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h for Binaries in Proto-PlanetaryNebulaeBru
e J. HrivnakValparaiso University, Valparaiso, IN 46383 USA bru
e.hrivnak�valpo.eduSummary. Planetary nebulae (PNe) and proto-planetary nebulae (PPNe) possessa bipolar stru
ture whose formation me
hanism is 
ommonly attributed to the in-tera
tion of a binary 
ompanion. The eviden
e for a binary 
ompanion for PPNe isreviewed, and observational support for this model is found to be la
king. In parti
-ular, new observational results are presented from a radial velo
ity study of PPNe.Spe
tros
opi
 binaries allow one to sample the parameter spa
e between 
lose, short-period photometri
 binaries and distant, long-period visual binaries. In a study of 7PPNe, no binaries are found, although all are found to vary due to pulsation. Theresult set a limit of K < 2.5 km s−1. Possible sele
tion e�e
ts are examined. Thisresult suggests that these PPNe will evolve into PNe either as single stars or asbinaries with either a very low-mass or a distant 
ompanion.Key words: Binaries: general − proto-planetary nebulae: general1 Introdu
tion: Why Sear
h for Binary PPNe?Proto-Planetary Nebulae (PPNe) display a basi
 bipolar stru
ture, with axial lobesand point symmetry. This has been parti
ular seen in high−resolution HST images.Some also display an obs
ured equatorial region. How did this stru
ture form?PPNe are the obje
ts in transition between the AGB and PN phases in theevolution of intermediate- and low-mass stars. During the AGB phase, su
h starsare surrounded by an expanding 
ir
umstellar envelope (CSE) of mass being lost atan in
reasing rate. In the PPN phase, the high rate mass loss has ended and thestar is surrounded by a deta
hed, expanding CSE. Several me
hanisms have beenproposed to produ
e the lobes (and equatorial disk or torus). These in
lude thefollowing:
• A binary 
ompanion. Su
h a 
ompanion 
an produ
e the lobes by (a) gravita-tionally fo
using the mass loss into the orbital plane or by (b) tidally spinningup the PPNe so that it preferentially loses mass in the orbital plane. Ea
h ofthese phenomena 
an produ
e a dense torus whi
h then fo
uses the subsequentfast wind into a bipolar dire
tion, where it eva
uates the polar lobes.
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• A strong magneti
 �eld. In su
h a �eld, ionized material moves along �eld linesto produ
e the bipolar lobes. Su
h a �eld might be enhan
ed or sustained by abinary 
ompanion that spins up the PPN.In all of these 
ases, a binary 
ompanion is either required or helps to enhan
e theme
hanism to produ
e the bipolar lobes. Thus it is in
reasingly 
ommon to hear itstated that bipolar PPNe and PNe are due to the e�e
t of a binary 
ompanion, oreven that the presen
e of a bipolar stru
ture implies a binary. In this talk, I willreview the eviden
e to support this 
laim for PPNe.2 Ways to Dete
t a Binary Companion in a PPN2.1 Visible CompanionVisible 
ompanions will ne
essarily be far from the PPN 
entral star, given thetypi
ally large distan
e to PPN (1 to several kp
). A PPNe 1 kp
 away with a
ompanion in a 
ir
ular orbit separated by 0.5′′ from the PPN 
entral star wouldhave a semi-major axis of a = 500 AU and a period P ≈ 104 yr (for MPPN + Mcomp= 1.0 MSun). Eviden
e for a visible 
ompanion 
an be sought from high-resolutionimages of PPNe. The results from several su
h studies are listed below.
• Approximately 65 PPNe have been imaged in visible wavelengths by HST withR∼0.1′′ [22, 19, 16, 18℄, though however, none of these show a binary 
ompanion(0/65).
• Approximately 15 PPNe have been imaged in near-IR wavelengths by HST withR∼0.2′′ [20, 24, 16, 11℄, but none of these show a binary 
ompanion (0/15).
