measured as a fumatiperiod and brightness. The
implications of this discovery for the successful completof the microlensing experiments
towards M31 are discussed.

Key words: stars: variables: Cepheids — stars: variables: othersaxigat individual: M31
— dark matter — gravitational lensing
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1 INTRODUCTION

* Based on observations made through the Isaac Newton Griids Hodge (1992) reports in his book on the Andromeda Galaxy that
Field Camera Survey Programme with the Isaac Newton Tghesoper- “the variable stars of M31 have been the subject of a number of
ated on the island of La Palma by the Isaac Newton Group in fiz@iSh rather limited studies. The very brightest are fairly wetider-
Observatorio del Roque de los Muchachos of the Instituto steofisica de stood, but only a few areas have been searched deeply. There i
Cananas. still an immense amount of information about this comporoént

T E-mail: jin@ast.cam.ac.uk
1 Pixel-lensing Observations on the Isaac Newton Telescdpelromeda
Galaxy Amplified Pixels Experiment There is early work on Cepheids in M31 by Baade & Swope

the Andromeda Galaxy that remains untouched.”



2 J.Anetal.

om46= omga=

1 Fied 1
{northern field)

+419407

10

2 add

Faiizo ]

Field 2
southern field} :

L
) ) a 'G:J:I -

Figure 1. The INT WFC observation fields of M31. Also drawn is the
band surface brightness contour of M31 in the fields. ThereesftM31 is
ata = 0M42M4431,§ = +41°16/09/4 (J2000.0) and is marked by a cross.

(1963, 1965). They found and studied00 Cepheids, primarily for
the purpose of estimating the distance modulus for M31. A-mod
ern day successor to this pioneering work is the DIRECT ptoje
(Stanek et al. 1999; Mochejska et al. 2000; Bonanos et aB)200
They have been searching M31 (and M33) for detached edjpsin
binaries and Cepheids to refine the extragalactic disteexeel.
They analysed five 117 fields in M31 and found a total of 410
variables of which roughly half were Cepheids. There is alsab-
stantial body of work on classical novae. Positions, maigieis and
light curves already exist for300 classical novae in M31 (Rosino
1973; Rosino et al. 1989; Ciardullo, Ford & Jacoby 1983).[ites

all this, the underlying truth of the quotation from Hodge&ok is
evident. The Andromeda galaxy isfBaiently close that the vari-
able star populations can be studied in enormous detail -withd
much greater ease than those in our own Galaxy, for whichlan al
sky survey would be needed.

Interest in the variable stars of M31 was re-kindled by influe
tial papers by Crotts (1992) and Baillon et al. (1993) on thesible
microlensing signal of the halo. The high inclination of k&1
disk ( ¥ 77°) means that lines of sight to sources in the far disk are
longer and pass closer to the denser central parts of thetheho
lines of sight to sources in the near disk. In other wordsietlie
a strong gradient in the microlensing signal across the, diske
events are caused by objects in a spheroidal halo. Early amsi
argued that the stellar populations of M31 are well-mixedl smno
variable star population would show this behaviour (Cr&f92).
Thus, it seemed that the strategy in the experiment waghtrai
forward; first, microlensing candidates should be iderdifia the
basis of achromaticity and goodness of fit to a Paczyhskie;and
second the gradient of detected candidates should be neeseun
confronted with theoretical models. The asymmetry in miemes-
ing rate between the near and the far disk therefore seemed-an
ambiguous way of diagnosing events caused by lenses in tbe ha
as opposed to stellar lenses, and thus resolving the anpigui
the results of the experiments monitoring the Large Magala

Table 1. The date, exposure, and seeing forithmnd reference images for
the northern and southern fields.

Field CCD Image Exposure  Seeing Date
northern land2 r188970 700 s el 14/08/1999
northern 3and4 197399 360 s 4 0510/1999
southern land2 r188986 700 s "a 14/08/1999
southern 3and4 r187566 600 s ’51 0808/1999

Clouds. Accordingly, a number of groups began intensiveitoon
ing of M31 with the aim of detecting microlensing events|iniing
the POINT-AGAPE (Auriere et al. 2001; Paulin-Henrikssarak
2002, 2003; Calchi Novati et al. 2003; An et al. 2004), WeCAPP
(Riffeser et al. 2001, 2003) and MEGA (de Jong et al. 2004) col-
laborations.

The first hint that this was not the case came when Burgos
& Wald-Doghramadjian (2002), working with data taken by the
POINT-AGAPE collaboration, showed that the numbers ofalzg
stars in symmetrically positioned fields in the near andifsk dere
not equal. The implication of this finding made the microlags
experiments much morefticult, as the asymmetry in the variable
stars needs to be studied and measured as a function ofrasght
and period. Accordingly, the analysis of the variable setaldase
in the microlensing experiments towards M31 is interesfhogn
the standpoint of the light it throws on stellar populatiom$V31
and is crucial for a successful conclusion to the microlemsix-
periments.

The purpose of this paper is to present the variable star cata
logue of the POINT-AGAPE survey. This gives the positiorjqe
and brightness of 35414 variable stars with high signaldize
lightcurves uncovered during the three-year duration of sur-
vey. The variable star catalogue forms a subset of the gietad t
of 97280 lightcurves that show variations. The paper israed
as follows:§ [ describes the acquisition of the da3dd discusses
the images of M31 and the detection of resolved sioutlines
the construction of the lightcurves and the selection ofvtiréable
stars for the catalogué, B studies the properties of the variable
stars, whilst§ @ analyses the asymmetry signal and discusses the
consequences for the microlensing surveys.

2 DATA ACQUISITION

Observations of M31 were obtained using the Wide Field Camer
(WFC) mounted on the 2.5 m Isaac Newton Telescope (INT) lo-
cated at La Palma, the Canary Islands, Spain, over threevifize
seasons, from 1999 August to 2002 January. Three broadftband
ters,g, r andi, were employed. The combination of the filters and
the response of the thinned EEV>&k CCDs of the WFC pro-
duce overall pass-bands similar, but not identical, to tbarsDig-

ital Sky Surveyg’, r’ andi’ bands. The band images were taken
throughout the 3-year campaign. Initially, a mix of baghandi
band images were also obtained, but ¢hband monitoring was
discontinued at the end of the first season. Weather anditathn
conditions allowing, observations in the second and thé@sens
consisted of botl andi band exposures in each of the two M31
fields.

The data analysed here consist of th@ndi band exposures
obtained over all three seasons. The location of the twaosfigddhe
north and south of the nucleus of M31 can be seen in Flgureel (se
also Fig. 5 of Paulin-Henriksson et al. 2003). Typicallyirpaf
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Figure 2. The INT WFCgri image (left) andg — r (centre) and — i (right) colour map of M31. One can observe very prominent dtrsicture in the
northwestern part of M31. The (infra)red sensitivity or baekground of CCD 2 may be slightly higher than other chips.

exposures were obtained in each band in each field in the segue
r field 1,i field 1, r field 2 andi field 2. Exposure times, normally
320 s in bothr andi bands, were chosen to maximise the signal-
to-noise ratio of each exposure, while ensuring that twamsxpes

in each band could be obtained within the 3600 s allocatetlgo t
monitoring of M31 on each night. Advantages of acquiring two
exposures per band per field included the ability to idergdfgmic
rays and to avoid saturation in exposures obtained in thend
during full moon.

A standard observing script was invoked to perform the ob-
servations and the data are generally of high quality. Thelop
seeing achieved falls predominantly in the ran¢8-2’'0, which
is well-sampled by the’®3 pixels of the WFC. Observations on
a small number of nights werdfacted by technical problems that
resulted in frames with highly elongated images. Such fewere
excluded from the analysis described here.

Monitoring of M31 was possible only when the WFC was
mounted on the INT and when the telescope was scheduleddor us
by either the United Kingdom or Netherlands time allocattom-
mittees. We were fortunate to also obtain occasional mongamb-
servations from a few Spanish-scheduled observers. Thétanon
ing schedule was further enhanced through observatiorasneiok
by INT staf and others during nights scheduled for engineering
activities and service-observing.

