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A B S T R A C T 

Recurrent novae are star systems in which a massive white dwarf accretes material at such a high rate that it undergoes 
thermonuclear runa ways ev ery 1–100 yr. The y are the only class of novae in which the white dwarf can grow in mass, making 

some of these systems strong Type Ia supernova progenitor candidates. Almost all known recurrent novae are long-period 

( P orb � 12 h) binary systems in which the requisite mass supply rate can be provided by an evolved (sub-)giant donor star. 
Ho we ver, at least two recurrent novae are short-period ( P orb � 3 h) binaries in which mass transfer would normally be driven by 

gravitational radiation at rates three to four orders of magnitude smaller than required. Here, we show that the prototype of this 
class – T Pyxidis – has a distant proper motion companion and therefore likely evolved from a hierarchical triple star system. 
Triple evolution can naturally produce exotic compact binaries as a result of three-body dynamics, either by Kozai–Lidov 

eccentricity cycles in dynamically stable systems or via mass-loss-induced dynamical instabilities. By numerically evolving 

triple progenitors with physically reasonable parameters forward in time, we show explicitly that the inner binary can become 
so eccentric that mass transfer is triggered at periastron, driving the secondary out of thermal equilibrium. We suggest that 
short-period recurrent novae likely evolved via this extreme state, explaining their departure from standard binary evolution 

tracks. 

Key words: proper motions – binaries: close – nov ae, cataclysmic v ariables. 
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 I N T RO D U C T I O N  

ost white dwarfs (WDs) in interacting binary systems accrete 
t a rate below that required for steady hydrogen burning ( Ṁ H �
0 −7 M �yr −1 ; Fujimoto 1982 ; Nomoto 1982 ; Wolf et al. 2013 ; Kato
t al. 2014 ). All such WDs are expected to undergo repeated nova
ruptions – i.e. e xplosiv e hydrogen burning – when the pressure at 
he base of non-degenerate accreted layer reaches a critical value. 
he recurrence time of these eruptions depends primarily on M WD , 

he mass of the WD, and Ṁ acc , the rate at which it accretes (Townsley
 Bildsten 2005 ). Most accreting WDs have masses around M WD �
 . 8 M � and are found in close binary systems ( P orb � 12 h) with
oche-lobe-filling, roughly main-sequence companions (Knigge 
006 ). Mass transfer is then expected to be driven either by magnetic
raking – in systems with P orb � 3 h, characterized by Ṁ acc , mb � 

0 −9 to 10 −8 M � yr −1 – or by gravitational radiation – in systems 
ith P orb � 3 h, characterized by Ṁ acc , gr � 10 −11 to 10 −10 M � yr −1 

Knigge, Baraffe & Patterson 2011 ). Under these conditions, the 
xpected recurrence times are long, τrec � 10 4 yr , and more mass
s ejected during eruptions than accreted between eruptions (Yaron 
t al. 2005 ). In such systems, the WD will therefore never grow to
he Chandrasekhar limit, M Ch � 1 . 4 M �. 

A small sub-class of r ecurr ent novae (RNe) erupts much more
requently, τrec � 100 yr (Webbink et al. 1987 ; Schaefer 2010 ; 
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nupama 2013 ; Darnley et al. 2014 ; Pagnotta & Schaefer 2014 ). This
s only possible (e.g. Yaron et al. 2005 ) if the WD is massive ( M WD �
 M �) and accretes rapidly ( Ṁ acc , RN � 10 −8 to 10 −7 M � yr −1 ). In this
egime, the WD is expected to grow in mass, making RNe viable Type
a supernova progenitors (Livio & Truran 1992 ; Livio & Mazzali
018 ). Such high accretion rates can be provided by either a massive
onor star ( M 2 > M WD , enabling thermal time-scale mass transfer)
r an evolved secondary (enabling accretion from the dense giant 
ind). Both scenarios (Nomoto & et al. 2000 ; Hachisu & Kato 2001 )

mply large binary systems with long orbital periods ( P orb � 6 h). In
ine with this, most known RNe are characterized by P orb � 12 h
Schaefer 2010 ). 

The famous RNe T Pyx has long been a mysterious outlier in
his regard. It erupts approximately every � 30 yr (Schaefer 2010 ),
ven though its orbital period is only P orb � 1 . 8 h (Patterson et al.
998 ; Uthas, Knigge & Steeghs 2010 ). There is no doubt that its
utbursts are genuine nova eruptions, nor that its accretion rate 
etween eruptions is extraordinarily high ( Ṁ acc � 10 −7 M � yr −1 ) 
Patterson et al. 2017 ). Yet, its donor star must be either a very low
ass main-sequence star or even a sub-stellar object ( M 2 � 0 . 1 M �;
thas et al. 2010 ). The expected mass transfer rate along the normal

volution track for such systems is Ṁ acc , gr (Knigge et al. 2011 ), at
east 1000 times lower than that required by both nova models and
bservations. Another RN with P orb � 2 . 4 h – IM Normae – appears
o be a near twin of T Pyx (Schaefer 2010 ; Patterson et al. 2022 ). 

A promising way to account for the abnormally high accretion 
ates in these systems is wind-driven mass transfer (Knigge, King 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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 Patterson 2000 ). Since the donor star is strongly irradiated, a
o werful outflo w is expected to be driven from its surface. Some
f this material may directly feed the WD. But even if it escapes,
he mass and angular momentum loss associated with this outflow
ill lead to an increase in the mass transfer rate through the inner
agrangian point. This, in turn, may keep the accretion luminosity
igh enough to sustain the irradiation-driven wind, creating a self-
egulating high- Ṁ state (King & van Teeseling 1998 ; van Teeseling
 King 1998 ). Ho we v er, most no vae – recurrent or not – hav e clearly
 v aded this state. The key unsolved question is therefore what makes
 Pyx (and IM Normae) so special. 
Knigge et al. ( 2000 ) speculated that T Pyx’s current state may

ave been triggered by residual nuclear burning in the aftermath of a
normal’ classical nova eruption. This idea of a classical nova event
s the trigger received some observational support from Schaefer,
agnotta & Shara ( 2010 ), who analysed the physical properties and
roper motions of knots in the system’s nova shell. Based on this,
hey argued that T Pyx must have undergone a classical nova eruption
n 1866 ± 5, whose characteristics were different from those of the
ecurrent nova outbursts we know of. 1 Howev er, ev en if a classical
ov a e vent was the trigger of T Pyx’s current state, the question
emains: what makes T Pyx and IM Nor special? After all, most
lassical novae clearly do not trigger high- Ṁ acc RN states. Is a
ombination of short orbital period and relatively high WD mass
eally enough? 

One mechanism that can dramatically change the evolutionary
ath of a close binary system is the gravitational influence of a
istant tertiary companion (Toonen, Hamers & Portegies Zwart 2016 ;
oonen et al. 2020 ). In an effort to test whether such companions
re common among accreting WD binaries, we have recently carried
ut a comprehensive search for common proper motion objects in
he astrometric data for such systems provided by European Space
gency’s Gaia mission (Gaia Collaboration 2016 ). T Pyx is found

o have a high-confidence common proper motion companion in
his search. Below, we first provide details of the analysis that led
o this identification and determine the nature of the proper motion
ompanion. We then present the results of e xtensiv e simulations that
re designed to explore whether triple evolution can, in fact, produce
ystems like T Pyx. We finally return to Schaefer et al.’s ( 2010 )
ypothesis of a classical nova eruption in � 1866 as the trigger for
 Pyx’s current state and ask whether this can be compatible with a

riple evolution scenario. 