• Of 9 bipolar PPNe re
ently imaged at near-IR wavelengths with an adaptive-opti
s system on the Ke
k II 10-m teles
ope with R<0.1′′ [17℄, 8 show no eviden
eof a 
ompanion and 1 shows indire
t eviden
e of se
ond sour
e of light in thenebula (0−1/9).These studies involve ∼70 di�erent PPNe, yet none shows dire
t eviden
e of a vis-ible 
ompanion. And, of 
ourse, the e�e
t of a distant 
ompanion on the shapingof the PPN is greatly redu
ed. This method is useful for the dete
tion of distant
ompanions.2.2 Photometri
 VariationsThe intera
tions with a 
lose binary 
ompanion 
an 
ause several types of dete
tablephotometri
 variations. These would be parti
ularly pronoun
ed in PPN binarieswith periods less than a few months. These are as follows:
• E
lipses. These are unlikely unless the 
ompanion is orbiting 
lose to the pho-tosphere of the PPN 
entral star.
• Re-radiation of light in
ident from the 
ompanion. This is signi�
ant if the twostars are 
lose together and of di�erent temperatures; in this 
ase, it wouldrequire a hot 
ompanion. The resulting light variation would have a period equalto the orbital period.
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• Ellipsoidal light variations. Tidal distortions 
aused by a 
lose 
ompanion pro-du
e a 
hange in the shape and phase-dependent 
ross se
tion of the PPN 
entralstar and thus in the brightness. The light variations would produ
e two maximaduring one orbit, resulting in a photometri
 period equal to half of the orbitalperiod.These are the photometri
 methods used su

essfully by Bond [3℄ and more re
entlyothers [9℄ to dete
t binary 
ompanions to the 
entral stars of PNe. These haveresulted in the dete
tion of binaries with periods of 1 to 16 days, and the 
on
lusionthat 10−15% of PNe have 
lose binary 
ompanions. These photometri
 methodswould allow the dete
tion of 
lose 
ompanions. We have 
arried out a long-termmonitoring program of light variability in 24 PPNe, whi
h resulted in the dete
tionof variation in all 
ases. The results of this study will be referred to later.2.3 Composite Spe
traAnother way to dete
t a 
ompanion would be through a 
omposite spe
trum, eitherseeing the spe
tral lines of two di�erent stars in the spe
trum or by seeing theeviden
e of two stars of di�ering temperature in the spe
tral energy distribution(SED). Of 
ourse in a PPN, one needs to take a

ount of the e�e
t of the dust(
ool and perhaps warm) on the spe
tral energy distribution. A binary 
ompanionto one PPN, AFGL 4106, has been dete
ted in this way [15℄ and has subsequentlybeen 
on�rmed by near-IR imaging [2℄. This method would allow the dete
tion ofunresolved 
ompanions.2.4 Radial Velo
ity VariationsA binary 
ompanion 
an produ
e a measurable periodi
 radial velo
ity variation inthe PPN due to the orbital motion. This method is 
urrently being used to sear
h forbinaries in PNe [6℄. It 
an be used to dete
t 
ompanions at intermediate separations.For example, for a 
ir
ular orbit with MPPN = 0.6 MSun, Mcomp = 0.6 MSun, and adete
tion limit of 10 km s−1, then at an orbital in
lination of i = 90o, a binary withP≤ 4 yr 
an be dete
ted, while if i = 30o, a binary with P≤ 0.5 yr 
an be dete
ted.If the dete
tion limit is 3 km s−1, then these values in
rease to ∼150 yr and ∼20yr, respe
tively. If instead Mcomp = 0.2 MSun with 3 km s−1, these values 
hangeto ∼12 yr and ∼1.5 yr, respe
tively. It is the results of su
h a survey of PPNe thatwe will dis
uss.3 Our Radial Velo
ity Study of PPNe3.1 Our ProgramObservations were 
arried out at the Dominion Astrophysi
al Observatory, Vi
toria,Canada, with the 1.2−m re�e
tor. The radial velo
ity spe
trometer was used, whi
hemploys a me
hani
al mask 
ontaining ∼300 absorption lines. (This is the devi
eused by M
Clure to dete
t the binary nature of the Barium stars [12℄.) These obser-vations were 
arried out regularly over 3 seasons, with a few o

asional observationsgathered over 2 more.
