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e brightness � radius (SB�r) relation has proved tobe a useful statisti
al distan
e indi
ator for planetary nebulae. Known 
lose binaryPNe with reliable primary distan
es are shown to inhabit a distin
t lo
us in SB�rspa
e. Comparing the ionized masses of this sample with a volume-limited ensembleof PNe with the same range of surfa
e brightness leads to the 
on
lusion that post
ommon-envelope (CE) PNe have systemati
ally lower ionized masses than `normal'PNe. Post-CE PNe are also morphologi
ally distin
t from the majority of ellipti
alPNe. A 
omparison of opti
al and near-infrared 
olors of the 
entral stars of PNe ina volume limited sample leads to an estimated binary fra
tion of 52 � 58 per 
ent,similar to the known binary fra
tion of G-type main-sequen
e stars. Close binariesform a subset of these so we 
on
lude that only a minority (12 � 33 per 
ent) of PNehave passed through a CE phase.Key words: stars: AGB and post-AGB; stars: binaries: general; planetary nebulae:general1 Introdu
tionThe question of binarity as being an essential ingredient for the produ
tion of PNe isa hot topi
 at present, though its role in shaping PNe is 
onsidered (in at least some
ases) to be on mu
h �rmer ground (for reviews, see [3, 40℄). Re
ent studies havesuggested that the binary fra
tion amongst PN 
entral stars may approa
h unity [12℄,but this fra
tion is based on a small number of obje
ts. In order to better estimatethe proportion of 
lose binaries amongst PN 
entral stars, and to understand theirrole in PN evolution, a volume-limited sample of PNe is ne
essary. We have 
ompileda detailed database of `potentially nearby' PNe and for many of these obje
ts haveobtained new global �uxes in Hα and [O iii℄. A se
ondary distan
e indi
ator, theHα surfa
e brightness � radius (SB�r) relation, has been developed to estimatedistan
es for the PNe for whi
h no primary (individual) distan
e estimate exists;further details are provided in [20, 21℄. As a result, we have de�ned a volume-limitedsample of PNe within 1.0 kp
 (presently n = 56), and a less 
omplete 2.0 kp
 sample



476 David J. Frew and Quentin A. Parker(n = 197). Ten nearby nebulae traditionally 
lassi�ed as PNe have been shownto be Strömgren zones in the ambient ISM, rather than true PNe (e.g. Sh 2-174,DeHt 5, Sh 2-68, RE 1738+665, HDW 5, PG 0108+101, PG 0109+111, Hewett 1,and PHL 932) [10, 20, 33℄. These nebulae no longer 
ontaminate our volume-limitedsample.2 Low-mass PNe in SB�r spa
eLow-mass PNe will plot along the lower bound of the broad trend seen in Hα SB-rspa
e (Figure 1). Many of these have several 
hara
teristi
s in 
ommon and forma distin
t subset of PNe [27℄. For the purposes of our study we have de�ned veryhigh ex
itation PNe as showing strong Heiiλ4686 emission, spe
i�
ally F (Heii)≥0.75 F (Hβ) and very weak or absent [O ii℄, [N ii℄ and [S ii℄ lines. These PNe areopti
ally thin, generally have round, simple ellipti
al, or amorphous (�lled-
enter)forms, higher than average expansion velo
ities (> 30 kms−1), and ionized masses,
Mion ≤ 0.25 M⊙. Their 
entral stars (CS) are hot (Teff > 100 kK), luminous relativeto the nebular �ux, and still in the nu
lear burning phase. The s
ale height of thegroup is |z| ≃ 300 p
, 
onsiderably higher than the mean for all lo
al PNe (|z| =210 p
 [21℄), suggesting that the progenitors are of low mass (<1.5 M⊙). This ni
elyexplains both the low shell mass and the slow rate of CS evolution.We also found that the region of SB�r spa
e populated by opti
ally thin, high-ex
itation PNe is shared with 
lose binary obje
ts. In other words 
lose-binary PNeare also of low mass. To elu
idate this, we analyze the properties of the 23 
lose-binary PNe given by [13℄. Abell 35 was omitted from this list, as it has a demonstra-bly wide binary 
ompanion [22℄, as was NGC 6302 sin
e the eviden
e for binarityis weak [43℄. The bipolar PN Sh 2-71 has also been omitted as the true CS hasbeen misidenti�ed in the literature till now (see Figure 2). We retained LoTr 5 andNGC 1514, even though the orbital periods are unknown, as they have rather amor-phous morphologies. Finally, NGC 1360 has been in
luded as it is morphologi
allysimilar to Abell 65, a known 
lose binary PN, and radial velo
ity variations havebeen reported [2℄. This gives a sample of 21 obje
ts, of whi
h 11 have reliable pri-mary distan
es. These PNe, listed in Table 1, are also used as 
alibrating obje
tsfor a `low-trend' SB�r relation [20℄, whi
h is used to �nd distan
es to the remainingobje
ts given in [13℄.Known 
lose binary PNe show a somewhat restri
ted range of Hα surfa
e bright-ness (SHα = −2.5 to −6.2 erg 
m−2s−1sr−1) 
ompared to the full observed range forall PNe (+0.2 to −6.7). In other words, PNe of highest SB are not known to host
lose-binary nu
lei. This has been traditionally interpreted as a sele
tion e�e
t [9℄.The average ionized mass of lo
al, non-
lose binary PNe (sele
ted for SB within thesame limits shown by 
lose-binary PNe) is 0.64 ± 0.5 M⊙. However, the averageionized mass for the obje
ts from Table 1 is 0.17 ± 0.13 M⊙, or 0.13 ± 0.08 M⊙ ifHFG 1 is ex
luded (due to a less reliable ionized mass). This result 
on�rms what isapparent from the distin
t lo
us of post-CE obje
ts in SB�r spa
e; that the knownpost-CE PNe have systemati
ally lower ionized masses than other PNe of similarSB. This observation extends the 
on
lusion of [4℄ based on Abell 63.Furthermore, post-CE nebulae seem to show quite distin
tive �lled-
enter, bipo-lar, or toroidal morphologies, but not the more typi
al double-shelled forms [9℄. All
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Fig. 1. New Hα SB � r relation, whi
h extends nearly 7 dex in SB, is based on alarge sample of 118 
alibrating PNe. Common-envelope (CE) PNe (blue triangles)have lower masses and de�ne a separate trend in SB�r spa
e, 
oin
ident with highex
itation (HE) PNe (squares). Other 
alibrating PNe are marked with 
rosses. Theline is a least-squares bise
tor �t [26℄ to the entire sample, and representative errorbars are shown.