The cooperation of astronomers andisathe INT resulted in
atotal of 71g, 316r, and 254 band for the northern field and §j7
293r, and 232 band for the southern field monitoring observations
that produced frames suitable for analysis. However, tiyanas
of the weather, combined with the rigid schedule for mountif
the WFC, means that the monitoring time-series consistopne
inantly of relatively well-sampled periods, typically ofichtion 7-

14 days, interspersed with periods, typically of duratie?l7days,

in which there are very few data. A summary of the observation
taken is publicly available over the World Wide Web.

All frames were processed using the pipeline processirg sof
ware (Irwin & Lewis 2001) developed for the reduction of the
data obtained as part of the Wide Field Survey (WFS) undentak
with the WFC. The pipeline includes procedures to de-bidas t
and flatfield the frames. Additionally, protocols to performan-
linearity corrections, flag bad pixels, and apply gain occtioms are
applied. Master calibration frames (bias and flatfields rfandi
exposures, and fringe frames, foexposures) necessary to reduce
the observations, were constructed from all the suitabllbragion
frames obtained during the relevant 14-21 day period tlee?RC
was mounted on the INT. On a few occasions, flisient calibra-
tion frames were obtained to construct an adequate masfeifia
or fringe frame. In these cases the best master calibrationes
from an adjacent period, when the WFC was mounted, were used.

The WFS pipeline proved entirely satisfactory with the gxce
tion of the defringing correction necessary for thigand frames.
The WFS defringing scheme was developed to cope with expo-
sures whose background is dominated by sky. In the case of our
M31 exposures the “background” includes a significant dounir
tion from M31 itself. Furthermore, the relative contritartiof M31
to the background varies from CCD to CCD and between the expo-
sures of the northern and southern fields. The variable sightor
ness over a lunation also complicates the situation, asdhigast
between M31 and the underlying sky-background changes.

Investigation of the amplitude of the defringing correntio
made by the WFS pipeline to remove the fringing from frames
taken away from M31 showed a well-defined correlation with th

1 http://cdtfinto.in2p3.tr/Experiences/Agape/point-agape._log.html
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Figure 3. Spatial positions of resolved stars withffdrent magnitudes. The stars with< 18 form an almost uniform screen and so are predominantly
foreground contaminants. There is also no evidence of chipip variation for stars witR < 21, suggesting that the catalogue is complete to this limit.

background surface brightness. Small,L0%, systematic fisets

in the amplitude of the scaling applied to the master fringenes
from CCD to CCD were also evident. Comparison of the underly-
ing sky-brightness in frames (away from M31) taken immesdjat
prior or subsequent to the M31 monitoring showed that an-accu
rate estimate of the underlying sky-brightness in the M2inis
could be obtained using the far south-eastern corner of CGD 1
the southern field. Thus, the amplitude of the defringingexion
applied to both the northern and southern M31 frames wasetkri
using the estimate of the sky-brightness from the souttesasor-
ner of CCD 1 in the southern field, allowing for the well-detéred
small systematicféisets from CCD to CCD.

3 THE SURFACE BRIGHTNESSAND THE RESOLVED
STARSOF M31

Figurel2 shows gri (which is close to the standakRI) image of
M31, together with theg — r andr — i (close toV — RandR - |
respectively) colour maps. These are constructed by méditiamn
ing the images with a 49 pixel (18) square box and re-sampling
with a 10’ grid. The filtering is done to remove graininess in the
images, while the re-sampling is done to enable a fair coingar
with maps of the variable star distribution which will be peated
later. The colour maps clearly delineate the dust lanes gvident
that the dust distribution is asymmetric with the north-iees parts
of M31 being dustier. This is already worrisome, as it may died
any intrinsic microlensing asymmetry.

We also construct a catalogue of 119303 resolved stars
namely, all stars detected by the tatdofindin IRAF at 5 above
the background noise in theband reference image list in Talile 1.
For the detected stars, tlemagnitudes are converted into stan-
dard CousinsR magnitudes. FigurEl 3 shows the break-down of
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Figure 4. The observed uncorrected luminosity function in pairs déi€namely N1, S1 and N2, S2) symmetrically positioned wétpect to the centre of

M31. All four fields are 15x22 in size.

the 119303 resolved stars into magnitude bins. Stars Righ18
are predominantly foreground objects, as evidenced by tiwi
mogeneity. For 18 R < 20, we can see a mixture of M31 stars
— which are predominantly young, massive supergiants -thege
with some contamination from the foreground and from urkesb
globular cluster cores and blended stars. The supergi@oigtion

is concentrated in star-forming regions associated wighsihiral
arms, which are clearly seen in Figllle 3 and coincide witlbthe
region in FigurdD.

ForR > 20, the asymptotic giant branch (AGB) stars start to
make their appearance, while the red giant branch (RGB9 atar
somewhat fainter and do not appear at least up te 21. With
the absolute magnitude of the tip of the RGB beMg ~ —4.0
(Bellazzini, Ferraro & Pancino 2001), and the distance ralaf
M31 being M- M)us1 =~ 245 (Holland 1998; Stanek & Garnavich
1998), the brightest RGB stars are arolhe 215, assuming the
colourR-1 > 1.0. The brightest AGB stars are around a magnitude
or so brighter. Again, on comparing Figlile 3 with Figilke 2,see
that there is a clear depression in the distribution of AGBssfwith

20 < R < 21) coincident with the prominent dust lane in the north-
west of the galaxy.

The limiting magnitude of field 1, CCD 2 seems to be some-
what shallower than the other CCDs. We can also see some evi-
dence of variation of the limiting magnitude with surfacéght-
ness near the central bulge and near M32. This thereforesrtis
worry that variations in the limiting magnitude from CCD t€0O,
caused by the choice of reference images wiffedént background
and exposure, may be producing artificial gradients. Tostigate
this, we plot in Figur€ the distribution of resolved stargliffer-
ent magnitude bins, or the observed luminosity functiorreiithe
two pairs of fields (N1, S1 and N2, S2) are chosen to be symenetri
with respect to the centre of M31, as illustrated in the gideel
of the figure. For each field, two nearly-superposed histograre
shown, one for a bin-size of 0.1 mag, one for a bin-size of 0.05
mag. The excellent correspondence between the histogtaons s
that the bin-size is not influencing the results.

The luminosity functions in all four fields turn over Bt ~
205, and are in good agreement ok 20. The turn-over in the lu-
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Figure 5. Grey-scale surface density maps of the resolved $ass20 (left), 20< R < 21 (centre) R > 21.

minosity function is almost certainly due to incompletenddow-
ever, we are interested primarily in comparisons betweemdnth-
ern and southern fields, and so provided we believe that hptig
same fraction of stars is missing, we can go deeper than the tu
over.

ForR > 20, the luminosity function in the southern fields (S1
and S2) is higher than in their northern counterparts (N1N2gd
For higher surface brightness, the detection limit showdshal-
lower. However, the reverse is true here, as the southeds faek
brighter — not fainter — than the northern ones. This is cirstantial
evidence that the relatively low normalisation of the nerthfield
luminosity function is a realféect, rather than an artefact offidir-
ing efficiency. Note that this rules out the lower sensitivity of CCD

2 as a cause of any asymmetry, as we would then expect mose star

in N1 than S1, which is not seen. However, it is still possihiat

CCD 2 in field 1 alone is the cause of the problem because of the

underlying surface brightness structure in that field. Bettte low
normalisation is probably caused by the prominent dust &k
enhanced extinction in the northern field. Additionallye 8lope of
the falling parts of each pair of histograms at leastRog 22 in
Figurel3 is the same. If the underlying true luminosity fimcthas
the same slope, then this can be explained very naturallgsyna-
ing that the same fraction of stars is missing at each madmitu
irrespective of whether the field is north or south.