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tra.These spe
tral types have the advantage of 
ontaining many sharp lines, in 
ontrast,for example, to the spe
tra of PN 
entral stars. Our typi
al pre
ision was 0.65 kms−1. Seven PPNe were observed, ea
h 30 to 60 times over 1600 day. The data weresear
hed for periodi
ity using the CLEAN algorithm. These same targets were alsoin
luded in our photometri
 monitoring program, whi
h began during the last yearof the radial velo
ity study.3.2 Results of the Radial Velo
ity StudyAll 7 of the PPNe showed radial velo
ity variations, with a maximum range, peak-to-peak, of 11 km s−1. Five of these appeared to vary periodi
ally, with the othertwo possibly periodi
 as well. The individual results are as follows:
• IRAS 22223+4327. This obje
t shows a radial velo
ity period of P(Vr) = 89days, similar to the light 
urve period of P(LC) = 90 days. The velo
ity semi-amplitude is K = 2.7 km s−1 assuming a sine 
urve. The individual velo
itiesversus time are shown in Fig. 1a, and the phased velo
ity 
urve is shown inFig. 1b. While the variation appears to be periodi
, it does vary in amplitude.
• IRAS 18095+2704. These velo
ities show P(Vr) = 110 days, similar to P(LC)= 113 days, with K = 2.3 km s−1. The velo
ity 
urve is shown in Fig. 2a.
• IRAS 22272+5435 (HD 235858). These velo
ities show P(Vr) = 125 days, sim-ilar to P(LC) = 130 days, with K = 1.6 km s−1. The velo
ity 
urve is shown inFig. 2b.
• IRAS 19500−1709 (HD 187885). These velo
ities show P(Vr) = 38.5 days, withK = 2.8 km s−1. The light 
urves study reveals a 
hange over time from adominant period of 38 days to one of 41 days. The velo
ity 
urve is shown inFig. 3a.
• IRAS 17436+5003 (HD 161796). This obje
t has a previous radial velo
ity study[5℄. Combining our observations with these, we �nd P(Vr) = 53.5 days and withK = 1.6 km s−1. The light 
urve is known to 
hange, and from our data we �ndP(LC) = 44 days. The velo
ity 
urve is shown in Fig. 3b.
• IRAS 07134+1005 (HD 56126) and IRAS 19475+3119. The radial velo
ity anal-yses for these two result in less well-determined periods. However, in ea
h 
ase,the most likely values of P(Vr) are on the order of P(LC).For those with well-determined periods, the period from the radial velo
ity 
urve,P(Vr), is approximately equal to the period determined from the light 
urves, P(LC);this rules out a binary ellipsoidal light variation as the 
ause. Although P(Vr) ≈P(LC), the fa
t that the amplitudes of the velo
ity and the light 
urves vary from 
y-
le to 
y
le rules out the binary re-radiation e�e
t as the 
ause. Thus we 
on
ludethat the radial velo
ity (and the light) variations are due to pulsation ofthe PPNe 
entral stars and do not show eviden
e of a binary 
ompan-ion. The results of this study are summarized in Table 1. The presen
e of pulsation
ompli
ates the sear
h for binary 
ompanions, and in this study an upper limit forany binary motion 
an 
onservatively set at K < 2.5 km s−1.It should be noted that a pulsating 
entral star does not in itself rule out theability to determine the presen
e of a binary 
ompanion. 89 Her is known to be apulsator with a binary 
ompanion with P(Vr) = 289 days [1, 25℄. From our dataalone, we �nd P(Vr) = 292 days, with K = 3.3 km s−1 and an e

entri
ity of 0.18.