Fig. 2. Left: Blue DSS image of the bipolar PN Sh 2-71. The bright star nearthe 
enter of the PN is 
onsidered to be the CS in the literature. A mu
h better
andidate is a faint 19th mag star at the exa
t 
enter, just NW of the bright star.It is barely visible on this image. Right: UKST Hα+[N ii℄ image of the remarkablepoint-symmetri
 PN Longmore 16. Both images are 5′ wide, with NE at top left.
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lose binary PNe have a distin
t spe
trum of properties, whi
hdi�erentiate them from the more 
ommon `typi
al' PNe.Table 1. Known post-CE nebulae with reliable distan
es. Ionized masses are 
al
u-lated from our measured diameters and �uxes, and assuming a volume �lling fa
torof 0.4 [21℄. PN Distan
e Method Referen
e Ionized Mass(kp
) (M⊙)Abell 46 1.7 ± 0.6 1 [39℄ 0.14Abell 63 2.4 ± 0.4 1 [4℄ 0.08BE UMa 2.0 ± 0.4 2 [19℄ 0.2:DS 1 0.73 ± 0.07 2 [15℄ 0.26HFG 1 0.6 ± 0.3 3 [16℄ 0.5:LoTr 5 0.5 ± 0.2 3, 4, 5 [1, 21, 41℄ 0.13NGC 1360 0.37 ± 0.10 5, 6 [1, 21℄ 0.13NGC 1514 0.37 ± 0.15 3 [21℄ 0.03NGC 2346 0.9 ± 0.2 3, 7 [21℄ 0.06SBS 1150+599A 18 ± 5 6 [42℄ 0.17SuWt 2 1.6 ± 0.4 3 [21℄ 0.06Distan
e method: 1. E
lipsing binary; 2. Re�e
tion e�e
t model; 3. Spe
tros
opi
 parallax; 4.Wilson-Bappu relation; 5. Trigonometri
 parallax; 6. Gravity method; 7. Extin
tion distan
e.
3 Where are the binaries?If all PNe are the produ
t of CE evolution, there should be dire
t observationaleviden
e for binary 
ompanions. There are several te
hniques used to dis
over orinfer the presen
e of a binary 
ompanion. Brie�y, they are: (1) dire
t imaging for re-solved 
ompanions, (2) measuring 
y
li
al photometri
 variations (sensitive to 
losebinaries with orbital periods shorter than a few days), (3) radial velo
ity variabilitywith a de�nite periodi
ity, (4) dete
ting 
omposite spe
tra (eviden
e for both 
ooland hot 
omponents), and (5) using opti
al and near-infrared (NIR) photometry toinfer the presen
e of an unresolved 
ool 
ompanion.The known 
lose binaries summarized by [13℄ were primarily found via photo-metri
 monitoring. However, this te
hnique has sele
ted for bright CS in faint PNe,and seems to be biased a priori to �nding binaries (note that the mean absolutemagnitude of the 
lose binary sample is signi�
antly brighter than the mean of thenon-
lose binary sample in the solar neighborhood [21℄). Indeed, the lo
al sampleis ideal to gauge the true fra
tion of binary 
ompanions. We estimate there are 56PNe with D ≤ 1.0 kp
, in
luding eight known wide binaries dis
overed from dire
timaging, namely NGC 246, NGC 3132, NGC 6853, NGC 7008, Abell 7, Abell 31,Abell 35, and EGB 6 [6, 8, 11, 22, 30℄. Note that the 
ompanion(s) of NGC 6853may not be physi
al [11℄.
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ool 
ompanions has been produ
tive[44℄. By 
omparing reddening-
orre
ted 
olors with the intrinsi
 
