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Abstract: The increase in discovered close binary central stars of planetary nebulae is leading to a
sufficiently large sample to begin to make broader conclusions about the effect of close binary stars
on common envelope evolution and planetary nebula formation. Herein I review some of the recent
results and conclusions specifically relating close binary central stars to nebular shaping, common
envelope evolution off the red giant branch, and the total binary fraction and double degenerate
fraction of central stars. Finally, I use parameters of known binary central stars to explore the
relationship between the proto-planetary nebula and planetary nebula stages, demonstrating that
the known proto-planetary nebulae are not the precursors of planetary nebulae with close binary
central stars.
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1. Introduction

The study of binary stars in planetary nebulae (PNe) has the potential to provide information
about the formation of PNe and the evolution of the central stars (CSs). A number of different
surveys, using different methods, have identified binary central stars of planetary nebulae (CSPNe).
Photometric surveys looking for variability due to a companion tend to find close binary systems with
orbital periods of about a week or less (e.g., [1-3]). Such photometric surveys are sensitive to both
cool companions and double degenerate systems [4,5]. Infrared surveys are designed to be sensitive
to cool companions at all orbital periods [6], and radial velocity surveys are sensitive to stellar mass
companions in orbital periods of up to several years [7,8].

Once binary CSPNe are identified, follow-up work can determine system parameters. A number of
such systems have recently been studied, with various sets of orbital and stellar parameters published
(see the updated list of known close binary CSPNe maintained by David Jones at http://drdjones.
net/?q=bCSPN). Because it is more difficult to determine parameters for binaries with long periods,
the majority of binary CSPNe with known physical parameters are close binaries. Of the close binary
CSPNe, the large majority have been discovered using photometry.

In addition to providing discovery data for binaries, the light curves of those binaries can also
tell us a great deal about the nature of the binary system. For example, close binary CSPNe with a
main sequence companion have light curves dominated by an irradiation effect in which the inner
hemisphere of the cool star is irradiated and heated by the hot CS. This behavior results in a nearly
sinusoidal light curve with one maximum and one minimum per orbit. However, if the companion to
the hot CS is a compact object (e.g., a white dwarf, WD), then any detected variability will likely be
through eclipses or, more likely, ellipsoidal variability that is due to one of the stars nearly filling its
Roche lobe and thus being elongated by the mutual gravity of the two stars. Typically, it will be the CS
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that nearly fills its Roche lobe, since these objects can still be large, not having contracted yet to the
WD cooling track. As the CS contracts, the ellipsoidal variability decreases in amplitude, eventually
becoming unobservable. A light curve dominated by ellipsoidal variability has two maxima and two
minima per orbit due to the different projected surface areas (brighter when seen edge-on, fainter
when the two stars are aligned along the line of sight). To date, all well-studied close binary CSPNe
with light curves dominated by ellipsoidal variability have been shown to be double degenerate (DD)
systems. Technically, the CS is typically not yet fully degenerate, but we use this terminology here to
provide a better comparison with true DD systems, which these will become. They are also related to
core degenerate (CD) systems [9], though in this case the common envelope (CE) has detached and left
a close binary system.

With the growing number of discovered binary CSPNe, we are beginning to reach a point at
which statistically relevant statements can be made about how binary companions may influence
both the ejection of the nebula and the evolution of the central star. Below I review some conclusions
that have already been discussed in the literature, along with several connections that are currently
being explored but still need confirmation. I then discuss what our current knowledge of close binary
CSPNe can tell us about the evolution of PNe with close binary nuclei, especially in the context of
proto-planetary nebulae (PPNe).

2. Relationships between Close Binary CSs and Their PNe

2.1. The Connection between Central Binaries and PN Shaping

One of the earliest predictions of close binary evolution via common envelope evolution was by
Paczynski [10]. Shortly afterward, discussions began about how important CE evolution might be to
the ejection of stellar envelopes and the production of PNe [11]. These discussions led to exploring the
relationship between binary interactions and the non-spherical structures of most PNe (e.g., [1,12]).
A more recently described option is grazing envelope evolution (GEE), in which the binary orbit
shrinks as mass is lost from a giant star via Roche lobe overflow. However, jet launching from the
accreting star strips away enough of the overflowing mass to prevent the CE [13].

Even though it seems intuitive that CE or GEE evolution could, and perhaps would, affect the
shape of the ejected envelope, the details of how this happens are not fully understood. Our knowledge
of CE evolution has seen a dramatic increase over the past five years or so, but as a computational
problem we still do not understand the full process from spiral-in, through ejection, and on to a visible
PN [14]. GEE is a more recent theory and does not have the volume of work performed at this time,
and it is not clear that it can result in short-period systems with separations of a few R or less [15].
For this reason, the remainder of this work will focus on CE evolution, but the reader should take into
account that GEE could also play a role.

