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Abstract: It is now clear that a vast majority of intermediate-mass stars have stellar and /or sub-stellar
companions, therefore it is no longer appropriate to consider planetary nebulae as a single-star
phenomenon, although some single, isolated stars may well lead to planetary nebulae. As such,
while understanding binary evolution is critical for furthering our knowledge of planetary nebulae,
the converse is also true: planetary nebulae can be valuable tools with which to probe binary evolution.
In this brief review, I attempt to summarise some of our current understanding with regards to the
role of binarity in the formation of planetary nebulae, and the areas in which continued study of
planetary nebulae may have wider ramifications for our grasp on the fundaments of binary evolution.

Keywords: close binary stars; spectroscopic binary stars; planetary nebulae; jets; type Ia supernovae;
chemically peculiar stars

1. Introduction

It is now beyond doubt that central-star binarity plays an important role in the formation and
evolution of a significant number of planetary nebulae (PNe). However, the exact details and extent of
this role are still uncertain. What fraction of planetary nebulae are the product of binary interactions?
What is the role of the common envelope (CE)? What is the impact of a wide companion? How does
binarity influence the nebular chemistry? These questions and others are critical for understanding
planetary nebulae, but also have important ramifications in other fields ranging from the study of other
evolved binary phenomena (including cosmologically-important type Ia supernovae [SNe] and stellar
mergers). Exploiting these wider impacts will be key in justifying the work and, perhaps more critically
(in the context of WorkPlaNS 11, at least), the observing time needed to forward our understanding of
binary stars in PNe.

2. Making the Case for Binaries (and Perhaps Planets?)

Binarity can and does have a strong impact on stellar evolution, often being key in the formation
of a number of astrophysical phenomena previously interpreted as the products of single-star
evolution [1]. Almost half of all solar-type stars exist in binaries or higher order multiples [2],
while the binary fraction steadily increases with stellar mass [3,4]. When sub-stellar companions
are considered, the average number of companions grows to be greater than unity for all possible
masses of PN progenitor! [8]. Collectively, these values are far too large to ignore when considering
the prior evolution of the observed population of PNe—given that so many low and intermediate mass
stars have companions, one cannot assume that PNe are solely the product of single star evolution.
Moreover, as will be highlighted later, PNe are often the immediate descendants of poorly-understood

1 Note that I will not discuss the possible importance of planets further here. However, massive planets are likely to have a

similar, albeit far weaker, influence on the evolution of their host star to that of a stellar mass companion [5-7].
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binary interactions (like the common-envelope phase), meaning that they offer a truly unique window
into binary evolution and the formation processes of other binary phenomena [9].

2.1. Common-Envelope Evolution

The most obvious way a binary companion can influence the evolution of a PN progenitor is via
a CE phase, whereby the engulfment of the companion leads to the bipolar ejection of the nebular
progenitor’s envelope [10]. However, only binaries with orbital separations less than a few au could
possibly evolve through a CE [9,11]. Therefore, while the binary fraction among stars with masses
thought to be consistent with producing a PN might be 50% or more, only some 20% of these (i.e.,
10% of all central stars) will actually experience a CE?. Furthermore, some fraction of these systems
will not survive the CE (reaching merger without fully ejecting the primary’s envelope). As such,
it is interesting to consider that the fraction of PNe found to host a post-common-envelope (post-CE)
central star is at least 12-21% [13], even higher than the total fraction expected to experience a CE,
thus perhaps indicating that observable PNe are more easily formed via a CE than via a single-star
evolution (i.e., not all intermediate-mass stars produce an observable PN [14]).

It is clear that understanding CE evolution is critical in understanding PNe (or at least a significant
fraction thereof). However, it is also important to emphasise that post-CE PNe themselves represent a
critical tool with which to understand the CE phase and, thus, other post-CE phenomena.

2.1.1. Pre-Common Envelope Evolution

The nebulae themselves are thought to represent the ejected CE. This has two major consequences
for their use in studying the CE:

1. They are the only systems where one can directly study the ejection morphology and kinematics®.
The short-lived nature of the nebulae means that the central star systems have not yet had time
to relax (the thermal timescales of both components are much longer than the visibility time of a
PN), and are thus “fresh-out-of-the-oven” of the CE.

With respect to the first point, the statistical correlation between bipolar, nebular symmetry axes
and the orbital planes of their post-CE central stars has already been demonstrated [18], thus confirming
the expectation that the CE is ejected preferentially in the orbital plane. However, the exact details of
the process, and how such a wide variety of post-CE morphologies (ranging from double-shelled [19]
through to highly filamentary [20]) can form, are still highly uncertain.