 FINDING  C O M M O N  PROPER  MOTION  

O M PA N I O N S  TO  AC C R E T I N G  W H I T E  

WARFS  IN  GAIA E D R 3  

he proper motion companion to T Pyx was disco v ered during a
omprehensive search for such partners to accreting white dwarfs.
etails of the search method and resulting catalogue will be presented

n a separate publication, but a brief summary is provided here for
ompleteness. 

Our starting point is the catalogue of accreting WDs and candidates
reviously used in the construction of a volume-limited sample of
uch systems from Gaia Data Release 2 (DR2) (Pala et al. 2020 ).
his contains � 8000 objects, � 1800 of which fall within 5 arcsec of
 source whose parallax was measured to ≥5 σ in the Gaia Early Data
NRAS 514, 1895–1907 (2022) 

 Schaefer et al. ( 2010 ) also argued that T Pyx would not erupt again until 
t least 2225. This prediction did not age well, ho we ver, as T Pyx promptly 
rupted in the following year. 
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m  
elease 3 (EDR3) catalogue (Gaia Collaboration 2021 ). In order to
dentify potential proper motion companion to these sources, we
argely follow steps developed for the identification of wide binaries
n the Gaia data base (Andrews, Chanam ́e & Ag ̈ueros 2017 ). 

First, we require that the separation between physically associated
bjects should be s � 10 5 au, which corresponds to an orbital period
f � 3 × 10 7 yr for physically bound systems with a total mass of
 M �. This cut-off is based on the largest separations found in the
atest version of the Multiple Star Catalog (Tokovinin 2018 ). Thus,
ur search radius for companions ranges from � 2500 arcsec for the
earest system at d � 40 pc to � 12 arcsec for the most distant system
t d � 8.4 kpc. Thus, we identify all Gaia sources within this search
adius of a given accreting WD ‘parent’ system. 

Secondly, we retain only those sources whose parallaxes agree
ith that of their parent to better than 5 σ . 
Thirdly, we check whether the proper motions of these candidate

ompanions are also compatible with those of their parents. The
ain challenge here is that ‘compatibility’ in this sense is not

imited to statistical considerations. More specifically, there are two
strophysical effects that may cause genuine, physically associated
bjects to have statistically inconsistent proper motions. First, even
or bound systems, the orbital motions of the close binary and
he tertiary about their centre of mass can induce an apparent
ffset between their proper motions. Secondly, objects may be (or
ave been) physically associated even if they are not currently
ravitationally bound. Hierarchical triples can evolve in extremely
omplex ways, e.g. due to von Zeipel–Lidov–Kozai cycles (von
eipel 1910 ; Kozai 1962 ; Lidov 1962 ) and/or changes in component
asses as a result of stellar evolution. In some cases, this evolution
ill lead to the ejection of one of the components (typically, but not

l w ays, the lowest mass member of the system) (Toonen et al. 2016 ,
020 ). 
We deal with the first point as follows (Andrews et al. 2017 ).
e expect bound systems to satisfy �v � 

√ 

GM tot /s , where M tot is
he total mass of the system, s is the projected separation between
he compact binary and its distant companion, and �v is the
ifference in the observed projected velocities of these components.
his constraint can be turned into an approximate limit on the
llowed proper motion difference between gravitationally bound
bjects. This limit depends on their projected separation (which is
nown for our candidates) and the total system mass (for which
e conserv ati vely adopt M tot = 10 M �). We thus require either that
hysically associated objects should have statistically compatible
roper motions (at the 5 σ level or better) or – if the proper motions
re incompatible – that the difference between these proper motions
hould be compatible with the limit expected for bound systems
again to within 5 σ ). 

As just noted abo v e, this still leav es open the possibility that
ome physically associated, but unbound, systems will be missed.
e do not explicitly expand our search to target such systems,

ut expect that many of them will be included in our catalogue
egardless. This is because taking M tot � 10 M � and allowing up
o 5 σ disagreements makes our filtering process quite conserv ati ve,
n the sense that false positives should be considerably more likely
han false ne gativ es. Indeed, as discussed below and in the main
ext, T Pyx and its companion exhibit formally incompatible proper 

otions. 
This selection yields a sample of � 300 systems with one or more

iable companions based on parallax and proper motion. As a final
ut, we focus on objects with a single candidate companion, since
ultiple viable matches to a single source will typically be false
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Figure 1. Hubble Space Telescope /Wide Field Camera 3 image of the field 
around T Pyx in the optical F 547 M filter. The dashed black circle contains 
the area in which we searched for Gaia proper motion companions. All Gaia 
sources with good parallax and proper motion measurements in this area are 
marked with circles, and their proper motion vectors are shown by arrows. 
The two sources shown in red are T Pyx and its companion. The orange 
arro ws sho w the vector dif ference between their proper motions, magnified 
by a factor of 20. 
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2 The fraction of low- and intermediate-mass triples that will experience mass 
transfer in their evolution is two to three times larger than that for binaries in 
the same mass range (Toonen et al. 2020 ). 
3 TRES is publicly available through the GitHub repository of the Astro- 
physics MUltipurpose Software Environment (Portegies Zwart & McMillan 
2018 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/2/1895/6585667 by U
niversity of Southam

pton user on 23 June 2022
ositives in regions of extremely high stellar density. This yields a 
nal sample of � 180 systems, which includes T Pyx. 
Except for the adoption of slightly different parameters in our cuts, 

ur sample is selected in an extremely similar way to that used in
he construction of the recently released Gaia EDR3 million-binary 
atalogue (MBC) (El-Badry, Rix & Heintz 2021 ). In line with this, we
an reco v er all of the accreting WDs with proper motion companions
ithin 100 000 au in the MBC. Ho we ver, since the MBC is limited

o systems closer than d � 1 kpc, it does not include T Pyx. 

 T  Pyx ’S  PROPER  MOTION  C O M PA N I O N  

he offset between T Pyx and its companion is 12.4 arcsec, 
orresponding to 7.7 × 10 6 R � at the Gaia EDR3 distance of 2.9 kpc
owards the system (Gaia Collaboration 2021 ). As noted abo v e,
 Pyx is included in our final sample of CVs with candidate proper
otion companions. Based on e xtensiv e Monte Carlo simulations 

escribed in the Appendix, the single-trial false-alarm probability 
s � 1 per cent, and a physical association with the companion is
a v oured even if we ignore the system’s unusual nature and e v aluate
he match as a random trial among many (i.e. one for each object in
ur master list of accreting WDs). 
Fig. 1 shows a high-resolution optical image of the field around 

 Pyx obtained by the Hubble Space Telescope . Our search radius
round the system is shown by the dashed line. All Gaia sources
ith reliable data inside this radius are highlighted with open 

ircles and shown with their proper motion vectors. The suggested 
ompanion clearly stands out as the only object whose proper motion 
s compatible with that of T Pyx. 

Fig. 2 shows the locations of T Pyx and its putative companion
n parallax and proper motion space. Crucially, the Gaia parallaxes 
and hence distances – of the two objects are almost identical and
ell within their respective uncertainties. Their proper motions are 

lso similar, although they formally disagree at the roughly 3 σ level.
s discussed further below, this difference may well be real and can
e understood within a triple scenario. F or e xample, the mass-loss
ssociated with the transition of the primary from a main-sequence 
tar to a WD can naturally lead to the dissolution of such systems. 