For the purposes of our analysis, it is helpful to convert the
spatial distribution shown in Figuf@ 3 into smooth maps efshr-
face number density. This is achieved by counting the nurober
resolved stars within a suitable window function. In Figlrehis
is done for three dierent magnitude bins. In the left panel corre-
sponding to resolved stars with < 20, the window function is a
square box of size’3For the other two panels, the square box has

spiral arm) associated with the supergiant population. &ofithe
dust structures visible in the colour maps of Fidlre 2 candmeetd
in the surface density maps of the fainter stars. There aceaate-
facts — such as the deficiency in resolved stars Witk 20.5 in
field 1, CCD 2 — that are manifest in the Figure.

To conclude, there is clear asymmetry in the resolved sgar di
tribution, and some of this is certainly due to bias durirgydhata re-
duction. However, the similar patterns caused by dust lateesly
visible in the surface brightness map, the colour maps aadeh
solved star maps argue that there is a real asymmetry caysed b
variable extinction. This hypothesis could be confirmed kgnei-
nation of the colour-magnitude diagrams in the northernsandh-
ern fields, which should showftiering positions for the RGB stars.

4 CONSTRUCTION OF THE VARIABLE OBJECT
CATALOGUE

The M31 fields are composed of largely unresolved stars, @tites
effects of seeing are significant. In order to build lightcurwes
need to develop an algorithm for which the same fraction of flu
falls within the window function, irrespective of seeinghd su-
perpixel method provides a linear transformation betwéerfitix
measurements with flerent seeing (Melchior et al. 1999; Ansari
et al. 1999; Le Du 2000). The basic idea is to calibrate thexés
so that they have the same large-scale average surfacénasgh
and then to adjust any spatial flux variations to the samegeei
The observed fluxy within the window function at a given
position is a convolution of the intrinsic surface brighea® with
the point-spread function (PSP)and the window functioWV. As-
suming that the PSF is flux-conserving, the large scale geedhax

size 2. The re-sampling is done in the same way as described for ¢ = W is independent of the PSF. Herg,is the large scale

Figure[2. Again, folR < 20, we see the prominent ring (possibly a

average of the intrinsic surface brightness. Furtherntbeespatial
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Figure 6. The linear correlation between fluxffirences on the reference
image and on an image with good seeing respectively. Eaclindibte
“cigar” corresponds to a superpixel. The solid line is thetbi linear re-
gression line, whilst the dotted line illustrates the idtgntelation.

fluctuation of the flux is also related to the intrinsic splagiarface
brightness fluctuation via the same convolution, viz.
p-¢p=(@-D)IPIW (1)
Taking Fourier transforms, the convolutions become pragjund
so we have
F{og} = F{oD}F{P}F{W}, (2
where# denotes the Fourier transform. Theets of the shape of
the PSF near the centre are unimportant, if the charadtesisile
of the window function is chosen to be large enough. On theroth
hand, for any reasonable PSF, the wings behave in a similar ma
ner to lowest order. Then, taking the ratio of equatidiis ¢2)xWo
epochs implies that the Fourier transforms of the flux vimiet
are linearly related. Consequently, the flufeliences at dierent
epochs are also linearly related. The superpixel methodges an
empirical way of calculating the céiicients of this linear transfor-
mation. Note that this linearity is only true in lowest ordand so
the method fails for large seeing variations or near vergttirstars.

The original pixel size (183) over-samples the seeing disk
(FWHM 2 17), and thus the relative amplitude of the flux varia-
tions due to seeing variation is quite large even for modevati-
ation of seeing. This leads us to associate a superpixebfluith
each pixel. This is derived by summing fluxes from severaa-adj
cent pixels that fall within a pre-defined “superpixel” wowd (in
other words W is a top-hat function defined over a square box).
The size of this superpixel is chosen to ensure that it usdeples
the seeing disk.

Next, the data are smoothed by a median filter with a win-
dow size that is dficiently large so as not to befacted by small-
scale fluctuations. This gives the median superpixel #% at
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Figure7. Each point represents a variable lightcurve in CCD 4 of théhro
ern field. TheR magnitude of the nearest resolved star is plotted agaiest th
distance to that resolved star. In other words, a point atdioates (18, 2)
means that there is a variable star lightcurve that lies @lpiaway from a
resolved star withR = 18.

each point. This median flux is subtracted from the superfiixe?
The quantityy — ™ represents a variation in flux with respect to
the same underlying median surface brightness. It chanigleshe
seeing. Empirically, we find that the fluxftiérences at dierent
epochs are linearly related to each other, as shown in HijjuBy
recalibrating the flux dferences, we obtain superpixel lightcurves
which represent the intrinsic variation at fixed seeing. facfical
implementation, we find the slopeand the interceps of the re-
gression line on the cigar shape depicted in Fifllire 6, namely

#(t) - o™(t) = () [ (ter) - 9™ (trer) | + B(), ®)
and the subsequent recalibration follows as

o(ti) — ¢™(t) | - B(t)
¢'(t) = [ ] + 6" Yter)- 4

a(ti)

If the background subtraction isféigiently accurate and if the
fluxes represent the intrinsic, physical surface brigrgessthen the
median flux must be constamt™{t,) = ¢™Yt.¢). In this case, the
linear relation will become a proportionalitg & 0), while the co-
efficienta will be solely a function of the seeingftiérence (in par-
ticular, if the images a andt, are taken in the same seeing, then
o will be unity).2 For best results, the reference image is chosen to
be one taken in the median seeing. We note that the linediorela
shown in Figur€l is not a perfect one-to-one corresponddmntés
rather an (albeit tight) statistical correlation with atsea In other
words, this procedure of stabilising the seeing variati@groduces
an additional uncertainty. Therefore, the error bar onittieflux
measurement, corrected for seeing, is

2 In our application, the median flus™dis used instead of the mearin
eq. [).

3 Even if the photometric calibration is imperfect, then teeiag correc-
tion @) will still give the correct results but with non-vishing .
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Figure 8. The locations of the-40,000 variable stars in the perio¢Af)
plane. The period computed via Lomb’s periodogram is diecaied so the
positions are shifted by small random values to enhancbiligi Notice
the two straight-line features in the left of the plot, whiate suggestive
of period-luminosity relationships. Also shown with dagHmes are the
boundaries for the group classification given in the text.

1
i2 = _O-Viz + agee (%)

(o
a2

wherego, is the photon noise in the original image angl.is the
additional uncertainty caused by the recalibration. Thismpiri-
cally estimated from the width of the cigar shape in FidireiBig
the method of maximum likelihood.

In the implementation of the method here, the median flux is
computed over a 4441 pixel field. The method is not too sensitive
to the size of the field, provided it is big enough that eveglrie-
solved stars disappear from the median image. There is anwpt
size to the superpixel. If the superpixel is too small, trgoathm
fails because the seeing disk is over-sampled. Howeveheasu-
perpixel gets larger, the photon noise increases and ttsitisén
drops. We choose the superpixels to b& pixels in size. This is
because typical poor seeing at the INT site so that a star with
a Gaussian PSF is contained up tovadistance in the X7 super-
pixel centred on it. The reference images used forrthand data
are the same as the image on which the detection of resolaesl st
has been performed (Talilk 1).

The WFC has 2k4k pixels in each chip. There are 4 chips and
2 fields, giving~ 6.4x10" superpixel lightcurves for each passband.
The selection procedure is carried out on thieand data alone.
For each lightcurve, the first step is to determine the basélux
u. This is calculated iteratively by computing the medianetie
ing all points 3 above (but not below) the baseline and repeating
until convergence. This is tailored for microlensing egenthich
are positive excursions above the baseline, but fails fopsng
binaries or transits. Any lightcurve that has at least 3 eonsve
points at least @ above the baseline is selected as a fluctuation.
For each variable object, there is a cluster of associateerpixel
lightcurves. The likelihood. of variation for every superpixel po-
sition is calculated by
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Figure9. The locations of some common types of variable stars in thgd_a
Magellanic Cloud plotted in the perideAf) plane. The data are drawn
from the General Catalogue of Variable Stars.