The observed prevalence of jet-like structures in post-CE PNe does provide strong indication
that accretion must occur around the time of the CE (before, during and/or after). This connects
well to the second point above, where detailed studies of post-CE central stars, via combined light-
and radial velocity curve modelling, have shown that in the vast majority of cases main-sequence
secondaries are highly inflated [21]—likely as a consequence of accretion. Additional evidence for
such accretion is also found in the chemical contamination of the low-mass main-sequence companion
in the Necklace nebula [22]. The Necklace presents with a pair of bipolar jets, likely formed during
the same mass-transfer episode which led to the contamination of the secondary. Furthermore, based
on their kinematical ages, these jets are found to pre-date the central nebular region thus indicating
that the mass transfer must have occurred just prior to entering the CE [23]. Support for pre-CE mass
transfer is similarly found in the spectacular bipolar, rotating, episodic jets of Fleming 1 (PN Fg 1),

This fraction is extremely dependent on both mass [4] and metallicity [12] but, even accounting for more massive progenitor
stars which are more likely to be found in binaries close enough to experience a CE, the total fraction probably doesn’t
increase that much given that such stars are less abundant.

One might also say that the envelope ejection can also be studied directly in stellar mergers (e.g., luminous red novae [15]).
However, these represent “failed” CEs, in which the envelope was not completely ejected and thus led to a merger [16,17].
Post-CE PNe are instead the products of “successful” CE ejections.
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where both their kinematical age and associated precession period imply that they were formed before
the CE spiral-in [24].

2.1.2. The Abundance Discrepancy Problem

It has recently become clear that short-period, post-CE central stars are strongly linked to large
abundance discrepancy factors [25] (the ratio of nebular abundances in recombination lines, ORLs, to
those in collisionally-excited lines, CELs). These elevated abundance discrepancies are strongly linked
to the presence of a second, lower-temperature, higher-metallicity gas phase in the host PNe [26].
Spatially-resolved studies of the distribution of ORL and CEL emitting gas have indicated that
this second, metal-enriched gas phase is generally found to be centrally concentrated [27], perhaps
suggestive of some form of reprocessing event late in the CE ejection [28] particularly given that the
abundance patterns in this gas are rather nova-like [29]. One of the biggest tests of this hypothesis will
be the kinematical study of the enriched gas phase, with preliminary studies (comparing ORL and CEL
kinematics across different chemical species) indicating that the two gas phases do, indeed, display
discrepant kinematics [30,31]. In any case, understanding the origin of the second gas phase and how
it relates to evolution of the central binary represents an important step towards fully understanding
the physics at work in the CE.

2.1.3. Ionised Masses

Measuring the total mass of a PN is challenging, with masses scaling with the inverse of the
distance squared (where distances to PNe have always been problematic [32]). Furthermore, much of
the ionised mass is “hidden” in extended low-surface-brightness haloes, meaning that they are almost
always underestimated [33]. Nonetheless, as the CE should be associated with a vastly increased
mass-loss rate (as a significant fraction of the envelope is ejected in a single episode rather than
via a slow stellar wind), one would (in principle) expect post-CE PNe to present greater, but at
least similar, masses than the general PN population. However, recent studies have shown that the
contrary appears to be true, with post-CE PNe presenting with appreciably lower ionised masses
than the general population [26]. Ref. [34] have speculated that this could be due to: a significant
fraction of the envelope mass being accreted onto the companion (likely prior to the CE occurring,
see Section 2.1.1), that a significant amount of envelope material falls back into a circumbinary disk
(perhaps with some reaching the central stars and being reprocessed, thus providing a possible link
to the abundance discrepancy problem detailed in Section 2.1.2 [34]), or that the CE is not a single,
one-off ejection perhaps as outlined by [35]. Alternatively, the “missing mass” could be the result of an
earlier mass-loss/ejection episode similar to those seen in the simulations of [36].

2.1.4. Double-Degenerates and Type Ia Supernovae

Some 20% or so of post-CE central stars show photometric variability associated with tidal
deformations known as ellipsoidal modulation [37]. To date, every ellipsoidally-modulated post-CE
central star subjected to detailed study has proven to comprise two evolved stars (i.e., two white
dwarfs) [38]. As such, this fraction likely represents the tip of the iceberg in terms of such
double-degenerate (DD) systems, given that only those that have very short orbital separations are
photometrically variable—indeed a number of further DD systems have been detected only through
their radial velocity variability [24].

The apparently high fraction of DD, post-CE central stars could have wider implications given
that the mechanism by which such systems form has been the subject of much debate [39]. As both
stars are evolved, it was previously believed that these systems must have experienced consecutive
CE events (one for each star)—where the orbital shrinkage from the first CE could make surviving a
second CE challenging (depending on the components of the system). It now seems more likely that
such post-CE DDs avoid the first CE via a phase of stable, non-conservative mass transfer allowing the
system to survive a CE when the second component evolves to fill its Roche lobe [40].
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Understanding the formation (and formation rates) of compact DD stars is of particular interest
as the merger of such systems represents one of the key pathways towards type Ia supernovae
(SNe) [41]. Indeed, two of the strongest candidate DD type Ia SN progenitor systems are found inside
PNe [42]. The primary alternate pathway (though others have been proposed, i.e. the core-degenerate
scenario [43]), known as the single-degenerate scenario (whereby a white dwarf accretes material from
a nearby companion until it exceeds the Chandrasekhar limit) is also connected to the study of post-CE
PN central stars, with the central star of IPHASX J195424.6+205252 (V458 Vul) constituting one of the
strongest candidate progenitors for that pathway [44]. The fact that both single- and double-degenerate
pathways bear such a strong relation to PNe is further emphasised by the finding that of a number of
type Ia SNe explode in circumstellar environments that may be consistent with a remnant PN [45,46].

