Close binaries
and common

envelopes

David Jones, Jorge Garcia-Rojas, Ondrej
Pejcha and Roger Wesson report on

their RAS Specialist Discussion Meeting
exploring “Common envelope evolution and
post-common-envelope systems”.

slow- and intermediate-mass stars evolve they
Aexpand to b ecome red giants, reaching maximum
radii of hundreds of times that of the Sun, before

shedding their outer layers leaving behind a white dwarf
(WD). It has always been challenging to understand how
such WDs can exist in close-binary systems, where the
orbital separation between the two components is much
smaller than the radius that the progenitor star of the
WD would have reached while a red giant. It was not until
Paczynski (1976), that a satisfactory evolutionary scen-
ario was put forward: the common envelope (CE) phase
(although he credited Ostriker and Webbink with the idea).
Ina common envelope evolution, as the WD progenitor
grows to become a red giant it begins to transfer material
on to its companion in a runaway process that leads to
its engulfment. The core of the red giant and its compan-
ion are then orbiting inside a non-corotating “common
envelope” of material formed from the outer layers of the
expanding red giant. Drag forces ultimately lead to the ejec
tion of the envelope material and the in-spiral of the stars to
much tighter orbits, perhaps even to a merger (figure 1).

The CE (or some variant thereof, e.g. Soker 2015) has
since become the accepted scenario for the formation
of all compact binaries with a WD component. However,
despite more than 40 years of vigorous observational
and theoretical study, the CE still remains one of the most
poorly understood phases of stellar evolution (Ivanova
et al. 2013a). The RAS meeting “Common envelope
evolution and post-common-envelope systems”, held on
11 October 2019, aimed to bring together theorists and
observers working on various aspects of CE and post-CE
evolution, in order to drive forward our understanding of
this fascinating and important phase of binary evolution.

The meeting itself began with a wonderful review by
RobertIzzard (University of Surrey, UK), introducing the
CE phase and its impact on nucleosynthesis. Sun-like stars
are the main agents responsible for enriching the inter-
stellar medium in chemical elements that include lithium,
carbon, nitrogen and a whole host of heavier s-process
elements. However, mass transfer in a binary system - and
particularly the strong mass transfer and loss experienced
during the CE phase - can have dramatic effects on the
yields of these elements from a given star, essentially cut-
ting short its nucleosynthetic evolution. This means that
chemical yields from population synthesis models must
take into account the effect of binarity above and beyond
simply considering which systems might lead to a super-
nova explosion, and the related shockwave and r-process
nucleosynthesis (1zzard & Tout 2003, Tout 2006).
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1 A cartoon representation
of the common envelope,
beginning with the Roche-
lobe overflow of the more
massive component (on the
left) in the upper panel, which
leads to the engulfment

of the companion in the
middle panel. Drag forces,
as the companion and
primary’s core orbit inside
the common envelope, lead
to the transfer of energy
and angular momentum
into the envelope causing
the binary orbit to shrink.
Ifenough orbital energy is
transferred to the envelope
it will be ejected (lower left
panel), likely leading to the
formation of a planetary
nebula, otherwise the two
stars will continue to spiral-in
until merger (lower right
panel). (¢ Hall, Halletal. 2013)
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Planetary nebulae

The meeting continued with a series of talks on the young-
est (surviving) post-CE binary systems: those at the hearts
of planetary nebulae (PNe). In classical single-star evolu-
tion, PNe are the glowing shells of gas and dust compris-
ing material lost, in the form of a slow, dense stellar wind,
by the central star while it was a red giant. This material is
thenionized by the now exposed and rapidly heating core
(which is en route to becoming a white dwarf). Post-CE PNe,
on the other hand, are formed not from the remnants

of a stellar wind but from the ejected envelope itself.