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Fig. 1. IRAS 22223+4327 − (a) Left: Vr versus time; (b) Right: phased radialvelo
ity 
urve (from [11℄).With the binary orbit removed, we �nd from our data P(Vr) = 66 days, very 
loseto the value we determine from our light 
urve data of P(LC) = 65 days. Thus wewere able to determine both periods.One might question these results in light of the dis
overy of a number ofpost−AGB binaries by Van Win
kel and 
ollaborators [26℄. But they are a distin
tlydi�erent set of obje
ts than these PPNe. They show a broad IR-ex
ess (broad SED),indi
ating both hot and 
ool dust, and have abundan
e anomalies thought to be dueto 
hemi
al fra
tionation of refra
tory elements onto dust, with re-a

retion of non-refra
tory elements by the star. These properties are attributed to the presen
eof a 
ir
umbinary disk. Most and perhaps all of these obje
ts are binaries, withP≈100−2600 days, and the binary is thought to be responsible for forming and sta-bilizing the disk [27℄. Thus it appears that it is their binary nature that leads totheir spe
ial properties. They are likely low-mass obje
ts that will not evolve intoPNe. PPNe do not share these properties, but rather display a 
learly double-peakedSED with only 
ool dust and with abundan
es in agreement with AGB evolution.
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Fig. 2. Phased radial velo
ity 
urves of (a) IRAS 18095+2704 (left) and (b) IRAS22272+5435 (right) (from [11℄).4 Con
lusions4.1 Why Were No Binaries Found in our Sample? A Sele
tionE�e
t?No binaries were found in our sample of 7 PPNe studied for radial velo
ity variation,although all of them varied due to pulsation. Might this la
k of binarity be due to asele
tion e�e
t? In parti
ular, sin
e the PPNe observed were the brighter ones withless obs
uration, might one be simply looking nearly pole-on to the orbital planeand its asso
iated obs
uring torus?We do know something about the orientation of the bipolar stru
ture in these7 PPNe based on HST images and on 2-D modelling in several 
ases with resolvedmid-IR images. HST images of IRAS 18095+2704 and 19475+3119 suggest thatthey are viewed at some intermediate angle [22, 16℄. Models have determined thefollowing approximate in
linations of the polar axis with respe
t to the plane ofthe sky: IRAS 07134+1005, i ∼ 80o [14℄; IRAS 17436+5003, i ∼ 10o [13, 8℄; IRAS22272+5435, i ∼ 25o [23℄.Dete
tion limits 
an be determined based on the binary pulsator 89 Her. Givenits value of K = 3.3 km s−1 and assuming that M1 = 0.6 MSun, Mcomp = 0.35 MSun
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Fig. 3. Phased radial velo
ity 
urves of (a) IRAS 19500−1709 (left) and (b) IRAS17436+5003 (right) (from [11℄).[4℄, then if P = 300 days, we 
ould dete
t the binary if i > 11o, if P = 3 yr, we 
oulddete
t the binary if i > 18o, and if P = 30 yr, we 
ould dete
t the binary if i > 39o.Thus it does not seem likely that this null result is due solely to a sele
tion e�e
tbased on orbital in
lination.4.2 Impli
ations of our Non-Dete
tion of Binary PPNeLet us begin with a 
omparison to the results of studies of binarity in PNe. It isfound that at least 10−15% are photometri
 binaries. With their short periods, itseems likely that they formed through 
ommon envelope evolution. Radial velo
itystudies to investigate longer-period PNe binaries have revealed that many (most?)are variable [6℄. However, that in itself does not mean that the variability is dueto binarity; it 
ould be due to pulsation. A re
ent volume-limited study of PNe
on
luded that ∼50% were binaries [7℄.Might the PPNe be binaries, but presently in the 
ommon envelope stage? Sin
ethis stage is 
al
ulated to be very short, on the order of the orbital period [21℄,this 
annot be the 
ase. Might they be binaries but with periods longer than 30 yr?These would likely not be dete
ted, but then their e�e
t on shaping would be greatly
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ed. The above limits have been derived assuming main sequen
e or white dwarf
ompanions. If the 
ompanion is a brown dwarf or a planet, then it would es
apedete
tion in our program.Sin
e in these 7 PPNe it is apparent that shaping of the nebula has started,these results might suggest two ways to form the shapes seen in PNe: (a) through
ommon envelope evolution, as eviden
ed by the 
lose binary nu
lei of some PNe,or (b) through a non-
ommon envelope pro
ess, whi
h is o

urring in these PPNe.This latter pro
ess might involve a distant and/or low-mass 
ompanion or be dueto a single, pulsating PPNe.A
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