Ultimately, further constraining the population of post-CE central stars (DDs and otherwise) will
likely reveal important clues towards understanding the origins of cosmologically-important type
Ia SNe.

2.2. Wider Binaries

Thus far, I have focused on the CE and post-CE PNe but, as previously mentioned, a majority
of solar-type binaries are too wide to experience a CE. This does not mean, however, that they will
simply evolve as single stars—many systems will be wide enough to avoid the CE but still experience
appreciable interaction, perhaps in the form of wind Roche lobe overflow* [48] or via some form of
companion-reinforced attrition process (CRAP; [49]). The precise range of orbital separations over
which these processes can operate, as well as their impact on the properties of a subsequent PN,
are highly uncertain, however recent studies have begun to reveal a population of wider binary central
stars [50].

Of the definitively non-post-CE, binary central stars, only a handful have had their periods
measured (via long-term radial velocity monitoring)®, with the longest (NGC 1514) being a little over
9 years [52]. Even with such a long orbital period, the impact of the central binary is highlighted by
the presence of a pair of infrared-bright rings, similar to those observed in other binary phenomena
(e.g.; Hen 2-104—a symbiotic star, and SN 1987A—a type II supernova, [53]). Among the others is
LoTr 5, the secondary star of which is a Barium star—defined as a G-K-type star showing unusually
high abundances of s-process elements in its spectrum, the standard formation model of which is the
accretion of s-process-enhanced material from an evolved primary via wind Roche lobe overflow [54].
Indeed, several other PNe have been found to have Barium star central star (e.g., [55]), but which have
yet to have their periods measured, and all have bipolar and/or ringed PN morphologies consistent
with significant binary-induced shaping [56].

3. Pre-Planetary Nebulae

Much of the discussion at WorkPlaNS II was of pre-PN—objects in the short-lived phase between
the end of the AGB and the post-AGB central star reaching a temperature sufficient to ionise the
surrounding envelope. Such objects are often ignored when discussing the importance of binarity in
the formation and evolution of PNe — principally because, to date, no bona-fide post-CE PPN® has
been discovered despite many years of diligent observation [58,59].

Recently, HD 101584 has received much attention as a post-AGB star with an apparently
post-CE companion, that is surrounded by a bipolar circumstellar nebula which would certainly be

Wind Roche lobe overflow could even cause the orbital separation to reduce, possibly leading to a CE phase [47].

A number of further wide-binary central stars have been found, either via chemical contamination of their companions (for
example, the Barium stars as mentioned later) or via companions resolved with space-based observations [51], for which the
orbital periods have not been measured.

The central star of the Calabash nebula (OH 231.8+4.2) likely has an A-type companion, but the orbital characteristics are
uncertain [57].
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morphologically consistent with binary-induced shaping (though perhaps not energetically so [60,61]).
However, the binary classification of the central star is principally based on the ruling out of a
pulsational origin for the observed variability by [62], due to their measured radial velocity amplitude
(3.0 + 3.4 km s~ !) and period (218 days). However, ref. [63] derive a significantly-shorter period
(144 days) and also refute the claim that the star itself is of late B-type, rather finding that it is an early
F-type (while others find it to be late A-type). Collectively, the uncertainties on the periodicity, spectral
type and amplitude, might mean that pulsation should not be so-readily ruled out as the cause of
the observed variability (as is the case for the numerous variables studied by [64,65]). Furthermore,
even if the system is proven to be a binary, the purported period(s) is not entirely consistent with those
observed for the general post-CE population (which are normally of the order of a day or shorter).
This might mean that the system avoided a full-blown CE event, perhaps via the launching of jets and
a so-called grazing envelope evolution [35].

Beyond HD 101584, there are other similar candidates where the properties of the nebulae
are seemingly only consistent with a binary evolution of their central stars [66-68]. However,
as demonstrated by the handful of wider non-post-CE binaries detected in PNe (see Section 2.2),
these may not necessarily be the products of a CE. Indeed, the central star of M 2-9 has been shown to
be a symbiotic-like system with a period of 86 & 5 year [69], where the lighthouse-like variability in
the highly bipolar nebula is likely the product of a rotating, collimated jet launched by the binary.

Ultimately, the lack of observed post-CE central stars in pre-PNe is still somewhat troubling given
the relatively large fraction observed among the general PN population. It has been suggested that
the discrepancy could be a consequence of the CE phase itself, whereby post-CE evolution could be
accelerated with respect to single star (or wider binary) evolution, meaning that post-CE binaries
spend less time in the pre-PN phase and become fully-fledged PNe earlier [9]. Finally, the similarities
between the properties of some pre-PNe and galactic luminous red novae, which are the product of a
CE in which the two stars merged [15], possibly hint that a significant number of pre-PNe may be the
product of CE mergers and would thus not contain a surviving post-CE binary central star.

