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ABSTRACT
We reporton the identiÞcationof the lens responsiblefor microlensingeventMACHO-LMC-20. As part of

aSpitzerIRAC programconductingmid-infraredfollow-upof theMACHO LargeMagellanicCloudmicrolensing
Þelds,we discovereda signiÞcantßux excessat the position of the sourcestar for this event.Thesedata,in
combinationwith high-resolutionnear-infraredMagellanPANIC data,haveallowedus to classifythe lensasan
early M dwarf in the thick disk of the Milky Way, at a distanceof ∼2 kpc. This is only the secondmicrolens
to havebeenidentiÞed,theÞrstalsobeingaM dwarf star in thedisk.Together, thesetwo eventsarestill consistent
with the expectedfrequencyof nearbystarsin the Milky Way thin andthick disks actingas lenses.
Subjectheadings:Galaxy:structureÑ gravitationallensingÑ stars: late-type

1. INTRODUCTION

We havebeenconductinga near- andmid-infraredfollow-
up of the MACHO (Massive CompactHalo Object) Large
MagellanicCloud (LMC) microlensingeventÞeldsto try to
identify the lensingpopulation.IdentiÞcationof thelensescan
resolvequestionsregardingtheir locationsand can supporta
microlensinginterpretationof theevents.Deepphotometry us-
ing SpitzerÕsInfraredArray Camera(IRAC) of all the lensed
LMC starsreportedby MACHO can be usedto test the hy-
pothesisthat theMilky Way hasa thin or thick diskpopulation
of cool starsthat areresponsiblefor the lensing.

Sucha populationwould be readily detectableby Spitzer,
but becauseIRAC hasa spatialresolutionof ∼1!.7 (FWHM),
not enoughtime has passedsince the original microlensing
eventto allow the sourceandlensstarsto separatevia proper
motions.However, the presenceof a cool lenscanbe inferred
by way of an infrared (IR) excess(von Hippel et al. 2003).
While this techniquerequiresa numberof assumptionsto be
madeaboutthelensandthesourcestar, it hashadsomesuccess
to date.In the caseof MACHO-LMC-5 (hereafterÒevent5Ó),
thelenspropertiesinferredfromtheßuxexcesstechniqueusing
IRAC (Nguyen et al. 2004) were strikingly consistentwith
thoseobtainedby direct high-resolutionHubble SpaceTele-
scopeimaging (Alcock et al. 2001;Gould 2004;Drakeet al.
2004).The event5 lenswas found to be a M5 dwarf in the
disk of the Milky Way and was the only microlens to have
beenidentiÞedto date.On its own it did not shedany light
on the microlensingpopulationin general.

In this Letter we report the identiÞcationof onemore lens
from the MACHO sample,that for MACHO-LMC-20 (here-
after Òevent20Ó;Alcock et al. 2000). Event 20 was a low-
magniÞcationevent( ) that occurredin 1997No-A p 2.95max

vember. It only passedthe looserÒcriteriaBÓMACHO cuts,
which allowedeventsof lowersignal-to-noiseratio (S/N) than
the stricter ÒcriteriaAÓones(Alcock et al. 2000).The event
durationwas72.7days,which for a typical halomodel,places
the lensmassat approximately0.5 (Alcock et al. 1993).M,

The baseline(unmagniÞed)V magnitudeof the source! lens
systemwas21.35,with . IRAC detecteda clearV " R p 0.57
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IR excessat the sourcelocation in both the 3.6 and 4.5 mm
bandsrelativeto the expectedßux in thesebandsfor a star of
theabove-mentionedmagnitudeandcolor (∼0.6magof excess
ßux), suggestingblending with a foregroundcool star. These
data,in combinationwith a subsequentground-basedfollow-
upusingthePANIC infraredimageronMagellan, haveenabled
us to infer that the lens is an early M dwarf approximately
2 kpc awayin the Milky Way thick disk. Togetherwith event
5, the two eventsare consistentwith the numberof events
expectedfrom theMilky Way disk andthusdo not signify any
anomalousstructurein thedisk.Section2 brießy describesthe
IRAC data,¤ 3 describesthePANIC observationsandanalysis,
and ¤ 4 presentsthe resultsanda discussionof them.