However, enough systems with known binary inclination and nebular inclination now exist
to demonstrate a direct relationship between PN shapes and close central binaries [16]. The clear
observational connection between binary CSs and their PNe combined with computational work
(e.g., [17]) allows us to conclude that the close binary CSs either strongly affect, or completely determine,
the shape of the PN.

Binary CSs also appear to be connected to PNe with high abundance discrepancy factors (ADFs).
ADFs are the result of very different abundance values calculated from collisional versus recombination
line strengths. Recent work [18,19] shows a strong correlation between high ADF and binary CSs in
PNe. In addition, there is evidence in at least one case that the ADF is caused by two clearly distinct
spatial structures, such that the abundance differences result from different physical parameters in
the two spatially distinct regions [19,20]. These regions may well be another example of PN shaping
resulting from binary interactions.
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2.2. The CE Phase and Evolution of the CS

CE evolution in this context begins when one of the two stars in a binary system moves off
the main sequence and expands to the point of coming into contact with its Roche lobe with a deep
convective envelope. Actual spiral-in occurs later in the process, but the CE phase is triggered by
the Roche lobe of the more massive star and its expansion off the main sequence. For binaries that
start off relatively close, the CE interaction may take place before the expanding star reaches the AGB,
resulting in post-RGB objects. If is not known if CE evolution on the RGB can result in a visible PN.
Typically, the slower evolution of post-RGB stars would mean that the envelope disperses before
the core becomes hot enough to ionize the surrounding gas. However, Hall et al. [21] discuss some
circumstances under which a post-RGB core may be able to ionize a visible PN.

Until recently, no CSPNe had been identified that were clearly consistent with post-RGB evolution.
Hillwig et al. [22] provide a list of five CSs that are potential post-RGB objects, four of which are
in known close binary systems (it is possible that the fifth, HaWe 13 [23], is a close binary, but no
direct evidence currently exists). Of the five, the most secure candidate for a post-RGB CS is that of
ESO 330-9. Modeling of the CS spectrum and binary modeling are both consistent with a low-mass
(Mcs = 0.38 — 0.45 M) post-RGB object [22].

While it is not clear that any of these PNe harbor post-RGB CSs, confirming the nature of these
stars, and other potential post-RGB stars [22] will have important implications for our understanding
of CE evolution and PN production.

2.3. Companions to Binary CSPNe and the Close Binary Fraction

As noted above, the light curves of close binary CSPNe can give us information about the
most-likely companion to the CS. A light curve dominated by ellipsoidal variability in all well-studied
cases so far have been shown to be double degenerate (DD) systems, where the companion to the hot
CS is a compact object—most likely a WD. Likewise, light curves dominated by an irradiation effect
have been shown to have cool main sequence stars as companions. This makes physical sense due
to the nature of the system. Because the CS is very hot, any main sequence companion will exhibit a
strong irradiation effect. If the cool companion is large enough to nearly fill its Roche lobe, and thus
exhibit ellipsoidal variability, the resulting irradiation effect would be far stronger than the ellipsoidal
variability. Thus, for a cool companion we expect the light curve to be dominated by irradiation.
The combination of temperatures and luminosities mean the irradiation effect should be visible for the
entire PN lifetime.

Of the currently known close binary CSPNe in the literature (for a current list, see the online
table maintained by David Jones at http://drdjones.net/?q=bCSPN), 48 show photometric variability
and are firmly identified as the CS of a PN. Of those, 13 have light curves dominated by ellipsoidal
variability. If we take all of those to be DD systems, then we find that roughly one-quarter of all
detected close binary CSPNe have a WD companion.

