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Abstract. Orbital decay mechanisms argue that double white dwarf mergers are inevitable, but extremely
rare. Whilst some mergers result in explosions, the survivors re-ignite helium and burn brightly for tens of
thousands or millions of years. Candidate survivors include extreme helium stars, R CrB variables and
various classes of helium-rich subluminous star. Nuclear waste on the survivors’ surfaces provides evidence
of the stars’ nuclear history prior to and their nucleosynthesis during the merger. Extensive and deep

spectroscopic surveys offer rich prospects for future discoveries.

Keywords.

1. Introduction

There is overwhelming evidence that many classes of
binary star pass through a phase in which the compo-
nents coalesce to form a single star. Prerequisite to
coalescence is an orbital decay mechanism, including
any of gravitational-wave (GW) radiation, magnetic-
wind braking (MWB), mass transfer through Roche-lobe
overflow (RLOF) or common-envelope ejection (CEE),
or external hardening by the Kozai mechanism. Sus-
ceptible binaries include stars at nearly every stage of
evolution, including binary main-sequence stars (e.g.
W UMa systems and massive binaries: MWB, RLOF),
red giants (RLOF, CEE), and compact stars (e.g. double
white dwarfs, double neutron stars, double black holes:
MWB, RLOF, GWR). Evidence comes from observa-
tions of orbital decay (P: PSR 1913 + 16, J0651 +
2844) (Taylor & Weisberg 1982; Hermes et al. 2012),
from unusual classes of novae (e.g. V838 Mon,
V1309 Sco) (Soker & Tylenda 2006; Tylenda et al.
2011; Ivanova et al. 2013), from GW bursts and other
explosive events (e.g. GW 170817 = GRB 170817A)
(LIGO and Virgo Collaborations 2017a, b), and from

This article is part of the Topical Collection: Chemical
Elements in the Universe: Origin and Evolution.

Stars: chemically peculiar—stars: evolution—stars: abundances.

single stars that can only be understood in the context of
post-merger evolution (e.g. blue stragglers, R CrB stars,
helium-rich subdwarfs) (Leonard 1989; Saio & Jeffery
2002; Zhang & Jeffery 2012b). In terms of the latter, the
surface chemistry of stars that have coalesced provides a
unique perspective on the nuclear structure of the pro-
genitor stars, and of the physics of the merger event.
Each atomic (or nuclear) species visible on the surface of
a post-merger remnant tells a different part of the story.

This paper outlines the physics of double white dwarf
mergers and what atoms have told us about them in the last
century. Section 2 describes the formation of double white
dwarf binary star systems and the conditions for a merger
to occur. Section 3 introduces the physics of the merger
itself. In Section 4, we discuss some of the possible mer-
ger outcomes, concentrating on stars that survive rather
than explode. Sections 5 and 6 explore how observations
of merger survivors can provide tests of theory for two
classes of double white dwarf merger models.

2. Double white-dwarf mergers
2.1 DWD formation

White dwarfs (WD) represent the final state of most
stars, the remnant left after all nuclear fuel and
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gravitational potential has been spent, and = 8% of all
stars in the Solar neighbourhood. Whilst ~ 0.6M
carbon-oxygen white dwarfs are the usual end-state of
single stars with mass 0.5—8M,,, observed WD have
masses from 0.1—1Mg, a range which can only be
explained as a consequence of interactions between
stars in binary or multiple star systems.

The essential physics requires two stars to be in an
orbit sufficiently compact that, when one star expands
to become a red giant, material spills outside the
gravitational volume (Roche lobe) where it can be
identified with its parent. This mass may fall onto its
companion or be ejected from the binary system
altogether. Depending on initial conditions and other
physics, the binary orbit can shrink or widen, mass
transfer can continue quietly or accelerate, and both
stars can radically alter their structure and commence
a new phase of evolution. Several epochs of mass
exchange may punctuate the evolution of a binary
until ultimately both components become white
dwarfs, with masses and mass ratios very different
from their initial values. Figure 1 provides a
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simplified illustration of how a series of binary star
interactions can lead to formation of a close double-
white dwarf binary system.

Tracing the evolution of binary-star interactions as
a function of initial masses and orbital separation
(my,my,a) has been a major occupation of stellar
theory for half a century (Paczynski 1966; Webbink
1976; Eggleton 1983; Iben & Tutukov 1984; Han
et al. 1995; Han 1998; Nelemans et al. 2000). As
white dwarfs (WDs) represent the end state of almost
all stars, double WDs are expected to be produced in
many binary evolution channels. Among double WDs,
about half are expected to be double helium WDs.
These usually form from systems in which both stars
have masses less than 2.3M. and which lose their
envelope before core helium ignition. For instance, a
pair of 1.4M. and 1.1M; main-sequence stars in a
40-day orbit will produce a close binary system of two
helium white dwarfs (Nelemans ef al. 2001). In con-
trast, double CO white dwarfs form in relatively wide
and massive systems in which both stars can evolve to
the AGB phase and leave a CO core after mass loss.