2. DESCRIPTIONOF SPITZERDATA IN BRIEF

MACHO-LMC-20 wasobservedusingSpitzerIRAC aspart
of PID 20121,an ongoingnear-IR follow-up investigationof
the MACHO LMC Þelds (follow-up targetsare MACHO-
LMC-1, 4, 5, 6, 7, 8, 9, 13, 14, 15, 18, 20, 21, 25, and 27).
IRAC is a 4 channel camera consisting of two pairs of

pixel InSb and Si:As impurity band conduction256# 256
detectorsthatprovidesimultaneousimagesat3.6,4.5,5.8,and
8 mm.3 Eachchannelhasa Þeldof view of ∼ and5".12 # 5".12
a∼1!.2 pixel resolution.As mentionedin ¤ 1, at thisplatescale,
the sourceand lens star cannotbe resolvedeven for lenses
locatedrelativelynearbyin theGalacticdisk. However, a cool
lenswould contributea signiÞcantfractionof thesource! lens
(hereafterdesignatedÒsystemÓ)emissionin the IRAC band-
passes.Note that while we do haveto considerhow the mi-
crolensingsystemhasevolvedin time since the peakmagni-
Þcation, the chance placementof the source star near a
foregroundredobjectis very low (see,e.g.,Alcocketal.2001).
Thus,if the infraredexcesscoincideswith the positionof the
sourcestar, we are very likely seeingthe contributionfrom a
cool lens.

Further resultson the IR follow-up will bepublished in forth-
coming papers (see Kallivayalil et al. [2004] and Patten et al.
[2005] for a summary of the progress so far). Here we focuson
event 20. The IRAC observations were centered on the event
position. The target area was imaged using a 12-position Reu-
leaux triangle dither pattern with four repeat exposures of 30 s

3 IRAC 3.6 and 4.5 mm bandshave effective wavelengthssimilar to the
widely usedL andM Þlters, respectively(Fazioet al. 2004).
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Fig. 1.Ñ Left: The (baseline)R-bandMACHO imageof event20. The crosshairsarecenteredon the system.Right: IRAC [3.6] imageof the sameÞeld.The
circle highlights the system.

TABLE 1
Photometry for Event 20

Parameter Value

MACHO ID .. . . . . . . . . . . . . . 17.2221.1574
R.A., decl. (J2000.0). . . . . . 04 54 19, " 70 02 15
V .. . . . . . . . . . . . . . . . . . . . . . . . . . 21.35
J .. . . . . . . . . . . . . . . . . . . . . . . . . . 18.84 " 0.04
H .. . . . . . . . . . . . . . . . . . . . . . . . . . 18.28 " 0.06

.. . . . . . . . . . . . . . . . . . . . . . . . .Ks 18.06" 0.05
.. . . . . . . . . . . . . . . . . . . . . . .[3.6] 18.02" 0.11
.. . . . . . . . . . . . . . . . . . . . . . .[4.5] 18.37" 0.21

Note.—The datafor the Þrst threerows arefrom Al-
cock et al. (2000). Units of right ascensionare hours,
minutes,andseconds,andunitsof declinationaredegrees,
arcminutes,andarcseconds.

FRAMETIME at each position. This strategy produced back-
ground-limited images for each individual exposure while the
combination of repeatsand dithersminimized the impact of cos-
mic rays, bad pixels, and other Þxed-pattern noise in the arrays.
Thetotal effectiveexposuretimewas1440 sin each IRACband.

The data were reducedusing the IRAC post-BCD (Basic
CalibratedData)processingsoftwareÒIRACprocÓ(Schusteret
al. 2006). In brief, the softwaremosaicsthe basiccalibrated
datadeliveredby theSpitzerScienceCenterandperformscos-
mic-ray and bad pixel rejection.The individual frameswere
visually inspectedto ensurethat the targetareawas cleanof
cosmicraysandotherblatantartifactsbeforeprocessing.