The caveat is that these are the detected systems. Ellipsoidal variability will only be observable
while one or both stars fill a significant fraction of their Roche lobe. In each of the well-studied
cases it appears that the deformed star is the CS. So as the CS contracts toward the WD track, it will
detach farther from its Roche lobe, meaning the ellipsoidal variability will decrease relatively rapidly.
It is unclear how long the ellipsoidal variability for a typical binary CSPN will be observable. The author
and collaborators are working on determining a realistic result for the duration of the observable
ellipsoidal variability in these systems. A back-of-the-envelope approach results in a fractional
observable lifetime (relative to the length of time the PN is visible) of about one-third to one-quarter.
This is based on the observable lifetime of PNe relative to the length of time the CS will be large
enough to nearly fill its Roche lobe and display ellipsoidal variability. So, if ellipsoidal variability is
only visible for about one-third to one-quarter of the lifetime of a PN, then we can assume that we
only observe about one-third to one quarter of all DD systems to have photometric variability.
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With these pieces of information, we would expect there to be roughly as many DD close binary
CSPNe as there are those with a main sequence companion. If we use close binary fractions from
the literature for photometric studies [2,24] of about 10-20%, or the value from the author’s recent
survey (paper in preparation) of ~12%, and assume that we have only observed roughly one-quarter
to one-third of the close DD systems, we arrive at a corrected close binary fraction of ~20-30%.
With an improved observable lifetime of ellipsoidal variability, and with a more precise value of the
close binary fraction, the uncertainty will shrink, with a goal of identifying the close binary percentage
to within a 5% range in the near future.

3. The Relationship between PPNe and PNe

The discovery of objects in the intermediate evolutionary step between the end of the AGB
and the PN phase began the study of PPNe [25-27]. Many PPNe show very strongly aspherical
structures [28-30], so discussions of PN shaping naturally involved PPNe, and it seemed clear that the
mechanism that shapes PNe must act very early, such that bipolar structures are apparent even in the
early PPN stages.

Various photometric, spectroscopic, and radial velocity studies of PPNe to search for close binaries
that may be responsible for shaping have all ended with the absence of any evidence for close binary
cores [31,32], or in fact for any binary systems with orbital periods less than years.

The high luminosities and low temperatures of the CSs of PPNe mean that they must be relatively
large—much larger than the orbital separation of any of the known close binary CSPNe. The distances
to PPNe are not well known, though Gaia data will hopefully provide answers for some PPNe.
Luminosities are difficult to determine without well-known distances, though typical luminosities are
expected to be in the several thousands of L. With typical temperatures determined from spectra of
5000-10,000 K, we can estimate radii of the PPN CSs to be tens of R or more. With typical orbital
separations for the known close binary CSPNe of a few R, or less, for these PPNe to be the progenitors
of the close binaries, they would have to still be in the CE phase. However, current studies show that
the CE phase lasts on the order of weeks, or at most years, depending on when we begin to consider
the system as entering the CE [33]. These PPN CSs are clearly not evolving on that timescale.

Indeed, Figure 1 shows evolutionary tracks from Miller Bertolami [34] along with the beginning
positions of the CSs of a number of well-studied close binary CSPNe. These beginning positions,
the locations of the points in Figure 1, are defined as the location along the CS evolutionary track
where the CS would just fill its Roche lobe, the idea being that if the CS were any larger, the system
would still be in the CE phase (or at least would be undergoing significant mass transfer).

The placement of each data point in Figure 1 was determined by choosing a mass value for the
two stars in each binary from the literature (often from a range of values, or on occasion choosing
between two or more different values from different studies). As such, the mass values in Table 1
should not be reproduced as a list of known masses—they are representative values.

The luminosity of each CS was then assigned based on its mass, using the models of Miller
Bertolami [34]. Each CS was assigned a luminosity approximately equal to that for a CS of that mass,
at a post-AGB age of zero years.

The temperature of the CS was determined by first calculating the volume radius of the Roche
lobe of the CS using the method of Eggleton [35] where the separation, a4, can be found from P,,;, and
the masses using Kepler’s third law. Once the radius is calculated, the temperature is approximated
from the luminosity and radius using the Stefan—Boltzmann equation.

Table 1 shows the physical parameters from the literature and the calculated values for each CSPN.
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Figure 1. Evolutionary tracks from Table 3 in Miller Bertolami [34] for central stars of planetary nebulae
(CSPNe) with Z = 0.01 and for final central star (CS) masses as labeled on the upper-right next to each
track. Line styles alternate between sold and dashed to make them easier to follow on the plot. Also
shown are the locations of the hot CS of a number of close binary CSPNe at their maximum possible
radius (see text for description).

Table 1. Literature data for binary CSPNe along with calculated maximum radii and effective
temperatures for the CSs at a luminosity appropriate for the CS mass.

PN Name Parb (days) MCS (M@) M, (M@) Riax (R@) log L/L@ log Teff Ref.