4. Conclusions

I have attempted to review some of the unique aspects of binary evolution related to PNe, both in
terms of their importance in understanding the formation and evolution of PNe but also the areas in
which PN-related research will likely have wider impacts for the binary star community. The mutual
exploitation of these overlaps, as well as continued and fomented collaboration between the PN and
binary evolution communities, will be extremely important in justifying future work in the field (both
theoretical and observational).

Funding: D.J. acknowledges support from the State Research Agency (AEI) of the Spanish Ministry of Science,
Innovation and Universities (MCIU) and the European Regional Development Fund (FEDER) under grant
AYA2017-83383-P. D.J. also acknowledges support under grant P/308614 financed by funds transferred from the
Spanish Ministry of Science, Innovation and Universities, charged to the General State Budgets and with funds
transferred from the General Budgets of the Autonomous Community of the Canary Islands by the Ministry of
Economy, Industry, Trade and Knowledge.

Acknowledgments: D.J. thanks the organisers of WorkPlaNS 11 for their kind invitation, as well as the anonymous
referees for their thorough reports which improved both the clarity and content of this review.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  DeMarco, O.; Izzard, R.G. Dawes Review 6: The Impact of Companions on Stellar Evolution. Publ. Astron.
Soc. Aust. 2017, 34, e001. [CrossRef]

2. Raghavan, D.; McAlister, H.A.; Henry, T.J.; Latham, D.W.; Marcy, G.W.; Mason, B.D.; Gies, D.R.; White, R.J.;
ten Brummelaar, T.A. A Survey of Stellar Families: Multiplicity of Solar-type Stars. Astrophys. J. Suppl. 2010,
190, 1-42. [CrossRef]


http://dx.doi.org/10.1017/pasa.2016.52
http://dx.doi.org/10.1088/0067-0049/190/1/1

Galaxies 2020, 8, 28 60f9

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sana, H.; de Mink, S.E.; de Koter, A.; Langer, N.; Evans, C.J.; Gieles, M.; Gosset, E.; Izzard, R.G.;
Le Bouquin, ].B.; Schneider, ER.N. Binary Interaction Dominates the Evolution of Massive Stars. Science
2012, 337, 444. [CrossRef]

Moe, M.; Di Stefano, R. Mind Your Ps and Qs: The Interrelation between Period (P) and Mass-ratio (Q)
Distributions of Binary Stars. Astrophys. |. Suppl. 2017, 230, 15. [CrossRef]

De Marco, O.; Soker, N. The Role of Planets in Shaping Planetary Nebulae. Publ. Astron. Soc. Pac. 2011,
123, 402. [CrossRef]

Sabach, E.; Soker, N. Accounting for planet-shaped planetary nebulae. Mon. Not. R. Astron. Soc. 2018,
473,286-294. [CrossRef]

Boyle, L.A. Planet Engulfment and the Planetary Nebula Morphology Mystery. Ph.D. Thesis, National
University of Ireland, Galway, Ireland, 2018.

Yang, J.Y.; Xie, ]JW.; Zhou, J.L. Occurrence and Architecture of Kepler Planetary Systems as Functions of
Stellar Mass and Effective Temperature. arXiv 2020, arXiv:2002.02840.

Boffin, H.M.].; Jones, D. The Importance of Binaries in the Formation and Evolution of Planetary Nebulae; Springer
Nature: Berlin/Heidelberg, Germany, 2019. [CrossRef]

Nordhaus, J.; Blackman, E.G. Low-mass binary-induced outflows from asymptotic giant branch stars.
Mon. Not. R. Astron. Soc. 2006, 370, 2004-2012. [CrossRef]

Jones, D. Observational Constraints on the Common Envelope Phase. arXiv 2020, arXiv:2001.03337.

Moe, M.; Kratter, K.M.; Badenes, C. The Close Binary Fraction of Solar-type Stars Is Strongly Anticorrelated
with Metallicity. Astrophys. J. 2019, 875, 61. [CrossRef]

Miszalski, B.; Acker, A.; Moffat, A.E].; Parker, Q.A.; Udalski, A. Binary planetary nebulae nuclei towards
the Galactic bulge. I. Sample discovery, period distribution, and binary fraction. Astron. Astrophys. 2009,
496, 813-825. [CrossRef]

De Marco, O. The Origin and Shaping of Planetary Nebulae: Putting the Binary Hypothesis to the Test.
Publ. Astron. Soc. Pac. 2009, 121, 316. [CrossRef]

Kaminski, T.; Steffen, W.; Tylenda, R.; Young, K.H.; Patel, N.A.; Menten, K.M. Submillimeter-wave emission
of three Galactic red novae: Cool molecular outflows produced by stellar mergers. Astron. Astrophys. 2018,
617, A129. [CrossRef]

Tylenda, R.; Hajduk, M.; Kaminski, T.; Udalski, A.; Soszynski, I.; Szymanski, M.K,; Kubiak, M.;
Pietrzyniski, G.; Poleski, R.; Wyrzykowski, L.; et al. = V1309 Scorpii: Merger of a contact binary.
Astron. Astrophys. 2011, 528, A114. [CrossRef]

