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ABSTRACT
Novae are some of the most commonly detected optical transients and have the potential to provide valuable information about
binary evolution. Binary population synthesis codes have emerged as the most effective tool for modelling populations of binary
systems, but such codes have traditionally employed greatly simplified nova physics, precluding detailed study. In this work,
we implement a model treating H and He novae as individual events into the binary population synthesis code binary c.
This treatment of novae represents a significant improvement on the ‘averaging’ treatment currently employed in modern
population synthesis codes. We discuss the evolutionary pathways leading to these phenomena and present nova event rates and
distributions of several important physical parameters. Most novae are produced on massive white dwarfs, with approximately
70 and 55 per cent of nova events occurring on O/Ne white dwarfs for H and He novae, respectively. Only 15 per cent of
H-nova systems undergo a common-envelope phase, but these systems are responsible for the majority of H nova events. All
He-accreting He-nova systems are considered post-common-envelope systems, and almost all will merge with their donor star
in a gravitational-wave-driven inspiral. We estimate the current annual rate of novae in M31 (Andromeda) to be approximately
41 ± 4 for H novae, underpredicting the current observational estimate of 65+15

−16, and 0.14 ± 0.015 for He novae. When varying
common-envelope parameters, the H nova rate varies between 20 and 80 events per year.
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1 IN T RO D U C T I O N

White dwarfs (WDs) are the inert, degenerate cores of stars left
behind once a star’s envelope is blown away in the asymptotic giant
branch (AGB) phase or stripped by a binary companion. Carbon-
oxygen (C/O) WDs and oxygen-neon (O/Ne) WDs are typically
formed from AGB progenitors with initial masses 0.8–10 M� (see
Herwig 2005; Karakas & Lattanzio 2014), while the lower mass He
WDs are formed through binary stripping prior to the cessation of
core helium burning (Kamath, Wood & Van Winckel 2014; Kamath,
Van Winckel & Wood 2016a; Kamath et al. 2016b; Kamath &
Van Winckel 2019). Once the natal WD emerges from the ionized
gas of its surrounding planetary nebula (Paczynski 1971), it does
little other than cool and undergo chemical stratification (Koester &
Chanmugam 1990; Horowitz, Schneider & Berry 2010; Tremblay
et al. 2019).

In the context of binary stellar evolution however, a WD can
interact with its companion star in a myriad of complex ways

� E-mail: alexkemp162@gmail.com

(De Marco & Izzard 2017) that can result in energetic transient
phenomena such as novae and Type Ia supernovae. Consider the
evolution of, for example, a binary containing a 6 M� primary
(initially more massive star) and a 2 M� secondary (initially less
massive star). The primary evolves through the AGB phase, loses
its outer layers (possibly with the assistance of its companion) and
forms a WD, all while the secondary is on the main sequence. The
less evolved companion star eventually expands as it approaches
the end of its own life. It may then fill its Roche lobe and transfer
material on to its degenerate companion; in this configuration the
secondary is labelled the ‘donor’, and the primary the ‘accretor’,
and the donor star is said to be undergoing ‘Roche lobe overflow’
(RLOF, see Paczynski 1971). During stable mass transfer, material
from the donor star is able to be transferred to the surface of the WD
where it may undergo nuclear processing. This period of stable mass
transfer is fundamental to explaining observations of novae, Type Ia
supernovae, and populations of compact objects.

Detailed models that study WD transients, such as novae (Henze
et al. 2018; Hachisu & Kato 2019) or Type Ia supernovae (Seitenzahl
et al. 2016; Townsley et al. 2019; de los Reyes et al. 2020), are ideal
tools for reproducing the details of individual observations, such
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as elemental abundances derived from spectroscopy and light-curve
decay profiles, providing a crucial link between observations and the
fundamental physics of these events. However, the computationally
expensive nature of detailed models makes it difficult to explore
the effect of many aspects of uncertain physics relevant to binary
evolution such as mass transfer, tides, and stripping episodes.

Alternatively, binary population synthesis (BPS) models can be
used to calculate the rates and distributions of these events. BPS
involves computing the evolution of a large population of binary
systems using approximate methods such as fits to detailed stellar
evolution models and analytic approximations to calculate stellar
properties and drive evolutionary decisions (e.g. Tout et al. 1997;
Hurley, Pols & Tout 2000; Hurley, Tout & Pols 2002; Izzard et al.
2004; Stevenson et al. 2017). Modelling stellar evolution in this way
has the advantage of being extremely fast, a quality that is especially
important when considering the large parameter space surrounding
binary stars.

In the past, population synthesis studies have treated novae as
average events (e.g. Han, Podsiadlowski & Eggleton 1995; Hurley
et al. 2002; Claeys et al. 2014; Ruiter et al. 2014), with no way to
check whether a nova eruption actually occurred, when it occurred,
or how many occurred in a given binary system. This made accurate
and direct estimation of the rates and distributions of nova properties
impossible. Chen et al. (2016) inferred nova rates in M31 based
on the system properties at the onset of mass transfer to the WD
accretor using the detailed stellar evolution code MESA (Paxton et al.
2013) and the BPS code bse (Hurley et al. 2002). This method
necessarily decouples the novae from subsequent evolution of the
binary. Furthermore, many competitor BPS codes are available with
different specializations and capabilities e.g.binary c (Izzard et al.
2004; Claeys et al. 2014), BPASS (Stanway, Eldridge & Becker
2016; Stanway & Eldridge 2018), COMPAS (Stevenson et al. 2017;
Barrett et al. 2018), SeBa (Portegies Zwart & Verbunt 1996; Toonen,
Nelemans & Zwart 2012), and STARTRACK (Belczynski et al. 2008;
Ruiter et al. 2014).

In this work, we present results from our population synthesis
study of accreting C/O and O/Ne WDs using binary c. We report
rates, distributions, and pathways to H and He novae having updated
the evolutionary behaviour of accreting C/O and O/Ne WDs using
results from recent detailed models. This work aims to provide a
description of the distributions of physical parameters surrounding
novae, with a focus on the evolutionary pathways that these systems
may travel. In particular, this work distinguishes itself from earlier
population synthesis efforts by considering the individual nova
eruptions consistently within the BPS model.

In Section 2, we describe physics relevant to accreting WDs,
and compare with the model implemented in binary c. Section 3
summarizes the numeric and physical details of the grids computed.
The results are presented in Section 4. We discuss the results in the
context of observations and uncertain common-envelope physics in
Section 5. We summarize our findings in Section 6.

2 PH Y S I C S O F AC C R E T I N G W D S

Here, we describe aspects of WD accretion physics relevant to novae,
with a focus on the input physics used in our calculations. In our
work, we consider C/O and O/Ne WDs accreting either H- or He-
rich material. Consequently, our model WDs have (potentially) three
masses associated with them: their total mass MWD, the mass of a H
shell, MH shell, and the mass of a He shell, MHe shell. Upon formation of
the WD, the mass of H and He shell are both assumed to be zero. This
is certainly not generally true in nature, but is assumed to prevent

material present at the birth of these WDs giving rise to spurious
nova systems. This assumption is expected to have little effect on the
true nova rate due to the repeating nature of novae.

2.1 Accretion limits

The behaviour of accreting WDs varies with the rate of accretion,
and can be classified into different accretion regimes. The bounds
of these regimes are in principle dependent on a number of physical
properties, including the mass of the WD, the composition of the
accreted material, and the temperature of the WD.

Detailed modelling works of novae typically consider only the
effect of variations in the WD mass in pre-computed grids. The works
of Yaron et al. (2005), which varied the temperature of the isothermal
WD core, and Piersanti et al. (2000), Starrfield et al. (2000), and Chen
et al. (2019), which varied the metallicity of accreted H-rich material,
are rare examples of studies that also quantified the impacts of other
physical properties. In this work, we use accretion limits from Wang
(2018) and Wu et al. (2017) in our standard physics case for H and He
accretion, respectively, on to C/O and O/Ne WDs, shown in Fig. 1.

In our model the accretion regime is determined by the WD mass,
the rate of mass transfer, and whether the accreted material is H-
or He-rich. The accretion regime dictates how the mass transfer on
to the accretor is treated. If the WD is accreting at a rate above the
maximum steady burning limit, then in the case of H accretion the
core accretes and processes material at the maximum steady accretion
rate. The processed material is stored in a He shell and the accretor
becomes a born-again giant1 (Nomoto 1982; Kato & Hachisu 1994;
Tauris et al. 2013). In the case of He accretion, the processed material
is added directly to the core and the accretor becomes a born-again
He giant.

If the system is in the ‘steady burning’ or ‘mild flash’ (see Piersanti
et al. 2014) regime, then the material is accreted and processed at the
accretion rate and stored in a He shell (or added directly to the core
in the case of He accretion), and the accretor may be observed as a
supersoft X-ray source (Hōshi 1973). Finally, if the system is in the
‘unsteady burning’ regime, then material is allowed to accumulate
in a H or He shell, as appropriate, until sufficient material has been
accreted for a nova eruption.

In the case of He accretion, the unsteady regime can be subdivided
into the deflagration and detonation regimes, depending on the mode
of the explosion (Shen & Bildsten 2009; Piersanti et al. 2014).
This distinction is relevant to double-detonation Type Ia supernovae
(Piersanti et al. 2014; Ruiter et al. 2014). In this work, we neglect
this channel and treat both the detonation and deflagration regimes
as viable regions of the parameter space for He novae.

2.2 Novae

Here, we discuss how we determine when individual nova eruptions
occur, and the impact these eruptions have on the system.

The decision to trigger a nova eruption is made by comparing the
mass of the H or He shell (as appropriate) with the corresponding
critical ignition mass, Mig. If, at a given time-step, the mass of either
of the layers is greater than Mig, then the conditions for nuclear
burning at the base of the accreted layer are assumed to have been
met and a nova eruption is triggered. Mass is lost from the WD

1See also Miller Bertolami (2016) for the single-stellar channel of forming
born-again giants.
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Population synthesis of H and He novae 6119

Figure 1. Limits for H and He accretion on to different white dwarf masses. The solid lines represent the models used in this work, WANG2018 (Wang 2018),
and WU2017 (Wu et al. 2017), while the dotted lines represent K2014 (Kato et al. 2014) and P2014 (Piersanti, Tornambé & Yungelson 2014) accretion limits
for comparison. Key: RG: giant regime. SS: steady burning regime. MF: mild flash regime. SF: strong flash (nova) regime. DT: detonation regime.

according to the accretion efficiency η, and orbital parameters are
recalculated.