In order to shed light on the physical nature of the companion,
e have collated photometric measurements from a variety of 

ources, co v ering the near -ultra violet through mid-infrared bands.
he resulting spectral energy distribution (SED) is shown in Fig. 3 ,
long with the spectrum predicted by a stellar atmosphere model with
f fecti ve temperature T eff � 6500 K and surface gravity log g = 4.
hese parameters imply a radius of R 3 � 2 . 25 R � for the erstwhile

ertiary. 
Additional information can be obtained by placing the system on a

olour–magnitude diagram and comparing its location to theoretical 
tellar evolution tracks. Such a comparison is shown in Fig. 4 and
hows that the object is likely to be a M 3 � 1 . 5 M � sub-giant. This
s an evolutionary phase during which the star mo v es from the stellar

S towards the red giant branch after exhausting the hydrogen fuel
n its core. Since the sub-giant phase is relatively short-lived, this
llows us to estimate the age of the star – and thus probably of T Pyx
s well. This turns out to be � 2.2 Gyr. 

 SIMULATIONS:  H OW  TRI PLE  E VO L U T I O N  

A N  P RO D U C E  A  SYSTEM  L I K E  T  Pyx 

aving established the properties of the proper motion companion, 
s well as its likely physical association with T Pyx, we now address
hether and how such a distant companion can account for the

bnormal characteristics of this system (relative to other RNe and 
ccreting WDs). Hierarchical triples – in which two stars orbit around 
ach other, while a distant tertiary orbits around the inner binary –
re actually quite abundant. Amongst solar-type (primary) stars, for 
very three binaries, there is roughly one triple (Tokovinin 2014 ; Moe
 Di Stefano 2017 ). This multiplicity fraction increases with stellar
ass: O- and B-type stars are rarely found as singles or in ‘pure’

inary systems, but are typically members of triples and higher order
ultiples (Remage Evans 2011 ; Sana et al. 2012 ; Moe & Di Stefano

017 ). 
Stellar interactions (i.e. mass transfer episodes) are considerably 
ore pre v alent in triples than in binaries, e.g. by a factor of ∼2–
 among solar-mass stars. 2 Triple evolution is thus quite a natural
echanism for the formation of close WD binaries. In fact, at least
 7 per cent (3/42) of the accreting WD binary systems within 150 pc

re known or suspected to have a tertiary companion (Pala et al.
020 ). 
In order to account for systems like T Pyx, we specifically consider

he three evolutionary channels sketched in Fig. 5 . We have explored
ach of these channels quantitatively by carrying out simulations 
ith the triple evolution code TRES , 3 which combines three-body 
ynamics with stellar evolution and dissipative processes at run time 
Toonen et al. 2016 ). It is the coupling between these processes –
MNRAS 514, 1895–1907 (2022) 
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M

Figure 2. Parallax and proper motion diagrams for T Pyx and its companion. Each panel shows one pairwise combination of π , μα , and μδ . The ellipses 
correspond to 99.7 per cent confidence regions around the measured values for each source, including the correlations between the parameter. 

Figure 3. The spectral energy distribution of the companion. The red points 
correspond to photometric measurements spanning the near -ultra violet to 
mid-infrared region (Cutri et al. 2003 ; Cutri & et al. 2012 ; Henden et al. 2012 ; 
Page et al. 2012 ; McMahon et al. 2013 ; Levine 2017 ; Gonz ́alez-Fern ́andez 
et al. 2018 ; Wolf et al. 2018 ; Casagrande et al. 2019 ; Gaia Collaboration 2021 ; 
Riello et al. 2021 ). The black line shows a simple model stellar atmosphere 
(Castelli & Kurucz 2003 ) that matches the observed SED. 
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Figure 4. Optical colour–magnitude diagram comparing the observed prop- 
erties of the companion (red circle with error bars) to theoretical evolution 
tracks for stars with different masses (Choi et al. 2016 ; Dotter 2016 ). This 
comparison suggests that the companion is a � 1 . 5 M � star that is about 
to transition from the terminal-age main sequence to the sub-giant branch. 
These are a relatively short-lived evolutionary phases, providing an age 
estimate of � 2.2 Gyr for the star. The observational error bars shown here 
are approximate, but conserv ati v e; the y are dominated by uncertainties in the 
distance and the extinction/reddening towards the source. 
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hich include wind-driven mass-loss, tidal effects, and Lidov–Kozai
ycles – that drive stellar interactions in efficient ways (Kiseleva,
ggleton & Mikkola 1998 ; F abryck y & Tremaine 2007 ; Perets &
ratter 2012 ; Shappee & Thompson 2013 ; Michaely & Perets 2014 ;
oonen et al. 2020 ). 
Here, we give only a brief overview of each channel, along with

he main results of our simulations; in Appendix D , we additionally
rovide a detailed description for one illustrative simulation per
hannel. All channels start with three stars on the zero-age main
equence, in a configuration consisting of a primary and secondary
NRAS 514, 1895–1907 (2022) 
n a binary, which is orbited by a tertiary in a wider orbit. The
hannels start to diverge once the primary leaves the main sequence
nd starts to ascend the giant branch. 

(i) The Kozai channel: As the primary star evolves, it loses mass
ia a stellar wind before settling down on the WD sequence. The
nner and outer orbits are wide enough to a v oid Roche lobe o v erflow,
nd they widen further due to adiabatic wind mass-losses. Since

art/stac1336_f2.eps
art/stac1336_f3.eps
art/stac1336_f4.eps
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Figure 5. Three triple-star evolution channels that can produce accreting white dwarfs with low-mass main-sequence donor stars and distant proper motion 
companions. See text for details. 
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he fractional mass-loss is larger for the inner binary compared to 
he outer ‘binary’, the inner orbit widens more relative to the outer
ne, and the hierarchy of the system decreases. As the two orbits
pproach one another, strong gravitational perturbations between the 
nner and outer orbit ensue. Lidov-Kozai cycles (von Zeipel 1910 ; 
ozai 1962 ; Lidov 1962 ) and higher order dynamical effects (Naoz
016 ) become increasingly important, and enhance or even initiate 
ccentricity variations in the inner binary. Eventually these lead to 
oche lobe o v erflow (described in detail below), and the formation
f a cataclysmic variable (CV). 
(ii) The dynamical instability channel: Here, as in the Kozai 

hannel, stellar wind mass-losses reduce the hierarchy of the system. 
o we ver, in this channel, the effect is so strong that the system
ecomes dynamically unstable (Kisele v a, Eggleton & Orlov 1994 ; 
ben & Tutukov 1999 ; Perets & Kratter 2012 ). The resulting orbital
volution (steps 3–4 in Fig. 5 ) is chaotic (Perets & Kratter 2012 ; He
 Petrovich 2018 ; Hamers et al. 2021 ; Toonen, Boekholt & Portegies
wart 2022 ) and results either in strongly varying inner and outer
rbits, or in a complete loss of hierarchy (reminiscent of binary–
ingle encounters in globular clusters). It triggers close encounters, 
ollisions, ejections, and the formation of compact and interacting 
inaries (see below for details). As the instability is generally driven 
y stellar wind mass-loss, this channel naturally leads to triples with 
D components. 
(iii) The common envelope channel: The third channel we consider 

s essentially the canonical (binary) evolution channel for the forma- 
ion of accreting WD systems, but in the presence of a distant tertiary
ompanion. Here, the inner binary experiences a common-envelope 
CE) phase during the primary’s ascent of the giant branch. The CE
hase is instigated by the evolutionary expansion of the primary star,
r the inner binary may be driven to it by three-body dynamics. As
 consequence of the CE phase, the inner orbit shrinks, and the WD
rogenitor is stripped of its envelope. The resulting mass-loss may 
ead to the dissolution of the triple system, i.e. the ejection of the
ertiary. The compact inner binary, now comprising a WD and an 

S star, becomes more compact o v er time due to magnetic braking

c  
nd gra vitational wa v e emission. Ev entually, this leads to the onset
f mass transfer and the formation of a CV (Knigge et al. 2011 ). 