InL = Z In P(¢), (6)
iefluct

with
I T 1(g-p\’

P(4) = ot f¢ a eXp[_E(Ti) } @)

For each superpixel, a likelihood map is constructed oveffigid
and the optimum position of each variable source is extdsttam
it using SExtractor (Bertin & Arnouts 1996).

We select a total of 97280 lightcurves by the procedure out-
lined above. However, many lightcurves in this list are gmus;
most of the artefacts are caused by a bright resolved stay hear
the edge of a given superpixel, which induces a non-linegraese
of the adjacent superpixel flux level depending on the vianat
of seeing. Since the seeing varies without any significaheco
ence on a nearly daily basis, the resulting lightcurves appé
most like white noise although the amplitude can be manydime
larger than the typical photometric uncertainty of the sppel
flux. Such artefacts can be recognised easily by eye. It ishew
clearly preferable to devise an objective criterion. Rexfigrto Fig-
ure[, we see that the there is an excess of variables aroénd 2.
and 5 pixel distance from resolved stars, which corresptmtise
concentration of artefacts. These can be removed by catistnu
of a suitable mask consisting of annuli around resolved siad
known CCD defects. This is done for the selection of micrsieg
candidates in a later publication. In this paper, howeveruse a
different (but related) criterion, which is explained in thetrsec-
tion.



5 THE PROPERTIESOF THE VARIABLE STARS

We characterise each variable lightcurve by two numbesspet
riod P and the “pseudo-magnitude{Af). The period is computed
using Lomb’s periodogram (e.g., Press et al. 1992), whielpso-
priate for unevenly sampled datastreams. The algorithnksvoy
calculating the power spectrum over a discrete frequerteyval.
The frequency at maxmimum power is converted into the period
for the lightcurve. Therefore, the absolute uncertaintyha pe-
riod scales quadratically with the period itself and so theputed
value may not be precise whéh> 150 days. In principle, there
are other methods of computing a more precise period, bublsom
periodogram sflices for the purpose of classification.

As a measure of the brightness of each variable, we define the
“pseudo-magnitude”. Because the fraction of light contiéld by
the variable object to the total superpixel flux at a givenoéde not
known, it is not possible to find the real magnitude of thealale.
Under these circumstances, we first measure the quaritjtywhich
is the flux variation between minimum and maximum in ADU.s
Then, we converA f into magnitudes by(Af) = ro—2.5log,,(Af),
which we subsequently employ as a proxy for the underlying
brightness of the variable. Herg, is the zeropoint, that is, the
band magnitude of a star whose flux is 1 ADU & the reference
image. Henceforth, we refer to this quantipA f) — ori(Af), g(Af)
and so on where appropriate — as a pseudo-magnitude. Wehaote t
it is not the same as the variable amplitude in magnitudes {th
Ar = Ipin = Fmax = 2.510g,9[1 + (AT / fmin)] Where rpin and fiin
are the magnitude and the flux at minimum, apg; is the magni-
tude at maximum). Rather, the pseudo-magnitude is relatéukt
magnitude of variable and the variable amplitude via

r(Af) Fmax — 2.510g;[1 — 1070441

Fmin — 2.510g,;[10%47 — 1].

®)

Therefore, aar becomes larger(Af) approaches the true magni-
tude at maximunr,a Of the variable. [IfAr = 0.5, thenr(Af) ~
rmax+ 1.1. On the other hand, fr = 1.0, thenr(Af) ~ rya+0.55.]
Note that our use of superpixels in the variable lightcure&d-
tion mechanism implies that our detection is nominally nseesi-
tive to relatively faint but large amplitude variables thaight but
small amplitude variables. Hence, we argue the pseudo-itnagn
is a reasonably good approximation for the real magnitudesat
imum for our sample. In addition, the majority of the variebin
our sample is believed to be A@GBGB variables such as Miras and
semi-regular variables (see below), and their amplitude&m@own
to be quite large (e.gz 2.5 mag for Miras, Whitelock 1996). This
also supports the view that the pseudo-magnitude is in fagaa
sonable alternative for the magnitude of variable for mdéstur
lightcurves.

Each superpixel contains many variables and so it might be
thought that the period and pseudo-magnitude derived fioen t
lightcurves may be misleading. We expect this not to be tlse ca
because it is very rare for two comparably bright variabtesdn-
tribute to the same superpixel. This can be seen on compiiteng
mean distance between our detected variables, whicbOgixels
or ~7 superpixels.

The analysis of the spatial distribution of variables isdubsn
the catalogue of objects selected by Lomb’s periodogramass h
ing a significant coherent behaviour. Datapoints lying nthen 4
standard deviations from the arithmetic mean are discaaledn-
imise the &ects of outliers in the periodogram. Given any sam-
pling, there is a correspondence between the peaks of therpow
spectrum and the significance level. Specifically, we irtbist the
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Figure 15. The analogue of a colour-magnitude diagram forrt&nd se-
lected variables. Green dots are for group 1, blue for groupyan for
group 3, and red for group 4 witA < 0.5 yr, and yellow for group 4 with
05yr<P<1yr.

strongest periodic signal has a false alarm probabilityee$ Ithan
1077. This dfectively removes all the spurious lightcurves — as can
be seen in FigurEl 7, in which the variables that pass thisrait
are shown as crosses. Additionally, we require that theogere
less than 800 days, roughly corresponding to the baselirikeof
experiment. Only lightcurves with 18 r(Af) < 23 are included.
The rationale for these limits is thatAf) = 23 roughly corre-
sponds to our detection limit, while variations witfA f) < 18 are
most likely foreground contaminants. This gives a variaiée cat-
alogue with 38779 members, which still has a number of dafgic
entries. These are removed using the following algorithinst Fall
the pairs of variable objects within 6 pixels are located] treir
lightcurves correlated. If the correlation ¢beient is larger than
0.75, then the lightcurve with lower significance is remotiean
the catalogue. This leaves 35414 variable objects. Theiposj
periods and pseudo-magnitudes of these variables arableads
an accompanying electronic table.

Figure[® shows the locations of the variables in the period-
r(Af) plane. We can quite easily divide the objects in this space
into several distinct groups, loosely corresponding to eséamil-
iar variable star classes. For comparison, Fidilire 9 showdoth
cations of some common classes of variable stars in theaimil
periodR(Af) plane, drawn from the General Catalogue of Variable
Starg. Here,R(Af) is theR band flux diference between the max-
imum and the minimum converted into magnitudes by the simila
manner. Here, the variable stars primarily reside in thgéanag-
ellanic Cloud, and so there is a verticdlset corresponding to the
differences in distance modulus and extinction. Clearly picked
in both Figure§B and 9 are sequences corresponding to tioelper
luminosity relations of population | and Il Cepheids. Bo#mns-
regular and Mira variables are clustered together at lopgaods
than the Cepheids.

4 http://www.sai.msu.su/groups/cluster/gcvs/gcvs


http://www.sai.msu.su/groups/cluster/gcvs/gcvs

10 J.Anetal.

F(A0) — i(AD)

60 70 80 90100 200
period (days)

40 50 300

Figure 16. Period versus colour(Af) —i(Af) for variables in groups 3 and
4withP<1yr.

This motivates us to group the variables in Figlire 8 into the
following four divisions:

(1) r(Af)+3log,, P < 25 and log, P < 2,

(2) r(Af) + 3log,y P > 25 andr(Af) + 6log,, P < 322 and
log,, P <2,

(3) r(Af) +6log,, P> 322 and log,P < 2,

(4) 2<loguP<29.

The period is measured in days. Comparison between Fiflires 8

and[® suggests the following rough identifications. Thealdés
in group 1 are mainly population | Cepheids pulsating in ezith
the fundamental or the first overtone modes. In fact, thksran
which the variables in group 1 reside are suggestive of #esadal
Cepheid period-luminosity relationships. This group atssudes
a distribution of variables with periods shorter than 3 daysese
are either eclipsing binaries or population Il Cepheidsatihg in

18 (e e

o S ran—ian |
" vs. r{df)

=0

21

r{Af) or i(Af)

R2 =

r(4r)—i(af)
vs. i{af)

23
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r(4f) — 1(Af)

Figure 17. Analogues of the colour-magnitude diagram for groups 3 and 4
with P < 1yr.