The critical ignition mass is sensitive to the WD mass and the
accretion rate. At higher masses, the surface gravity is stronger,
resulting in greater heating of the shell due to increased compression
of the accreted mass shell and higher infall energy, resulting in a
lower Mig. At higher accretion rates, more gravothermal is released
per unit time resulting once again in a higher degree of compression,
a higher temperature shell, and therefore a lower Mig. Note that when
increasing Ṁ there is a twofold effect on the recurrence time (the
period of time between subsequent nova eruptions). In addition to
reaching a given Mig sooner due to material being added to the shell
faster, a system with higher Ṁ will also have a lower Mig, further
reducing the recurrence time.

Critical ignition masses for He shells are significantly higher than
those for H, due to the more extreme conditions required to initiate
nuclear burning of He, which occurs through the triple-α nuclear
process, compared to that of H, which occurs through the hot-CNO
cycle (see for example, José & Hernanz 1998; Iliadis 2007).

In our model, Mig is calculated by interpolating between fits to
the results of Kato et al. (2014) for H accretion, and Piersanti
et al. (2014) and Kato, Saio & Hachisu (2018) for He accre-
tion. The interpolation curves are piecewise polynomial fits in
log10(Mig) − log10(Ṁ) − MWD space. Beyond the limits of these
detailed models, the broad trends of the data are extrapolated using
linear fits, preventing any runaway behaviour due to higher order
extrapolation. The functions used to calculate Mig are included as
supplementary material.2

These detailed models were selected based on factors such as
the scope and resolution of the grids computed, the recency of the
work, and the physical assumptions employed. Scope and resolution
in particular were emphasized to reduce the degree of extrapolation
necessary where the input parameters from binary c fall out of
the scope of the parameter space of the input models. The effect of
selecting different input models for Mig, of which there are several
in the literature (e.g. Yaron et al. 2005; Chen et al. 2019), will be
explored in a future work.

Fig. 2 summarizes the outputs of the Mig functions when MWD and
Ṁ are allowed to vary over a wide range of values, representing the
values that Mig could potentially take. In practice, it is determined by
the WD masses and accretion rates obtained in the simulated binary

2For code, see DOI:10.5281/zenodo.4415007.

systems. It should be noted that the inputs in Fig. 2 are limited to
values which are permissible for novae to occur, i.e. fall within the
unsteady burning regime (Fig. 1).

As the nova event is triggered only once Maccreted > Mig, where
Maccreted is the mass of the shell at the time of the nova eruption, there
will necessarily be some excess material Mexcess = Maccreted − Mig.
This excess material is used to calculate a weighting factor correcting
for this overshoot:

Fnova = 1 + Mexcess

Mig
= Maccreted

Mig
. (1)

By weighting each eruption by Fnova, we approximate the effect of
adding the excess material back to the H or He shell, as appropriate,
and thereby allowing it to contribute towards the next eruption. This
correction is applied to all results pertaining to individual nova events,
including nova recurrence times. The recurrence time Trec, i for a nova
eruption logged at time ti where the next recorded nova eruption
occurs at ti + 1 is be computed as

Trec,i = ti+1 − ti

Fnova,i
. (2)

When a nova event is triggered, some fraction of the mass accreted
by the WD is lost during the nova, and some fraction is retained. This
fraction is characterized by the accretion efficiency η, defined such
that the mass lost is

Mlost = (1 − η)Mig. (3)

When η = 1 no mass is lost during the eruption, and all accreted
mass is lost when η = 0. For situations where η < 0, the WD loses
more mass than was accreted due to material from the surface of the
core being dredged up into the shell during, or prior to, the eruption.

Mass-loss through novae is assumed to be spherically symmetric,
carrying away angular momentum from the binary. We further
assume that no material is re-accreted on to the companion.

In similar fashion to the critical ignition mass Mig, η is calculated
by interpolating between fits to the results of Wang (2018) for H
novae and Wu et al. (2017) for He novae.

Assessing the physical soundness of computed accretion efficien-
cies of detailed models of novae is difficult. The results of detailed
models are sensitive both to numeric decisions, such as the number of
nova cycles computed and the spatial grid resolution, and the physical
choices made, particularly the choice of mass-loss mechanism (an
assumption necessary due to numeric difficulties which arise as the
envelope expands during outburst). Kato, Hachisu & Saio (2017)
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6120 A. J. Kemp et al.

Figure 2. Critical ignition masses as a function of white dwarf mass and accretion rate. Ignition masses for H novae (left) are calculated using fits to data from
Kato et al. (2014), while data from Piersanti et al. (2014) and Kato et al. (2018) are used for He novae (right).

Figure 3. Accretion efficiencies as a function of white dwarf mass and accretion rate. The accretion efficiencies for H novae (left) are calculated using fits to
data from Wang (2018), while data from Wu et al. (2017) are used for He novae (right).

compare the results of several codes from different groups, and find
significant discrepancies between the results due primarily to the
above considerations.

The models of Wang (2018) and Wu et al. (2017) were computed
by the same research group using the same code, and so can be
considered in some sense consistent. This allows a better motivated
comparison between the WD growth rates due to H and He accretion.
However, studies deriving accretion efficiencies from observations
of chemical abundances in nova ejecta suggest negative accretion
efficiencies are prevalent, particularly in novae exhibiting significant
enrichment of elements heavier than He (Fujimoto & Iben 1992).
Wang (2018) and Wu et al. (2017), the works on which this
study bases its accretion efficiency calculations on, do not find any
significant parameter space with negative accretion efficiencies.

Negative accretion efficiencies have also been found to be common
in several theoretical works dedicated to novae (e.g. Yaron et al.
2005). Not all detailed modelling works on novae publish accretion
efficiency data, making it somewhat difficult to get a consistent
picture of the state of the field, but in general it appears that works
making use of the Prialnik & Kovetz (1984), and Kovetz & Prialnik
(1985) code tend to find negative accretion efficiencies to be common,
though not ubiquitous (Prialnik & Kovetz 1995; Prialnik & Livio
1995; Yaron et al. 2005; Epelstain et al. 2007; Idan, Shaviv &
Shaviv 2013), while the use of other codes such as MESA (Newsham,
Starrfield & Timmes 2014; Wu et al. 2017; Wang 2018; Chen et al.
2019) and the ‘SAIO’ code (Kato & Hachisu 2004; Kato, Saio &
Hachisu 2017) tends to result in higher accretion efficiencies. It
may be that these discrepancies are more closely related to physical

choices such as the assumed degree of mixing increasing at the WD-
shell interface, which has been shown to dramatically effect accretion
efficiencies (Starrfield et al. 2012; Chen et al. 2019), than the numeric
quirks of each code.

As with Mig, η is determined by MWD and the accretion rate Ṁ ,
and Fig. 3 summarizes the outputs of the interpolation functions
for η in a similar fashion to Fig. 2. The behaviour with varying
Ṁ is relatively intuitive; reduced Ṁ leads to reduced gravothermal
heating of the layer which increases the total layer mass and degree
of degeneracy at the base of the layer at ignition. This leads to
a more powerful explosion which in turn leads to more material
lost from the WD, lowering η for a given MWD. The behaviour
of η when MWD is varied is more complicated, however, and the
intuitive idea that more powerful explosions cause more mass-loss
no longer applies. Ultimately, material is lost through winds and
η can be considered to be the result of competition between the
rate of nuclear processing of material at the surface and the rate of
wind mass-loss (Kato & Hachisu 2004). When MWD is less than
approximately 0.8 M� the winds are too weak to effectively remove
mass from the WD, increasing η, while at the highest WD masses
(MWD� 1.25 M�) the rate of nuclear burning dominates as the high
surface gravity impedes wind mass-loss, causing η to increase once
again.

2.3 Quiescent carbon burning

A potential evolutionary channel leading to a single-degenerate,
Chandrasekhar mass (MCh) Type Ia supernova involves accreting He-
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Table 1. Table summarizing selected input physics in our standard physics
case.

Variable/physics Standard

Metallicity Z 0.02
Simulation time (Myr) 15 000
RLOF model Claeys et al. (2014)
αCE 1
λCE Wang et al. (2016)
Hachisu disc wind ON
Eddington limited accretion from
WD to remnant

OFF

Eddington limited steady accretion to
WD

OFF

wind-RLOF: q dependent (Mohamed &
Podsiadlowski 2007; Abate et al.
2013)

Angular momentum loss through
winds

Spherically symmetric (Mohamed &
Podsiadlowski 2007; Abate et al.
2013)

Magnetic braking (Hurley et al. 2000)
H and He accretion limits on to WDs H: Wang (2018), He: Wu et al. (2017)
Nova accretion efficiencies H: Wang (2018), He: Wu et al. (2017)
Nova critical ignition masses H: Kato et al. (2014), He: Piersanti

et al. (2014) and Kato et al. (2018)
Minimum He shell mass for Hybrid
COWD (M�)

0.001

Quiescent carbon burning limit 2.05 × 10−6 M� yr−1 (Wang et al.
2017)

Chandrasekhar mass MCh 1.38 M�
Critical mass ratios for mass transfer
stability qcrit

Hurley et al. (2002)

Mmax NS 2.5
Remnant mass scheme (NS/BH) Fryer rapid (Fryer et al. 2012)

rich material on to a C/O WD at a rate such that the He is burnt steadily
at the surface (Solheim & Yungelson 2005), directly depositing C and
O on to the core. This has the advantage of potentially growing the
WD at close to the maximum steady accretion limit for He (RG/SS
in right-hand panel of Fig. 1), as mass-loss due to novae is avoided
when accreting in the steady burning regime.

However, at extremely high He accretion rates, it is possible that C
burning may be initiated at the surface, resulting in a C burning front
that propagates through the WD (Nomoto & Kondo 1991; Brooks
et al. 2016; Wang, Podsiadlowski & Han 2017). This has the effect
of converting the C/O WD to a O/Ne WD, likely preventing it from
producing a Type Ia supernova in the event it reaches MCh. This effect
is included in our standard physics set (Table 1) of our simulations by
changing the stellar type from C/O to O/Ne if the He accretion rate
becomes higher than 2.05 × 10−6 M� yr−1 (the threshold computed
by Wang et al. 2017).

2.4 Unstable mass transfer

Whether or not mass transfer proceeds in a stable manner depends
on the response of the stellar radii and Roche lobes to mass-loss,
described by the mass-radius exponent ζ ≡ d ln R

d ln M
(see e.g. Hjellming

& Webbink 1987; Ge et al. 2010, 2015, 2020). If the radius of
the donor star persistently increases relative to its Roche lobe in
response to mass-loss, the resulting increase in the mass transfer
rate causes a runaway situation to develop that ultimately results
in a common envelope that engulfs both stars. Conversely, if the
donor star remains roughly constant in size or shrinks relative to its
Roche lobe in response to mass-loss, mass transfer is stable. Note that

stability also depends on the reaction of the accretor to mass gain. If
the accretor can structurally readjust on time-scales shorter than the
mass transfer time-scale, mass transfer remains stable. If it cannot,
then the transferred material quickly piles up on the accretor in a
high-entropy envelope, overflowing its Roche lobe and producing a
common envelope surrounding both stars.