CE merger

O

Figure 1.
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A simplified schematic of possible channels leading to the formation of double white dwarf binaries and their

subsequent interactions. Abbreviations used include MS: main-sequence stars, RLOF: Roche-lobe overflow, CE: common
envelope, BS: blue straggler, WD: white dwarf, He: helium, AM CVn: an interacting double white dwarf binary, SN Ia: a

Type Ia supernova.
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Given the range of possible double white dwarf
binaries that have emerged from these simulations, the
potential for a radically new branch of stellar arith-
metic was realised (Nomoto & Sugimoto 1977;
Webbink 1984; Iben & Tutukov 1984). Outcomes
depend on whether one adds two helium white
dwarfs (He+He), two carbon-oxygen white dwarfs
(CO+CO), or one of each (He4+CO), and also upon
the mass ratio.

2.2 Conditions for merger

Once a DWD has formed, little happens for a long
time. The binary acts as like a rotating dipole, its mass
creating gravitational waves which remove energy
from the system and cause the orbit to shrink. This
spiral-in phase is interesting from the point of view of
its gravitational-wave signature since unresolved
DWDs are likely to provide the dominant foreground
noise at low frequency (Webbink & Han 1998;
Nelemans et al. 2001). However, as contact is
approached, the GW frequency and amplitude will
rise more and more rapidly providing a ‘chirp’ anal-
ogous to those observed in neutron-star and black-hole
mergers (LIGO and Virgo Collaborations 2017a, b),
which will stand out form the foreground (Yu & Jef-
fery 2010, 2011; Kremer et al. 2017).

After a time given approximately as

T2 107(P /)P (M /M)y

(Marsh et al. 1995), the less massive white dwarf
(subscript 2) will fill its Roche lobe and mass transfer
will commence. The equation shows that merger times
for DWDs with periods P > 6 h will exceed 10° yr,

and a mass term with u~'(M/M.) <1 will
increase that time further (M = my + mp, u = %).
Since the white dwarf mass-radius relation requires
rocm~'/3, the donor will expand upon reaching
contact, when P =3 m. To conserve angular
momentum, the orbit will widen (a will increase) if
the mass ratio ¢ = mp/m; <1. The donor expansion
will exceed the Roche lobe expansion 7, > ga if
g=2/3, or less if mass transfer is non-conservative
(Chen et al. 2012). Since the dynamical timescale is
short and = Py, the donor will totally disrupt and
form a hot shell around the accretor. If ¢ is less than
some limit, mass transfer will be stable and have the
characteristics of an AM CVn binary (Nelemans et al.
2001; Marsh et al. 2004). The location of the bound-
ary between dynamical and stable mass transfer
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remains unclear and has some bearing on the types of
outcome (Motl et al. 2007; Dan et al. 2014).

2.3 Pre-merger candidates

An early argument against DWD mergers as progen-
itors of Type Ia supernovae and other outcomes was
an lack of DWDs. This observational deficit was first
corrected by Marsh ef al. (1995) and subsequently,
through large-scale spectroscopy surveys including
the Supernova Progenitor SurveY (SPY: Napiwotzki
et al. 2001), the Sloan Digital Sky Survey (SDSS:
Eisenstein 2006; Breedt et al. 2017) and the Extre-
mely Low-Mass white dwarf survey (ELM: Kilic
et al. 2010, 2011, 2012). These surveys discovered
many DWDs with mass ratios exceeding the critical
value for merging and a substantial number which will
merge within a Hubble time (10 Gyr) (Brown et al.
2016).

Notable amongst these is the eclipsing DWD SDSS
J0651+4-2844 which, with P = 765 sand g = 0.5, shows
spiral-in at arate P = —8.95 + 0.11 x 10~2ss~! fully
consistent with gravitational wave radiation (Hermes
et al. 2012). Other short-period DWDs which will reach
contact within 10° yr (t¢c ~ %g) and are also GW veri-
fication sources include DWDs SDSS J0935 + 4411
(P=1188s, g>0.44) (Kilic eral 2014), SDSS
J2322 4+ 0509 (P = 1201 s, ¢ = 0.89) (Brown et al.
2020), ZTF J1539 + 5027 (P =415s, g~ 0.3,
P = —2.373+0.005 x 10~ "'ss~") (Burdge 2019) and
PTF J0533 + 0209 (P =1234s, ¢=026, P=
—3.9+0.8 x 107 "2ss7!) (Burdge et al. 2019). Most
appear to be CO + He WDs, but J2322 + 0509 stands
out for being an He-+He WD.