These channels can form extreme systems – like T Pyx – because 
he inner binary in a triple is far more likely to be significantly
ccentric at the onset of mass transfer than a canonical-channel 
ero-age CV. In both binaries and triples, tides tend to circularize
nd synchronize the stellar motions. Ho we ver, in triples, this is
ounteracted by three-body dynamics, which can drive eccentricity 
 ariations and gro wth. As a result, isolated binaries are expected to
e circular at the onset of mass transfer (Hurley, Tout & Pols 2002 ),
ut this is not the case for triples (Toonen et al. 2020 ). Roche lobe
 v erflow will then initially occur only near periastron. The resulting
ass transfer rate is high, strongly orbital phase dependent and can

volve much more rapidly than in canonical CVs (Lajoie & Sills
011a ; Davis, Siess & Deschamps 2013a ; Nelemans et al. 2016 ).
hese conditions may provide the necessary trigger for T-Pyx-like 
ehaviour (Knigge et al. 2000 ). 
Having established that T-Pyx-like systems are a possible product 

f each channel, we next consider whether their formation is likely .
o this end, we have performed a triple population synthesis study
ith TRES . Details are provided in Appendix B; here, we provide
nly a brief o v erview of the main results. We estimate a Galactic birth
ate of 10 −4 yr −1 for the Kozai channel, 10 −5 to 10 −4 yr −1 for the
ynamical instability channel, and several 10 −3 yr −1 for the common 
nv elope channel. F or comparison, the best observational estimate 
Pala et al. 2020 ) of the overall CV space density is � 5 × 10 −5 pc −3 .
or a characteristic observable CV lifetime of 5 Gyr, this translates

o a birth rate of � 5 × 10 −4 yr −1 (El-Badry et al. 2021 ). Thus,
riple evolution can easily produce the relatively small number of 
xtreme CVs we are considering here. It might even be an important
ormation channel for CVs o v erall. 

Our simulations show that the tertiary is typically at a large distance
rom the CV (Fig. B1 ), which is consistent with what we observe for
 Pyx. The median distance in the Kozai and dynamical instability
hannels is (1 –3) × 10 6 and (3 –4) × 10 7 R �, respectively. In the CE
hannel, the median distance is 8 . 0 × 10 4 to 5 . 3 × 10 5 R � at the
MNRAS 514, 1895–1907 (2022) 
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nset of the CE phase. Depending on the time-scale and morphology
f the mass ejection, the tertiary will likely become unbound due
o the CE mass-loss (Michaely & Perets 2019 ; Igoshev, Perets &

ichaely 2020 ). Ionization is also possible for weakly bound ( a 3 �
0 6 R �; Toonen et al. 2017 ) tertiaries in the other two channels, if the
ime-scale of wind mass-loss is significantly shorter than one orbital
eriod (Hadjidemetriou 1966 ; Alcock, Fristrom & Siegelman 1986 ;
eras et al. 2011 ; Toonen et al. 2017 ). 
The simulations also show that all WDs in the Kozai and dynamical

nstability channels are carbon–oxygen (or oxygen–neon) WDs in
ine with CV observations. Only in the CE channel, do we find
ccreting helium WDs. The lack of helium WDs in the Kozai and
ynamical instability channels is an inherent characteristic. These
hannels require significant mass-loss from the system, which is
trongest on the asymptotic giant branch (AGB) – a phase only
eached by primaries after the helium flash. 

Importantly, our simulations show that orbits can be either circular
 e in � 10 −3 ) or significantly eccentric ( e in > 0.1) at the onset of a
ass transfer phase. As discussed in Appendix C , this holds for the
E channel, but also for the start of the CV phase in the Kozai and
ynamical instability channels. For the latter, we distinguish three
cenarios (steps 3–5 in Fig. 5 ): 

(i) On the extreme end (during the most intense dynamical
nteractions in step 3 of the dynamical instability channel), strong
ravitational perturbations between the stars lead to nearly parabolic
rbits and stellar collisions. These occur typically between the two
tars of the initial inner binary (Toonen et al. 2022 ). Hydrodynamical
imulations show that the collision between a WD and an MS star
eads to the tidal disruption of the MS star or a significant stellar
isruption (in the case of massive MS stars) (Shara & Regev 1986 ;
egev & Shara 1987 ; Soker et al. 1987 ; Rozyczka et al. 1989 ). 
(ii) F or less e xtreme eccentricities, a head-on collision is a v oided.

nstead, gas is tidally stripped from a star and accreted on its
ompanion at or close to periastron passage (Layton et al. 1998 ;
e g ̈os, Baile y & Mardling 2005 ; Sepinsky et al. 2007 , 2009 , 2010 ;
hurch et al. 2009 ; Lajoie & Sills 2011b ; Davis, Siess & Deschamps
013b ; Dosopoulou & Kalogera 2016a , b ; van der Helm, Portegies
wart & Pols 2016 ; Hamers & Dosopoulou 2019 ). The stars do not
hysically touch, but mass is transferred periodically. This process,
lso known as eccentric mass transfer, leads, for example, to X-ray
ares in high-mass X-ray binaries (Layton et al. 1998 ). Regarding
 Pyx specifically, the thermal time-scale of a 0.1 M � (0.2 M �)
S star is of the order of 2.5 Gyr (1 Gyr) (Toonen, Nelemans
 Portegies Zwart 2012 ), much longer than the orbital periods of

he inner binary in the Kozai and dynamical instability channels
 � 10 1 −10 2 and � (5 −8) × 10 3 yr, respectively]. Thus, a T-Pyx-like
onor star will easily be driven out of thermal equilibrium by the
eriodic gas stripping. As the orbit slowly circularizes o v er time, the
ntense bursts of mass accretion on to the WD can then kick-start an
rradiation-induced wind-driven mass transfer phase (Knigge et al.
000 ; Toonen, Voss & Knigge 2014a ). 
(iii) F or ev en less e xtreme eccentricities, a compact binary forms.

his occurs very efficiently through the interplay of three-body
ynamics with tidal friction (Mazeh & Shaham 1979 ; Kisele v a et al.
998 ; F abryck y & Tremaine 2007 ; Liu, Mu ̃ noz & Lai 2015 ; Bataille,
ibert & Correia 2018 ). As the distant tertiary star induces long-

erm eccentricity excitations, there is strong dissipation during the
eriastron passages in the form of tides, gravitational wave emission,
r magnetic braking. For most of the orbit when the stars are at large
eparations from one another, dissipation is negligible, but during the
eriastron passages strong tidal torques decay the orbit. Eventually,
NRAS 514, 1895–1907 (2022) 
he inner orbit becomes so compact that the tidal torques quench
n y remaining Lido v–Kozai c ycles. Another possibility is that the
reeze-out does not occur gradually, but that the inner orbit ends
p in this regime after one strong encounter with the tertiary star,
hich is possible for unstable or mildly hierarchical systems ( ́Cuk &
urns 2004 ; Antonini & Perets 2012 ; Katz & Dong 2012 ; Luo, Katz
 Dong 2016 ; Grishin, Perets & Fragione 2018 ; Liu & Lai 2018 ;
odriguez & Antonini 2018 ; Bhaskar et al. 2021 ). Afterwards, the
ompact binary will come in contact and become a CV through
agnetic braking and gravitational wave emission. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e have shown that the short-period RN T Pyx has a proper motion
ompanion in Gaia EDR3 and therefore probably evolved in a
ierarchical triple. Based on e xtensiv e numerical simulations, we
ave also found that triple evolution can naturally produce accreting
Ds in compact binaries with distant (bound or unbound) proper
otion companions, at rates that can easily account for a system like
 Pyx. 
It is interesting to ask whether a triple evolution scenario for

