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h for photometri
 variabil-ity in a large sample of planetary nebulae (PNe) in the Large Magellani
 Cloud.This survey was enabled by the extant data of the SuperMACHO survey at CTIO,and the MACHO survey at Mount Stromlo Observatory. Our ex
eptionally pre
isedi�eren
e-image photometry and the long time baseline of the surveys allow us todete
t photometri
 trends as small as 0.1 mag per de
ade. The survey footprint 
ov-ers an area known to in
lude ∼ 450 PNe. Our initial results suggest that variabilityin the frequen
y-brightness domain explored in these surveys is rather un
ommon.The results of this proje
t shed light on the fra
tion of PNe that are the progeny ofbinary 
entral stars.Key words: planetary nebulae � Magellani
 Clouds � stars: variability � sur-veys: time domain1 Introdu
tionPhotometri
 variability in planetary nebulae (PNe) has been studied for manyde
ades, with renewed interest in the past de
ade or so. Variability in a PN isoften a strong indi
ator of a binary 
entral star (CS), whi
h 
an illuminate the rolethat binary stars play in the formation, morphology, and evolution of the nebula.The study of variability in large samples yields 
lues about the frequen
y of PNewith binary 
entral stars [4, 13℄. Histori
ally, photometri
 and spe
tros
opi
 vari-ability in PNe has been attributed to a variety of interesting phenomena, in
ludingthe evolution of the CS to high temperature [7℄, obs
uration by internal dust [10℄,symbioti
 systems [11, 5, 14℄, and to the intera
tion of a jet from the CS with thesurrounding PN [6℄.In spite of de
ades of investigation, the number of PNe with known variability issmall (see, e.g., [4℄), and the fra
tion of PNe with binary 
entral stars is not knownto useful a

ura
y. This is due in part to the rarity of PNe in any given stellarpopulation (owing to their short observable lifetimes), and be
ause PNe with binaryCSs do not ne
essarily exhibit dete
table variability. Observationally, it has beenvery di�
ult to address the question of binary frequen
y be
ause of the di�
ulty
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omplete sample of Gala
ti
 PNe and be
ause the 
entralstars are inherently faint, so that up to now it has been prohibitively expensive inteles
ope time to a
quire the ne
essary data.We have initiated a study of photometri
 variability for a large sample of PNein the Large Magellani
 Cloud (LMC). This proje
t was enabled by the re
entpubli
ation of a deep, wide-area Hα survey of PNe in the LMC [15℄ (hereafter,the Reid-Parker survey), and by two wide-area time-domain surveys that 
overednearly the same area. The interse
tion of the survey footprints in
ludes ∼ 450 PNewith positions that are known to ∼ 250 mas. The observing 
aden
es and temporalbaselines are su�
ient to identify binary 
entral stars with periods longer than
∼ 7 d, as well as long-term photometri
 
hanges as small as 0.1 mag per de
ade,whi
h should be su�
ient to dete
t the evolution of the more massive PN 
entralstars to high temperature along 
onstant luminosity tra
ks. The net result is a large,�ux-limited, and volume-
omplete sample of PNe at known distan
e that has beenmonitored in brightness over a substantial period of time with high sensitivity.2 The Time Domain SurveysTwo time-domain surveys with CCD 
ameras have enabled this study: The MACHOsurvey [2℄ and the follow-on SuperMACHO survey [17, 8℄. Although neither surveywas intended for PN resear
h, the surveys have 
omplementary strengths for ourpurpose, as shown in Table 1. Both surveys 
overed a very large �eld, in
luding mostof the area of the Reid-Parker survey. While the temporal 
overage of MACHO islonger and more regular, SuperMACHO is deeper and has signi�
antly better imagequality. Together, they 
over a wide range in brightness and time.Table 1. LMC Time-Domain SurveysCoverage SuperMACHO MACHOSpatial 23 deg2 40 deg2DIQ: 0.′′8�2.′′0 2.′′0 (median)Sampling: 0.′′27 0.′′64Temporal O
t. 2001�Jan. 2006 1992 July�2000 Jan.Caden
e: 2-night period, Nightly3 
onse
utive dark runs,5 annual 
ampaignsPhotometri
 V R (510�740 nm) B (450�590 nm)