Without access to detailed information about stellar structure,
population synthesis codes typically rely on greatly simplified
prescriptions for mass transfer stability. The most common approxi-
mation used is to compare the mass ratio q = Mdonor/Maccretor to a set
of pre-defined critical values. This method is motivated by the fact
that the mass transfer rate and changes in Roche lobe size can be
described as a function of q (see e.g. Soberman, Phinney & van den
Heuvel 1997).

In binary c, the stability of all mass transfer episodes is
estimated in this way, henceforth referred to as the ‘qcrit method’.
Alternative prescriptions relying on the calculation of ζ may in-
correctly predict unstable mass transfer in the event that the Roche
lobe ζ only briefly exceeds that of the donor, introducing spurious
common-envelope events that can dramatically affect the evolution
of the binary. The qcrit method does not suffer from this issue, as the
critical ratios are typically determined by simulating the evolution
of mass-transferring binaries up to the onset of instability. However,
a disadvantage of this method is that any set of critical mass ratios
is only truly valid under a single set of assumptions regarding mass
transfer efficiency and angular momentum loss. The critical values
of q depend on the phase of evolution, structure, and composition of
the donor star, as well as whether or not the accretor is degenerate.
For an overview of the critical mass ratios and calculation of the mass
transfer rates and efficiencies employed in binary c, see Claeys
et al. (2014).

If mass transfer becomes unstable, a common envelope (CE) is
formed that engulfs both stars. This CE is not co-rotating with the
binary, and drag forces inside the CE cause the binary components
to spiral into tighter orbits. The CE phase ends either when the
envelope is ejected from the system, producing a more compact
(hard) binary with a stripped former-donor star, or when the two stars
merge, producing a single merger remnant. Despite the importance
of the CE phase in binary evolution and significant effort from the
community (e.g. De Marco et al. 2011; Ivanova et al. 2013; Ohlmann
et al. 2016; Chamandy et al. 2018), this phase remains poorly
understood. Therefore, population synthesis studies often employ
simplistic prescriptions to determine the outcome of CE evolution,
and estimate the impact of uncertainties in CE evolution by testing a
number of different treatments.

The canonical model for the CE phase is the α–λ prescription,
which is based on the energy budget of the binary system (Paczynski
1976; Webbink 1984; Livio & Soker 1988; De Kool 1990). In this
prescription αCE parametrizes the fraction of orbital energy which is
spent in ejecting the envelope

Ebind,i = αCE(Eorb,f − Eorb,i), (4)

where subscripts ‘i’ and ‘f’ denote properties before and after
common envelope, Ebind is the binding energy of the system, and
Eorb is the orbital energy of the system. We can also write Ebind, i as

Ebind,i = − G

λCE

(
M1Menv1

R1
+ M2Menv2

R2

)
, (5)

where Menv is the envelope mass for each star. This allows us to define
λCE as a parameter inversely proportional to the binding energy of the
envelope. Note that depending on the phase of evolution (e.g. for the
case of a WD remnant), there may be only one envelope and one of
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the terms reduces to zero. For a more detailed discussion, see Hurley
et al. (2002), from which we have reproduced the above equations.

Uncertainty in common-envelope physics is explored through
varying αCE between 0.5 and 2. The energy required to eject the
envelope depends on the mass distribution of the envelope and is
parametrized by λCE. It is therefore expected that this parameter
is sensitive to the stellar mass and phase of evolution (De Marco
et al. 2011; Ivanova 2011). We vary λCE between 0.05 and 1, and
additionally use two prescriptions to calculate λCE based on the stellar
type of the donor. The first, included in our standard physics model,
uses fits provided in Wang, Jia & Li (2016), and the other, formulated
by Claeys et al. (2014), is based on the data of Dewi & Tauris (2000).

The critical values of q that determine whether unstable mass
transfer occurs for a given binary configuration are taken from
Hurley et al. (2002). This treatment is likely to be a somewhat poor
approximation, particularly for the case of giant donors. However, it
does have the advantage of being widely used and easily described. A
truly satisfactory treatment of mass transfer stability remains elusive
in BPS codes, although work in this area continues. Examining the
effect of employing a more complex approximation for the stability
of mass transfer is deferred to a future work where it can be given
the attention it deserves.

3 ME T H O D O L O G Y

3.1 Our standard model

The results presented in this work are computed using binary c
(Izzard et al. 2004).binary c is a BPS code built on the backbone of
the Hurley et al. (2000, 2002) stellar fits and binary evolution models.
The code features many updates and improvements, including the
introduction of an updated treatment of AGB stars (Izzard et al.
2004), a synthetic nuclear yields module (Izzard et al. 2006), wind-
RLOF (Abate et al. 2013), improved stellar rotation algorithms (de
Mink et al. 2013), updated stellar lifetimes (Schneider et al. 2013),
and RLOF corrections (Claeys et al. 2014).

Table 1 summarizes the model parameters used to compute our
results, referred to as our ‘standard physics case’. Other model vari-
ables are set to the binary c defaults, and a complete set of model
parameters may be obtained on request from the corresponding
author.

In our models the effect of magnetic braking is modelled following
Hurley et al. (2000), which does not include magnetic braking effects
on remnant stellar types, including WDs. The effect of magnetic
braking on our accreting WDs is therefore neglected, although it is
taken into account for the donor stars. Magnetic braking has been
demonstrated (Belloni et al. 2020) to be important in reproducing
period distributions of synchronous magnetic cataclysmic variables
(polars), although its effect on nova rates and properties remains
unknown.

3.2 Grids

Results for H- and He-nova systems are computed from two different
grids of binary input parameters, summarized in Tables 2 and 3. These
grids were formulated by optimizing the selection of bounds, spacing
functions determining the spacing of grid points, and resolution of
each of the input parameters in terms of the number of resolvable
unique evolutionary sequences of H and He novae, while not leaving
any systems outside the bounds of the respective grids. The exception
to this constraint is the initial secondary mass, M2 init, for the H-nova
grid, for which we impose a minimum mass of 0.1 M� despite the

Table 2. Grid bounds, spacing between grid points, and resolution (80 × 50
× 60) used to model H-nova systems.

Boundsa Spacing function Resolution

M1,init (M�) (0.8, 20) �M1,init = const 80
qinit

( 0.1
M1,init

, 1
)

�(qinit) = const 50

ainit (R�) (3, 1e6) � ln(ainit) = const 60

Note. a(min, max)

Table 3. Grid bounds, spacing between grid points, and resolution (100 × 50
× 50) used to model He-accreting He-nova systems.

Bounds a Spacing function Resolution

M1,init (M�) (1.2, 12) � ln(M1,init) = const 100
qinit

( 1
M1,init

, 1
)

�(qinit) = const 50

ainit (R�) (10, 3e4) � ln(ainit)const 50

Note. a(min, max)

Table 4. Summary of the Hurley et al. (2000, 2002) stellar types and
terminology used throughout this work.

Stellar Type Description Classification

LMMS Low-mass main sequence Unevolved
MS Main sequence Unevolved
HG Hertzsprung gap Evolved
FGB First giant branch Evolved
CHeB Core He burning Evolved
EAGB Early AGB Evolved
TPAGB Thermally pulsing AGB Evolved
HeMS He main sequence Unevolved
HeHG He Hertzsprung gap Evolved
HeGB He giant branch Evolved
HeWD He white dwarf Remnant
COWD C/O white dwarf Remnant
ONeWD O/Ne white dwarf Remnant
NS Neutron star Remnant
BH Black hole Remnant
MR Massless remnant Remnant

fact that, according to our simulations, systems with secondaries with
initial masses as low as 0.01 M� are found to be capable of producing
H novae.

We impose the 0.1 M� limit on the grounds that these stars are
already below the 0.5 M� minimum mass that the original Pols
et al. (1998) grid of stellar models used in binary c. Stars with
masses lower than 0.1 M� are approaching the brown dwarf regime,
for which the binary frequencies are uncertain and likely to be
significantly lower than their more massive counterparts (Farihi,
Becklin & Zuckerman 2005; Grether & Lineweaver 2006). The
inclusion of systems with secondaries with initial masses below
0.1 M� increases predicted nova rates by approximately 5 per cent
under the generous assumption of a 50 per cent binary fraction.

4 R ESULTS

Throughout this work we make use of the Hurley et al. (2000, 2002)
stellar types, in addition to further classifying each of the stellar types
as either an unevolved, evolved, or remnant phase of evolution. This
classification scheme is summarized in Table 4.

All subsequent figures present results normalized according to
theoretical birth distributions of the primary mass, secondary mass,
and orbital separation for each system. The normalization process is
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Population synthesis of H and He novae 6123

(a) H Novae: system-weighted (b) H Novae: event-weighted

(c) He Novae: system-weighted, excluding H donors (d) He Novae: event-weighted, excluding H donors

(e) He Novae: system-weighted, including H donors (f) He Novae: event-weighted, including H donors

Figure 4. H and He nova counts of common-envelope (CE) events, coloured by the number of CEs that occur prior to the first nova event. The system-weighted
figures weight each system equally regardless of the number of nova events that system produces, while the event-weighted figures weight each system according
to the total number of novae produced over the systems lifetime.
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6124 A. J. Kemp et al.

Figure 5. Distributions of initial secondary masses and orbital separations plotted against initial primary masses for systems undergoing H and He novae.
Systems are weighted according to the number of novae each system produces over the 15 Gyr simulation time. ‘∗’/‘∗∗’: including/excluding H donors.
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Population synthesis of H and He novae 6125

Figure 6. Final remnant states of all systems which experienced at least one H or He nova. Each bar is coloured according to the most exotic star in the binary,
with massless remnants (MR) given the lowest priority. Diagonally striped bars denote the systems where the final remnant is a single star, having undergone
either a supernova or a merger event.

described in detail in Appendix A. Figs 4–12 represent a scenario
where a burst of star formation occurs at time t = 0, and an
observer is able to count all events over the entire 15 Gyr duration
of the simulation. These figures provide insight into fundamental
nova properties, and are not expected (or intended) to reproduce
distributions of nova properties derived from observations (e.g.
Shara et al. 2018; Fuentes-Morales et al. 2020). These figures are
normalized per solar mass of star-forming material, M�SFM.