5.1 Colours

For r-band selected variables, we examine theand i band
lightcurves and, if they contain noticeable variations, dezive
pseudo-magnitudegAf) andi(Af). These can be used to build an
analogue of the colour-magnitude diagram, as shown in E[fir
Note that theé band data are largely restricted to the last two sea-
sons, so variables with period longer than 1 yr are not mlotte

The first thing to notice is that fierent groups of variable stars
are clearly separated. The variables in groups 1 and 2 age thian
those in groups 3 and 4. This is expected because Cepheifi®are
G (super)giants, whilst Miras are M (super)giants. As théaldes
in group 1 are primarily population | Cepheids, their pasig mark
the location of the instability strip. The positions of gpsu3 and
4 indicate the location of the RGB and AGB of varying ages and
metallicity in this analogue of a colour-magnitude diagrarhey

the first overtone mode, sometimes called BL Her or CWB stars are Segregated according to their periods’ with the |0ngdo@

(Feast 1996). The variables in group 2 also cluster on a gberio
luminosity relationship and are mainly population Il Cejolsein

variables being brighter inand so redder in colours involving
However, this is not the case for tlggAf) — r(Af) (not shown),

the fundamental mode (W Vir or CWA stars). Group 3 is composed gas, along the sequence of M stars, thei becomes redder, whilst

mainly of semi-regular and Mira variables with rather shpatiods

or incomplete sampling, while those in group 4 are a mixture o
semi-regular and long period Mira variables. Typical lightves of
objects in all four groups are given in Figufe3[10-13.

In addition to the 35414 variables in the catalogue withoaas
ably well-determined pseudo-magnitude and period, therdua-
ther variables for which the reported period is longer thad @ays.
We classify these as group 5. The determined period and pseud
magnitude are not reliable since a whole cycle is not covesed

theg - r stays the same (e.g., Margon et al. 2002; Szkody et al.
2003). Figur&Te shows the period plotted agai(st) —i(Af) for
groups 3 and 4 witlP < 1 yr. This shows a moderately strong cor-
relation, which is analogous to the similar periddi;(— K) colour
correlation for Mira and semiregular variables (Whiteldelarang,

& Feast 2000). Heretl,, is the Hipparcos broad-band magnitude.
This relation is also presumably related to the well-knowrigr-K
band luminosity relation for Mira variables (e.g., Feastlet.989;
Noda et al. 2002; Glass & Evans 2003; Kiss & Bedding 2003),

the experiment. A number of these are associated with CCD de- a5 the redder evolved AGB stars are typically brighter irr iea

fects and can be rejected with a suitable mask. This leavé3 22
variables with ill-determined or incomplete periods afeamnoving
duplicate entries. Some examples of lightcurves in thisigrcan
be found in Figur€14 while the data are available as an acaemp
nying electronic table. Variables in this group are notuideld in
subsequent calculations of statistical quantities.

frared bands. The secondary clump centred onylBg~ 2.2 and
r(Af)-i(Af) ~ 1.8 may be an artefact caused by half-year sampling
gaps combined with incompleteness of our period determoimat
as it is displaced from the main correlation by almost & How-
ever, Whitelock et al. (2000) found a similar “secondarynafxi in
their AGB period-H,—K) colour relation and suggested that Miras
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Figure 18. The spatial positions of the variable stars, split into thaugs suggested by F[d. 8. The numbers of objects in eaclp gm@ushown in the top-right

hand corner of each sub-panel.

with P < 225 days are divided into two groups depending on their
H, — K colour or spectral types. As the transformations from our
observables to these colours are unknown, the answer tdharhet
the secondary clump in FiguE€l16 is real and indeed an analogu
to that found by Whitelock et al. (2000) is inconclusive & tho-
ment. Nevertheless, we note thalog,,2 separation may also be
explained physically by invoking pulsations on the oveetomode.
Figure[IT shows analogues of the sarref) — i(Af) colour
versusi(Af) magnitude diagram for only groups 3 and 4 wihg
1 yr, along with ther (Af) — i(Af) colour versug (Af) magnitude
diagram. We note that there is a strong cfitio the bright end,
namelyi(Af) ~ 20 and this presumably corresponds to the tips
of the AGB and RGB with dferent ages and metallicities. The
locuses are most likely to be caused by theedences in metallicity
and ages of the AGB and RGB populations, with the redder side
younger and more metal-rich. We note that, along the locutha
stars get redder, they become fainter ibut maintain more or less
the same (psuedo-)magnitude.

5.2 Spatial Distribution

Next, we investigate the spatial distribution of the groopsari-
able stars on the WFC fields. Figlitd 18 shows the distribsitain
groups 1 to 5 of variable stars, together with the set of all35414
variable stars with well-determined periods (groups 1#lcimed).
Figure[I® shows the distributions of variables in group 4thier
sub-divided by their period and pseudo-magnitude.

Most obviously, variables in group 1 follow the same pattern
as the bright supergiant population already seen in theighy-r
most panel of FigurEl3. Both populations seem to be assdciate
with the spiral or ring-like structure. This reinforces adentifi-
cation of group 1 as population | Cepheids, because the kite
known to occur preferentially in spiral arms (Magnier et1#897;
Mel'Nik, Dambis & Rastorguev 1999). Any spirality is muchste
evident in groups 2, 3 and 4, as would be expected for populati
Il Cepheids, semi-regular variables and Miras, which atmébin
both the halo and the old disc populations of M31 (Hodge 1992)

The variables in group 4 follow the same pattern as the AGB
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Figure 19. The spatial positions of all the variables in group 4 (priflgaMiras and long-period variables), subdivided accogdio period and pseudo-
magnitude. Note that there are obvious trends in that ttghten variables or ones with shorter periods are more dntancentrated. The numbers of

objects in each class are shown in the top-right hand corfreaah sub-panel.

stars already seen in the lower three panels of Figure 3.r€his
forces the identification of group 4 as predominantly seegiatar
or Mira variables, as these correspond to pulsating AGB €88 R
stars. One can discern a number of trends in Fifiule 19. Farst,
all but the faintest and longest period variables, thereniowger-
all depression of objects in the north-west, which coinsidéth
the prominent dust lane visible in the colour map of Fidir&ex-
ond, the central concentration of objects varies notigeabth the
brighter (and probably shorter period) variables beingemmen-
trally concentrated. While the depression of detectedhtses with

r(Af) > 22 near the bulge is probably caused by the decline of
detection éiciency due to high surface brightness, one can still

observe the clear trend of a flattening in the number denséy g
dient as the variation becomes fainter (and longer). Thégsis il-
lustrated in Figur€30, which shows the logarithm of the aef
density plotted against distance along the major axis fersilib-
divisions of group 4 variables. The period of a Mira is betiév
to be an indicator of the population to which it belongs (\Whit

lock 1996). Miras with periods less than 200 days are thotmht
be primarily denizens of the halo, whilst those of longeliqgeare
more massive aridr more metal-rich. The longer period Miras —
being more massive afa more metal-rich — are therefore associ-
ated with younger populations. In other words, the spatgtidu-
tion of the younger Miras is more extended than that of themld
ones. The same conclusion can be drawn from the variatioersf ¢
tral concentration according to the brightness. The AGR:&ler
and therefore optically fainter for a metal-rich populatidhis is
consistent with the idea that the visually brighter Miragresent
older populations. All this is consistent with the fact thfa¢ disk
scalelength of M31 is larger in the blue than the red (e.gli&htzos
& Kennicutt 1988). It is also consistent with a division of M8tars
into two populations, younger and bluer ones in the disk (Rop
tion 1), older and redder ones in the bulge and spheroid (Rtipno
I), as discovered by Baade (1944).