Ivanova, N.; Justham, S.; Avendano Nandez, J.L.; Lombardi, ].C. Identification of the Long-Sought
Common-Envelope Events. Science 2013, 339, 433. [CrossRef] [PubMed]

Hillwig, T.C.; Jones, D.; De Marco, O.; Bond, H.E.; Margheim, S.; Frew, D. Observational Confirmation of
a Link Between Common Envelope Binary Interaction and Planetary Nebula Shaping. Astrophys. J. 2016,
832, 125. [CrossRef]

Huckvale, L.; Prouse, B.; Jones, D.; Lloyd, M.; Pollacco, D.; Lépez, J.A.; O’Brien, T.].; Sabin, L.; Vaytet, N.M.H.
Spatio-kinematic modelling of Abell 65, a double-shelled planetary nebula with a binary central star.
Mon. Not. R. Astron. Soc. 2013, 434, 1505-1512. [CrossRef]

Miszalski, B.; Jones, D.; Rodriguez-Gil, P; Boffin, HM.].; Corradi, R.L.M.; Santand er-Garcia, M. Discovery
of close binary central stars in the planetary nebulae NGC 6326 and NGC 6778. Astron. Astrophys. 2011,
531, A158. [CrossRef]

Jones, D.; Boffin, HM.].; Rodriguez-Gil, P.; Wesson, R.; Corradi, R.L.M.; Miszalski, B.; Mohamed, S.
The post-common envelope central stars of the planetary nebulae Henize 2-155 and Henize 2-161.
Astron. Astrophys. 2015, 580, A19. [CrossRef]

Miszalski, B.; Boffin, H.M.].; Corradi, R.L.M. A carbon dwarf wearing a Necklace: First proof of accretion in
a post-common-envelope binary central star of a planetary nebula with jets. Mon. Not. R. Astron. Soc. 2013,
428,1.39-1.43. [CrossRef]

Corradi, R.L.M.; Sabin, L.; Miszalski, B.; Rodriguez-Gil, P.; Santander-Garcia, M.; Jones, D.; Drew, J.E.;
Mampaso, A.; Barlow, M.].; Rubio-Diez, M.M.; et al. The Necklace: Equatorial and polar outflows from the
binary central star of the new planetary nebula IPHASX J194359.5+170901. Mon. Not. R. Astron. Soc. 2011,
410, 1349-1359. [CrossRef]


http://dx.doi.org/10.1126/science.1223344
http://dx.doi.org/10.3847/1538-4365/aa6fb6
http://dx.doi.org/10.1086/659846
http://dx.doi.org/10.1093/mnras/stx2377
http://dx.doi.org/10.1007/978-3-030-25059-1
http://dx.doi.org/10.1111/j.1365-2966.2006.10625.x
http://dx.doi.org/10.3847/1538-4357/ab0d88
http://dx.doi.org/10.1051/0004-6361/200811380
http://dx.doi.org/10.1086/597765
http://dx.doi.org/10.1051/0004-6361/201833165
http://dx.doi.org/10.1051/0004-6361/201016221
http://dx.doi.org/10.1126/science.1225540
http://www.ncbi.nlm.nih.gov/pubmed/23349287
http://dx.doi.org/10.3847/0004-637X/832/2/125
http://dx.doi.org/10.1093/mnras/stt1109
http://dx.doi.org/10.1051/0004-6361/201117084
http://dx.doi.org/10.1051/0004-6361/201425454
http://dx.doi.org/10.1093/mnrasl/sls011
http://dx.doi.org/10.1111/j.1365-2966.2010.17523.x

Galaxies 2020, 8, 28 7 of 9

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Boffin, H.M.J.; Miszalski, B.; Rauch, T.; Jones, D.; Corradi, R.L.M.; Napiwotzki, R.; Day-Jones, A.C.; Képpen, J.
An Interacting Binary System Powers Precessing Outflows of an Evolved Star. Science 2012, 338, 773.
[CrossRef] [PubMed]

Wesson, R.; Jones, D.; Garcia-Rojas, J.; Boffin, HM.].; Corradi, R.L.M. Confirmation of the link between
central star binarity and extreme abundance discrepancy factors in planetary nebulae. Mon. Not. R. Astron.
Soc. 2018, 480, 4589-4613. [CrossRef]

Corradi, R.L.M.; Garcia-Rojas, J.; Jones, D.; Rodriguez-Gil, P. Binarity and the Abundance Discrepancy
Problem in Planetary Nebulae. Astrophys. J. 2015, 803, 99. [CrossRef]

Garcia-Rojas, J.; Corradi, R.L.M.; Monteiro, H.; Jones, D.; Rodriguez-Gil, P.; Cabrera-Lavers, A. Imaging
the Elusive H-poor Gas in the High adf Planetary Nebula NGC 6778. Astrophys. ]. Lett. 2016, 824, L27.
[CrossRef]

Jones, D.; Wesson, R.; Garcia-Rojas, J.; Corradi, R.L.M.; Boffin, HM.]. NGC 6778: Strengthening the link
between extreme abundance discrepancy factors and central star binarity in planetary nebulae. Mon. Not. R.
Astron. Soc. 2016, 455, 3263-3272. [CrossRef]