2.4 DWD statistics

By assuming that half of the star systems in the
Galaxy are binaries and using the pioneering methods
of binary-star population synthesis, Han (1998) and
Nelemans et al. (2001) obtained the first reliable sta-
tistical estimates of the galactic populations of double
white dwarfs. Both Han (1998) and Nelemans et al.
(2001) found that the birth rate for close double white
dwarfs in the Galaxy is 3.2 x 1072yr~!. In more
recent calculations, the birth rate for close double
white dwarfs has been estimated as 2.98 x 1072 yr~!
(Liu et al. 2010) and 3.21 x 1072 yr~'(Yu & Jeffery
2010). Convolving with the star-formation rates and
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the evolutionary lifetimes, the total number of close
binary white dwarfs currently present in the galactic
disk is ~3 x 10® (Yu & Jeffery 2010). Of the double
white dwarfs, 38% are estimated to be He+He, 15%
are CO+CO, and 39% are He + CO; the remain-
der include an ONeMg WD (Yu & Jeffery 2010).
Among these, the merger rate is estimated from
2.2 x 1072 yr~!(Nelemans et al. 2001) down to
2.7 x 1073 yr~'(Yu & Jeffery 2010). Yu and Jeffery
(2011, Fig. 4) separate the Galactic merger rates into
He+He: 2 x 1072 yr!, CO + He: 6 x 10~*yr !,
CO+4CO: 6 x 10~*yr~!, and ONe+ : 3 x 10~*yr !

It is not easy to estimate the merger rate from
observation. Brown et al. (2020) calculated the mer-
ger rate for low-mass double WD binaries from the
ELM survey. They infer that the latter are mostly
He + CO WD binaries with a merger rate of
2 x 1073 yr~!. The 1:1 number ratio of systems with
merger times (7) more or less than 10 Gyr implies that
the ELM WD merger rate exceeds the formation rate
of AM CVn binaries in the Milky Way and hence
supports models in which most He + CO WDs merge
(Shen 2015).
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3. DWD merger physics

Modelling the merger of two white dwarfs poses
enormous computational challenges. Whilst we prob-
ably understand what the major phases look like, we
are also probably a long way from knowing precisely
what the temperature, density and angular momentum
distribution is at any stage of process.

First attempts were based on a three-dimensional
hydrostatic code (Hachisu et al. 1986a, b) and pro-
vided hints that, even for Mcpandrasekhar <M <2.4M,
in a CO4-CO merger, the maximum density would be
too low to ignite carbon deflagration, unless angular
momentum 1is lost during the merger. It was already
known that, if thick disk physics applies, there is little
to stop such angular momentum loss (Lynden-Bell &
Pringle 1974). Consequently, a WD merger is pri-
marily a hydrodynamics problem covering many
pressure and density scale heights, with high-density
and nuclear physics and ultra-short time scales to
spice things up.

A summary of three decades of progress provides a
thumbnail sketch of a DWD merger (Figure 2).
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Figure 2. Schematic of possible steps in a carbon-oxygen helium white dwarf merger resulting in the formation an R CrB

star (reproduced from Zhang et al. 2014).
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Subsequent calculations adopted the smoothed-
particle hydrodynamics (SPH) approximation to
demonstrate how material starts to be stripped from
the donor WD and spiral down to the accretor’s sur-
face, followed quickly by complete tidal disruption of
the donor. (Benz et al. 1990; Segretain et al. 1997,
Guerrero et al. 2004). As the mass transfer rate
accelerates, matter cannot be assimilated directly by
the accretor, so starts to accumulate in a high-entropy
high angular-momentum shell around the more mas-
sive white dwarf. The next generation of models
provided the insight that the merger debris can be
described by a Keplerian disk-like shell lying outside
a rapidly-rotating, high-entropy ‘hot’ envelope. The
relatively undisturbed accretor behaves as a slowly
rotating ’cold’ compact core (Yoon et al. 2007,
Lorén-Aguilar et al. 2009). Interesting nucleosynthe-
sis may occur at the base of the "hot’ envelope, where
protons, o particles and light elements mix and can
briefly reach temperatures in excess 10° K (Clayton
et al. 2005; Longland et al. 2011, 2012; Menon et al.
2013, 2019).

More recent models adopt the full hydrodynamics
approach, including some nucleosynthesis. Staff et al.
(2012) performed a series of hydrodynamic simula-
tions of merging double WD systems for RCB stars.
By assuming a thick helium buffer layer on the pri-
mary WD surface, they found significant production

of 130. Thus, the ratio of 80/ 0 intensely depends
on primary WDs. This result is also confirmed by a
recent simulation (Staff et al. 2018). By adopting the
outcome of Staff eral (2012), Menon et al.
(2013, 2019) represent the surface abundances of RCB
stars with a particular mixing profile.