4.1 Typical evolutionary sequences for H and He novae

There are a plethora of different evolutionary sequences leading to
systems which may undergo H or He novae. We can quantify this
diversity if we consider a binary evolution sequence to be unique if
it is comprised of a distinct combination of single stellar evolution
phases (or ‘stellar types’, see Hurley et al. 2000, 2002, and Table 4). In
our standard physics case we can distinguish 167 unique evolutionary

sequences involving at least one H nova (where we have 11 521
distinct H-nova systems and 80 million eruptions). Performing the
same assessment for He nova, we obtain 143 unique evolutionary
sequences (where we have 8730 distinct He-nova systems and
1.75 million eruptions). In truth, these figures only hint at the true
extent of the complexity surrounding these systems. Some of these
evolutionary sequences contain within them significant spreads in the
initial masses and orbital separations which can dramatically change
the number and nature of novae a system will experience over its
lifetime.

Despite this complexity, it is instructive to describe in broad terms a
typical evolutionary sequence for H- and He-nova systems. Facets of
other evolutionary pathways will be discussed in subsequent sections
as they become relevant.

A typical binary evolution sequence involving H novae proceeds
as follows. The primary evolves similarly to a single star, ending
its life as either a C/O or O/Ne WD. Mass transfer commences as
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6126 A. J. Kemp et al.

Figure 7. Distribution of the mass ratio q = M2/M1 at the time of each
He nova, excluding H donors. When q < 1, the effect of conservative mass
transfer is to widen the binary. However, sources of orbital decay such as
significant gravitational-wave emission may overcome this effect even when
the system is actively mass transferring, depending on the orbital separation
and the mass ratio of a system.

the secondary evolves off the main sequence and ascends the giant
branch, with mass transfer ceasing as the star contracts due to the
initiation of core He burning before restarting upon the ascent of the
AGB. Here, it loses its H envelope to increasingly strong winds on
the AGB, leaving the star in its final remnant state as a C/O or O/Ne
WD. The binary then remains in this double WD configuration for
the remainder of the simulation. H novae may occur during any of
the periods of mass transfer on to the WD, most frequently during
the FGB and TPAGB evolutionary phases, when the donor star is at
its largest radial extent and the mass transfer rate is typically highest.

While this is far from the most complex evolutionary sequence
involving H novae, it is by far the most common. More exotic
sequences involving H novae can include interesting manifestations
of binary physics, such as stripping episodes, Algol systems, CE
events, mergers, or Type Ia supernovae.

The life stories of He-nova systems are far more complex. It is also
more difficult to neatly describe a single ‘typical’ channel for their
production, so we shall instead outline two of the most important.

The first evolutionary sequence, which is most common when the
initial separation is greater than approximately 300 R� and involves
two CE phases, begins with the primary evolving normally until it
leaves the main sequence. As it expands, it begins to lose material
through stellar winds, a small fraction of which is accreted by the
companion, with the remainder carrying away angular momentum
from the binary. This situation continues throughout the HG, the
FGB, and CHeB phases until it reaches the AGB, having formed
a C/O or O/Ne core. During its ascent of the AGB the first CE of
the system occurs, significantly hardening the binary and ejecting
the remaining envelope of the star and leaving it as a C/O or O/Ne
WD. The system then remains quiescent until the secondary evolves
off the main sequence. The expansion of the secondary results in
a second CE event as it ascends the FGB, leaving the binary, now
consisting of the previously formed WD and a new-born HeMS star,
with a sub-hour orbital period. If the orbital separation is too large
for mass transfer to commence immediately, angular momentum loss

Figure 8. Distribution of white dwarf masses at the time of each nova
eruption, coloured by the accretor and donor stellar type. The distributions
of both H and He novae are found to heavily favour high-mass white dwarfs.
He novae from H donors are dominant for MWD<0.8 M�; otherwise, HeMS
donors dominate.

MNRAS 504, 6117–6143 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/4/6117/6253212 by R
adboud U

niversity N
ijm

egen user on 24 June 2021



Population synthesis of H and He novae 6127

Figure 9. Distribution of the mass accretion rates at the time of each nova
eruption, coloured by the accretor and donor stellar types. Giant donors
dominate the high-accretion rate H-nova systems, while the lowest accretion
rate systems are driven by low-mass main-sequence stars.

Figure 10. Recurrence time distribution at the time of each nova eruption,
coloured by the accretor and donor stellar types. H novae with recurrence
times shorter than 100 yr are mostly produced by O/Ne white dwarfs accreting
from giant donor stars.
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6128 A. J. Kemp et al.

Figure 11. Distributions of the recurrence time as a function of the white dwarf mass and the accretion rate. The white dwarf mass and accretion rate are
sampled at the time of the first nova of each nova pair. The recurrence time is more sensitive to the accretion rate than the white dwarf mass. ‘∗’: Including H
donors.

through gravitational radiation hardens the binary further, until mass
transfer is initiated from the HeMS star on to the WD. At this point
in the evolution of the binary, the WD is usually the more massive of
the two stars, so that the effect of mass transfer is to widen the binary.
However, despite the binary having a mass ratio q < 1, it is still too
large for the effect of mass transfer from the He star to the WD
to overcome angular momentum losses through gravitational-wave
emission. Tides hasten the inspiral as angular momentum from the
orbit is transferred into the spins of the two stars to keep them tidally
locked (the Darwin instability Darwin 1879). As the system loses
mass and yet more angular momentum through He novae, the fate of

the system becomes inevitable. The HeMS star and the WD merge,
forming a single He giant, and the system typically ends its life as a
single WD. The inspiral phase typically lasts tens of Myr once mass
transfer is initiated, during which time the system experiences He
novae.

The second sequence, involving a single CE phase, is favoured
for systems with initial separations less than approximately 300 R�.
The primary transfers material to the companion at a non-negligible
rate (typically �10−9 M� yr−1) upon leaving the main sequence,
typically beginning mass transfer in the HG, and continuing to do
so as it ascends the giant branch. This mass transfer is initially
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Population synthesis of H and He novae 6129

Figure 12. Delay-time distributions, coloured by the accretor and donor stellar types. He novae from He donors are quite prompt, with almost no contributions
beyond 1 Gyr, although a small number of late-time He novae are produced from systems with H donors. H novae are far less prompt, with significant late-time
contributions, fuelled primarily by giant donor stars, present throughout the simulation.

non-conservative, with greater than 50 per cent of material being
ejected from the binary due to the orbit being too wide. The effect
of this initial phase of mass transfer is to tighten the binary, making
the mass transfer more rapid and more conservative in the process.
However, soon the primary becomes less massive than the secondary
and subsequent mass transfer widens the binary as the mass transfer
rate stabilizes. This situation persists until the primary loses all of
its remaining envelope on the FGB and transitions to the HeMS.
The net effect of the mass transfer up to this point is to widen the
binary, typically by a factor of a few. The primary evolves along
the HeMS unperturbed until it reaches the HeHG, at which point a
final episode of stable mass transfer occurs leaving it as a C/O or
O/Ne WD and widening the binary further. The secondary continues
to evolve along the main sequence before undergoing a CE event
on the FGB, leaving the binary in a sub-hour period orbit with a
WD and a HeMS star. It is again in this configuration that He novae
are produced. Gravitational-wave radiation hardens the binary until

mass transfer occurs, but the mass ratio is too large for the effect
of mass transfer to overcome the orbital decay due to gravitational
radiation. The binary merges, once again tending to produce a single
WD remnant.

Note that both of the above channels involve He novae produced in
systems with HeMS donor stars. We find that HeMS donor systems
utterly dominate populations of He novae, producing 99.4 per cent
of all He novae (excluding He novae produced during periods of H
accretion). The remaining contributions are HeHG donors (0.385 per
cent), HeGB donors (0.215 per cent), and a tiny contribution from
HeWD donors (less than 0.01 per cent).

4.1.1 He novae from H donors

Apart from the two (dominant) channels of He novae which occur
under conditions of He accretion discussed above, He novae can also
be produced through H accretion. In our model, we allow a He layer
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6130 A. J. Kemp et al.

to be built up through successive novae – provided the accretion
efficiency is positive – or through steady H burning, provided the
WD mass and H accretion rate do not place the system in the steady
He burning regime. A He nova eruption is triggered if, through
successive H nova eruptions or a period of steady H burning, the
He layer grows more massive than Mig He. However, two important
caveats should be raised at this point.

First, the models on which we base our calculations of the
He burning regimes and critical ignition masses are He-accreting
models. Therefore, at a fundamental level we are using a model for
one scenario and hoping that it produces a result that is somewhat
relevant for another, and that physics such as heating due to the
nuclear burning of H is relatively unimportant to the underlying
physics of this channel. Secondly, a He nova that results from the
accretion of H material may not actually be able to be positively
identified as a He nova due to the presence of at least some H in
the ejecta. Distinguishing a He nova driven by H accretion from a H
nova that has dredged up a large amount of He-rich material from the
surface of the WD is likely to be impossible observationally. It is of
interest to compute and compare light curves for the two scenarios,
but that is beyond the scope of this work.

With these caveats in mind, we may proceed to discuss the
relevance of this channel. If we consider all channels that result
in at least one He nova to be equal in importance, then the channel
is of paramount importance, making up 94 per cent of all He nova
systems produced per burst of star formation. However, the channel
accounts for very few He novae, with only around 10 per cent of all
He novae produced per burst of star formation occurring during H
accretion. The situation can become complicated when considering
a real star-forming environment due to the delay-times of some of
these events, but we defer this discussion to Section 4.6.

We find that the most common scenario for producing He novae
from H accreting systems is as follows. After the primary becomes a
WD, the donor star expands as it evolves up the FGB, filling its Roche
lobe and depositing material on to the WD, producing novae. In this
phase, the accretion rate is relatively low, with a correspondingly
high Mig He, often on the order of a tenth of a solar mass. The FGB
phase ends, and appreciable mass transfer ceases as the donor star
enters the CHeB phase. As the star reascends the giant branch after
completing CHeB, mass transfer resumes on the AGB, growing the
He layer further as the system produces further H nova eruptions. As
the donor star approaches the end of the TPAGB its radius expands
further, significantly driving up the mass accretion rate on to the WD
such that the system ceases to produce H novae as it is pushed into
the steady H-burning regime. This increase in the mass accretion
rate can reduce Mig He by almost two orders of magnitude. It is this
reduction, as much as the increased growth rate of the He layer due
to the regime transitioning to steady H burning, that allows the He
novae to occur. Typically, between 1 to 5 He novae occur during the
brief time before the accretion rate increases to the degree where it is
accreting material beyond the limit for steady He burning to occur, or
beyond the maximum steady burning limit for H burning. Regardless
of which limit is reached first, soon after steady burning commences
the WD accretion regime transitions into the ‘giant’ accretion regime,
where material cannot be processed sufficiently rapidly at the surface
and instead builds up in a high-entropy envelope. The white dwarf
then becomes a born-again giant star and typically remains in this
phase until the donor star evolves off the TPAGB and becomes a WD
remnant. The system ends its life as a double white dwarf.