Wesson, R.; Barlow, M.].; Liu, X.W.; Storey, P].; Ercolano, B.; De Marco, O. The hydrogen-deficient knot
of the ‘born-again’ planetary nebula Abell 58 (V605 Aql). Mon. Not. R. Astron. Soc. 2008, 383, 1639-1648.
[CrossRef]

Richer, M.G.; Georgiev, L.; Arrieta, A.; Torres-Peimbert, S. The Discrepant Kinematics of ORLs and CELs in
NGC 7009 as a Function of Ionization Structure. Astrophys. . 2013, 773, 133. [CrossRef]

Richer, M.G,; Sudrez, G.; L6pez, J.A.; Garcia Diaz, M.T. The Kinematics of the Permitted C II A6578 Line in a
Large Sample of Planetary Nebulae. Astron. . 2017, 153, 140. [CrossRef]

indicator for planetary nebulae. Mon. Not. R. Astron. Soc. 2016, 455, 1459-1488. [CrossRef]

Villaver, E.; Manchado, A.; Garcia-Segura, G. The Dynamical Evolution of the Circumstellar Gas around
Low- and Intermediate-Mass Stars. II. The Planetary Nebula Formation. Astrophys. J. 2002, 581, 1204-1224.
[CrossRef]

Santander-Garcia, M.; Jones, D.; Alcolea, J.; Wesson, R.; Bujarrabal, V. The missing mass conundrum
of post-common-envelope planetary nebulae. In Highlights on Spanish Astrophysics X; Montesinos, B.,
Asensio Ramos, A., Buitrago, F.,, Schodel, R., Villaver, E., Pérez-Hoyos, S., Ordéiez-Etxeberria, 1., Eds.;
Sociedad Espafiola de Astronomia: Salamanca, Spain, 2019; pp. 392-396.

Soker, N. Close Stellar Binary Systems by Grazing Envelope Evolution. Astrophys. J. 2015, 800, 114.
[CrossRef]

Pejcha, O.; Metzger, B.D.; Tyles, ].G.; Tomida, K. Pre-explosion Spiral Mass Loss of a Binary Star Merger.
Astrophys. J. 2017, 850, 59. [CrossRef]

Jones, D.; Boffin, H.M.]. Binary stars as the key to understanding planetary nebulae. Nat. Astron. 2017,
1,0117. [CrossRef]

Hillwig, T.C.; Bond, H.E.; Afsar, M.; De Marco, O. Binary Central Stars of Planetary Nebulae Discovered
Through Photometric Variability. II. Modeling the Central Stars of NGC 6026 and NGC 6337. Astron. J. 2010,
140, 319-327. [CrossRef]

Nelemans, G.; Tout, C.A. Reconstructing the evolution of white dwarf binaries: Further evidence for an
alternative algorithm for the outcome of the common-envelope phase in close binaries. Mon. Not. R. Astron.
Soc. 2005, 356, 753-764. [CrossRef]

Woods, T.E.; Ivanova, N.; van der Sluys, M.V.; Chaichenets, S. On the Formation of Double White Dwarfs
through Stable Mass Transfer and a Common Envelope. Astrophys. J. 2012, 744, 12. [CrossRef]

Maoz, D.; Mannucci, F; Nelemans, G. Observational Clues to the Progenitors of Type Ia Supernovae.
Annu. Rev. Astron. Astrophys. 2014, 52, 107-170. [CrossRef]

Santander-Garcia, M.; Rodriguez-Gil, P.; Corradi, R.L.M.; Jones, D.; Miszalski, B.; Boffin, HM.J,;
Rubio-Diez, M.M.; Kotze, M.M. The double-degenerate, super-Chandrasekhar nucleus of the planetary
nebula Henize 2-428. Nature 2015, 519, 63-65. [CrossRef]

Soker, N.; Garcia-Berro, E.; Althaus, L.G. The explosion of supernova 2011fe in the frame of the
core-degenerate scenario. Mon. Not. R. Astron. Soc. 2014, 437, L66-L70. [CrossRef]


http://dx.doi.org/10.1126/science.1225386
http://www.ncbi.nlm.nih.gov/pubmed/23139326
http://dx.doi.org/10.1093/mnras/sty1871
http://dx.doi.org/10.1088/0004-637X/803/2/99
http://dx.doi.org/10.3847/2041-8205/824/2/L27
http://dx.doi.org/10.1093/mnras/stv2519
http://dx.doi.org/10.1111/j.1365-2966.2007.12683.x
http://dx.doi.org/10.1088/0004-637X/773/2/133
http://dx.doi.org/10.3847/1538-3881/aa5f53
http://dx.doi.org/10.1093/mnras/stv1516
http://dx.doi.org/10.1086/344250
http://dx.doi.org/10.1088/0004-637X/800/2/114
http://dx.doi.org/10.3847/1538-4357/aa95b9
http://dx.doi.org/10.1038/s41550-017-0117
http://dx.doi.org/10.1088/0004-6256/140/2/319
http://dx.doi.org/10.1111/j.1365-2966.2004.08496.x
http://dx.doi.org/10.1088/0004-637X/744/1/12
http://dx.doi.org/10.1146/annurev-astro-082812-141031
http://dx.doi.org/10.1038/nature14124
http://dx.doi.org/10.1093/mnrasl/slt142