 Pyx might be compatible with Schaefer et al.’s ( 2010 ) hypothesis
hat T Pyx’s RN state was triggered by a classical nova eruption
n � 1866. On the one hand, classical novae are generally thought
o be associated with relatively long, quasi-steady periods of mass
ccumulation at low Ṁ acc . This is hard to reconcile with a triple
cenario in which – as we have shown – the current high- Ṁ acc RN
tate is likely associated with a highly eccentric inner binary coming
nto contact. On the other hand, the notion that classical novae are
ssociated with long periods of accretion at low Ṁ acc is largely based
n theoretical simulations in which the accreting and erupting WD
as reached a quasi-steady state with roughly constant recurrence
imes. As demonstrated explicitly by Epelstain et al. ( 2007 ), such a
tate is only reached after hundreds of eruptions. So, is it possible
hat the putative 1866 eruption may actually have been (one of) the
rst eruption(s) in a system brought into contact by triple evolution?
his question is unfortunately out of reach at the moment, since

t would require simulations that self-consistently include three-
ody dynamics, (eccentric) mass transfer, and nov a e volution. We
re therefore agnostic on this issue. 

In any case, if triple evolution is indeed the explanation for
 Pyx’s extreme and unusual properties, its only known twin –

M Nor (Patterson et al. 2022 ) – may also be expected to have a
roper motion component. Unfortunately, IM Nor does not have
 statistically meaningful parallax estimate in Gaia EDR3 ( π =
0.48 ± 0.33 mas). Ho we ver, this may change in future data releases.
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nd w aps.cf a.harv ard.edu/MIST/index.html, respecti vely. All but 
ne of the photometric data sets used to construct the spectral 
nergy distribution (SED) in Fig. 3 are available from the Vizier
ervice provided by the CDS. 4 The one exception is the APASS 

ptical photometry, which is available online from the AAVSO. 5 

n constructing the SED, we also used the bandpass properties 
rovided by the Spanish Virtual Observatory. 6 
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PPENDI X  A :  T H E  C H A N C E  C O I N C I D E N C E  

R  O B  ABILITY  

n order to assess if the putative proper motion companion to T Pyx is
 chance coincidence, rather than a physically associated object, we
ave carried out Monte Carlo simulations. We begin by considering
he likelihood that an object matching the astrometric properties of
 Pyx as closely as its putative companion should arise purely by
hance. We refer to this as the ‘single-shot’ false-alarm probability,
ince it does not account for the ‘look-elsewhere effect’, i.e. for all
f the other ‘trials’ that were carried out as part of the wider search
hat lead to the disco v ery of the candidate companion to T Pyx. We
ill consider this effect below. 
We estimate the single-shot false-alarm probability by generating

000 copies of T Pyx, each with the same parallax, proper motion
ector, and the associated uncertainties. The only difference between
ach copy and the true system is their position (i.e. right ascension
nd declination). The positions of the mock sources around the
rue source represent the densest packing of 1003 non-o v erlapping
ircular search regions. 7 With this choice, the sample of Gaia
atalogue sources within each search radius is as statistically similar
s possible to, but still completely independent from, the samples
ithin all other search radii. For T Pyx, our search radius is � 34

rcsec (i.e. the angular radius corresponding to 100 000 au at a
istance of � 3.4 kpc; see abo v e). All of the search regions are then
ontained with a radius of � 19.4 arcmin. Ev en giv en the position of
 Pyx close to the Galactic plane ( b � + 9.7 ◦), this is small enough

o ensure that the distribution of stars within all regions should be
tatistically similar. 

We then search for viable ‘proper motions companions’ to each
f the mock sources in exactly the same way as for T Pyx itself. Of
he 1002 mock versions of T Pyx, only 14 were flagged as having
 single viable proper motion companion to within our parallax and
roper motion constraints. The single-shot false-alarm probability is
herefore p � 0.014, i.e. approximately 1 per cent. 

We finally consider the ‘look-elsewhere’ effect. As noted abo v e,
 Pyx was disco v ered during a search for proper motion companions
mong � 1800 accreting white dwarfs with well-measured parallaxes
n Gaia EDR3. We thus repeated the Monte Carlo analysis described
bo v e for T Pyx for each of these systems. The expected number of
hance coincidences across the entire catalogue can then be estimated
y summing all of the single-shot false-alarm probabilities. This
ields N chance � 155. 
We can also estimate how many chance coincidences we should

xpect among sources with single-shot false alarm probabilities as
ow as T Pyx, i.e. p ≤ 0.014. That number is N chance ( p ≤ 0.014)
 2, whereas our actual sample of objects with viable companions

ontains 23 sources with p ≤ 0.014, including T Pyx. Thus 21/23 �
0 per cent of these candidates are likely to be physically associated
ompanions. Of course, the probability of a real association is
omewhat higher than this for those sources in this sub-sample with
he lowest p , and will therefore be somewhat lower for those sources
like T Pyx), with higher p among this group. We estimate that,
or sources with p � 0.014, specifically, the probability of a real
ssociation is � 70 per cent , in the absence of any other information.

These estimates already show that a real association between
 Pyx and its putative companion is clearly fa v oured, even taken the

ook-else where ef fect into account. We do, ho we v er, hav e additional
nformation: we can check if the properties of T Pyx’s putative
http://hydra.nat.uni-magdeburg.de/packing/cci/ 
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ompanion are statistically consistent with those of the 14 viable 
but chance) matches we found among our 1002 displaced copies 
f T Pyx. We find that only 1 of these 14 match the target parallax
s well as the actual candidate companion, and none match as well
n parallax and proper motion jointly. Moreo v er, 13 of the 14 false
atches lie at distances from their targets that are greater than the � 12 

rcsec offset between T Pyx and its companion. All of this strongly
uggests that T Pyx and its companion are physically related. 

PPENDIX  B:  TRIPLE  POPULATION  

YNTHESIS  – BIRTH  RATES  

n order to estimate the birth rates of CVs through channels 1, 2, and
, we rely on a triple population synthesis study published previously 
y one of us (Toonen et al. 2020 ). We briefly describe the set-up of
he simulations below, but refer the reader to the full study for a
etailed description and analysis, including visual representations of 
he initial conditions (their figs 1–3). 

Three populations of triples on the zero-age main-sequence were 
enerated, and their subsequent evolution was simulated for a Hubble 
ime, or until the onset of Roche lobe o v erflow, or until the dynamical
estabilization of the system. We assume an initial triple fraction of
5 per cent, binary fraction of 50 per cent and the remainder to be
ingle stars (Tokovinin 2014 ). To estimate Galactic properties, we 
ssume a constant star formation history of 3 M � yr −1 . 