From Fig. 3 onwards, figures relating to He novae will specify
whether they include or neglect He novae from H accretion. Where
the channel is neglected from the figure in the interests of demon-

strating features of the He-accretion channels, which in some cases
the presence of the H accreting systems obscure, any noteworthy
features of the H accretion channel will be discussed in the main
body of text.

4.1.2 The importance of CE events on novae

Although both H and He novae are, fundamentally, nuclear explo-
sions on the surfaces of WDs in binaries, the evolutionary channels
which govern populations of these systems are distinct. One measure
of the importance of binary physics to novae is the number of CE
events, shown in Fig. 4, which shows the occurrence of CE events
weighting each system equally (a ‘system weighting’, Figs 4a, c, and
e) and also according to the total number of novae that occur in each
system’s lifetime (an ‘event weighting’, Figs 4b, d, and e).

When considering the importance of different channels leading to
H novae, the distinction between these two weightings is important.
Systems which never undergo any CE events dominate the population
of nova systems; Fig. 4(a) shows that only around 12 per cent of all
H-nova systems have a CE event occurring prior to the first H nova.
However, when considering the number of eruptions each system
produces the picture changes substantially, as shown in Fig. 4(b).
Almost 80 per cent of all H nova eruptions originate from systems
which undergo at least one CE event prior to the first H nova eruption,
implying that the overall H nova rate can be expected to be quite
sensitive to CE physics.

Returning to Fig. 4(a), the small (≈15 per cent) fraction of H-
nova systems that do undergo a CE event at some point in their
lives experience either one or two CEs, with a 0.1 per cent minority
undergoing three. Of those that undergo exactly one CE, roughly 70
per cent do so prior to the first H novae; therefore only 70 per cent
of these ‘one CE’ systems produce H novae which are potentially
influenced by CE physics. The systems which undergo two CEs are
more complex. A small fraction (6 per cent) have both CEs occurring
after the first H nova, implying complete insensitivity to CE physics,
while around 60 per cent undergo one CE prior before the first H
nova and their second CE after, and the remaining 30 per cent have
both CEs occurring prior to the first H nova.

Under the assumption that CE events eject the entirety of either
a H or He envelope, which may not be true in general (Götberg, de
Mink & Groh 2017; Yoon, Dessart & Clocchiatti 2017), we can make
some comments about the evolutionary sequences surrounding the
information shown in Fig. 4. In order for two CEs to occur prior to
the first H nova, the primary must lose (and survive the loss of) its
H and its He envelope. Therefore, the primary must have its first CE
on either the HG, FGB, CHeB, or EAGB3 such that it is stripped to
become a He star. Its second CE occurs when the He star evolves off
the HeMS after forming a C/O or O/Ne core, leaving it as a WD that
can then undergo H novae. This is the only permissible evolutionary
channel (assuming total stripping of the H envelope in the first CE),
as the secondary cannot undergo its first CE event until after the
first H nova has occurred, or it would be left without H to transfer
on to a WD companion to produce H novae. This requirement of a
hydrogen atmosphere on the donor star during H novae leads us to
the expectation that at most two CEs can occur prior to H novae in
isolated binary systems. This expectation is supported by the tiny
fraction of H-nova systems that undergo three CEs, all of which have

3The He layer in TPAGB stars is assumed to be too thin to form a true He
envelope, and a CE event in this evolutionary phase instead produces a WD
remnant.
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two CEs occurring prior the first H nova, with their third CE phase
occurring subsequently.

CE phases are found to be ubiquitous in He-nova systems where
the white dwarf is accreting material from a He star (Figs 4c and
d). We find that all such He-nova systems can be considered post-
CE systems, without exception. Slightly over half of these systems
experience one CE event prior to the first eruption, and the vast
majority of the remainder experience two. This is unsurprising, as
we require at least one stripping episode in order to produce a He-
donor star. Furthermore, He stars tend to be far smaller than their H
cousins (Divine 1965; Woosley, Langer & Weaver 1995; Dewi et al.
2002; Pols & Dewi 2002; Laplace et al. 2020), and so require tighter
orbits for mass transfer to occur.

Only a very small percentage of these He-nova systems (�0.5
per cent) undergo a CE event after He novae have occurred. The
minuscule population (≈0.1 per cent) of systems which undergo
three CE events undergo all three prior to the first He nova.

When considering the event-weighted importance of the different
channels towards He novae where the donor is a He star, there are
only minor differences from the system-weighted case. Therefore,
we conclude that whether a He-nova system undergoes one or two CE
events prior to the first He nova is not the dominant factor determining
the number of He novae that the system produces.

Figs 4(e) and (f) show the numbers of common-envelope events
across all He nova systems, including those where He novae occur
while accreting material from H donors. We find that over 90 per
cent of all systems never undergo a common envelope, reflecting the
distribution of H-nova systems, which greatly outnumber the He-
accreting He-nova systems. When considering the event-weighted
distributions, there are only relatively minor discrepancies between
the distribution found when considering only He-accreting He-nova
system, reflecting the fact that H-accreting white dwarfs produce
relatively few He novae (≈15 per cent).

Despite the majority of all H- and He-nova systems never un-
dergoing a CE event, both H- and He-nova rates are expected to
be sensitive to CE physics. This makes both nova rates potentially
useful in ongoing efforts to understand these highly uncertain phases
of binary evolution in the mass range that contributes to novae.

4.2 Initial system properties

The distributions of initial binary system parameters which produce
H and He novae are shown in Fig. 5, weighted by the total number
of nova eruptions produced by these systems.

The distribution of masses reveals most H nova eruptions originate
from relatively massive primaries with initial masses in the range of
of 7–9 M� and lower mass (�2.5 M�) secondaries. The high initial
primary mass peak around 7–9 M� is largely driven by systems
which undergo a CE event caused by the expansion of the primary,
usually as the star approaches the end of the TPAGB, which produces
a hardened binary with a massive WD and an MS companion. This
WD is then able to accrete material from its binary companion as it
leaves the main sequence, with the first H novae from this channel
typically produced by either MS or HG donors. The combination of
a hardened binary with a massive WD accretor allows novae in these
systems to occur with very low recurrence times (see Section 4.5). It
is the large number of novae these systems produce that overwhelms
the effect of the initial mass function (IMF), which favours the birth of
lower mass systems. This population of systems is readily identifiable
in Fig. 5(b).

In conventional single stellar evolution, stars more massive than
around 9–10 M� are not expected to form WD remnants, but this

is not necessarily the case when such a star is placed in a binary. A
small number of novae are produced from primaries initially more
massive than 10 M� when ainit is small. In these systems, the primary
experiences significant mass transfer on the main sequence, reducing
the final mass of the He core sufficiently to produce a C/O or O/Ne
WD which goes on to accrete from its companion star and produce
nova eruptions.

The distribution of the initial primary masses of He-nova systems
reveals a bimodal distribution with one peak around M1 init of 5–
5.5 M� driven by high initial mass ratio binaries (M2 init > 4 M�),
and the other around 7.5 M�, driven by a wider range of lower
mass secondaries (2.5–5 M�). This distribution changes little when
comparison between Figure Examination of Figs 5(d) and (f) reveals
these two peaks to be driven by two distinct channels, one on each
side of the gap in viable initial separations.

The H accreting He nova channel primarily manifests itself in
Fig. 5 through the introduction of progenitors of low initial primary
(<4 M�) and secondary (<1.5 M�) masses, as well as opening
up nova progenitor systems with higher initial orbital separations
(�2.5 × 103 R�).

The origin of the 7.5 M� peak is similar to the channel for the
previously described peak in the H nova distribution, where a massive
WD is formed from an initially massive star which ends its life in a
CE event on the TPAGB, leaving the massive WD in close proximity
to its future donor star. The main difference is that a second CE event
occurs as the secondary ascends the first giant branch, leaving an
HeMS donor star in an extremely tight orbit with a massive WD.
This configuration provides ideal conditions for He novae.

The second peak from 5–5.5 M� is driven by systems which avoid
the first CE event by losing the primary’s envelope predominantly
through stable, conservative mass transfer shortly after leaving the
main sequence, leaving it as a relatively massive He star which
eventually produces a WD of approximately 1–1.1 M�. This episode
of mass transfer widens the binary significantly, but also increases the
mass of the secondary. When it eventually undergoes CE on the FGB
to produce the HeMS donor star for the system, it has a sufficiently
massive H envelope to tighten the orbit again so that the HeMS donor
may fill its Roche lobe and accrete on to its companion WD.

Figs 5(b), (d), and to a lesser extent (f) show a well-defined ‘desert’
region dividing the distribution of initial separations (ainit) of H and
He-nova systems that is related to the initial mass of the primary.
Close examination of H-nova systems above the desert reveals that
systems with ainit � 103 R� commonly undergo a CE event prior to
H novae. Above this threshold no CE events occur and H novae are
produced almost exclusively from WDs accreting from the winds of
TPAGB donor stars. When systems below this threshold undergo a
CE event they will either merge or survive to form a hardened binary
which may go on to experience nova eruptions. The upper bound of
the desert marks the minimum orbital separation for which the binary
can survive and go on to produce novae, while the lower bound of
the desert marks the beginning of populations of H-nova systems
which do not undergo a CE phase prior to H novae by avoiding this
fate through earlier episodes of mass transfer. The similar ‘desert’
region which exists for He-nova systems is also due to the threshold
beyond which CEs caused by the primary’s expansion become
inevitable and unsurvivable, and below which this CE phase may be
avoided.

Finally, it should be mentioned that when not weighting by the
nova count of each system (i.e. applying a system weighting rather
than an event weighting), the distributions of both H and He novae
are heavily skewed towards low-mass primaries, as expected due to
the IMF favouring the birth of lower mass systems.
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4.3 Remnant states

4.3.1 H novae

There are diverse final states in H-nova systems, as shown in Fig. 6(a)
which shows the final evolutionary states of all systems which
underwent at least one H nova. By a full order of magnitude the
most common binary state is a double C/O WD binary, with over
10−2 systems created per M� of stars formed. Significant numbers
(�10−4 systems per M�) of C/O WD-O/Ne WD, C/O WD-He WD,
LMMS-C/O WD, and double O/Ne WD binaries are also formed, in
addition to single NSs and C/O WDs. The population of LMMS-C/O
WD binaries in particular are noteworthy as they represent the most
common binary configuration which will continue to produce novae
beyond the 15 Gyr scope of the simulation.