We examine the distributions of variable stars broken down
into different pseudo-magnitude and period bins. For comparison
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Figure 20. The logarithm of the surface density plotted against distan
along the major axis towards the north-east for the classemiable object

in Figure[I®.

purposes, this is done for the same symmetrically positidietds
as used for the resolved stars (N1, S1 and N2, S2 illustratduki
side-panel of Figll4). FiguleR1 shows the numbers of vagimbl
with periods less than 800 days in each magnitude bin. Bygatsli
abuse of terminology, we refer to these distributions amfhosity
functions”. For the exterior fields (N1 and S1), the lumitp&inc-
tions are in good agreement fgqA f) < 22. Note that, even up to
r(Af) = 22, the luminosity functions are still rising. This suggest
that incompleteness in our variable star detection is notbatan-
tial problem at least up to(Af) = 22 for these exterior fields. For
the interior fields (N2 and S2), there is dfdrence in the overall
normalisation causing the luminosity functions to lf&set. This
is most likely due to the dust lane in the N2 field. The lumibosi
functions for the interior fields rise more steeply than for exte-
rior fields. This is probably caused by underlyingfeiences in the
stellar populations, as the bulge contribution dominatebe inte-
rior fields. The luminosity functions for the interior fieldiso start
to decline atr(Af) = 215. This can be understood by the higher
surface brightness in the bulge, which in turn means thad¢ec-
tion eficiency is lower. FigurE22 shows the numbers of variables
with 18 < r(Af) < 23 as a function of the logarithm of the pe-
riod. The bin size is 0.1 dex. For the exterior fields, there good
agreement between the two distributions. The distribuiiofiat
(drn/dP « P1) between periods of 1 and 40 days, reflecting pre-
dominantly the properties of the Cepheid population. Betw40
days and 0.5 yr, the population is made up mainly of semilaegu
variables and Miras and the distribution is well-approxieadaby
a power-law {in/dP « P). The fall-df for longer periods may be
caused by the decline in detectiofieiency because of incomplete
sampling. For the interior fields, there is a depression endis-
tribution derived for the N2 field as compared to the S2 around
periods of 100 days. This in turn suggests that it is feweeathj
with P ~ 100 days that are responsible for the smaller number of
detected objects in the N2 field.

As for the resolved stars discussed d, we construct smooth
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Figure 21. The observed uncorrected luminosity function for the \@ea
stars in the same symmetrically positioned fields as[figh&. Gin size is
0.1 magnitudes. Only the variables wih< 800 days are included.

N1 s
St

1000

100

T T

dn /dlog,P (# dex~!)

1000

100

11
ol

100
period (days)

10 1000

Figure 22. The period distribution of the variable stars in the same-sym
metrically positioned fields as Fill 4. Only variables with<d.r(Af) < 23
are included. The dashed lines has a slope of 2 and coincitleshe rising
part of the function in all four fields.

surface number density distributions of the variable stdese, we
use a window function that is a square box of sizeTde result

is compared with the surface brightness map and the resetaed
(R < 21) density map in FigufeZPBloneof the three images show
any sign of CCD to CCD or field to field overall scale variation.
This is very reassuring as it suggests that our variabledsttac-
tion is not systematically biased. Second, the resolveddissri-
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Figure 25. The ratio of the mean density on either side of an axis plot-
ted against position angle of the axis for the brightestivesbstars (long
dashed line), intermediate brightness resolved starsetitine), variable
stars (short dashed line) and the integratdzhnd light (two solid lines —
see text for dference). Also shown (the two dot-dashed lines) are the vari-
ables divided according to projected distance to the cerfitké31.

bution shows a much more prominent ring-like structure $fiug
just the spirality) than the variable star distributionir@ihthe pro-
jected shape of the triaxial bulge is much less evident ivénable
star map than in the other two maps.

6 THE ASYMMETRIESOF THE VARIABLE STARS

To examine the asymmetry of these distributions, we coostfid
vision images — that is, each image is divided by a copy of the
image which is rotated by 180with respect to the M31 centre.
The resulting division maps are displayed in Fidurk 24. Ithate
cases, it is clear that the far side (south-east) is brigbtdnas
more detected objects than the near side (north-west). Myer-
tantly, the asymmetry pattern of all three images quiteatiofol-
low each other, with the dust lane in the north-west cleaidible
in all cases. It is therefore clear that a crucial assumptiaterpin-
ning the microlensing experiments towards M31 — namely, ttiea
variable star population is unlikely to show an asymmetityvieen
the near and far side (Crotts 1992) — is unfortunately notecbr
The intrinsic distributions are probably well-mixed, bhetdfects
of differential extinction and the prominent dust lanes assatiate
with the spiral structure in M31 cause all the observed ithistr
tions, whether of resolved stars or of variable stars, to akeatly
asymmetric.

Any axis through the centre divides the galaxy into two parts

Group 1
,,,,, Group 2
— — — Group 3

Group 5

asymmetry

0.9

N
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0.4 | | |
200 300
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Figure 26. The asymmetry signal as a function of position angle for the
variable stars in groups 1, 2, 3 and 5. The dotted curve shmasymmetry
signal of the 35414 variable stars in the catalogue. BottiZ8gnd FiglAA7
are not corrected for theffects of M32 or HD 3914, but we have shown in
the text that the correction is small.

shown in Figurd25. The long-dashed line is for the brightest
solved starR < 20) density, while the dotted line is for the inter-
mediate brightness resolved star (20R < 21) density. The two
solid lines are derived from theband image. The curve showing
the larger asymmetry amplitude assumes the minimum cotitwi
from the sky, while the smaller amplitude curve assumes tawe-m
imum contribution, and thus the reality should be somewliere
between. The maximum contribution is inferred from the el
images without sky-subtraction, while the minimum conitibn
is derived from the south-east corner of field 2, CCD 1, whih i
assumed to contain no contribution from M31. Finally, thersh
dashed line shows the asymmetry of the variables. This cali-be
vided into the contributions from the bulge and disc respelst by
crudely dividing into two samples according to the projdatis-
tanced. The asymmetry of the whole variable sample follows that
of the disc variables alone. This is because the asymmegngalsis
weighted according to projected surface area, and softhet ef
the bulge is minimal. Note that the contribution from M32 and
~7th magnitude star (HD 3914) lying just at the southern edge o
the southern field CCD 2 is corrected for by excising a compara
ble area (77" mask) in both fields. In any case, theifexts are
minimal, again because they occupy very little of the totaha

The asymmetry of the brightest resolved stars — most likely
young, massive supergiants — is virtually negligible. Thgname-
try of the resolved stars with 2@ R < 21 is quite noticeably en-
hanced compared to the total surface brightness. Somesaity
be caused by the varying detectioffi@ency of the CCDs which

The ratio of the mean density on each side changes as the axigs related to the choice of dlerent reference images, as discussed

changes. We call the direction in which this ratio is maxedishe
asymmetry axis. To find the asymmetry axis, we constructaha-|
rithm map of the division image and compute the ratio of thame
density of each side as a function of the position angle ofitis,
measured anti-clockwise from north through east. The tesuk

in § @ However, the fact that the pattern of the curve followg tha
for the surface brightness suggests that fheceis real, even if the
magnitude is exaggerated. Such artifical enhancement igxiot
pected for the variable stars, as the choice of referencgdmkays

a less crucial role in the variable star detection algoritfiire re-
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Figure 27. The asymmetry signal as a function of position angle for the
variable stars in class 4, broken up according to pseudatitualg (top)
and period (bottom). The criteria for the divisions of pseudagnitude and
period are the same as recorded in EIi§. 19. Also plotted inl¢tied curve

is the asymmetry signal of the 35414 variable stars in thelagte.