Given the relatively short visibility lifetime of the nebulae
(t~30000yrs), this guarantees that the central binary has
only recently left the CE and, as such, is “fresh-out-of-the-
oven”and has not yet had time to adjust (Jones & Boffin
2017). Indeed, the discovery of a close-binary star at the
heart of a PN was considered by Paczynski as key evidence
for the existence of a CE phase, with the first being found
the same year as his seminal paper (Bond 1976).

Henri M ] Boffin (European Southern Observatory, Ger-
many) highlighted that PNe offer a unique opportunity,
not only to study the immediate products of the CE but
also the pre-CE evolution. Many post-CE PNe are found to
display polar outflows which are thought to trace a phase
of stable mass transfer prior to the dynamical event that
constitutes the CE (Boffin &Jones 2019). This hypothesis
is further supported by the discovery of carbon con-
tamination in the companion to the central star of the
Necklace Nebula (Miszalski et al. 2013), most likely from
carbon-enhanced material transferred from the central
star while it was an asymptotic giant branch star. Further-
more, previous studies of the main-sequence compan-
ions of post-CE PN central stars have found that all are
“inflated” with respect to single stars of the same spectral
type (Jones et al. 2015). Some of this inflation could be the
result of the intense levels of irradiation experienced by
these stars, butitis far more likely to be the result of rapid
mass transfer that knocked the star out of thermal equilib-
rium (Prialnik & Livio 1985).

Given that this accretion is unlikely to have occurred
during the CE spiral-in, when strong entropy gradients
form between the star and the surrounding envelope, itis
thought to be the result of mass transfer prior to the CE.
This hypothesis is supported by the observed ages of jets
in some post-CE PNe, which are found to be older than
the central nebular regions, for example in the archetype
ofthe class, Fleming 1 (Boffin et al. 2012, and figure 2).
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Miguel Santander-Garcia (Observatorio Astronémico
Nacional, Spain) continued the PN-theme by discussing
his survey looking for molecular material in post-CE PNe.
Recent studies had shown that post-CE PNe showed
anomalously low ionized masses compared to the general
population of PNe, with the masses of the handful of
post-CE PNe that have been subjected to sufficiently
detailed study presenting with ionized masses more akin
to novae (Corradi et al. 2015). Our current understanding
of the CE would seem to indicate that post-CE PNe should
be at least as massive as PNe originating from single stars,
if not more so. It is important to test whether this “missing
mass” problem is real and, as such, animportant window
into understanding the CE, or if the material is simply
hidden in another state, for example, in the molecules
Santander-Garcia is searching for (Santander-Garcfa et
al. 2019). The preliminary results of the survey seem to
indicate that, on a statistical level, the mass discrepancy
between post-CE PNe and the general PN population
is far less dramatic than previously indicated. However,
there does seem to be some correlation between
the binary components and the nebular mass, where
systems with main-sequence companions appear to
show significantly lower nebular masses than those
with a degenerate companion. This may offer a route
towards understanding the evolution towards close
double-degenerate systems which are thought to avoid
a CE when the more massive component evolves, instead
experiencing a phase of stable mass transfer, only passing
through the CE when the second component evolves
from the main sequence (Woods et al. 2012).

Understanding the formation of close double-
degenerate systems represents a key challenge in mod-
ern astrophysics because these systems are important
sources of gravitational waves for future space-based
missions such as LISA (Korol et al. 2018). Furthermore,
the mergers of double WD systems may represent a
pathway towards Type Ia supernovae (Santander-Garcia
et al. 2015), which have been critical tools used to probe
the expansion rate of the universe at high redshift (Riess
etal. 1998, Perlmutter et al. 1999). This work was ultimately
awarded the 2011 Nobel Prize for Physics, in spite of the
fact that the progenitors of Type la supernovae are still
unclear, as is the physics of what makes them such excel-
lent standard candles (Phillips 1993).