Galaxies 2020, 8, 28 80f9

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rodriguez-Gil, P.; Santander-Garcia, M.; Knigge, C.; Corradi, R.L.M.; Génsicke, B.T.; Barlow, M.].; Drake, J.J.;
Drew, ]J.; Miszalski, B.; Napiwotzki, R.; et al. The orbital period of V458 Vulpeculae, a post-double
common-envelope nova. Mon. Not. R. Astron. Soc. 2010, 407, L21-L25. [CrossRef]

Tsebrenko, D.; Soker, N. The fraction of type Ia supernovae exploding inside planetary nebulae (SNIPs).
Mon. Not. R. Astron. Soc. 2015, 447, 2568-2574. [CrossRef]

Livio, M.; Mazzali, P. On the progenitors of Type Ia supernovae. Phys. Rep. 2018, 736, 1-23. [CrossRef]
Chen, Z.; Blackman, E.G.; Nordhaus, J.; Frank, A.; Carroll-Nellenback, J. Wind-accelerated orbital evolution
in binary systems with giant stars. Mon. Not. R. Astron. Soc. 2018, 473, 747-756. [CrossRef]

Boffin, HM.]., Mass Transfer by Stellar Wind.  In Ecology of Blue Straggler Stars; Springer Nature:
Berlin/Heidelberg, Germany, 2015; Volume 413, p. 153. [CrossRef]

Tout, C.A.; Eggleton, P.P. Tidal enhancement by a binary companion of stellar winds from cool giants.
Mon. Not. R. Astron. Soc. 1988, 231, 823-831. [CrossRef]

Van Winckel, H.; Jorissen, A.; Exter, K.; Raskin, G.; Prins, S.; Perez Padilla, J.; Merges, F.; Pessemier, W.
Binary central stars of planetary nebulae with long orbits: The radial velocity orbit of BD+33 2642 (PN
G052.7+50.7) and the orbital motion of HD 112313 (PN LoTr5). Astron. Astrophys. 2014, 563, L10. [CrossRef]
Ciardullo, R.; Bond, H.E.; Sipior, M.S.; Fullton, L.K.; Zhang, C.Y.; Schaefer, K.G. A HUBBLE SPACE
TELESCOPE Survey for Resolved Companions of Planetary Nebula Nuclei. Astron. J. 1999, 118, 488-508.
[CrossRef]

Jones, D.; Van Winckel, H.; Aller, A.; Exter, K.; De Marco, O. The long-period binary central stars of the
planetary nebulae NGC 1514 and LoTr 5. Astron. Astrophys. 2017, 600, L9. [CrossRef]

Ressler, M.E.; Cohen, M.; Wachter, S.; Hoard, D.W.; Mainzer, A.K.; Wright, E.L. The Discovery of Infrared
Rings in the Planetary Nebula NGC 1514 During the WISE All-sky Survey. Astron. ]. 2010, 140, 1882-1890.
[CrossRef]

Boffin, H.M.].; Jorissen, A. Can a barium star be produced by wind accretion in a detached binary?
Astron. Astrophys. 1988, 205, 155-163.

Miszalski, B.; Boffin, HM.].; Jones, D.; Karakas, A.L; Koppen, J.; Tyndall, A.A; Mohamed, S.S,;
Rodriguez-Gil, P; Santand er-Garcia, M. SALT reveals the barium central star of the planetary nebula
Hen 2-39. Mon. Not. R. Astron. Soc. 2013, 436, 3068-3081. [CrossRef]

Tyndall, A.A.; Jones, D.; Boffin, H.M.].; Miszalski, B.; Faedi, F.; Lloyd, M.; Boumis, P; Lépez, ].A.; Martell, S.;
Pollacco, D.; Santand er-Garcia, M. Two rings but no fellowship: LoTr 1 and its relation to planetary nebulae
possessing barium central stars. Mon. Not. R. Astron. Soc. 2013, 436, 2082-2095. [CrossRef]

Séanchez Contreras, C.; Gil de Paz, A ; Sahai, R. The Companion to the Central Mira Star of the Protoplanetary
Nebula OH 231.8+4.2. Astrophys. |. 2004, 616, 519-524. [CrossRef]

Hrivnak, B.].; Lu, W.; Bohlender, D.; Morris, S.C.; Woodsworth, A.W.; Scarfe, C.D. Are Proto-planetary
Nebulae Shaped by a Binary? Results of a Long-term Radial Velocity Study. Astrophys. J. 2011, 734, 25.
[CrossRef]

Hrivnak, B.J.; Van de Steene, G.; Van Winckel, H.; Sperauskas, ]J.; Bohlender, D.; Lu, W. Where are the
Binaries? Results of a Long-term Search for Radial Velocity Binaries in Proto-planetary Nebulae. Astrophys. J.
2017, 846, 96. [CrossRef]