solved stars are searched for offelient reference images, which
can have dferent photometric conditions, whereas the variables
are searched for using the entire lightcurves and so theopteit
ric conditions average out. In addition, both the magnitatithe
asymmetry and the shape of the curve emphasise the fachthat t
variable star asymmetry is clearly associated with the dyidg
surface brightness. The maximum asymmetry occurs aredt
while the symmetric division is around18C, which is more or
less an eagwest division. For comparison, the position angle of
the major axis of the outer disk is38 (de Vaucouleurs 1958),
while the position angle of the bar is betweeri 45d 50 (Hodge
& Kennicutt 1982). The fact that the maximum asymmetry oscur
when the division lies almost parallel with the major axieyides
further evidence that the asymmetry is mainly caused by tis¢ d
lane, as this too lies almost parallel with the major axie (Sig [2).
The asymmetry of the variable stars according to their group
period and pseudo-magnitude can be studied by exactly the sa
method. The results are shown in FigUrek 26[aidd 27. Since-the e
fects of M32 and HD 3914 are not corrected for, the asymmetry
is a bit larger than for the entire set of 35414 variables. \&e n
tice that the asymmetry signal of variables in group 1 (pneido
nantly Population | Cepheids) is similar to that of the sgjmrt
stars in Figurd—25. Also, we deduce that the variable stamasy
metry follows the asymmetry of the long period variableshwit
100 days< P < 1 yr and with 21 < r(Af) < 22. These are
about~40% of the variable star catalogue. There is a mild sug-
gestion from the Figures that the asymmetry is larger fayHiear
variables, which is consistent with the enhanced asymnuétitye
resolved star density between 2R < 21. Probably both of these
populations correspond to the brightest end of the AGB.
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Figure 28. The full line shows the cumulative number of pairs matched
between the optical and X-ray variable source cataloguesfasction of
separation. The dotted lines are constructed by first &tingl the optical
catalogue by prescribed amounts iffelient directions and then correlating.
So, this gives an idea of the number of accidental alignmexpected.

7 CORRELATIONSWITH OTHER CATALOGUES

It is useful to compare our catalogue of variable stars witteo
surveys and archives of M31. Here, we correlate the catelagiin
the discrete X-ray sources and the known novae.

7.1 X-ray Catalogues

M31 has recently been surveyed by both the XMM-Newton and
Chandra satellites (Osborne et al. 2001; Kong et al. 2002)at-
ticular, Chandra surveyed the inner£I7 and found 204 discrete
X-ray sources. Our WFC fields are separated by a gag?ofand
so the very centre of M31 is not covered. This gap is rich inrdie
X-ray sources, and so only140 of the objects listed in Kong et al.
(2002) lie within our WFC fields.

FigureZB correlates the variable sources in our catalogile w
the discrete X-ray sources. To allow for possible identifaawith
poorly sampled or sporadic optical sources, the primitigesion
of the catalogue with 97280 lightcurves is used. The figumsvsh
the cumulative distribution of the separation distancescddrse,
some accidental alignments are expected. To estimate huse
this problem is, we also show curves of the cumulative digtions
with the optical positions shifted by 42 pixels north-eastrth-
west, south-east and south-west (Hornschemeier et al) 20bis
corresponds to a shift of 30 pixels in each compass direcliba
claimed accuracy of the astrometry in both our and Kong &t al.
(2002) catalogue is”l This suggests that objects can be identified
if their positions coincide within an error circle of4 or ~5 pix-
els. Judging from Figufe_P8, the number of accidental aligmts
is ~25, whereas the actual number of correlations-4€), which
suggests that 15 8 identifications are physically meaningful.

Some of the identifications are due to globular clustersI§Vhi
some of the globular clusters are indeed optically varyiihg,core
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Table 2. Known novae detected in our catalogue. The number listeHeaBA lightcurve refers to the number for the corresponding
POINT-AGAPE superpixel lightcurve, which is also given lmetsubpanels in Figi_BO. For some cases, more than one keva-li

superpixel lightcurve around a single nova position areatetl as separate variable stars in our catalogue. Hovedhiimee cases of
double detections show additionally variability in the élage of the second lightcurve given in parentheses. Thitips are directly
measured from the resolved images of the novae near the maximthe WFCr frames.

Nova? Alert Position (J2000.0) PA lightcurve Identifer ~Reference
RA Dec
EQ J004249411506%4 Jul1999  0042M4%7  +41°1508" 78668 1
EQ J004222411323¢ Aug 1999 0042223  +41°1326” 83479 . 2
EQ J004241411911 Aug 1999 OBI2"4151  +41°1911” 25851 PACN-99-05 3
EQ J004244411757 Jul 2000 0B42™4£0  +41°1757" 26946 PACN-00-01 4
EQ J004237.6411737 Aug 2000 OBI2"377  +41°1739” 26021 (25568) PACN-00-04 4
EQ J004257410715 Oct2000 Q2571  +41°0717” 77716 PACN-00-06 5
EQ J0042.541144 Jul2001 0042M3(F8  +41°1436" 81539 PACN-01-01 6
EQ J00424112 Aug 2001 O0M2™185  +41°1240" 83835 PACN-01-02 7,8
[OBT2001] 39 Sep 2001 OM2"34£6 +41°1813" 26277 (25695) .. 9
EQ J004303.83411211.3 Oct2001 (@3M0F3  +41°1212” 77324 PACN-01-06 10
EQ J004233411823" Jan 2002 0M2M33F9  +41°1824”7 26285 (26121) 11
EQ J004252411510" Jan 2002 02529  +41°1511” 79136 11
(2 CXOM31 J004318.5410950)  (JujAug 2001) 0043186  +41°09'50" 74935

aThe name of the nova follows SIMBAD.

b The identifier shows the label given by Darnley et al. (2004he nova.
¢ The alert occurs before our first observation. However, igtedurve shows the behaviour consistent with a fading nokés is also

studied ir_Rffeser et &l (2001).
d The lightcurves are quite noisy.

eZcs4 25/ CXOM31 J004222.8411333/ CXOM31 J004222.4411334 [(Kaarat 2002: Kong efial. 2002).

t 2 CXOM31 J004243.9411755 [(Kaarkt 2002).

9 2 XMMU J004234.1+411808/ CXOM31 J004234.4411809 ((Osbarne etlal. 2001; Trudolyubov, Borozdin, & Fridkyl 2001 ;

Kong et all 2002).

_h The alert occurs near the very end of our observation. Ordgen brightening at the end is observed in our lightcurves.
" We find the variable with a nova-like lightcurve withiff ® of CXOM31 J004318.8410950 [(Kaar=t 2002). No alert for this nova

has been reported during its outburst.

References. — (1)_Modjaz &ILi_1999; (2)_Johnson, Modijaz, 8/1999; (3)LLi [199D; (4)LLi,_Papenkova, & Aazami _2000; (5)
Donato et £l 2000; (6)1li 2001a; (7) Martin & i 2001; (8) . Aslet al12002; (9)_Fiaschi. di Mille. & Cariolaio 2001; (10)2001b;

(11)IEiaschi et al. 2002,

of an unresolved globular cluster may also be misreported as
resolved star and this may cause spurious lightcurves icate
logue. A handful of the identifications may be due to cataunigs
variables and soft X-ray transients. These are binary systeth a
compact degenerate object and a low-mass star. Typidadly,dre
undetectable in quiescencé £ 28— 30) but brighten dramatically
in outbursts Y = 20— 22) and so may then be present in the survey.
Fourteen of the 40 correlations coincide with the positions
of semi-regular variables, although for two of these instsn our
sampling does not allow us to rule out the possibility of asting
rather than pulsating star. Semi-regular variables arexpected
to emit X-rays, unless they are the binary companion to a e@inp
object. Hence, some of these alignments may well correspmnd
cataclysmic variables. Lightcurves for 6 of these objentsshown
in Figure[Z®. We note that the lightcurves of r3-43 and r3idéhe
notation of Kong et al. 2001) have an X-ray outbursi0 days be-
fore the optical maximum. A further two objects, r3-87 ane/8
coincide with optical variables showing a linear fall in ffirst two
seasons. One of these is the lightcurve labelled 19755 shothie
top-left panel of FigurEZ4.