Extreme companion masses

As the morning session continued, the talks moved
towards more evolved post-CE binaries, beginning with the
search for WDs with early-type main-sequence compan-
ions led by Steven Parsons (University of Sheffield, UK).
There are now thousands of post-CE systems known
comprising a WD and main-sequence star, but only a
handful where the companion main-sequence star is more
massive than half a solar mass. This dearth of massive
companions is likely to arise from the intrinsic difficulty

of identifying such systems: such bright companions
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outshine the WD components of the binary by several
orders of magnitude in the optical range (Parsons et al.
2016). Radial velocity surveys, however, may hold the key
to revealing the otherwise hidden WDs, with subsequent
space-based ultraviolet observations providing critical
confirmation. Importantly, the new systems with massive
main-sequence companions discovered by Parsons can be
used to probe how the CE differs in the low and high mass
regimes (Brown et al. 2019), particularly given that previous
studies have indicated that there may be a correlation
between the efficiency of the CE (i.e. what fraction of the
binary’s orbital energy is used to eject the envelope) and
the pre-CE parameters (for example, the masses; Wilson

& Nordhaus 2019). Additionally, post-CE systems with
high-mass companions can place critical constraints on
the formation scenarios for Type Ia supernovae (Parsons
etal. 2016), as these binaries represent the strongest
single-degenerate progenitor candidates. Given that

the companions are massive, one would expect the WD
progenitor to have also been rather massive and thus lead
to a massive WD remnant which could feasibly grow, via a
future mass transfer episode, reaching the Chandrasekhar
mass and possibly explode as a Type Ia supernova.

At the other end of the companion mass range, Sarah
Casewell (University of Leicester, UK) highlighted that
only eight post-CE systems comprising a detached WD
and brown dwarf (an object more massive than a gas
giant planet but still below the nuclear burning limit; e.g.
Maxted et al. 2006) are known while a similar number are
found in cataclysmic variables or in hot subdwarf-brown
dwarf pairs. Such systems place important constraints
on the minimum mass to be able to survive a CE event
(Casewell et al. 2018, Parsons et al. 2017), as well as a
unique opportunity to study the atmospheres of brown
dwarfs given that the high levels of irradiation from their
companion WDs lead to the production of metal emission
lines (Casewell et al. 2015, Longstaff et al. 2017).

Mergers
Thus far, we have only considered CEs where the binary
system manages to impart sufficient energy into the
envelope for it to be ejected before the two stars merge.
However, itis clear that this will not always be the case and
an appreciable number of systems will merge during the
CE (Kochanek et al. 2014). It is only relatively recently that
the transient events associated with such “failed” CEs were
identified - still using their original mis-assigned moni-
ker: luminous red novae (LRNg; Ivanova et al. 2013b). It is
interesting that the names of perhaps the two most direct
products of the CE - PNe and LRNe - are both misnomers;
just as PNe bear no relation to planets, LRNe are completely
unrelated to novae. The name is simply a reflection of the
fact that they were first discovered as red transients with
peak luminosities between those of novae and supernovae.
The first three talks of the afternoon were dedicated
to observations and simulations of LRNe, beginning with
areview by Nadeja Blagorodnova (Radboud University,

2 The post-common-
envelope planetary nebula
Fleming 1. The observed
Jets have been shown to
predate the central nebula
by a few thousand years,
while the central staris a
double-degenerate binary
with an orbital period of
1.195 days (Boffin et al.
2012). (ESO/H Boffin)