Single O/Ne WDs are formed at a comparable rate to single black
holes, WD-NS binaries, and binaries where both stars have been
destroyed in a double-degenerate Type Ia supernova. The single
black hole population is dominated by the gravitational-wave driven
merger of NS-WD binaries, supplemented by contributions from
Algol systems where the WD primary merges via a final CE with
its companion star, which has grown to approximately 20 M� and
subsequently forms a black hole in a stripped supernova event.

4.3.2 He novae

Fig. 6(b) shows the distribution of binary remnant states of all systems
which undergo at least one He nova under conditions of He accretion.
When considering all He-nova systems irrespective of whether the
nova occurs under conditions of H or He accretion, the distribution
roughly mirrors that of H novae, being dominated by double-WD
systems with a selection of more exotic binaries being produced in
small numbers. Subsequent discussion in around the remnant states
of He novae will be restricted to He-accreting systems.

When considering only the He-accreting channel, however, an
interesting feature of these systems becomes apparent. The vast
majority of systems which undergo He novae end their lives as single
systems. This is surprising, as He novae do not rely on either the
merger of two stars or the destruction of one of the stars, as Type
Ia supernovae do. The reason behind this result is complex. Here,
we outline some of the key physics determining whether a given
He-nova system ends its life in a binary or single star configuration.

Almost all He novae are found to be produced by accreting material
from a HeMS donor star. An obvious explanation of the tendency of
these systems to end their lives as single stars is that they undergo
a final CE event when the HeMS donor star evolves off the main
sequence. Because of the close orbital separations required for mass
transfer in these systems, this final CE event would result in a merger
of the donor star and the accretor. In our simulations this scenario
only occurs in very few systems, demonstrated in Fig. 4 by the
very low number of systems that undergo a CE event after the first
He nova. Further, Halabi, Izzard & Tout (2018) demonstrate that
stable mass transfer can occur for a wide range of binary param-
eters in He-shell burning, post-CE binaries. The answer, then, lies
elsewhere.

Whether an orbit widens or shrinks as mass is transferred conser-
vatively from the donor to the accretor is determined by the mass
ratio q = Mdonor/Maccretor. If q < 1, then the effect of mass transfer
is to widen the orbit, and if q > 1, the effect is to shrink the orbit.
Fig. 7 shows the distribution of q at the time of He nova for all
nova eruptions. Most of the He novae occur in systems with q < 1,
therefore acting to drive the two stars apart. This effect is responsible

for the predicted ‘bounce’ of AM CVn binaries, where mass transfer
from a low-mass (typically 0.01–0.1 M�) He star accreting on to a
WD causes the binary to widen after a minimum period is reached
(Kraft, Mathews & Greenstein 1962; Solheim 2010).

In the simulated He-nova systems, however, this bounce does
not occur, and instead the binary merges. The difference between
these two scenarios is the mass of the donor star. The lowest mass
donor star involved in a He nova in our standard physics case is
0.32 M�, significantly higher than typical AM CVn binaries. In
this scenario, angular momentum loss through gravitational-wave
emission overcomes the effect of mass transfer and the binary
inspirals.

As it does so and the orbital frequency increases, tides transfer
more orbital angular momentum into the spins of the stars, hastening
the inspiral. He nova outbursts transfer material away from the system
(we assume no interaction occurs between the nova ejecta and the
companion star) and with it angular momentum, further acting to
drive the binary towards merger.

Even in systems where orbital shrinkage does not occur, the binary
state of the system is still not safe. For the binary to survive, it
must avoid growing a C/O WD accretor to MCh. The fact that O/Ne
WDs instead collapse into an NS upon growing to MCh is the reason
that the C/O WD-NS remnant population is so large, representing
approximately half of all He-nova systems which survive in a binary
remnant state. Further, the system may destroy itself entirely in a
double-degenerate Type Ia supernova, producing the double massless
remnant (MR–MR) populations in Fig. 6. It is noteworthy that in our
simulations, more double-degenerate type Ia systems are produced
from post-H-nova systems than post-He-nova systems.

With all this acting to prevent the survival of He nova binaries, it
may be wondered how those few systems that do remain in a binary
configuration survive. The accretion-induced collapse of an O/Ne
WD into a neutron star is primarily responsible for the population
of the survivors with NS elements; the remainder, comprised of C/O
WD-O/Ne WD pairings, is more complicated.

Of this population, almost all involve He novae occurring in
systems involving mass transfer from an evolved He star. The
importance of this is that, unlike the HeMS, which often lasts
long enough to either merge the stars through inspiral or grow
them to MCh, this phase of evolution typically does not. Under the
competing influences of core growth and envelope mass-loss, these
systems often stop mass transferring relatively quickly (Halabi et al.
2018), leaving the system in a binary configuration. Further, these
systems tend to have wider orbital separations, greatly reducing
angular momentum loss through gravitational waves. However, it
should be noted that mass transfer from an evolved He star does
not guarantee the survival of a binary, it only makes it far more
probable.

4.4 Nova physics and system properties at nova

4.4.1 White dwarf mass

Fig. 8 shows the distribution of WD masses at the time of nova
eruption for H and He novae.

The vast majority of H novae occur on rarer, high-mass WDs, with
the distribution strongly peaked as the WD mass approaches MCh.
In these most extreme WDs, the greatly increased surface gravity
reduces the critical ignition mass of the surface H layer to the extent
that the number of novae per system overcomes the IMF bias towards
lower mass WD systems. Most of these novae are driven by accretion
from evolved FGB and TPAGB donor stars; the combination of the
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higher accretion rates from these more evolved donors and the high
WD mass creates ideal conditions for short-recurrence time novae,
allowing high event counts despite the relatively short-lived nature
of the donor stars. A smaller secondary peak around 0.6 M� is
also observed, approximately aligning with the peak in the observed
mass distribution of single WD systems (Giammichele, Bergeron &
Dufour 2012; Tremblay et al. 2016). The composition of the accretor
WDs transitions from C/O to O/Ne around 0.9 M�.

He nova events are also dominated by accreting WDs at the highest
masses. In fact, for He novae the skew of the distribution is even more
pronounced. Unlike the case of H novae, however, C/O WD accretors
continue to contribute even at the highest WD masses. This is due
to the far higher propensity of He-nova systems to grow the C/O
accretor to high mass, and is responsible for the blurred C/O-O/Ne
divide seen in Fig. 8. It should be noted that we allow for quiescent C
burning events to occur in WDs when the He accretion rate is greater
than 2.05 × 10−6 M� yr−1 (Wang et al. 2017), converting a C/O core
to a O/Ne core. Neglecting this physics, the blurring becomes even
more pronounced, increasing the fraction of He novae on C/O WDs
with masses approaching MCh by approximately 15 per cent.

For WD masses less than 0.8 M�, almost all He novae are produced
by H donor stars. The remainder of the parameter space is dominated
by HeMS donor stars.

Finally, the distributions in Fig. 8 bear little resemblance to the
distribution of WD masses currently derived from nova observations,
which peaks around 1.1–1.2 M� (Shara et al. 2018). Fig. 8 is
not expected to reproduce any kind of nova observation, as no
convolution of a star formation rate (SFR) history has been applied
here. Instead, Fig. 8 represents the distribution of WD masses of
all novae produced in the 15 Gyr we simulate after starburst. A
conclusive comparison with the observed distribution WD masses
for novae requires accounting for changes in metallicity, which
allows for a more accurate model of the formation history of a
given environment (e.g. the Galaxy). This we leave to a future work
which will deal specifically with the effect of metallicity on nova
populations.

4.4.2 White dwarf accretion rate

Fig. 9 shows the distributions of the mass accretion rate immediately
prior to the nova eruption. As expected, in H novae FGB and TPAGB
donor stars are responsible for the majority of the highest accretion
rate events, while LMMS and MS donor stars are responsible for nova
systems with lower accretion rates. There exists a weak preference
for C/O WDs in low accretion rate systems and O/Ne WDs in high
accretion rate systems. The distribution peaks at accretion rates
around 10−8 M� yr−1, driven by the FGB and TPAGB donor star
systems, with a smaller peak present around 10−10 M� yr−1 driven
by LMMS and MS donor stars.

He novae exhibit considerably less spread in the distribution of
accretion rates, driven by the increased difficulty in igniting He.
While both H- and He-nova systems are able to produce novae at
accretion rates up to approximately 10−6 M� yr−1, the distribution
for He novae tails off by 10−8 M� yr−1, compared to the longer
tail present for H novae which dies out around 10−12 M� yr−1. The
event counts for He novae exhibit twin peaks at 10−7 and 10−6

M� yr−1. The inclusion of H donor channels of He novae does not
significantly affect the distribution shown in Fig. 9; we show the
distribution excluding He donors due to the presence of a small
number of low Ṁ outliers which compromise the presentation of the
figure.

4.5 Nova recurrence times

The recurrence time is defined as the time between subsequent
nova eruptions, and is distinct from the observational definition
of recurrent novae. It is common to class observed nova systems
as recurrent if they have been actually observed to erupt more
than once. In practice, only systems with ‘true’ recurrence times
shorter than approximately 100 yr have a chance to be classified as
recurrent, with the remainder (making up the vast majority of nova
observations) classed as classical novae. In this work, we refer to a
nova being ‘recurrent’ if it has a recurrence time shorter than 100 yr.
Fig. 10 shows the distribution of recurrence times for H and He
novae.

We find a huge spread in recurrence times for H novae, with the
shortest interval between novae calculated at approximately 100 d,
while the longest is found to be almost 400 Myr. These extremes of
the distribution are powered by near-MCh WDs rapidly accreting
material from giant donor stars and WDs accreting material at
extremely low accretion rates through stellar wind accretion and
Roche lobe filling LMMS stars, respectively.

The distribution is fairly broad, peaking around 100–1000 yr with
almost all H novae occurring with recurrence times between 1 yr and
10 Myr. H-nova systems with short recurrence times tend to favour
O/Ne WDs, while the long recurrence time novae favour lower mass
C/O WD accretors. The distribution of the donor types shows FGB
and TPAGB donors dominating lower (<104 yr) recurrence time
systems and LMMS and MS donor stars dominating the high (>104

yr) recurrence time systems.
We find that the recurrence time is more tightly correlated with the

mass accretion rate than the mass of the WD, as shown in Fig. 11.
Increasing the mass of the WD reduces recurrence times as the critical
ignition mass reduces (see Fig. B1a), while the accretion rate has a
twofold effect: increasing Ṁ both reduces the critical ignition mass
and the time it takes to reach the critical ignition mass. This behaviour
is mirrored in the He nova distributions.