Calculating the merger of two unequal mass CO
WDs with viscosity, Shen et al. (2012) argues that the
remnants will take a relatively long-time evolution
during the envelope heating phase and then yield a
high-mass ONeMg WD or NS rather than SN Ia,
reflecting the conclusion of Hachisu et al. (1986a).
These results indicate that the detail of the physical
model plays an essential role in the fate of double WD
mergers. Hence, Shen (2015) considered viscosity in
the double WD mergers with more extreme mass
ratios. The outcome for such systems, which was
previously thought to be dynamically stable mass
transfer, is more likely to be a merger. In the low mass
(or sub-explosion) domain, this will result in a higher
ratio of merger products to mass-transferring
AM CVn systems, essentially as observed (Brown
et al. 2020).
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Despite progress in the dynamics and nucleosyn-
thesis of the few minutes surrounding the merger
itself, questions persist about the subsequent evolu-
tion. How quickly does the high-entropy envelope
‘accrete’ onto the primary—is this fast, or slow, or
some combination? How deeply are the surface layers
of the accretor disturbed, and how completely are
these layers and any nuclear products formed in the
high-T flame mixed through the surface layers of the
product? How soon after the merger is quasi-
stable nuclear burning established? And, of course,
what are the conditions that can trigger a runaway
explosion?

4. DWD merger products

Key to the outcome and subsequent evolution of the
merger is the physics of the interaction itself. How-
ever, one thing is clear; since neither participant
contains much hydrogen, and what hydrogen has
survived will be mixed with substantially more helium
and possibly other material, the product will be
hydrogen-deficient.

4.1 DWD arithmetic

Schematically, DWD merger arithmetic has been
articulated for nearly 40 years. First steps to compute
post-merger evolution used quasi-static 1-dimensional
models to approximate the merger. Three general
cases are identified below, together with a non-ex-
haustive list of the major calculations:

e He+He — He shell ignition — He core burning
(hot subdwarf) — He/CO WD (Nomoto & Sugimoto
1977, Nomoto & Hashimoto 1987; Kawai et al.
1987, 1988; Iben 1990; Saio & Jeffery 2000; Zhang &
Jeffery 2012a, b; Hall & Jeffery 2016; Schwab 2018).

e He + CO — He shell ignition — explosion | RCB
star — EHe star — CO WD (Webbink 1984; Iben &
Tutukov 1984; Iben 1990; Saio & Jeffery 2002; Zhang
et al. 2014; Staff et al. 2018; Lauer et al. 2019;
Schwab 2019; Crawford et al. 2020).

e CO+CO — C shell ignition — C core burning —
ONeMg WD | explosion (Hachisu ef al. 1986a; Kawai
et al. 1987; Nomoto & Hashimoto 1987; Mochkovitch
& Livio 1990; Segretain et al. 1997; Saio & Nomoto
1998). Additional permutations are possible if we
distinguish hybrid He/CO WDs.
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4.2 Post-merger evolution

The simplest case, the merger of two helium white
dwarfs to produce a core helium-burning star has
latterly been a key theme in the study of hot subdwarfs
(Han et al. 2002; Zhang & Jeffery 2012b; Heber
2016). Whilst He + CO and CO+CO WD mergers
provide a major channel for the production of Type Ila
supernovae, dramatic events with huge significance
for cosmology, we are more interested here in stars
which survive the merger. These are primarily con-
sidered to include the helium-rich subdwarfs, extreme
helium (EHe) stars and R CrB (RCB) variables.

Whilst all three DWD cases involve post-merger
ignition of fresh fuel in a shell around a degenerate
core, the first and third are notable because the
enclosed core of previously spent fuel re-enters the
energy budget of the star. Working inwards from the
initial interface between accretor and accreted
material, core degeneracy is progressively lifted,
fresh fuel is ignited, until central core burning is
established.

The handover from the violent hydrodynamical
event to subsequent quasi-stable evolution has been
treated in a number of ways. Early calculations (Saio
and Jeffery 2000, 2002; Saio & Nomoto 1998)
assumed relatively *slow’ accretion (~1073M yr~!)
of hydrogen-deficient material onto a model of an
evolved white dwarf. In this case, too much hydrogen
in the mix would precipitate a nova-like explosion.
With improved observations of the surface chemistry
of proposed merger products, Zhang and Jeffery
(2012a, b) and Zhang et al. (2014) used outputs from
hydro calculations (e.g. Lorén-Aguilar et al. 2009) to
indicate the rate of accretion and the chemistry of the
accreted material. Again, the quasi-static approxima-
tion was adopted even for ‘fast’ accretion rates of up
to 10°M,, yr~! to represent a ‘hot” envelope which is
produced in hydro simulations.

More recent calculations have been carried out by
Schwab (2018) for He+He mergers and by Schwab
(2019), Lauer et al. (2019) and Crawford et al
(2020) for He 4+ CO mergers. These employ recent
versions of the stellar evolution toolkit MEsA (Paxton
et al. 2011, 2013, 2015, 2018) and povide more
detailed accounts of surface compositions of merger
products as functions of initial metallicity, the
nuclear networks included and the degree of mixing
encountered during and after the merger. Apparent
from these studies and well-known from previous
work on asymptotic-giant branch stars, thin-shell
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helium burning is numerically difficult to model,;
mesh points have to be finely distributed and time-
steps have to be short for any chance of success.
However, a common result is that the surfaces of the
merger products are produced by mixing during or
immediately after the merger, and hence the tem-
perature of the helium-burning shell at ignition has a
strong influence on the yields of both CNO-process
and o-capture isotopes.