“Radlal velocity
surveys may hold
the key to revealing
otherwise hidden
white dwarfs”
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Netherlands), who outlined the observational properties
of this enigmatic class of objects: their rapid brightening
of several magnitudes followed by slow decline, becoming
increasingly redder until eventually resembling a very
low-temperature supergiant. This behaviour - seenin the
archetype of its class, V838 Monocerotis (see figure 3) which
erupted in early 2002 - was found to be consistent only with
amerger scenario. Neither a thermonuclear event, such
as anova, nor some form of helium shell flash would result
in such a colour-temperature evolution (Tylenda & Soker
2006). The CE merger scenario was later confirmed fol-
lowing the eruption of V1309 Scorpii, where serendipitous
pre-outburst photometry showed that the system com-
prised a contact binary exponentially reducing in orbital
period prior to the observed outburst (Tylenda et al. 2011).
Dominika Hubova (Charles University, Prague) next
described how the pre-outburst light curve evolution of
V1309 Sco was indicative of continous mass-loss from the
outer Lagrange point of the system (Pejcha 2014), with
hydrodynamic simulations highlighting that a significant
amount of mass could be lost in this way (an amount
comparable to that ejected during the final dynamic
event; Pejcha et al. 2017). She also outlined how her
simulations of the kinematics of this mass-loss can lead to
anumber of possible outcomes ranging from unbound
outflows through to fall-back followed by the formation
of a decretion disc, some material returning to the binary
surface, or a hydrodynamic shock close to the binary. These
results have critical implications for the interpretation
of the morphologies of evolved LRN remnants, such as

3 The spectacular light echo
surrounding the luminous
red nova V838 Monocerotis
imaged with the Hubble
Space Telescope about nine
months after eruption.
(NASA, ESAand HE Bond [STScL))

those discussed by Tomasz Kaminski (Nicolas Copernicus
Astronomical Center, Poland). Three of the best-known
galactic LRNe have been observed in the millimetre/
submillimetre-wave regime roughly 10-20 years following
their eruption, finding that in each case the isotopic and
chemical composition of the material is indistinguishable
from that found in the envelope of oxygen-rich evolved
stars (Kaminski et al. 2018). Furthermore, two of the objects
presented with spatially-resolved outflows both of which
were found to be bipolar, consistent with the ejecta being
shaped by the pre-merger mass-loss through the outer
Lagrange point. Intriguingly, kinetic energy stored in the
ejecta of these two LRNe is similar to that found in many
pre-PNe, strengthening the idea that some of these objects
may form as part of CE merger events (Kamirski et al. 2018).

The final talk of the day was delivered by Diego
Calderdn (Pontificia Universidad Catdlica de Chile and
Charles University, Prague) about his work on colliding
stellar winds. In compact binaries, the winds from the two
stars can collide leading to the formation of instabilities
and ultimately dense clumps of gas. It seems clear that
such interactions play a key role in the formation of gas
clouds similar to G2, the cloud which is currently being
tidally disrupted by the supermassive black hole, SgrA*, at
the centre of our own galaxy (Calderdn et al. 2016). How-
ever, such interactions are likely to be important in the
stages prior to merger in compact binaries comprising
high-mass main-sequence stars.

Conclusions

Since it was proposed in the mid 1970s, the CE and its
progeny have been the subject of continuous study. In
spite of all this work, both theoretical and observational,
and the enhanced understanding it has brought, there is
still much left to learn about the CE. This RAS Specialist Dis-
cussion Meeting brought together more than 40 leading
CE researchers from all over Europe (and some from even
further afield). In spite of all the work presented being
strongly linked to this one short-lived phase of binary
evolution (the CE), it is not often that the sub-fields are
brought together in a single meeting. The meeting offered
a unique opportunity for discussion and the exchange of
ideas that shall undoubtedly inform the future work in the
field. The organizers would like to thank all the attendees
and, in particular, the speakers for what was an extremely
vibrant and interesting meeting. We all look forward to the
future work that will be done in the field, and ultimately
towards unravelling the mysteries of the CE. ®

AUTHORS ACKNOWLEDGEMENTS

Dr David Jones, Instituto The organizers thank the RAS for
de Astrofisica de hosting this Specialist Discussion
Canarias, and Depart- Meeting. DJ and JGR acknowledge

amento de Astroffsica, Universidad de
LaLaguna, Tenerife, Spain; worked at
Manchester and ESO before La Palma

DrJorge Garcia-Rojas, >
Instituto de Astroffsica

de Canarias, and r
Departamento de

Astroffsica, Universidad de La
Laguna; followed a PhD at La Laguna
with a postdoc at UNAM, Mexico

Dr Ondrej Pejcha,
Institute of Theoretical
Physics, Charles Uni-
versity, Prague, Czech i
Republic; has a PhD from Ohio State
University and was a postdoc at
Princeton University, USA

Dr Roger Wesson, Dept
of Physics and Astron-
omy, University College
London, UK, where he

also undertook his PhD

3.42

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.