Figs 10 and 11 allow us to make some interesting predictions about
the host systems of recurrent H novae. Based on our simulations, we
expect recurrent novae to originate almost exclusively from O/Ne
WD accretors, particularly recurrent novae with recurrence times
�10 yr. Further, we also expect that most, but not all, of these
systems should have giant donor stars. The most rapidly recurring
nova systems should be limited to the most massive WDs, with
masses very close to MCh, and recurrent novae should heavily favour
such WDs. However, we also find that less massive WDs as low as
approximately 0.6 M� are expected to be feasible (but rare) sites
of recurrent novae. Finally, we predict that recurrent novae should
be almost non-existent at accretion rates less than approximately
10−9 M� yr−1, and almost all novae from systems accreting at rates
greater than approximately 10−7 M� yr−1occur in recurrent nova
systems.

The distribution of He nova recurrence times is more constrained,
with most having recurrence times ranging between between 1 yr and
1 Myr, and peaking around 103 yr. The bulk of the distribution has
a relatively homogeneous divide between C/O and O/Ne WDs, with
only the extremes of the distribution showing strong preferences for
C/O WDs and O/Ne WDs at the high and low end, respectively.

This is in spite of the fact that Fig. 11 shows a slightly tighter
relation with mass for He novae relative to H novae; even more so than
H novae, the bulk of He novae are driven by massive WDs. If we apply
the ‘hundred year’ definition of recurrent novae to the distribution of
He novae, we find that only WDs greater than 1.1 M� and accretion
rates greater than 10−7 M� yr−1 are capable of driving such events,
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far more constraining than in H novae. It should be recalled however
that there exists only a single confirmed He nova eruption, V445
Puppis (2000) (Kato et al. 2000, 2008; Lynch, Russell & Sitko 2001;
Ashok & Banerjee 2003), perhaps making the distinction between
classical and recurrent He novae somewhat egregious. We discuss
our He nova findings in the context of the V445 Puppis observation
in Section 5.

4.6 Nova rates

4.6.1 Delay-time distributions

The delay-time distributions of H and He nova events are shown in
Fig. 12. Note that this is the distribution of the delay-times to each
individual nova event, starting from the birth of the system, and not
the delay-time to the first nova eruption of each nova system.

The delay-time distribution of H nova events shows that overall
nova counts are mostly driven by O/Ne WD accretors, which domi-
nate at earlier times while remaining significant sites of novae even
for systems with delay-times greater than 10 Gyr. Approximately 65
per cent of H nova events (across all times) are found to occur on
O/Ne WD accretors, strikingly similar to He novae, for which around
60 per cent of events occur on O/Ne WDs.

For delay-times <2 Gyr, TPAGB donor systems produce most
of the H novae, with notable secondary contributions of MS and
LMMS donor systems. Beyond 2 Gyr the contribution of FGB donor
systems increases substantially as the large population of systems
with M2 init � 2 M� evolve off the main sequence. Compared to
more massive stars, these systems enjoy longer lifetimes on the FGB,
allowing longer periods of mass transfer, compounding the effect of
the IMF favouring the birth of such systems. It is also worth noting
that while a 1 M� star has a main-sequence lifetime of ≈10 Gyr, a
2 M� star has a main-sequence lifetime of only ≈1.8 Gyr (Karakas &
Lattanzio 2014). Thus the contribution of FGB donor stars from low-
mass progenitors (≈1–2 M�) is observed in Fig. 12 to be ‘smeared’
over cosmic time. MS and LMMS contributions decline over cosmic
time, increasing the relative importance of FGB systems in ultra-late
delay-time systems.

Finally, Fig. 6(a) shows that FGB donors make up only a tiny
fraction of the non-remnant–WD systems compared to LMMS-WD
binaries, but Fig. 12 shows that they are important contributors
to the nova rate, particularly in late delay-time H nova events.
This outsized contribution by FGB donor stars is due to the much
higher mass transfer rates obtainable in these systems compared to
LMMS donors, which causes many more novae to be produced per
system.

He novae peak in event counts from 100 to 150 Myr, climbing
steeply from 50 Myr before slowly trailing off by around 600 Myr,
with a rapidly decaying tail of late-time events with almost no
contributions beyond 1 Gyr. From 1 to 3 Gyr, there are a small
number of He-accreting systems originating from high initial mass
ratio (qinit � 0.85) binaries of relatively low initial mass (M1, 2 init ≈
1–1.8 M�), which typically undergo very few He novae (<10 per
system). Other binaries, also with low initial masses but lower mass
ratios, are able to transfer significant mass to the secondary. In these
cases the secondary’s MS mass becomes so high that it evolves too
quickly to create such late delay-time events.

Beyond 1 Gyr, H donor contributions dominate. This is note-
worthy, as it implies that in old stellar populations He novae
should be expected to be driven almost exclusively by H ac-
cretion. At all other times He nova contributions to the overall

transient rate are dominated by HeMS donors. The accretor com-
position, interestingly, shows a trend opposite that of H novae,
with C/O accretors being more important for the most prompt He
novae.

4.6.2 Estimated nova rate history for M31

Delay-time distributions such as those shown in Fig. 12 can be
numerically convolved with an arbitrary star formation history by
breaking the history up into discrete time bins containing the mass
of stars formed in each bin. Knowing the contributions to event
rates at all delay-times from a unit-mass burst of star formation,
the event rate history is computed by superimposing delay-time
distributions normalized according to the mass of stars formed in
each bin. In this way, the event rate at each time in the history of
a given environment becomes the sum of the contributions of every
preceding time bin, each of which is modelled as a burst of star
formation.

Fig. 13 shows the predicted H and He nova rates at different times
in M31 (Andromeda) using several different star formation histories.
The black line is the result for a constant SFR of 15 M� yr−1, a
rate representative of the average SFR of M31 over its assumed
10 Gyr age, with the remaining lines representing more sophisticated
models which make use of star formation histories extracted from
fig. 11 in Williams et al. (2017). These models are labelled according
to the underlying sets of stellar models fit by Williams et al.
(2017) to colour–magnitude diagrams from the Panchromatic Hubble
Andromeda Treasury (PHAT) in order to obtain the SFR history.

We find that H novae track the star formation history poorly
because they are distributed across a wide range of delay-times.
However, the delay-times of most He novae are so short that their
rate (were it known) provides a relatively direct measure of the
recent local star formation history. Of course, the short delay-times
of these systems also mean that virtually no information about the
star formation history at early times can be gleaned from the event
rate of He novae. Conversely, the extremely long delay-time systems
present for some H-nova systems makes them a potentially useful
probe of early star formation history.

It is apparent that there exist significant deviations between the
complex, if uncertain, star formation models of Williams et al. (2017)
and the constant SFR assumption. Given the widespread practice
of employing constant SFRs to approximate spiral galaxies, this
should be cause for concern for studies attempting to derive absolute
rates. The importance of the adopted star formation history when
calculating rates is assessed in detail in the context of double compact
object mergers in several recent works (e.g. Chruslinska & Nelemans
2019; Neijssel et al. 2019; Olejak et al. 2020; Broekgaarden et al.
2021).

We estimate that the current rate of H novae in M31 is approx-
imately 41 ± 4 events/yr based on the Williams et al. (2017) star
formation histories, and 0.14 ± 0.015 for He novae. M31 appears to
currently be experiencing a lull in star formation (Rahmani, Lianou
& Barmby 2016; Williams et al. 2017), impacting estimates of the
current rate of He novae in particular. According to the Williams
et al. (2017) SFR histories, this lull has lasted around 1 Gyr; thus,
our models predict that He novae from H donors should be non-
negligible when considering He nova rates in M31’s current epoch,
despite their low rates on a per-starburst basis.

The current nova rate in M31 is discussed further in the context
of current observational estimates and other theoretical works in
Section 5.
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Figure 13. Adopted SFR (a) and predicted nova rate (b,c) histories for M31.
Each history is labelled according to the set of stellar tracks (Padova, Basti,
Parsec, MIST) fit to the colour–magnitude diagrams from the PHAT by
Williams et al. (2017) to obtain the SFR history. The current age of M31 is
assumed to be close to 10 Gyr. Data beyond 10 Gyr are ‘looking forward’
from the present day, with the SFR assumed to remain equal to its current
estimated value.

5 D ISCUSSION

The methods employed in this work represent a purely theoretical
approach to calculating nova rates. We do not attempt to optimize
parameters to best reproduce either the observed nova rate in M31 or
any rates calculated in previous theoretical works, but instead have
built our standard model based on the merit of the individual physical
sub-models and parameters where possible. It is beyond the scope of
this work to fully explore the physical parameter space surrounding
these events. In particular, we choose to defer addressing the effect
of metallicity to a future work where it can be given the attention it
deserves.

However, we do estimate the importance of highly uncertain CE
physics on predictions of the current nova rate.

5.1 Uncertainties in estimates due to CE physics

M31 presents the best available laboratory for studying nova rates
due to its proximity and near face-on inclination to the Galaxy, and
because it is possible to estimate systematic effects and completeness
very accurately. The most current observational nova rate is estimated
to be 65+15

−16 events/yr (Darnley et al. 2004, 2006), based on data
from the UPAT-AGAPE microlensing survey. Previous analyses have
estimated nova rates between 20 and 50 events per year (Hubble
1929; Arp 1956; Capaccioli et al. 1989; Shafter & Irby 2001)
for M31. More recent theoretical work by Chen et al. (2016) and
Soraisam et al. (2016) predicts an event rate of approximately 100
events/yr when accounting for the absence of novae with speed
classes <10 d (Darnley & Henze 2020) in previous works. In their
recent review, Della Valle & Izzo (2020) question the basis for this
correction and propose an ‘educated guess’ of 40+20

−10 events/yr. With
the upcoming commencement of the Legacy Survey of Space and
Time (LSST) at the Vera C. Rubin Observatory, it is to be hoped that
the speed class issue shall soon be resolved and improved constraints
placed on nova rates.

Fig. 14 presents the average current nova rate, derived according
to the Williams et al. (2017) SFRs, for different values of αCE and
λCE (see De Marco et al. 2011, for a review of the α − λ formalism
for the CE phase). We vary αCE while keeping λCE set to the model
used in this work (Wang et al. 2016), and likewise vary λCE while
keeping αCE = 1.

As αCE increases, orbital energy is transferred more efficiently to
the envelope during CE events. This has the effect of reducing the
post-CE hardness of a given binary as it becomes easier to eject the
envelope. This can affect the mass transfer rate during subsequent
novae, but crucially also alters the populations of systems that survive
the CE event and go on to produce novae.

It is not obvious a priori what the aggregate effect on the nova
rate will be. Reducing CE effectiveness in hardening a binary
can potentially result in more novae, as ‘new’ nova systems are
introduced from regions of the parameter space that previously
resulted in mergers, or fewer novae as previously viable nova systems
become less productive sites of novae due to increased post-CE
orbital separations.