The three models differ with respect to their initial distributions 
f masses and orbital parameters. Model OBin is based on our un-
erstanding of observed populations of primordial binaries, whereas 
odel T14 (Tokovinin 2014 ) and model E09 (Eggleton 2009 ) are

ased on an observed population of triples. We refer to the stars in
he inner binary as the primary and secondary with masses m 1 and
 2 , such that initially m 1 > m 2 , and the tertiary has a mass m 3 . For

ll models, primary masses are drawn from a Kroupa initial mass
unction (Kroupa, Tout & Gilmore 1993 ) in the range of 1–7.5 M �.
he mass ratios of the inner and outer orbit, q in = m 2 / m 1 and q out =
 3 /( m 1 + m 2 ), respectiv ely, are dra wn from a uniform distribution

Raghavan et al. 2010 ; Sana et al. 2012 ; Duch ̂ ene & Kraus 2013 ;
oe & Di Stefano 2017 ) between 0 and 1 for model OBin and

14. For model E09, the inner mass ratio distribution is roughly flat
igure B1. Distance of the tertiary to the inner binary’s centre of mass The 
olid, dashed, and dotted line styles represent the three models for the initial 
opulation of triples OBin, T14, and E09, respectively. 
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etween 0 < q in ≤ 1 except for an enhancement at nearly equal-
ass stars (Duch ̂ ene & Kraus 2013 ; Moe & Di Stefano 2017 ). The

uter mass ratio distribution is also practically flat between 0 < q out 

1, ho we v er, with a tail that e xtends to q out > 1. This means that
nitially the tertiary star can be more massive than the primary in 
odel E09. 
Orbital separations are drawn from a uniform distribution in the 

og of the orbital separation between 5 and 5 × 10 6 R � for model
Bin, a lognormal distribution (Raghavan et al. 2010 ) of periods
ith μ = 5 and σ = 2.3 of for model T14, and by Eggleton’s method

Eggleton 2009 ) for model E09. Eccentricities are drawn from a
hermal distribution between 0 and 1 (Heggie 1975 ), arguments 
f pericentre from a uniform distribution between −π and π , and 
utual inclinations between the inner and outer orbit from a circular

niform distribution between 0 and π (Tokovinin 2017 ). Initial triples 
hat are dynamically unstable (Mardling & Aarseth 1999 ; Aarseth &

ardling 2001 ) are remo v ed from the population. 

1 The Kozai channel 

rom the triple population synthesis, we find that 0.4–0.5 per cent
f all systems will undergo a phase of mass transfer from an MS to
 WD without any prior phases of mass transfer. This is not possible
or isolated binary evolution. The quoted fraction corresponds to a 
alactic birth rate of (1.9–2.4) × 10 −4 systems per year. 
In order for a CV to form, we have a number of additional

equirements. First, the mass transfer phase needs to proceed in a
table manner, placing an upper limit on the mass of the donor
tar compared to that of the WD. If we simply exclude donor
tars with masses abo v e 1.5 M �, i.e. the canonical upper mass for
agnetic braking, the birth rate decreases slightly to (1.5–1.8) ×

0 −4 systems per year. Furthermore, if we require the donor star to
e on the MS, the birth rate is (0.4–0.8) × 10 −4 systems per year. The
atter rate should be seen as a lower limit, as TRES underestimates
idal effects at high eccentricities, 8 and does not take into account

agnetic braking. If these effects were to be included, systems that
urrently have a giant donor star would have started mass transfer
arlier in the evolution. As such, we estimate the CV formation
ate through the Kozai channel to be of the order of 10 −4 events 
er year. 

2 The dynamical instability channel 

e now consider triples that become dynamical unstable due to 
heir own internal evolution. The fraction of triples that experiences 
his in our simulated populations is 2.3–4.2 per cent (Toonen et al.
020 , 2022 ). This translates to a Galactic event rate of (1–2) ×
0 −3 per year. After a system crosses the stability limit, it is no
onger valid to simulate the evolution of the system with the secular
pproach as used in TRES . In Toonen et al. subm. (Toonen et al.
022 ), we follow up on these systems by simulating their subsequent
MNRAS 514, 1895–1907 (2022) 

 In TRES , tides are simulated according to the weak-friction equilibrium- 
ide model (Zahn 1975 ; Hut 1981 ) in which a tidal bulge is raised that 
ollows the equipotential of the star and that is lagging behind with respect to 
he companion star. This orbit-averaged approach does not hold near to the 
arabolic regime with small periastron distances (5 R �), where tidal energy 
s mainly dissipated during the periastron passage (Fabian, Pringle & Rees 
975 ; Press & Teukolsky 1977 ; Kochanek 1992 ; Mardling 1995 ; Moe & 

ratter 2018 ). Non-radial dynamical oscillations, which are more efficient in 
issipating tidal energy than what is assumed in the simulations presented 
ere, are outside of the scope of this paper. 

22
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M

Figure B2. Example of T-Pyx-like CV formation through the Kozai channel. The primary’s arri v al on the AGB and WD phases is marked by the triangles and 
circles, respectively. The onset of the dynamical freeze-out is marked by the diamonds, and the onset of the Roche lobe o v erflow (i.e. the birth of the CV) by 
the squares. 
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volution with the N -body approach using the fourth-order Hermite
ntegrator, while simultaneously including stellar evolution based
n the same stellar evolutionary tracks used in TRES . The most
ommon outcome of the dynamically unstable phase is the ejection
f one of the stars. This happens in 56–65 per cent of all destabilized
riples. In 21–30 per cent of all destabilized triples, we are left with
 WD–MS binary after the ejection. Typically, these binaries are
ide (orbital separations a ∼ 10 4 − 10 6 R �), but the distribution of
ericentre distances have a long tail to small values. In the extreme,
his leads to a collision of two stars, when their passage of closest
pproach is less than the combination of their stellar radii. In fact,
ollisions in destabilized triples are common: 13–24 per cent of all
estabilized triples experience a collision, and collisions between
 WD and an MS, specifically, occur in 0.7–1.9 per cent of these
ystems. The mass of the MS star is typically (in o v er 90 per cent of
ases) below 1.5 M �. 

As the N -body simulations do not include tidal interactions, nor
ther dissipative processes, the formation of compact binaries is
imited. If tides were included, some of the collisions or ejections
ould be a v oided in the following way. During the dynamically
nstable phase, two of the stars of the triple experience a close
assage. Tidal dissipation then prevents the stars from carry on
long their original trajectories and instead keeps them in a tight
rbit around one another. This prevents subsequent close passages in
hich the stars could collide or become unbound. Close passages of

his kind, in which tides can play a role (distances of ∼ 5 R �), can
NRAS 514, 1895–1907 (2022) 
lso be seen in the evolution of the example system of the dynamical
nstability channel in Fig. B3 . 

Including dissipative processes in destabilized triples is outside
f the scope of this paper, but the evolution of such systems can,
n principle, be followed with a direct N -body code that combines
rbital evolution with stellar spins and gravitational tides in a self-
onsistent manner (Boekholt & Correia, in preparation). Based on
he calculations we have carried out so far, we expect that the Galactic
irth rate via this channel is on the order of 10 −5 to 10 −4 systems per
ear. 