R (590�780 nm)Depth: mV R ∼ 17.5 to 23.5 R ∼ 12 to 20As ex
ellent a resour
e as these surveys are for studying PN variability, neither isideal for the purpose and there are a few signi�
ant di�
ulties. The �rst is that thebroad 
ontinuum �lters used in
lude bright nebular emission lines, so that it is notalways obvious whether it was the nebula or the 
entral star that was varying. In any
ase, the amplitude of any stellar variation is diluted be
ause the nebular emission
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an greatly ex
eed that of the 
entral star. The se
ond problemis that the 
aden
e of the observations is not optimal for dete
ting variability ontimes
ales of ∼ 10 d or less, whi
h is expe
ted for post-
ommon envelope binaries(see, e.g., [9℄). Third, even the SuperMACHO survey depth is too shallow to dete
tthe faintest 
entral stars (at mV ∼ 27), nor some nebulae with very low surfa
ebrightness. Finally, unresolved ba
kground stars within the photometri
 aperture
an dilute the light 
urves of the faintest CSs, although it is unlikely that ba
kgroundstars are themselves variable. Thus, it is important to note that variability 
annot beruled out ex
ept for the brightest PNe, and the fra
tion of PNe 
lassi�ed as variablefrom this work is a lower limit.Our sear
h was enabled primarily by using the automated pipeline developedfor the SuperMACHO proje
t, whi
h makes use of a very powerful di�eren
e imagete
hnique (see [1, 3℄). In brief, all of the images are resampled to the same geometryand sky subtra
ted, and the images are pla
ed on the same photometri
 s
ale. ThePSF of a template image4 is then mat
hed to ea
h target image via 
onvolution,and subtra
ted. The di�eren
e image has the value 0.0 everywhere (apart fromshot noise) ex
ept for features that are either fainter or brighter than those in thetemplate image. Photometry is then performed at the position of the target onthe di�eren
e image for ea
h observation. This te
hnique has been shown to yielda

urate photometry even in 
rowded �elds su
h as the LMC, and is extremelyrobust against non-photometri
 
onditions.3 Summary of VariabilityA total of 448 PNe are lo
ated within the footprint of either or both of the MACHOand SuperMACHO surveys. Some of the nebulae were too faint to be dete
ted(and all of these are angularly extended [15℄, low surfa
e brightness PNe) and no
entral star was evident in many others. (Establishing the e�e
tive survey limit fordete
ted PN 
entral stars is the subje
t of ongoing work.) In this paper we fo
us onthe majority of PNe that were dete
ted, of whi
h 29 show genuine signs of variabilityand another 26 show possible signs of variability. The more 
onservative total is still
omparable to the number of 
on�rmed variable PNe in the Galaxy to date.In all we found six types of light 
urves among the PNe in the LMC, whi
hare summarized in Table 2. Five of the 
urves are illustrated in Figure 1 with datafrom SuperMACHO: RP 980 is an example of an outburst event, whi
h given thesudden brightening is undoubtedly stellar in origin. Only a lower limit to the out-burst amplitude 
an be derived from the light 
urve, sin
e the surrounding nebula
ontributes 
onsiderably to observed magnitude, and thus the interpretation (e.g.,re
urring nova, CV, symbioti
) is ambiguous. SMP 28 shows a slow de
line in mV Rof ∼ 0.4 mag per de
ade, whi
h is a 
ontinuation of a de
line that is evident inthe MACHO data. This PN is angularly fairly small [18℄ and perhaps young, sothere are a number of possible interpretations, in
luding an in
rease in CS surfa
etemperature (at 
onstant luminosity), dust formation in an extended atmosphere(
ausing in
reasing attenuation of the CS), or a de
rease in the ionization of thesurrounding nebula. RP1304 shows the 
lear signature of a re
urring e
lipse event,
4 A template image for ea
h �eld is sele
ted based on the best seeing and photo-metri
 
onditions during the 
ampaign.



486 R. A. Shaw, A. Rest, G. Damke, R. C. SmithTable 2. Variability by TypeType NumberOutburst 5Slow de
line 3E
lipse 3Slow variation 3Intra-nebular 1Irregular 14Possibly Irregular 26indi
ating fairly unambiguously the presen
e of a 
ompanion of stellar size. RP415shows an unusual phenomenon: a slow, low-amplitude de
line, followed by a slow re-turn to approximately the initial �ux. This type of 
urve 
ould indi
ate dust withinthe PN passing between the CS and the observer, as was found for NGC 2346 [10℄.SMP32 shows irregular variability, meaning that no periodi
ity 
an be dis
erned butthe magnitude of the variations substantially ex
eeds the photometri
 un
ertainty.The short-term variations, if genuine, are almost 
ertainly stellar in origin. Variousinvestigators [4℄ have identi�ed PN 
entral stars with 
ompanions having periodsin the range 2.7 hr to a few days. Light 
urves su
h as that for SMP32 may bedete
tions of regular, short period variability that is temporally unresolved in thesetime-domain surveys.4 The Unusual Variability of RP916A most unusual type of variability was dis
overed in RP916, as des
ribed by [19℄.This nebula has a �butter�y� morphology with a dark lane bise
ting the pin
hedmain lobes of emission, as seen in Figure 2. It is among the largest PNe in the LMC,measuring over 7.′′0×3.′′0 (or 1.72 × 0.74 p
 at the distan
e of the LMC), with asubstantial extension of faint nebulosity to the ENE of the geometri
 