They also acknowledge 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 trans-
ferred from the General Budgets

of the Autonomous Community of
the Canary Islands by the Ministry

of Economy, Industry, Trade and
Knowledge. OP was supported by
Horizon 2020 ERC Starting Grant “Cat-
In-hAT” (grant agreement #803158)
and INTER-EXCELLENCE grant
LTAUSA18093 from the Czech Ministry
of Education, Youth, and Sports

REFERENCES

Boffin HM) & Jones D 2019

The Importance of Binaries in the
Formation and Evolution of Planetary
Nebulae (Springer)

Boffin HM] et al. 2012 Science 338
773

Bond HE 1976 Publ. Astron. Soc. Pac
88192

Brown A] et al. 2019 Mon. Not. R.
Astron. Soc. 482 4951

Calderén D et al. 2016 Mon. Not. R.
Astron. Soc 455 4388

Casewell SL et al. 2015 Mon. Not. R.
Astron. Soc. 447 3218

Casewell SL et al. 2018 Mon. Not. R.
Astron. Soc 476 1405

CorradiRLM et al. 2015 Astrophys.
J.80399

Hall PD et al. 2013 Mon. Not. R.
Astron. Soc. 435 2048

Ivanova N et al. 2013a Astron.
Astrophys. Rev. 21 59

Ivanova N et al. 2013b Science
339433

Izzard RG & Tout CA 2003 Publ.

Astron. Soc. Australia 20 345

Jones D &Boffin HM]) 2017 Nature
Astron. 10117

Jones D et al. 2015 Astron. Astrophys.
580A19

Kamirski T et al. 2018 Astron.
Astrophys. 617 A129

Kochanek CS et al. 2014 Mon. Not. R.

Astron. Soc. 443 1319

Korol Vet al. 2018 Astrophys. J.
866L20

Longstaff ES et al. 2017 Mon. Not. R.
Astron. Soc. 471 1728

Maxted PFL et al. 2006 Nature
442543

Miszalski B et al. 2013 Mon. Not. R.
Astron. Soc. 428 .39

PaczynskiB 1976 in Eggleton P et al.
(eds) AU Symposium 7375

Parsons SG et al. 2016 Mon. Not. R.
Astron. Soc. 463 2125

Parsons SGet al. 2017 Mon. Not. R.
Astron. Soc. 471 976

Pejcha O 2014 Astrophys. J. 788 22
Pejcha O et al. 2017 Astrophys. J.
85059

Perlmutter S et al. 1999 Astrophys.
J.517 565

Phillips MM 1993 Astrophys. J. 413
L105

Prialnik D & Livio M 1985 Mon. Not.

R. Astron. Soc. 216 37

Riess AG et al. 1998 Astron. . 116
1009

Santander-Garcia M et al. 2015
Nature 519 63
Santander-GarciaM et al. 2019 in
Highlights on Spanish Astrophysics
X392

Soker N 2015 Astrophys. J. 800 114
Tout CA 2006 Mem. Soc. Astron.
Italiana 77 804

Tylenda R & Soker N 2006 Astron.
Astrophys. 451223

TylendaR et al. 2011 Astron. Astro-
phys. 528 A114

Wilson EC & Nordhaus ] 2019 Mon.

Not. R. Astron. Soc. 485 4492
Woods TE et al. 2012 Astrophys. .
74412

ARG | June 2020 | Vol. 61 | aandg.org

020z AInr zo uo Jasn uopuoT abs|j0) Ausiaalun Aq £Z19€8S/01 €/€/ | 910esqe-ajoie/oaboase/woo dno olwapeose//:sdiy Wolj papeojuMo(]


http://aandg.org