3 The common envelope channel 

o estimate the birth rate of CVs through the CE channel, we
ocus on all inner binaries that experience a CE phase. Following
lassical stability criteria (Hurley, Pols & Tout 2000 ), this entails
4–75 per cent of all triples. We now need to estimate how many of
hese systems can a v oid a merger of the inner binary and ’survive’
he CE phase. To do this, we approximate the post-CE state of
he inner binary using the classical α-formalism that is based on
nergy conservation (Paczynski 1976 ; Webbink 1984 ; de Kool, van
en Heuvel & Pylyser 1987 ; Livio & Soker 1988 ; de Kool 1990 ).
ccording to this framework, orbital energy is consumed to unbind

he stellar envelope as 

 gr = α( E orb , init − E orb , final ) , (B1) 

art/stac1336_fB2.eps
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Figure B3. Example of T-Pyx-like CV formation through the dynamical instability channel. At a time of 353.6 Myr a collision occurs between the WD and the 
low-mass MS secondary. The top left diagram shows the trajectories of the secondary and tertiary with respect to the WD (indicated by the plus). The colour of 
the tracks presents the time in Myr. The top right shows the distance between the primary and secondary in blue, and between the tertiary and center of mass of 
the inner binary in orange. 
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here E orb is the orbital energy and E gr is the binding energy of the
nvelope, which is approximated by 

 gr = 

GM d M d , env 

λR 

. (B2) 

ere, M d is the donor mass, M d,env is the envelope mass of the donor
tar, R is the radius of the donor star, and λ is a structural parameter
escribing the donor’s envelope (de Kool et al. 1987 ; Dewi & Tauris
000 ; Xu & Li 2010 ; Lo v eridge, van der Sluys & Kalogera 2011 ). The
nclusion of other energy sources (Soker 2004 ; Iv anov a et al. 2013 ;
andez & Iv anov a 2016 ; Glanz & Perets 2018 ; Reichardt et al. 2020 )
r other prescriptions (Nelemans et al. 2000 ; Soker 2015 ; Shiber et al.
019 ; Law-Smith et al. 2020 ) have been discussed extensively in the
iterature. 

The efficiency of orbital energy consumption, expressed by the 
arameter α, has been constrained by studies of post-common 
nv elope (Zoroto vic et al. 2010 ; Toonen & Nelemans 2013 ; Camacho
t al. 2014 ). These have found that the CE phase leads to a strong
eduction in the orbital separation, i.e. α × λ ∼ 0.25. This is 
urther confirmed in the massive star regime (Law-Smith et al. 2020 ).
dopting this lo w CE ef ficiency, the majority of CE events lead to
 merger, but 10–12 per cent of all triples form an inner WD–MS
inary through a CE phase. With a less stringent CE efficiency of
× λ ∼ 1, as is adopted in classical binary population synthesis 

tudies, the fraction would be 22–28 per cent. 
To estimate which WD–MS systems will evolve into CVs, we now
ak e tw o assumptions: (1) orbits will shrink due to gravitational
ave emission and magnetic braking (Rappaport, Verbunt & Joss 
983 ) until the stars come in contact; (2) three-body dynamics can
e ignored after the CE phase, i.e. the inner orbit is sufficiently
ompact to be kinematically decoupled from the outer orbit. We 
urther require that the donor star is still on the MS at the onset of
he mass transfer, and that its mass is below 1.5 M �. With these
ssumptions, a fraction of 6.7–8.0 per cent of triples would form a
V through a CE phase. This gives a Galactic birth rate of (3.3–4.0)
10 −3 per year. 
As mentioned in the main text, a fundamental difference between 

riple evolution and binary evolution, is the degree of circularization 
t the onset of mass transfer. Even in the CE channel, we find that
bout 30 per cent of systems remain significantly eccentric ( e in >
.1) when the CE develops. Recent hydrodynamical simulations of 
ccentric CE phases in binaries (Glanz & Perets 2021 ) demonstrate
hat initial eccentricities lead to enhanced mass-loss, post-CE ec- 
entricities, and smaller post-CE orbital separations compared to the 
ircular case. The post-CE orbital separation of a binary with an
nitially eccentric orbit ( a init , e init ) is better approximated with that
f an initially circular binary with a = a init (1 − e init ) than a = a init 

Glanz & Perets 2021 ). Thus, to first order, the initial pericentre
istance determines the post-CE configuration, rather than the initial 
emimajor axis of the orbit. If we adjust equation ( B1 ) accordingly,
he CV birth rates do not change in a significant way. 
MNRAS 514, 1895–1907 (2022) 
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M

Figure B4. Example of T-Pyx-like CV formation through channel 3. The primary’s arri v al on the AGB and WD phase is marked by the triangles and circles, 
respectively. The CE phase is marked by the crosses, and the birth of the CV by the squares. 
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Any post-CE eccentricity affects the further evolution of the
ystem in two ways. First, it accelerates the orbital shrinkage. For
xample, a post-CE eccentricity of 0.2 reduces the gravitational wave
nspiral time by ∼20 per cent (Glanz & Perets 2021 ). This does not
ignificantly affect the rates mentioned abo v e either. Secondly, if the
ccentricity is maintained until the onset of the CV phase, eccentric
ass transfer may lead to an enhanced mass transfer rate and kick-

tart irradiation-induced wind-driven mass transfer (Knigge et al.
000 ; Toonen et al. 2014a ). 

PPENDIX  C :  TRIPLE  POPULATION  

YNTHESIS  – TH E  O R B I T  O F  T H E  TERTIARY  

TAR  

or all three channels, the outer star is typically at a large distance
rom the centre of mass of the inner binary (Fig. B1 ). Assuming
diabatic winds, the tertiary remains bound to the inner binary in
he Kozai channel. The median orbital separation is (1 –3) × 10 6 R �.
f on the other hand, the mass is lost on a time-scale much shorter
han the orbital period, the effect is impulsive (Hadjidemetriou 1966 ;
lcock et al. 1986 ; Veras et al. 2011 ; Toonen et al. 2017 ). In this case,

he system experiences a mass-loss kick, similar to that considered
n supernovae explosions (Blaauw 1961 ), and the tertiary star may
ecome unbound from the system. 
In the dynamical instability channel, ejection of the tertiary

ypically occurs at larger orbital distances, (3 –4) × 10 7 R �, with
haracteristic velocities in the range 0.1 −1 km s −1 . Physical colli-
NRAS 514, 1895–1907 (2022) 
ions tend to happen in systems with more compact outer orbits,
 3 � (1 . 8 –3 . 4) × 10 5 R �. 
The outer orbits in the CE channel are more compact compared to

hose in the Kozai and dynamical instability channels. At the onset
f the CE phase, they range from about 10 4 R � to about 10 7 R �,
orresponding to periods of several hundred years to several Myrs.
o we ver, the outer orbit will be modified due to the mass-loss from

he CE phase in the inner orbit. If the mass is lost in the form of
n isotropic wind, and the effect is adiabatic (as usually assumed in
inary evolution modelling (Toonen et al. 2014b )), the outer orbit
idens by a factor m tot,pre-CE / m tot,post-CE ≈ 1–2, where m tot is the total
ass of the triple before/after the CE phase. Ho we ver, if the mass-

oss is impulsive, the tertiary star may become unbound from the
ystem (Michaely & Perets 2019 ; Igoshev et al. 2020 ), as in the case
or stellar winds discussed abo v e. The time-scale of the CE mass
jection, as well as the exact mechanism behind it, is still uncertain
Iv anov a et al. 2013 ). The dynamical plunge-in phase of the CE,
he stage best studied so far, is expected to last several hundreds
f years, which is consistent with the observationally derived time-
cale for CE evolution in SdB binaries (Igoshev et al. 2020 ). On the
ther hand, WD–MS binaries suggest longer CE time-scales (10 3 –
0 5 yr) (Michaely & Perets 2019 ; Igoshev et al. 2020 ), indicating the
ossible existence of a self-regulating phase after the initial plunge-
n (Iv anov a et al. 2013 ). Comparing these time-scales to the typical
uter orbits of triples undergoing CE evolution in their inner binaries,
e find that some – or even most – tertiaries may become unbound
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PPENDIX  D :  ILLUSTRATIVE  TRES 
IMULATIONS  