Olofsson, H.; Vlemmings, W.H.T.; Maercker, M.; Humphreys, EIM.L.; Lindqvist, M.; Nyman, L.; Ramstedt, S.
ALMA view of the circumstellar environment of the post-common-envelope-evolution binary system HD
101584. Astron. Astrophys. 2015, 576, L15. [CrossRef]

Olofsson, H.; Khouri, T.; Maercker, M.; Bergman, P.; Doan, L.; Tafoya, D.; Vlemmings, W.H.T.; Humphreys,
EM.L,; Lindgvist, M.; Nyman, L.; et al. HD 101584: Circumstellar characteristics and evolutionary status.
Astron. Astrophys. 2019, 623, A153. [CrossRef]

Bakker, E.J.; Lamers, H.J.G.L.M.; Waters, L.B.EM.; Waelkens, C. The 218-day period of the peculiar late
B-type star HD 101584. Astron. Astrophys. 1996, 310, 861-871.

Diaz, F.; Hearnshaw, J.; Rosenzweig, P.; Guzman, E.; Sivarani, T.; Parthasarathy, M. Radial-Velocity Analysis
of the Post-AGB Star, HD101584. In Binary Stars as Critical Tools & Tests in Contemporary Astrophysics, Prague,
Czech Republic; Hartkopf, W.I., Harmanec, P, Guinan, E.F,, Eds.; Cambridge University Press: Cambridge,
UK, 2007; Volume 240, IAU Symposium, p. 127.


http://dx.doi.org/10.1111/j.1745-3933.2010.00895.x
http://dx.doi.org/10.1093/mnras/stu2567
http://dx.doi.org/10.1016/j.physrep.2018.02.002
http://dx.doi.org/10.1093/mnras/stx2335
http://dx.doi.org/10.1007/978-3-662-44434-4_7
http://dx.doi.org/10.1093/mnras/231.4.823
http://dx.doi.org/10.1051/0004-6361/201423650
http://dx.doi.org/10.1086/300940
http://dx.doi.org/10.1051/0004-6361/201730700
http://dx.doi.org/10.1088/0004-6256/140/6/1882
http://dx.doi.org/10.1093/mnras/stt1795
http://dx.doi.org/10.1093/mnras/stt1713
http://dx.doi.org/10.1086/424827
http://dx.doi.org/10.1088/0004-637X/734/1/25
http://dx.doi.org/10.3847/1538-4357/aa84ae
http://dx.doi.org/10.1051/0004-6361/201526026
http://dx.doi.org/10.1051/0004-6361/201834897

Galaxies 2020, 8, 28 90f9

64.

65.

66.

67.

68.

69.

Hrivnak, B.J.; Van de Steene, G.; Van Winckel, H.; Lu, W.; Sperauskas, J. Variability in Proto-planetary
Nebulae. V. Velocity and Light Curve Analysis of IRAS 17436+5003, 18095+2704, and 19475+3119. Astron. J.
2018, 156, 300. [CrossRef]

Hrivnak, B.J.; Henson, G.; Hillwig, T.C.; Lu, W.; Murphy, B.W.; Kaitchuck, R.H. Variability in Proto-planetary
Nebulae. VI. Multitelescope Light Curve Studies of Several Medium-bright (V = 13-15), Carbon-rich Objects.
Astron. |. 2020, 159, 21. [CrossRef]

Sahai, R.; Nyman, L.A. The Boomerang Nebula: The Coldest Region of the Universe? Astrophys. J. Lett. 1997,
487,1.155-1.159. [CrossRef]

Blackman, E.G.; Lucchini, S. Using kinematic properties of pre-planetary nebulae to constrain engine
paradigms. Mon. Not. R. Astron. Soc. 2014, 440, L16-L20. [CrossRef]

Sahai, R. Planetary Nebulae, Morphology and Binarity, and the relevance to AGB Stars. In Why Galaxies Care
About AGB Stars: A Continuing Challenge through Cosmic Time, Vienna, Austria; Kerschbaum, F.,, Groenewegen,
M., Olofsson, H., Eds.; Cambridge University Press: Cambridge, UK, 2019, Volume 343, IAU Symposium,
pp. 164-173. [CrossRef]

Corradi, R.L.M,; Balick, B.; Santander-Garcia, M. The evolution of M 2-9 from 2000 to 2010. Astron. Astrophys.
2011, 529, A43. [CrossRef]

® (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3847/1538-3881/aaee69
http://dx.doi.org/10.3847/1538-3881/ab564c
http://dx.doi.org/10.1086/310897
http://dx.doi.org/10.1093/mnrasl/slu001
http://dx.doi.org/10.1017/S1743921319001819
http://dx.doi.org/10.1051/0004-6361/201016361
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Making the Case for Binaries (and Perhaps Planets?)
	Common-Envelope Evolution
	Pre-Common Envelope Evolution
	The Abundance Discrepancy Problem
	Ionised Masses
	Double-Degenerates and Type ia Supernovae

	Wider Binaries

	Pre-Planetary Nebulae
	Conclusions
	References