In order to identify the positions of the source stars in our
IRAC data, weregistered thecleaned mosaicswith theMACHO
R-band discovery images.4 Thiswasquitestraightforward asthe
MACHO and IRAC pixel scalesarecomparable. Figure1shows
the MACHO image of event 20 in the top panel. The crosshairs
are centered on the system. For comparison, the Þnal mosaic of
the IRAC 3.6 mm data is shown on the bottom with a circle
highlighting the system. The IR excess is visible by eye. The
APPHOT package in IRAF was used to perform aperture pho-
tometry on the cleaned mosaics, and aperture corrections were
performed for the source apertures that we employed. Table 1
shows the IRAC 3.6 and 4.5 mm (hereafter [3.6] and [4.5])
photometry for the system (which is dominated by the ßux of
thelenscandidate). Wehad no detectionsin thetwo longer IRAC
bands.

4 The Þnderchartsfor the MACHO LMC eventsare availableat http://
wwwmacho.mcmaster.ca.

3. DESCRIPTIONOF PANIC OBSERVATIONS AND ANALYSIS

With detectionsin only the Þrst two IRAC bands,we were
left with a certainamountof color degeneracyin determining
whetherthe lensis an M or L dwarf, or evensomethingmore
massive(seePattenet al. 2006).To addressthis problemwe
securedMagellan PANIC (PerssonÕsAuxiliary NasmythIn-
fraredCamera)high-resolutionJ-, H-, and -bandimaginginKs

order to characterizethe lens.The datain combinationJHKs

with IRAC would allow for a clearerdiscriminationbetween
M and L dwarfs, and the high-resolution (0!.125 pixel" 1,

Þeldof view) wouldallow usto ascertainwhether′′ ′′128 # 128
the IR excesswasfrom a point-sourceÐlike system,aswe ex-
pected,or from an unrelatedneighbor.

We observed the Þeldof event20 for mostof the night on
2006 January 10. The sourcestar is faint (seeTable 1), and
we hadto integrateon sourcefor 45 minutes(60 s frames)in
J band,50 minutes(15 s frames)in H band,and50 minutes
(15 s frames)in bandin order to achieveS/N in allK 1 10s

bands.The use of a step dither also allowed us to′′ ′′5 # 5
observe the targetstar and referencestarsat different places
in thepixel grid. Theviewingconditionswerenonphotometric,
with the seeingchangingfrom 0!.7 to 0!.4 andbackup to 0!.5
over thecourseof thenight. We took repeatedobservationsof
nine bright Two Micron All Sky Survey (2MASS; Skrutskie
et al. 2006) comparisonstarsdistributedaroundthe event20
Þeldin orderto geta goodhandleon how thesky wasvarying
over the night, and thusour systematicerrors,andalso to tie
all the photometry down to the 2MASS system.The nine
2MASS starswere distributed in threeÞelds,which we call
ÞeldsA, B, andC for future reference.

The datawere reducedusing the GOPANIC routine in the
PANIC IRAF software(Martini et al. 2004).The GOPANIC
task providesa completepipeline for PANIC data,including
summingthe imagesin a loop,applyinga linearity correction,
ßat-Þelding,sky subtraction,anddistortioncorrection.TheÞ-
nal imagesshowedthat thesystemis still a point source,with
no evidenceof a displacementof the IR source from the
MACHO position.TheDAOPHOTpackagein IRAF (Stetson
1987)wasusedto Þt anempiricalpoint-spreadfunctionto the
Þnal imagesandto do photometry.

Our analysisstrategywas simply to calculatea magnitude
offset (essentiallya zero point) betweenthe magnitudesthat
we measuredfor thecomparisonstarsin eachof our Þeldsand
the known 2MASS magnitudes,andthento usethis offset in
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Fig. 2.ÑPlot in vs. spaceshowingthe intrinsic relation forJ " H H " Ks

dwarfs (solid line) and giants(dashedline). The Þlled circle with error bars
showsour PANIC photometry for the event20 system.