1 A T-Pyx-like CV formed via the Kozai channel 

he simulation begins with a triple system in which all stars are on
he zero-age main sequence. The inner binary consists of a 5 M �
rimary star and a 0.1 M � secondary, both of which are orbited by
 1.5 M � tertiary. The orbital separation of the inner binary is a in =
 . 4 × 10 4 R �, while that of the outer orbit is a out = 2 . 0 × 10 6 R �.
e start the simulation with an inner and outer eccentricity of e in =

.65 and e out = 0.75, which are typical values for wide orbits (Heggie
975 ; Duch ̂ ene & Kraus 2013 ; Moe & Di Stefano 2017 ). The inner
nd outer arguments of pericentre are 0.1 and 0.5 rad. The mutual
nclination between the orbits is 80 ◦. 

With these parameters, the system exhibits beautiful Lidov–Kozai 
ycles (bottom row of Fig. B2 ). Initially, the time-scale of these
ycles is � 30 Myr, and the inner eccentricity and inclination vary
etween 0.64 and 0.99, and 28 ◦ and 80 ◦, respectively. After about
our cycles, the primary reaches the AGB phase (indicated by the 
riangles in Fig. B2 ). The primary loses about 4 M � of mass in the
tellar winds and forms a massive 1 M � WD (indicated by the circles
n Fig. B2 ). The right upper panel of the figure shows that both
rbits widen, but the ratio a out / a in decreases – thus the hierarchy
f the system decreases. The effect on the triple is immediate. The
idov–Kozai time-scale shortens to � 22 Myr, but, more importantly, 

he maximum eccentricity and inclination increase. Eventually, the 
nclination actually exceeds 90 ◦, indicating an orbital flip: the 
ystem has switched from a prograde orbit to a retrograde one. 
t this point, the maximum eccentricity is extremely high, but the 
rbit is wide enough to a v oid collisions between the primary and
econdary. Instead, strong tidal affects reduce the eccentricity and 
rbital separation, quenching the Lidov–Kozai cycles (indicated by 
he diamonds in Fig. B2 ). The mutual inclination eventually freezes 
ut at � 55 ◦. After 1.2 Gyr, when the inner orbital separation has
hrunk to 0.6 R �, the 0.1 M � secondary fills its Roche lobe and starts
ransferring mass to the WD. The inner eccentricity is still about 0.71
t this point, so mass will be transferred in strong periodic bursts. 

2 A T-Pyx-like CV formed via the dynamical instability 
hannel 

f the system described abo v e had formed with a slightly larger inner
rbital separation, it would easily have become dynamically unsta- 
le during its evolution. F or e xample, with a in ≈ (5 –10) × 10 4 R �
nitially, the triple destabilizes during or shortly after the primary’s 
scent of the AGB, when it has already developed a large core mass
consistent with the high mass of the WD component in T Pyx). 

In Fig. B3 , we show the evolution of a system that evolves through
uch an instability and involves a physical stellar collision. We start
ith a triple on the zero-age MS with m 1 = 3.35 M �, m 2 = 0.11 M �,

nd m 3 = 1.19 M �. The initial inner orbit is described by a semimajor
xis of a in = 1 . 1 × 10 4 R �, eccentricity e in = 0.80, and an argument
f pericentre of 0.93 π . For the outer orbit, we adopt a out = 9 . 5 ×
0 4 R �, e in = 0.36, and an argument of pericentre of 0.22 π . The
nitial mutual inclination is 55 ◦. 
As the system evolves, the primary star loses mass, and the hierar-
hy of the system reduces. Before the primary’s ascent up the AGB,
ittle mass is lost ( ∼0.03 M �). Ho we ver , during the A GB phase,
hen the primary mass reaches 0.95 M �, and the orbital separations
ave increased to a in = 2 . 8 × 10 4 R � and a out = 19 . 6 × 10 4 R �, the
ystem becomes dynamically unstable (Mardling & Aarseth 1999 ; 
arseth & Mardling 2001 ) at 350.9 Myr. 
TRES uses a secular approximation to three-body dynamics that 

s not valid once a system becomes dynamically unstable. In this
imulation, we therefore switch to an N -body approach based on
he fourth-order Hermite integrator, while including radius and 

ass evolution as in TRES (Toonen et al. 2022 ). Note that tides
nd gravitational wave emission are not taken into account in this
imulation (see also Section B2 ). Fig. B3 shows the subsequent
volution of the orbital trajectories, assuming the mean anomaly of 
he inner and outer orbits are 180 and 0 de grees, respectiv ely. There
re strong variations in eccentricity and inclination on different time- 
cales ( ∼1.2 and 0.1 Myr). The system experiences many orbital
ips, but does not become democratic: the tertiary remains at a

arge distance from the inner binary, and it does not traverse the
nner binary. For other combinations of mean anomalies, democratic 
ncounters do occur, even frequently, and lead to the ejection of
he very low mass companion. In this particular simulation, the 
ccentricity fluctuations eventually lead to a physical collision during 
 near-radial encounter after 353.6 Myr of unstable evolution. 

3 A T-Pyx-like CV formed via the common envelope channel 

ere, we take the same system as in the example for the Kozai
hannel, but with a more compact inner orbit, a in = 3 . 5 × 10 3 R �.
uring the first 120 Myr, the system shows evidence of Lidov–Kozai

ycling. Ho we ver, as a result of the increased hierarchy (Kinoshita
 Nakai 1999 ; Antognini 2015 ), the time-scale of the Lidov–Kozai

ycles is now much longer, by about a factor of 50. Thus only a
ortion of a cycle is visible in the bottom panels of Fig. B4 . 
As the primary’s radius expands during its ascent of the AGB, it

lls its Roche lobe and initiates a CE phase (indicated by the crosses
n Fig. B4 ). While the example system for the Kozai channel expands
ue to the wind mass-loss on the AGB, in Fig. B4 we see a shrinking
nner orbit. This is due to tides (Mazeh & Shaham 1979 ; Kisele v a
t al. 1998 ; F abryck y & Tremaine 2007 ; Liu et al. 2015 ; Bataille et al.
018 ) and happens despite the stellar wind mass-loss. The inner orbit
hen circularizes in the run-up towards the CE phase. 

At the onset of the CE- , the primary has a mass of 3.67 M �. It then
heds the remainder of its envelope to form a WD of mass 0.99 M �
indicated by the circles in Fig. B4 ). During the CE phase, the inner
rbit shrinks by three orders of magnitude from a in ≈ 1166 R � to
 in ≈ 0 . 94 R �. As the Lidov–Kozai time-scale is now of the order of
0 16 yr (Kinoshita & Nakai 1999 ; Antognini 2015 ), we can safely
gnore three-body dynamical effects after the CE phase. Over the 
ext 900 Myr, the inner orbit shrinks further due to gravitational
ave emission, until the secondary fills its Roche lobe and transfers
ass to the WD. 
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