From the He+He models of Hall and Jeffery
(2016) and Schwab (2018), we may expect to
observe that helium-rich hot subdwarfs lack hydro-
gen, with ngy<10~* by number. Observationally,
ng <1072 might be more realistic (Naslim et al.
2011; Stroer et al. 2007). We also expect the
helium-rich hot subdwarfs to be separated into car-
bon-rich and nitrogen-rich subgroups by composition
and surface effective temperature. This is related to
their masses, as suggested by Zhang and Jeffery
(2012b).

For CO + He models a critical feature is the ratio
of isotopes, which indicate the degree of burning
during the merger. The ratios of '2C/'3C and '#0/'°0
have been measured in some RCB stars (Clayton
et al. 2007; Garcia-Hernandez et al. 2010; Hema
et al. 2012). Schwab (2019) argues that the merger
model has a thermal reconfiguration phase, which
could last for 1 kyr. A test would be to identify such
RCB precursors, cool H-deficient stars with lower
luminosities, secular brightening, and in apparent
dusty shells.

4.3 Post-merger candidates

Sections 2.2 and 4.1 introduced conditions for a DWD
merger and the identification of potential merger
products respectively. More complete treatments of
orbital stability and the conditions for detonation have
been given by a number of authors (e.g. Han &
Webbink 1999; Nelemans ef al. 2001; Chen et al.
2012; Dan et al. 2014). Figure 1 in Dan et al. (2014)
provides a compelling illustration of merger outcomes
as a function of accretor mass and donor mass (m; and
my above). The approximate loci of post-merger sur-
vivors are reproduced in Figure 3, where the post-
merger mass M = Mchandrasekhar =~ 1.4M has been
given assuming non-conservative mass transfer (Han
& Webbink 1999). The mass ratio g = 2/3, com-
monly used a stability criterion in early work, has also
been added.
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5. Observational tests: He + CO models

Primary tests of merger models are to match observed
masses, luminosities, and radii. None of these are in
general directly observable, although Gaia has
recently started to address the question of luminosities
for some putative merger products (Martin et al.
2017) (Martin & Jeffery, in prep.). Since effective
temperatures and surface gravities can be measured
directly, these provide a proxy test for overall
dimensions. In cases where stars are pulsating, dis-
tances have been estimated independently using the
Baade method (Jeffery et al. 2001a, b; Woolf & Jef-
fery 2002). Pulsation properties, including period P
and period changes P also give estimates for mean
density and thermal timescale, both of which can be
compared with evolution models, with remarkable
success in the case of V652 Her (Saio & Jeffery
2000). The surface chemistry of DWD merger prod-
ucts provides an additional test which is not available
for classes of merger, such as blue stragglers, which
leave a hydrogen-rich surface. In this paper, we
therefore focus on the surface chemistry tests.
Merger products almost uniquely expose material
which has previously been at the center of a star.
Hence we expect to see either pp- or CNO-processed
helium from the donor, as well as other nuclear ash
which may come either from the outer layers of the
accretor or from the merger process itself. If the
accretor is a CO WD, the ash includes material from
the intershell region of the AGB star progenitor, and
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Figure 3. Schematic distribution of surviving DWD
merger products as a function of accretor and donor mass
(adapted from Dan efal 2014). See the latter for
explosions.
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carbon-enriched material from the outer layers of the
accretor’s core. Carbon may also come from the donor
if it is sufficiently massive to be an He/CO white
dwarf.

5.1 Understanding EHe and RCB abundances

Jeffery et al. (2011) compiled and standardized sur-
face abundance measurements of 18 EHe and 18
RCB stars from papers by Jeffery (1988), Jeffery &
Heber (1993), Jeffery (1993, 1998), Drilling et al.
(1998), Asplund et al (2000), Pandey et al
(2008, 2001, 2006), Pandey & Reddy (2006), Pandey
(2006) and Pandey & Lambert (2011). Subsequent
work on fluorine (Bhowmick efr al. 2020) and on
BD+10°2179 (Kupfer et al. 2017) is included in
Figure 4'.

Early work recognised that the surfaces of EHe and
RCB stars comprise at least three components, namely
(i) a trace of primordial ‘stuff’ represented by
hydrogen, (ii) a predominance of CNO-processed
material represented by the high helium abundance
(97%) and a super-solar nitrogen abundance, and (iii)
excess carbon from 3-o; processed helium (Schonber-
ner 1986).