order to calibratethe photometry of the lenscandidate.One
componentof the Þnal photometricerror would thus be the
rms of theseÞeldoffsets,sincein photometricconditions,the
offsetsshouldall be the same(modulo any variability in the
2MASS stars).Since conditionswere not photometric,how-
ever, in addition to the zero-pointoffset, we also neededto
calculatean additionalÞeld-dependentoffset,which would tie
the threestandardÞeldsand the event20 Þeld together. This
wasdoneusing the commonstarsin the Þelds.FieldsA and
B had regionsof overlap with the event 20 Þeld and could
thusbedirectly tied to it. Field C overlappedwith ÞeldB and
was tied to the Þeld of event20 via Þeld B. Our Þnal offset
perÞeld, (Þeld),wasthencalculatedfrom the2MASSoff-Dm
set, , and the Þeld-dependentcalibration term,Dm2MASS

, simply as follows:cal ib(field)

Dm(f ield) p Dm ! cal ib(field). (1)2MASS

The terms weretypically small,consistentwithcal ib(field)
photometricvariationscausedby changesin the seeing.They
wereestimatedfrom roughly10 commonstarsin eachoverlap
region.Oncewe hadan estimateof from ÞeldsA,Dm(f ield)
B, andC, we calculateda meanvaluethatcouldbe appliedto
our photometry for the lenscandidate.The rms of Dm(f ield)
is a direct measureof bothrandomandsystematicphotometric
errors.We calculatedour Þnalphotometricerror for eachÞlter
as the quadraturesum of the photometricerror of the lens
candidate,and the rms of the values.The typicalDm(f ield)
Þnalerror is ∼0.05 mag.Given theseerrorswe did not think
it necessary to implementany higherordercorrectionsto our
calibration,suchascolor terms.ThePANIC photometry of the
lens is presentedin Table1.

4. RESULTS AND DISCUSSION

The suggestion of microlensing by the Galactic dark halo
(Paczyn«ski 1986) was followed up by many teams. While the

MACHO collaboration reported 16 microlensing events toward
the LMC (Alcock et al. 1993, 1997, 2000), the EROS collab-
oration has found only three (Aubourg et al. 1993; Lasserre et
al. 2000). TheMACHO efÞciency analysis indicatesadark halo
with aMACHO fraction of 20%, whichcorrespondstoanoptical
depth of due to lensesof ∼0.5 . Thisrate! 0.4 " 7t p 1.2 # 10 M" 0.3 ,

is signiÞcantly higher than what was expected from known Ga-
lactic and LMC stellar populations; the latter have t between

and (Alcock et al. 2000; Griest &" 7 " 70.24 # 10 0.36# 10
Thomas 2005). The upper limit on the EROS microlensing op-
tical depth is only barely consistent with that of MACHO. Re-
cently, the EROS-2 project reported their results, and combined
with the results of EROS-1, they report an optical depth toward
the LMC of (95% conÞdence) due to lensesof" 7t ! 0.36# 10
∼0.4 , corresponding to a halo mass fraction of less than 7%M,

(Tisserand et al. 2006).
Severalgroupshaveinvestigatedtheexcessof microlensing

toward the LMC seenby MACHO, attributing it to as yet
undetectedstructurein the Milky Way (Rahvar2005;Nguyen
etal. 2004;Gates& Gyuk2001;Evansetal. 1998;Zhao1998;
Zaritsky & Lin 1997) or in the LMC itself (Wu 1994, Sahu
1994;Alves& Nelson2000;Evans& Kerins2000;Di Stefano
2000;Gyuk et al. 2000;Zhaoet al. 2003;Mancini et al. 2004;
Alves 2004;Nikolaev et al. 2004).However, over andabove
the questionof the populationresponsiblefor the lensing,the
discrepancybetweentheMACHO andEROSresultshavealso
castdoubton whethertheMACHO eventsare microlensingat
all, or just contaminationfrom variablestarsandbackground
supernovae.Belokurov et al. (2003, 2004) applied a neural
networkanalysisto theMACHO datain an attemptto develop
independentselectioncriteria for microlensing.They selected
only 10 of the candidatesthat MACHO picked out as bona
Þdemicrolensing.Their verdict on themicrolensingeventsas
well as the original MACHO verdict arepresentedin Table4
of Bennettet al. (2005).

In the case of the event at hand, Belokurov et al. (2003) used
their neural network to classify it as a supernova rather than
microlensing. However, Bennett et al. (2005) pointed out that
event 20 isagooddisk lenscandidatebecauseFigure7of Alcock
et al. (2000) shows that, like event 5, event 20 is quite red for
its brightness; i.e., it appears to be blended with a star that is
much redder than other LMC stars of similar magnitude.