olors of a 100kKDA white dwarf [5℄, the presen
e or absen
e of a 
ool 
ompanion 
an be inferred. The2MASS survey provides a

urate photometry to J ≃ 16, Ks ≃ 14.7. As long as theCS is brighter than these limits, then the dete
tion threshold for a CS 
ompanion isa spe
tral type of ∼M0V � M8V, depending on the luminosity of the true nu
leus.Sin
e most lo
al PNe are highly evolved with CS on the WD 
ooling tra
k, thepra
ti
al limit is towards the fainter end of this range. For the lo
al PNe, only theK0V se
ondary in NGC 246 is resolved in 2MASS data. Of the rest, NGC 3132 andAbell 35 have 
olors dominated by the brighter 
ompanion, and the remaining �veCS all show a NIR ex
ess 
ompared to that expe
ted from the opti
al magnitudes.If not already dis
overed as visual binaries by dire
t imaging, these stars would allbe strongly suspe
ted of binarity based on opti
al-NIR 
olors.Of the seven likely 
lose binary PNe within D = 1.0 kp
 (of whi
h four arebona �de, with known orbital periods), only the CS of NGC 6337 has inadequatedata. Of the remaining six, �ve are either dominated by the 
ooler 
ompanion orshow an ex
ess at J , H and/or Ks. The ex
eption is NGC 1360, and we emphasizethat binarity has not been proven for this obje
t as yet. At any rate the limit isnot parti
ularly stringent; the 
ompanion, if present, has a spe
tral type later thanM2V. The return rate of using opti
al/NIR 
olors in �nding known 
ompanionsshows that this is a highly e�e
tive te
hnique of inferring binarity at arbitrarily
lose separations.Of the remaining PNe in the lo
al volume, NIR data is wanting for 18 obje
tsdue to the faintness of the CS. Another three lo
al PNe have a suspe
t CS iden-ti�
ation, whi
h might be taken as eviden
e of a likely 
ompanion, but are not
onsidered further at this point, while three more have un
ertain opti
al photom-etry. Of the 19 others whi
h have adequate opti
al and NIR data, four show anex
ess at J , Hand/or Ks. These are Ton 320, already shown to have an NIR ex
essby [25℄, plus Longmore 16, EGB 9 and HbDs 1. The last obje
t has been monitoredphotometri
ally [24℄ but no variations were found. Lo 16 is an espe
ially promising
andidate for photometri
 follow-up, due to its unusual point-symmetri
 morphol-ogy (Figure 2). In summary, 
onsidering the 33 lo
al PNe with adequate data, thetotal binary fra
tion is 52% � 58%, and depending on the exa
t assumptions made,the total 
lose-binary fra
tion is 12% to 33%, somewhat greater than, but in formalagreement with the estimate of 10% to 15% based on photometri
 variability [7℄.3.1 Are there undete
ted 
ompanions to PN 
entral stars?Opti
al/NIR 
olors should be e�e
tive at dete
ting the majority of unresolvedCS/red dwarf binaries. Sin
e the observed binary fra
tion is slightly over half, andthe 
lose binary fra
tion lower still, there needs to be a large number of faint browndwarf (BD) or 
ool WD 
ompanions present if binaries are needed to generate PNe.However, this seems unlikely based on BD dete
tion statisti
s. Re
all the `BrownDwarf Desert' [23, 34℄, whereby solar-type stars (i.e. PN progenitors) have an almosttotal absen
e of BD 
ompanions within 5 AU, the upper separation limit for a CEphase to o

ur during AGB evolution.Con�rmatory statisti
s are provided by WDs [17, 18℄, the des
endents of PNnu
lei. The turnover in the 
ompanion star frequen
y distribution is approximatelyM3.5V, the same as for �eld red dwarfs [17℄, and 
onsequently BDs are found to be