To a large extent and up to around 2007, abundance
studies aimed to resolve the origin of EHes and RCBs
in terms of competing evolutionary models. As well as
the DWD merger (DD) model (Webbink 1984), a
single-star model involving a late thermal pulse or
final shell flash (FF) in a contracting post-AGB WD
was considered (Schonberner 1979; Iben & Tutukov
1984). Prior to 1984, several other ad hoc models had
been circulating (e.g. Paczynski 1971; Schonberner
1977). The DD or FF question was finally resolved by
the discovery of very high abundances of '*0 in
several RCB stars (Clayton er al. 2007; Garcia-Her-
nandez et al. 2010), prompting Clayton et al. (2007)
to reach the same conclusion as Saio and Jeffery
(2002) that the DD origin is more likely.

Jeffery et al. (2011) extend the broad decoding of
the EHe and RCB surface abundances in terms of
correlations described in Table 1 and Figure 4. What
additional clues about previous evolution can be
inferred?

Where the abundances of iron and other elements
unaffected by light-element nucleosynthesis (e.g.
calcium, titanium, chromium, manganese, nickel) can

'Recent work suggests DY Cen should not be included and is
probably a late shell-flash post-AGB star (Jeffery et al. 2020).
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Figure 4. Observed surface abundances (log number relative to solar) versus iron abundance (same units) for EHe stars
(blue squares), majority RCB stars (red diamonds) and minority RCB stars (red triangles). Upper limits are shown as
arrows. The dotted line indicates a solar composition scaled to iron. Note that the plots for Ne, F and Li are offset
vertically; a cross indicates [Fe|,[X] = 0,0 (solar abundance) in every case. Adapted from Jeffery et al. (2011) with
updated values from Kupfer ef al. (2017) and Bhowmick et al. (2020).

be measured directly, their abundances are correlated nitrogen and oxygen, assuming that these scale with
and indicate overall metallicity at formation. the iron abundance at formation. Hence nitrogen may

Nitrogen scales with iron; more specifically, nitro- be taken as a proxy for metallicity at formation and
gen corresponds to the expected sum of carbon, provides evidence that the helium has been produced
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Table 1. Abundance trends in RCB and EHe stars.

Observed Process

H <1073 Relic
Ca,T1,Cr,Mn,(Ni) x Fe Primordial
N/Fe < [(C + N + O)/Fe] CNO
C/Fe > 0, 2C > ¥C 3o

O/Fe > 0, 80 =~ 100

Ne/Fe > 0 UN 4+ 2a
Mg,Si,S, X 4o
F/Fe > 0 p- or n-capture
Light s/Fe > 0 7?
Heavy s/Fe o< Fe + ¢ AGB ?
P/Fe < Fe + ¢ AGB ?: mags =2 —3M;,
Li present He + p

from the hydrogen-burning CNO cycle, in which most
of the carbon and oxygen is converted to nitrogen,
with "“N being the longest-lived isotope in the cycle.

If the material was entirely CNO-processed helium,
carbon and oxygen should be depleted. This is true for
V652 Her and some helium-rich subdwarfs (Jeffery
et al. 1999a), but not the majority of EHe and RCB
stars. Instead, carbon is generally 2-10 times solar,
independent of metallicity. Where isotopes can be
measured, '2C is much more abundant than '>C (Hema
et al. 2012). Both point to the presence of 3-a pro-
cessed helium.

Whilst not consistently super-solar, oxygen shows a
wide range of enhancements by 1 to 3 dex. This was a
puzzle up to the discovery that 30 can be as abundant
as '°0 (Clayton et al. 2005), indicating that excess
oxygen can be attributed to o captures on the already
overabundant '#N. Normally, 80 is destroyed
promptly by an additional o capture to *’Ne; it only
survives if the o exposure is short. So where is 0
made? In some models, the outer layers of a CO WD
contain a 80 pocket, arising from incomplete con-
version to 2*Ne during the transition from AGB to
WD. In a ‘hot’ merger, '®0 can be produced by
heating '*N from the He WD. Jeffery et al. (2011)
argue that either can account for the oxygen excess in
EHe and RCB stars.

Neon is almost universally overabundant by 1-2
dex, and can be accounted for by two « captures on
“N. Again, the source must be linked to the source of
130, the latter being a residue.

Sodium, aluminium, magnesium, silicon and sul-
phur are broadly correlated with metallicity, but with
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varying evidence of enhancement compared with, say,
calcium, titanium, chromium and nickel. Three groups
of elements are of particular interest: fluorine, phos-
phorus and s-process elements (yttrium, zirconium,
barium, ...).

Fluorine is ubiquitously 2-3 dex supersolar, inde-
pendent of metallicity. Some fluorine may be produced
by proton captures in the helium intershell during the
evolution of 2-3M. stars on the AGB, but not in
sufficient quantity to match observation (Jeffery et al.
2011). Zhang and Jeffery (2012a) suggest that fluo-
rine arises from the reaction “N(a,7)'®F(p,x)
50(a, 7)?Ne(B)'F during a hot merger, but also
underpredict the observed abundances. Menon et al.
(2013) note that another source is the He-burning shell of
the post-merger star, with '3C(x, n)!1°O providing neu-
trons to seed the reaction '“N(n, p)'*C(p, y)'*N(a, y)'°F.
Bhowmick et al. (2020) argue that this provides a more
plausible route.