7.2 NovaAlerts

Nova alerts are published regularly IAU Circulars. There are
14 nova alerts in M31 during the period that spans our WFC
observations. We look for detections in our primitive val&a
star catalogue within a”3error circle of the reported nova posi-
tion. This yields 12 matches to nova-like lightcurves. Botlss-
ing cases, EQ J004244211632 (Filippenko et al. 1999) and
EQ J004241411624 (Fiaschi et al. 2002), lie very close to the
centre of M31 and fall in the gap between the two fields. Thble 2
gives the position, time of burst and reference of the 12 ickatels,
whilst the lightcurves are shown in Figurd 30. All 12 detecs are
located within a few arcminutes of the centre of M31 and atteeei

of fast or moderately fast speed class, presumably reftettimex-
perimental setup of the observers who issuedAeCirculars. In
addition, we find one further nova (CXOM31 J004318140950)

by correlating with the X-ray catalogue of Kaaret (2002). kdee
that another nova (EQ J00424411757) also lies within”13 of the
position of an X-ray point source in the same catalogue. ThayX
counterparts of both novae have been claimed as super-gafy X
sources by Di Stefano et al. (2003). A more detailed and hemog
neous selection of novae using POINT-AGAPE data is perfdrme
in Darnley et al. (2004), who find 7 of the novae in Tdble 2. Darn
ley et al. (2004) also identify 13 other novae present in MBiher
from the bulge and with longer durations and slower speesbela



fig31l.jpg

Figure 31. Locations of claimed microlensing events in M31, overgdtt

on theg — r colour map. Circles show POINT-AGAPE candidates, crosses
MEGA candidates and squares WeCAPP candidates. Also shpaddt is

the centre of M31, while the dashed line lies at position@aB3@ (measured
North through East) and marks the major axis of the outer. disk

8 DISCUSSION

Figure[31 shows the locations of 17 reported microlensingliea
dates (taken from Paulin-Henriksson et al. 2003eREer et al. 2003
and de Jong et al. 2004) overplotted ongher colour map. There
is a clear asymmetry, as de Jong et al. point out. Howevenrihe
gin of the asymmetry is icult to say, as there are no events where
the galaxy is dusty and a preponderance of events in thettsith
ral arms. The early papers on microlensing towards M31 maele t
assumption that variable star populations would show niessig
asymmetry between fields north and south of the major axis. Mi
crolensing, on the other hand, will show a substantial asgtnm
if the lensing population resides in a spheroidal halo.yEan, it
therefore seemed that an asymmetry in the locations of alsarfip
microlensing events would be enough to identify the lengiog-
ulation conclusively with the dark halo of M31. The work irigh
paper has demonstrated that this is not the case. All thableri
star distributions are asymmetric in the sense that theidar (er
south-east) is brighter or has more detected objects trandhr
side (or north-west). This is caused primarily by tifieets of vari-
able extinction and the prominent dust lanes associateu tivé
spiral structure. Therefore, the near-far asymmetry s$ighani-
crolensing is unfortunately mimicked in the variable stapyla-
tions, in the underlying surface brightness and in the wesbbtar
catalogue. This makes an accurate measurement of the asgymme
signal caused by microlensing mordfdiult. This paper has mea-
sured the size and direction of the asymmetry signal as difumc
of the period and pseudo-magnitude of the variable stares@h
data form the zero-point of the asymmetry scale. Microlemdiy
a dark halo is a possible explanation if the sample of micsitey
candidates of given amplitude and period is more asymmigtaic
the corresponding variable stars.

Theoretical calculations of the expected magnitude of the
near-far asymmetry signal from microlensing (e.g., Kertsal.
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2001, 2003) assume that the source population shows norprefe
ence between the near and far side. However, as the resabred s
distribution is also asymmetric, it is clear that this asption is
guestionable as well. The source population for the ideli§ mi-
crolensing events is typically bright (though unresolvei@dys, and
so it too is likely to be asymmetric. Hence, the magnitudehef t
near-far asymmetry signal as calculated theoreticallydage be
amplified by an additional factor. The values of the asymynetr
ported in Kerins et al. (2003) must now be taken as lower §imit

For a spherically symmetric halo, Kerins et al. (2003) found
that the underlying pixel-lensing rate in the far-disk of M3 al-
ready more than 5 times the rate of near-disk events. C|eastyll
more substantial asymmetry is expected when ffects reported
in this paper are included. However, successful measureshéme
component of any asymmetry signal caused by microlensingvis
much more dficult. In principle, the additionalféects can be mod-
elled and corrected for, but in practice this will make theutes less
robust. One way to overcome thdfitiulties is to limit the study to
microlensing events of sources only brighter than some fimad-
nitude at baseline. Analysis of the microlensing asymmagya
function of the source flux will however require a large saenpi
events with high signal-to-noise ratio.

Another way of overcoming the flliculties is to look for an
east-west asymmetry rather than a near-far asymmetry. tBeth
resolved stars and the various groups of variables are oreess
symmetric about an axis running north-south, as seen &b
and[Z®. So, this suggests that the underlying populationgif
ables are indeed well-mixed and that their asymmetry hasra co
mon origin in the dust distribution and possibly some irgigrdisk
surface density asymmetry. If so, we can correct for it byosig
the north-south axis as our reference axis. Even thoughdbe e
west microlensing asymmetry is less than the near-far astrgm
in the absence of dust problems, itis still asymmetric, agtstern
side contains much of the far disk. Thifext should be detectable
in cases when the halos contains a high fraction of massimpact
objects.

9 CONCLUSIONS

The POINT-AGAPE collaboration has constructed a catalagfue
the locations, periods and brigtness of 35414 variable gtdv31.
This is a by-product of our microlensing search. The vadaiars
have been classed into four groups — roughly correspondipgg-
ulation | and 1l Cepheids, semi-regular and Mira variableshmrt
period and long period Miras. The spatial distribution o trari-
able stars shows a number of interesting trends. In paatictiie
brighter and shorter period Miras are more centrally cotraged
than their fainter and longer period counterparts. Thigests that
the younger populations of AGB stars are more extended than t
older one. The variable star catalogue has been correlatedhe
X-ray point source catalogue available from surveys wigh@man-
dra satellite. After taking into account accidental aligmts, we
find that there are-15 physically meaningful identifications. This
finding will lead to additional complications in the measuent of
any asymmetry due to microlensing. In particular, it may theaa-
tageous to look for an east-west asymmetry rather than afaear
asymmetry.
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Figure 10. (fig10.gif) Lightcurves of variable stars in group 1, folded
by their periods. For visual aid, two cycles are plotted. Bouperpixel
flux in ADU s~1 is plotted against time in days. The number in the right-
hand corner is the identifier in our catalogue. Lightcurvéd3®is most
likely an eclipsing binary, whilst the remaining lightcessare Population

| Cepheids. Of these, 19897 and 20539 have the nearly syicrsbape
associated with the first overtone, whilst the remaindepatsating in the
fundamental mode.

Figure11. (figll.gif) Folded lightcurves of variable stars in group 2.

Figure 12. (figl12.gif) Folded lightcurves of variable stars in group 3.

Figure 13. (fig13.gif) Folded lightcurves of variable stars in group 4.

Figure 14. (fig14.gif) Lightcurves of variable stars with ill-determined
or incomplete period (group 5).

Figure 23. (fig23.jpg) Grey-scale surface density maps of the resolved
stars withR < 21 (left) and variable stars (right), together with the acef
brightness in the band (centre). Notice the ring-like structure visible ia th
resolved star map.

Figure 24. (fig24. jpg) Grey-scale division maps of the resolved stars
(left) and variable stars (right), together with the sueférightness (cen-
tre). The surface density is divided by its 28®tated image to form the
division map, so the map gives a direct measure of the asymmet

Figure 29. (fig29.gif) Optical lightcurves of the possible matches with
discrete X-ray sources in Kong et al. (2001). The numberkertap left of
each panel refers to the possible match and the separation.

Figure 30. (fig30.gif) POINT-AGAPE lightcurves of known novae. The
flux in ADU s~1 is plotted against time in JD-2451000. The number in the
right-hand corner is the identifier in our catalogue, alsteti in Tabl€l.
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