480 David J. Frew and Quentin A. Parkerrare around WDs (see Farihi 2007, these pro
eedings). The per
entage of double-degenerate systems is also too low [35℄ to readily a

ount for the la
k of observable
ompanions.Alternatively, a single CS may be a merger produ
t, a point argued at thismeeting, but this is again 
onsidered unlikely. BDs are very rare at 
lose separationsaround WDs, but the fra
tion is not nil. One has been found to be in a short periodorbit around a WD [36℄; this system must be the result of CE evolution, thereforeit is apparent that even substellar 
ompanions 
an survive a CE phase. So it seemsunlikely that merger events are frequent enough to explain away the nearly 50% ofnearby 
entral stars whi
h do not appear to have a dete
table 
ompanion. O

am'srazor suggests that single stars 
an make PNe.4 On the Gala
ti
 population and birth rate of PNeA re
ent novel way of predi
ting the total number of Gala
ti
 PNe has been presentedby [37℄. This study used a population synthesis model to predi
t a total Gala
ti
PN population of 46,000 ± 13,000 PNe, whi
h disagrees with their preferred obser-vationally determined estimate of 8000 obje
ts (R ≤ 0.9 p
). They 
on
lude thatonly some of the stars thought to be able to make PNe, a
tually do so, namely 
losebinaries. Similarly, [38℄ have predi
ted a population of 5000 ± 1600 PNe if theyresult from CE evolution, whi
h is in tolerable agreement with the observations.Based on the 
olumn density of PNe in the solar neighborhood, [20℄ give anestimate of the total Gala
ti
 population of 28,000 PNe, whi
h however, in
ludessenile PNe with radii > 1.0 p
. We 
an repeat this 
al
ulation using only nearby PNewith R ≤ 0.9 p
 to estimate a lo
al disk 
olumn density of 13.0 kp
−2. Extrapolatingto the whole Galaxy leads to a total of ∼13,000 PNe (R ≤ 0.9 p
), whi
h is inbetween the predi
tions of [37, 38℄. Our resulting PN birthrate is 0.8 ± 0.3 × 10−12p
−3yr−1, fully 
onsistent within the errors with the WD birthrate of 1.0 ± 0.25 ×10−12 p
−3yr−1 [32℄.We note that re
ent work on the low-mass end of the initial-�nal mass relation(IFMR) [29℄ hints at a revision of the lower mass bound for PN produ
tion; if thelower limit of a PN progenitor is 
loser to 1.5M⊙ (
ompared to 0.9 M⊙), this willsubstantially de
rease the number of PNe predi
ted by the population synthesismodel [37℄, and bring it into 
loser agreement with the observations. Espe
iallyinteresting is the data from the old metal-ri
h 
luster NGC 6791; an average initialmass of 1.16 M⊙ is found to produ
e an average WD mass of only 0.51 M⊙ [29℄.However, a CS below a minimummass of ∼0.55M⊙ is 
onsidered to evolve too slowlyto ionize a PN before it disperses into the interstellar medium (see the dis
ussionin [37℄). Furthermore, most of the lower mass WDs in NGC 6791 evolved dire
tlyfrom the extended horizontal bran
h [28℄, a 
onsequen
e of super-solar metalli
ity,further redu
ing the pool of potential PN progenitors. Further observational datato re�ne the low-mass end of the IFMR (and any metalli
ity dependen
e) is urged.5 Con
lusions and Future WorkClose binary (post-CE) PNe form a distin
t trend in SB-r spa
e, shared by opti
ally-thin, high-ex
itation PNe. Post-CE PNe have low ionized masses and seem to show
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tive amorphous, bipolar, or toroidal morphologies, but not the moretypi
al double- and multiple-shelled forms [9℄.Sin
e the sample size is still relatively small, there is urgent need to 
ontinue thesear
h for 
lose-binary nu
lei via time-series photometry and/or radial velo
ity mon-itoring (though these methods are di�
ult for faint CS). Deep (U)BV RIJHK(L)photometry of all CS in the solar neighborhood sample is needed to ultimately get abetter handle on the intrinsi
 binary fra
tion of PN nu
lei. First steps towards thesegoals are underway as part of the Planetary Nebula Binary (PlaNB) proje
t (DeMar
o, these pro
eedings). New deep imaging surveys be
oming available now or inthe near future should have an impa
t by produ
ing extensive new opti
al and NIRdatasets (e.g. UKIDSS, VHS, SkyMapper), while new radial velo
ity surveys aimedat fainter CS are planned. In the meantime, the present data suggest a 
entral starbinary fra
tion (52% to 58%) 
omparable to that seen in sun-like stars [14, 31℄, andpresumably F-type stars, whi
h are the progenitors of at least the lower mass CS.Post-CE nebulae are a fra
tion of these and are in the minority: our best estimateat present is 12% to 33% of all PNe.Referen
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