V458 Vul 0.06812255 0.58 1 0.27 3.88 4.99 [36]
TS 01 0.163508 0.80 0.54 0.57 428 4.94 [37]
NGC 6337  0.1736133 0.56 0.35 0.53 3.80 4.81 [16]
Abell 41 0.226453066 0.56 0.56 0.61 3.80 4.78 [38,39]
HaTr 7 0.3221246 0.56 0.14 0.88 3.80 4.74 [22]
DS1 0.35711296 0.70 0.3 0.96 4.20 478 [40,41]
Abell 63 0.46506921 0.63 0.29 1.10 4.00 4.72 [42]
Abell 46 0.47172909 0.51 0.14 1.09 3.10 4.51 [42]
Lo16 0.48626 0.6 0.4 1.08 3.98 4.69 in prep
NGC 6026 0.528086 0.57 0.57 1.09 3.84 4.65 [43]
HFG 1 0.5816475 0.57 1.09 1.13 3.84 4.65 [44]
Abell 65 1.0037577 0.56 0.22 1.79 3.80 4.54 [45]
LTNF 1 2.2911667 0.59 0.25 3.14 3.96 4.46 [46]
Sp1 2.90611 0.58 0.48 3.45 3.90 4.44 [16]

Figure 1 demonstrates that these “close” binaries are in fact close enough that the core of the
evolving star could not have started its post-AGB evolution at the zero-age point (the top right of the
plot, near the mass values) on the evolutionary tracks without over-filling its Roche lobe. The CSs
of PPNe are observed to be single objects and stable over at least several decades through direct
observation (though many show pulsations). They do not show evidence of binarity, significant mass
transfer, or large-scale changes, and the circumstellar envelope has detached from the CS [32]. If these
objects entered a CE in the past, they are now at a stage after the CE has been ejected. This has several
implications. First, the particular PNe with close binary CSs shown in Figure 1 would not have gone
through the PPN phase as we know it. Observed PPNe have CSs that are too cool and luminous (thus
too large) to exist in a close binary system unless they are undergoing mass transfer or are in the CE
phase. We also now know that the CE phase evolves rapidly to ejection of the envelope (or merger of
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the cores)—faster than the directly observed lifetimes of these PPNe. Indeed, for realistic stellar masses,
none of the known close binary systems (with P,,;, < 7 days) could begin their post-CE evolution at a
stage (the zero-age post-AGB point) that would result in an object similar to observed PPN CSs.

One caveat to this is the possibility of a self-regulated CE phase, which may result in a longer-lived
CE [47]. This phase is not well understood in terms of the rate of occurrence or observable properties,
but it seems unlikely that it would result in the well-behaved stellar-like properties of the observed
PPN CSs. This is especially true given the consistent evolution of the studied PPNe, such that they
would either all be undergoing self-regulated CE evolution, or it becomes even less likely that any of
them are.

So it seems clear that the known PPNe are not progenitors of PNe with close binary CSs, despite
exhibiting strong nebular shaping. Note, however, that there could still be a wider binary companion
that could engulf the current CS in a CE phase later in its evolution, producing a DD system. However,
none of the known PPNe will proceed directly to the PN phase with a close binary CS. At present
there are several alternative possibilities for the observed morphology of PPNe: the shaping is due
to a companion (likely of low mass) that has been disrupted or has merged with the CS of the PPN,
the shaping is caused by a wider companion, or the shaping is unrelated to a companion.

The second implication of Figure 1 is that the binary companion clearly affects the evolution of
the CS. If the CSs of the binary systems in Table 1 had evolved as single stars, we would expect them
to begin their evolution as a CSPN roughly at the zero-age point on the evolutionary tracks in Figure 1.
However, due to their binary companions, they either need to start their evolution at a more evolved
stage (higher temperature) on those evolutionary tracks, or they would over-fill their Roche lobe and
transfer mass onto their companion. Either results in a change relative to single star evolution, or even
CE evolution that would result in a wider final separation. Determining the result of the change in
evolution is beyond the scope of the present work, but understanding that process may provide a
key element in the energetics of CE evolution. For example, the core evolution may be accelerated as
the companion spirals in, the final mass of the CS may differ from that of an equivalent single star,
the core may undergo significant non-thermal equilibrium evolution, or some combination of these
may occur. However, it seems that these interactions are likely to affect the overall energy budget of
the CE evolution (though whether it is a significant effect is also a question).

4. Discussion

I'have summarized some of the recent conclusions about the relationship between close binary
CSs and their PNe. These conclusions are possible due to the increase in the number of discovered
close binary CSPNe and by the increase in the number of systems with full binary modeling. I also
demonstrated that the PPN-to-PN connection is not as clear as it may seem. The observed sample of
PPNe are not progenitors of PNe with close binary stars. In addition, close binary CSPNe seem to alter
the post-AGB evolution of the core of the evolving star, with possible implications for CE evolution in
addition to PN shaping and close binary evolution.
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