The origin of phosphorous, which is mostly 1-2 dex
enhanced and remarked on by Kaufmann and Schon-
berner (1977), is less clear. Like fluorine, it is pro-
duced in the helium intershell of 2-3M, stars on the
AGB. The fact that fluorine is universally 2-3 dex
supersolar, whilst phosphorous generally scales with
metallicity, suggests that their origins in EHe and
RCB stars are different. By analogy with the carbon
and nitrogen abundances, we suggest that the metal-
licity-independent excess of fluorine is likely
attributable to fusion during a hot merger, and the
more scaled behaviour of phosphorous to production
in the AGB precursor. A contrary argument would
benefit from additional phosphorous measurements
from RCB stars, especially the metal-poor minority
group.

Large overabundances of the light s-process ele-
ments yttrium and zirconium are seen in both EHe and
RCB stars with excesses of 0-2 dex distributed ran-
domly with metallicity. The heavy s-process elements
barium and lanthanum are also observed but are
generally only 0-0.5 dex (Ba) and 0.5-1 dex (La)
above the scaled value. Again, the difference in dis-
tribution suggests that the heavy s-process elements
were formed in the AGB precursor, whilst the light
s-process elements are formed during the merger.

In four cases, lithium is observed with a 3—4 dex
overabundance. Normally destroyed by proton-cap-
tures at moderate temperatures, Longland et al. (2012)
and Zhang et al. (2014) argue that it could form
during a hot merger via the *He(«, v)’Li reaction using
3He from the He WD. This could provide a sensitive
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test of the merger models, which currently predict a
deep but short convective phase to bring ‘hot-merger’
products to the post-merger surface. Under what
conditions would fresh lithium survive or be
destroyed?

As already remarked with reference to fluorine,
phosphorous, and the s-process elements, an intriguing
feature of Figure 4 is that some elements scale as iron,
others scale roughly as iron plus a constant, and others
are enhanced independent of metallicity. The latter
group includes carbon, oxygen, neon, fluorine, yttrium
and zirconium. It would appear that these elements are
produced during the merger, and that amount of pro-
duct is sensitive to the specific conditions of the
merger rather than the initial composition. It will be
interesting to see if these yields correspond with some
other property of the post-merger star, such as its mass
or luminosity. Establishing correlations such as those
between fluorine and other elements explored by
Bhowmick et al. (2020) will provide stringent tests of
the merger models.

5.2 The simple recipe

Building on ‘a few mere facts’ (Lambert & Rao 1994;
Rao & Lambert 1996) concerning the surface abun-
dances of RCB stars, Lambert (1996) proposed ‘a
simple recipe’ in which processes that alter chemical
composition A between evolutionary stages i and j are
represented by an operator O4 such that

A; = 04(i, A

Inspired by this insight, one of us attempted to build a
simple algebraic model that included the proportions
of primordial, helium-rich and carbon-rich material as
unknowns, and operators that reflected known prop-
erties of the CNO cycle and 3o processes. The goal
was to use observed surface abundances to make
inferences about the progenitor processes.

The discovery of enhanced s-process elements in
several RCB stars (Bond et al. 1979; Lambert & Rao
1994) led to a recognition that the surface of a He +
CO WD merger would also require knowledge of both
the hydrogen distribution in the He WD and of the
chemical composition of the helium-enriched inter-
shell region of the CO WD. Consequently, the ‘simple
recipe’ adopted by Jeffery ef al. (2011) considered the
contributions of five layers of material originating
from two stars, each having a representative compo-
sition defined by contemporary stellar evolution the-
ory, the latter providing the operators Og4.
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Meanwhile, the discovery of very high abundances
of 80 in some RCB stars led to experimental calcu-
lations of fast nucleosynthesis in a hot shell (Clayton
et al. 2007) and the conclusion that nucleosynthesis
during the merger strongly affects the post-merger
surface composition. Thus an additional operator was
introduced, taking a different form according to
whether a ‘hot’ merger or a ‘cold’” merger had
occurred.

The ‘simple recipe’ models provided evidence that
EHe/RCB progenitors include an AGB star with inital
mass in the range 1.9-3M,, but could not resolve the
source of all observed abundance anomalies at the
time (Jeffery et al. 2011). Whilst simple in compar-
ison with full MEsa calculations, for example, the
model provides rapid estimates of merger outcomes
for a wide range of parameters, including progenitor
masses and metallicities, and hence allow various
scenarios to be tested quickly. Further exploration
which combines recent hydro- and MEsa- outputs with
the simple recipe would be instructive.