Our data allow us to weigh into this debate. Figure 2 is a
versus plot, showing the intrinsic relation forJ " H H " Ks

dwarfs (solid line) and giants (dashed line; dwarf data from
Leggett 1992 and Kenyon & Hartmann 1995; giant data from
Bessell & Brett 1988). The Þlled circle with error bars shows
our PANIC result for the lens, which appears to be consistent
with an early M dwarf star. Themean extinction at thelocation
of event 20 in the LMC is mag (Zaritsky et al. 2004).A ∼ 0.5V

This implies that, even if our M dwarf is at the distance of
the LMC (in which case we certainly would not see it with
either PANIC or IRAC), the mean extinction in K band would
be . This is within our photometric errors, and thusA ∼ 0.05K

we do not account for reddening. Note, however, that in this
and all following analysisplots, the lensobject isstill blended
with the LMC source star. At these infrared wavelengths we
expect that the contamination from the source ßux is minimal
(∼10%). The data thus seem to corroborate BennettÕs pre-
diction that this event is due to lensing by a low-mass star.
Finally, Mancini et al. (2004) have made predictions, based
on detailed models of the LMC, about which of the MACHO
events were likely due to lenses in the LMC itself. They
picked events 6, 8, 13, and 14 as most likely due to self-
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Fig. 3.ÑPlot showing vs. for M dwarfs (andtwo K7 dwarfs)M J " [3.6]J

from the Pattenet al. (2006)sample(Þlledcircles), andsomeearliertype M
dwarfs from M. Schuster(2006, private communication)(diamonds). The
squarewith errorbarsshowsthelenscandidate,which is consistentwith where
early M dwarfs lie on this relation.

lensing because of their locations in the LMC. Event 20 was
not picked as a high-probability self-lensing candidate. The
Mancini et al. (2004) predictions are tabulated and compared
against the MACHO and Belokurov et al. (2004) predictions
in Bennett et al. (2005).

Given our measurementof the spectraltypeof the lens,we
estimateits distancefrom a sampleof early M dwarfs using
2MASS and[3.6] photometry providedby M. SchusterJHKs

(2006,privatecommunication).If theM dwarf is in therange
M0Ð3.5, then its absolutemagnitudewould be in the range

andM p 7 " 0.5, M p 7 " 0.5, M p 6 " 0.4, M pJ H K [3.6]s

. In Figure3 we show versus for theseM6 " 0.3 M J " [3.6]J

dwarfs andtwo K7 dwarfs (triangles), andfor somelate-type
M dwarfs from Pattenet al. (2006;Þlledcircles). The square
with errorbarsis thelens.Its color is consistentwithJ " [3.6]
an early M dwarf, andwe plot this measuredcolor versusthe
correspondingabsolutemagnitudeexpectedfor such an M
dwarf ( ). Therangeof absolutemagnitudesquotedaboveM ∼ 7J

imply a distanceto the lensof kpc where the error2 " 0.7
includescontributionsfrom therangein spectraltypesandthe
photometricerror in the color. Thelensis thusin theJ " [3.6]
thick disk of the Milky Way.5 This is the secondMilky Way
disk lens in the MACHO sample,the Þrst beingthat of event
5, which was closerat ∼600 pc. A total of 0.75 eventswere
expectedfrom theMilky Way thin andthick disks (Bennettet
al. 2005), and thus thesetwo disk lensesare still consistent
with theexpectednumber. Event20 did not passtheMACHO
criteria set ÒAÓand so doesnot affect the conclusionto the
halo fractionmadefrom it.

In a future paperwe will presentthe full consensusof the
near-IR follow-up of the MACHO LMC microlensingÞelds.
The main result of this project thus far is that two of the
microlensingeventswere causedby foregrounddisk lenses.
This is consistentwith whatwasexpectedfrom theMilky Way
thin andthick disks.

5 Events20 and5 are evidencethatnearbydim starscanbestudiedthrough
suchmonitoringprograms(ÒmesolensingÓ;Di Stefano2005).
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