enter of thenebula. The emission appears entirely nebular (see the right-hand panel of Figure 2),with a 
entral star that is at least partially obs
ured within the dark lane. Reid [16℄obtained 
on�rmatory spe
tra of RP916, whi
h shows moderately low ex
itation,but with an ionization typi
al of a PN. The density is ∼ 400 
m−3, and the Nabundan
e is probably not highly enri
hed. These attributes leave little doubt thatRP916 is a genuine PN, and its radial velo
ity of 280 km s−1 establishes its lo
ationin the LMC. RP916 is a strong sour
e in both the 2MASS 
atalog [20℄ and the SAGEmid-IR 
atalog [12℄, indi
ating a substantial quantity of dust emission.As illustrated in Figure 3 the brightness of ea
h lobe in RP916 varied during the
ourse of the SuperMACHO 
ampaign, either independently, or similarly but with aphase lag of at least 1 yr [19℄. Nebular variability su
h as this is extremely unusualin PNe, and may indi
ate the presen
e of a binary CS. One possibility is that thevariation resulted from an outburst from a red 
ompanion, where the 
hange inopti
al luminosity is manifested in the nebula as a light e
ho seen in s
attered lightfrom dust within the nebula. (Note that the phase lag of ∼ 300 − 500 d betweenthe peak emission of the two lobes in Figure 3 would imply a signi�
ant in
lination
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Fig. 1. Light 
urves from the SuperMACHO data illustrating �ve types of PN vari-ability (top to bottom): outburst, slow de
line, e
lipse, slow variation, and irregular.Magnitude in the V R bandpass in
ludes both stellar and nebular 
ontributions.
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ity is dete
ted over the1450 d observing 
ampaign. The variation is probably not from a global 
hange inionizing photons, as the inferred H re
ombination times
ale is ∼ 300 yr if the deriveddensity is representative of the whole nebula. On the other hand [19℄ suggests thatthe variability may result from a pre
essing jet of material from the 
entral sour
ethat intera
ts with (i.e., sho
ks) the surrounding nebula. Other PNe that showa similar photometri
 variability, resulting from a symbioti
 
ompanion, are theGala
ti
 bipolar PN He2�104 [5℄, and LMC-SMP 83 [14℄. The variability observedwithin M2�9 was interpreted by [6℄ as an intera
tion of a jet from the 
entral sour
eintera
ting with the surrounding PN, whi
h has over time 
ontinued to shape thenebular morphology. While this me
hanism is an interesting possibility for RP916,
on�rmation would require follow-up IR spe
tros
opy and regular, high-resolutionimaging in the opti
al and IR.

Fig. 2. Images of RP916 in the SuperMACHO V R bandpass (left), and in theAAO/UKST Hα + R 
ontinuum (right). Images are 30′′× 30′′ with north up andeast to the left. The nebula is indi
ated in the Hα + R image: pure emission linesare rendered as blue, and 
ontinuum sour
es are rendered in pink.The frequen
y of nebular variability generally among PNe is not known, butRP916 may be the most extreme example of how PNe morphology 
an be re-shapedeven at very advan
ed stages of evolution. In any 
ase this type of variability mayprove to be an ex
ellent indi
ator of a binary system, even if the CSs 
annot bedire
tly observed. Photometri
 monitoring of a sizable sample of well resolved PNeis 
ru
ial for determining what fra
tion of PNe experien
e the unusual variabilityseen in RP916.5 Con
lusionsProgress in the sear
h for variability in PNe has up to now been slow in 
oming.But by leveraging ex
ellent time-domain surveys and powerful image pro
essingte
hniques we have dis
overed a population of variable PNe in the LMC that is
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Fig. 3. Light 
urves for eastern (triangles) and western (
ir
les) lobes of RP916in the SuperMACHO V R bandpass. The epo
h of the template image is indi
ated(solid line), as is the epo
h of the opti
al spe
trum (dashed line) and the SAGEmid-IR 
ampaign (dotted lines).
omparable in number to that known for the Galaxy. In 
ases where the nature ofthe variation is un
lear (e.g., a period in a 
lose binary), follow-up 
ampaigns willat least have the advantage of knowing whi
h targets to study. Sin
e we are ableto study a 
omplete (�ux limited) sample, this 
ensus, when 
omplete, will be ableto set meaningful, quantitative limits on the fra
tion of variable PNe in the LMC,and therefore on the number of PNe with binary 
ompanions. Although 
orre
tionsfor sample 
ompleteness have yet to be made, early indi
ations are that the fra
tionof PNe that are variable 
annot be less than 6% in the period�brightness range
overed in these surveys. Further, we have not found eviden
e of a large populationof binary nu
lei with periods of 10�100 d (as suggested by Bond [4℄), althoughour sensitivity limits may not be su�
ient to dete
t variability in all su
h systems.Finally, variability within a nebula, as in RP916, 
an be a strong indi
ator of CSbinarity. It is not known how 
ommon the RP916 phenomenon is, but determiningits origin may lead to greater understanding of how at least some PNe shape theirmorphology even at late evolutionary times.Support for this work was provided by NOAO, whi
h is operated by the As-so
iation of Universities for Resear
h in Astronomy, In
orporated, under NSF 
o-operative agreement NAS5�26555. The SuperMACHO survey was 
ondu
ted underthe auspi
es of the NOAO Survey Program. A.R. thanks the Goldberg FellowshipProgram for its support. SuperMACHO is supported by STS
I grants GO�10583and GO�10903.
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