6. Observational tests: He+He models

Post-merger candidates for He+He WD mergers are
primarily the high-gravity helium-rich subdwarfs;
being core helium-burning stars their lifetimes are
~10% y and hence are the most numerous. Additional
helium-rich stars with surface gravities intermediate to
the subdwarfs and EHe stars discussed above may be
in a more immediate post-merger phase, having a
helium-burning shell that is burning inwards. The best
example is V652 Her (Jeffery et al. 1999b). To date,
information on the surface chemistry of both groups is
limited. Most candidates show nitrogen-enhanced
surfaces, evidence of a CNO-processed surface. Sev-
eral also show carbon-enhancement; Zhang and Jef-
fery (2012b) demonstrate that carbon produced by
3 — o reactions during or immediately after the merger
is mixed to the surface, providing the subdwarf is
sufficiently massive.

At present, this roughly represents the limit of our
knowledge. Abundances of iron, other iron-group
metals and s-process elements are difficult to measure
in hot subdwarfs observed at optical wavelengths; and
there are few high quality ultraviolet observations of
extremely helium-rich hot subdwarfs. Cooler candi-
dates, like V652 Her, are extremely rare. The status of
the carbon-rich BX Cir is unclear. Its mass and
luminosity are similar to V652 Her, but is it a post
CO + He merger or a post He+He merger?
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C Extreme helium stars and helium—rich hot subdwarfs
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Figure 5. Preliminary surface properties of helium-rich stars observed in the SALT survey (red squares, Jeffery ef al.
2020, in prep.) compared with EHe stars (black squares), extreme helium subdwarfs (magenta diamonds). Stars mentioned
in the text are labelled. The positions of the Eddington limit (Thomson scattering: dashed), luminosity-to-mass contours
(solar units: dotted) and zero-age helium main-sequence (HeMS) are also shown. The post-merger evolution track for a
model of a He+He white dwarf merger (Zhang & Jeffery 2012b, 0.30 4 0.25 M) is shown.

Unlike the case with the hot EHe stars and cool
RCB stars, there are no known cool hydrogen-defi-
cient stars which might be the immediate precursors
of V652 Her. One reason is that H-deficient stars
are hard to recognise at temperatures 7 < 10000 K
where helium absorption lines cannot be observed.
A second reason might be that evolutionary life-
times are extremely short; unlike the RCB stars
which have a relatively long stable helium-shell
burning phase, the shell in a post He+He merger
moves inwards on a timescale of ~10*y. With
an optimistic birth-rate of ~ 1072 Galaxy 'y,
this would give only ~100 such stars in the
Galaxy.

In an attempt to address the shortage of known
helium stars on the post-merger track, one of us
commenced a spectroscopic survey of chemically-
peculiar subdwarfs, targeting all southern hot subd-
warfs classified as helium-rich (Jeffery et al.
2017, 2020). An early discovery was GALEX
J184559.8 — 413827 (Jeffery 2017) which is almost a
twin of V652 Her; it is also nitrogen-rich but not yet
detected to pulsate. Analyses of several others are
currently in progress. Preliminary results for a

subsample from the survey are shown on the Teg — g
plane in Figure 5.

Emerging from this diagram, which does not rep-
resent a complete sample, is a sequence of extremely
hydrogen-deficient stars running approximately along
the predicted loci of post-merger models He+He WD
mergers (Zhang & Jeffery 2012b).

Another feature emerging from this figure is the
proximity of the carbon-rich ‘EHe’ star LS IV+6°2 to
two helium-rich subdwarfs PG 1415 + 492 and
PG 0135 + 243. The majority of EHe stars have much
higher luminosity-to-mass ratios (L/M) but a few,
including BD+10°2179, have log (L/L.)/(M /M) ~
3.5. Since post-merger models predict that stars will
contract at roughly constant luminosity, discerning
which stars, if any, are post-He 4+ He or post-CO +
He mergers may not be easy.

7. Conclusion
We have presented a condensed summary of current

science of double white dwarf mergers, at least as far
as this pertains to the production of remnants that
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survive and are detectable as hydrogen-deficient
giants and subdwarfs. The key points are that:

e Many Galactic double white dwarf binaries are
evolving towards a dynamical merge.

e Some of these DWDs should be resolvable with
a suitably sensitive GW detector.

e Merging events are intrinsically rare (< 1/cen-
tury per galaxy for DWDs); they need to be
distinguished from other events (e.g. late shell
flashes).

e Merging events and post-merger evolution can
be simulated, but it is difficult and many
challenges remain (hydrodynamics, nucleosyn-
thesis, mixing).

e Post-merger candidates can be identified from
spectral and pulsation signatures. Verification is
harder, model-sensitive, but do-able from chem-
istry, asteroseismology, parallaxes, kinematics
and models.

e For DWD post-mergers: extremely helium-rich
low-mass supergiants (including some R CrB
stars) and extremely helium-rich hot subdwarfs
look like very good bets.

e Most Galactic EHe supergiants have probably
been found. Many new extreme helium subd-
warfs and RCBs are still to be found.
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