We find that there is an anticorrelation between αCE and the pre-
dicted H nova rate. This anticorrelation implies that when increasing
αCE, the reduction in efficacy of existing nova systems, caused
by reduced mass transfer rates due to the wider post-CE binaries,
outweighs the benefits of any new nova systems formed. We also
find that for all values of αCE tested, the current nova rate in M31 is
underpredicted.
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Figure 14. The mean current H and He nova rates for M31, varying the common-envelope parameters αCE and λCE. The grey shaded region represents the
stated uncertainty in the observed nova rate in M31 by Darnley et al. (2004, 2006). The H nova rate shows significant variation with the choice of λCE. The
state-of-the-art W2016 (Wang et al. 2016) model used in this work for λCE results in an underprediction of the nova rate for almost every value of αCE tested.

A higher λCE corresponds to an envelope that has a lower binding
energy and therefore is easier to eject. Increasing λCE therefore
reduces the efficacy of CE events, producing a wider post-CE binary
but increasing the probability that the binary survives a given CE
interaction. An envelope that is more difficult to eject (low λCE)
results in increased hardening of the binary, similar to the effect of
reducing αCE.

The relationship between λCE and the event rate is more complex
than that of αCE, and is found to have a far stronger effect on the
estimated H nova rate. We find that all constant values of λCE greater
than 0.1 are inconsistent with current observations. It is evident that
when increasing λCE beyond 0.3, the effect of introducing new nova
systems which previously did not survive a CE interaction and go on
to produce novae is outweighed, at least when αCE = 1, by the effect
of increased post-CE orbital separations. Below 0.3 the converse is
true, with extremely low values of λCE reducing the rate significantly.

In addition to a set of constant values of λCE, we also run cases
using more sophisticated methods for calculating λCE, using models
from Wang et al. (2016) (our standard physics) and Dewi & Tauris
(2000). Both these models actually predict the same current rate,
underpredicting current estimate for the M31 rate by at least 10
novae per year.

Unlike in H novae, a positive relationship exists between αCE

and the He nova rate. He-nova systems require far shorter orbital
separations than H-nova systems, making them more prone to
merging as a result of CE events. For this reason, increasing αCE

increases the event rate as systems that previously merged during CE
events survive and go on to produce He novae.

The variation of the He nova rate with λCE is complex, with
competition between the effects of mergers and post-CE orbital
separation determining whether the rate rises or falls. From λCE

= 0.2–0.6 the rate peaks, achieving a maximum of 0.12 He novae
per year at λCE = 0.4, while for λCE > 0.6 the rate slowly increases
with λCE. Surprisingly, the rates of H novae arguably show greater

variation with the choice of λCE than those of He novae, despite
the existence of He novae being fundamentally dependent on CE
physics. λCE < 0.1 produce no He novae at all, as all would-be
He-nova systems merge.

As expected due to the current lull in star formation in M31, H
donors are shown to be an important component of the He nova rate.
The main influence of their inclusion is a shifting of current rate
estimates by 0.07 events per year. The uniformity of this shift is due
to the fact that most of the He novae produced by this channel are
from systems that never undergo common-envelope evolution; thus
their contribution is independent of common-envelope physics.

It is clear that both H and He nova rates display significant
sensitivity to CE parameters. However, for nova rates to provide
a truly useful test of CE physics, more precise estimates for the
nova rate are required from both theoretical and observational
sources.

5.2 He novae and V445 Puppis (2000)

There is widespread consensus that the transient V445 Pup was the
result of explosive He fusion on the surface of a WD remnant: a He
nova (Kato et al. 2000; Lynch et al. 2001; Ashok & Banerjee 2003).

Critical to this designation was the ability to spectroscopically
confirm the absence of H in the spectra. This is an important point,
as only a small fraction of existing ‘nova’ observations are spec-
troscopically confirmed. Thus, from an observational perspective,
He novae may be considered confirmed astrophysical events, but
with an unconstrained rate. Aside from V445 Pup, four additional
potential He nova candidates have been suggested on the basis of
an overabundance of He and the presence of unusual light curves
(Rosenbush 2008).

In the following discussion, we consider only He-nova systems
accreting from He-donor stars. The argument for this restriction is
that in a H accreting system, there will almost certainly be some H
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material present at the time of the He flash which would compromise
our ability to positively identify the eruption as a He nova. However,
this constraint may be of limited practical importance, as we find that
only a small fraction of the total He novae produced per starburst
occur under conditions of H accretion, despite almost 95 per cent
of all He-nova systems having at least one He nova occur under
conditions of H accretion.

Finally, we should highlight that we present the following com-
parisons primarily for the purpose of comparing with future works.
There is a huge amount of the parameter space that remains to be
explored; as such a true measure of the uncertainties associated
with the numeric results of this work are both large and relatively
unknown. Despite these limitations, we believe it is still of interest to
briefly discuss our results in the context of the V445 Pup observation.

Kato et al. (2008) present a light-curve analysis which makes
several useful predictions about V445 Pup, chiefly that it involved:

(i) a massive WD accretor (MWD� 1.35 M�),
(ii) an accretion efficiency of approximately 0.5,
(iii) a critical ignition mass O(10−4) M�,
(iv) and a donor star of approximately 0.8 M�.

The apparent absence of Ne in the ejecta implies a C/O WD accre-
tor (Woudt & Steeghs 2005), while derived luminosity measurements
imply that there remains a rapidly accreting WD within the dusty,
bipolar shell of the ejecta (Woudt et al. 2009). It should also be noted
that in the 20 yr since outburst there has been no detection of any
subsequent eruptions, placing a hard floor on the recurrence time of
the system.

We find that the distribution of accretor masses of He novae peaks
strongly towards MCh, agreeing well with the Kato et al. (2008)
estimate for the WD mass of V445 Pup. Further, the distribution
of critical ignition masses peaks slightly above 10−4 M�, with this
combination of ignition mass and MWD being by far the most common
combination on a per-event basis. However, it should be noted that our
critical ignition masses are based on models from Kato et al. (2018)
which are computed using the same code used in Kato et al. (2008)
to make the V445 Pup predictions, and therefore the agreement with
the critical ignition mass estimate for V445 Pup may be systematic.

A wide range of donor masses are found to be viable, and the
estimated donor mass of 0.8 M� can be considered consistent
with our work. However, less massive donor stars (<0.5 M�) are
significantly more common. We find that approximately 30 per cent
of He novae from the most massive (�1.35, see Fig. 8) WDs originate
from C/O accretors, making the inferred accretor composition of
V445 Pup uncommon but not rare. Neglecting quiescent C burning
events from our model, this fraction increases to approximately 45
per cent.

As previously discussed in Section 2, there is little agreement
in nova efficiency estimates between different detailed modelling
works. If we neglect the peak around perfect efficiency events (caused
by the large population of He-nova systems which inspiral and
merge), we find that an efficiency of η ≈ 0.2–0.25 is most probable
for He novae and high efficiency events of η ≈ 0.5 are very rare, in
tension with the Kato et al. (2008) estimate. The accretion efficiency
distributions of our nova systems are described in more detail in
Appendix C.

We find that almost no He nova events occur with sufficiently short
recurrence times for us to expect another eruption from V445 Pup
in the near future. Although sub-decade He nova recurrence times
are possible for the most massive WDs, the number of such short
recurrence time events is extremely low. Under the assumption of a
massive WD undergoing rapid He accretion (arbitrarily chosen here

to mean �10−6 M� yr−1), a second eruption appears possible within
the next century and probable within the next millennium.

It should be repeated that, in addition to modelling uncertainties
inherent in this work, the recurrence time is highly sensitive to the
accretion rate of the system. Although this casts huge uncertainties
on any theoretical prediction of the recurrence time of any single
system, this does mean that should V445 Pup be observed to erupt
again in the (however distant) future, even information as basic as
the time that the second eruption occurs could potentially provide a
very useful constraint on the underlying physics.

Finally, we present in Fig. 15 predictions for the initial system
properties of V445 Pup based on our standard model physics. It
is apparent that not all C/O WDs that accrete He so close to the
MCh limit go on to produce Type Ia supernovae. We calculate the
probability of V445 Pup undergoing a MCh Type Ia supernova some
time in the future to be 65 per cent if we assume that the accretor is
in fact a C/O WD, and 21 per cent otherwise.

The most common alternate fate of these massive, He-accreting
C/O WDs is the case where the period of mass transfer from a
He-donor is brief, accreting material from a HeGB donor star. This
donor star is formed by stripping an evolved star grown massive (M
> 10 M�) through accretion of material from the primary. The donor
star in this case will undergo a stripped supernova event before
the WD is able to accrete sufficient material from its companion,
leaving the system in an NS-C/O WD binary. This channel is easily
distinguished in Fig. 15, identifiable as the region of blue data where
M2 init is the greatest. The donor stars in this channel are quite massive
(>1.5 M�, although most are 2.5–5 M�), and so this channel can
potentially be ruled out in consideration of the 0.8 M� donor estimate
from Kato et al. (2008). Doing so increases the fraction of possible
V445 Puppis progenitors which undergo Type Ia supernova to 91 per
cent. Under this assumption, the only alternative fate is for the WD
to merge with its donor star either through gravitational-wave-driven
inspiral or through a CE event upon the donor star evolving off the
HeMS. As these outcomes result in a single remnant, we conclude
that He nova systems with extremely massive WDs are unlikely to
contribute significantly to Type Ia supernova rates through double
WD (DWD) merger channels. However, Ruiter et al. (2013) show
that He nova systems with less extreme WDs can contribute to sub-
MCh DWD merger channels of Type Ia supernovae.

6 C O N C L U S I O N

In this work, we describe a method for modelling H and He
novae in population synthesis codes and implement this method
in binary c. For the case of a single, solar-metallicity physics
set, we present rates and distributions of key physical properties
including white dwarf masses, accretion rates, recurrence times, and
system birth properties. We also discuss in detail the different evo-
lutionary pathways and considerations governing nova populations,
and briefly consider the effect of common-envelope physics on nova
rates.

We find that while only a small fraction of H-nova systems
undergo a common-envelope phase during their lives, these systems
are responsible for the majority of H nova events. These systems
arise from initially massive primaries (7–9 M�) with lower mass
secondaries (�2.5 M�), born at separations between 103 and 104 R�.
The vast majority of He novae are produced by He-accreting systems
that have undergone either one or two common-envelope events prior
to the first He nova, and both channels produce comparable numbers
of He novae per system. We find that H accreting systems make up
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6138 A. J. Kemp et al.

Figure 15. Parameter space of initial conditions of He novae, showing different subsets of potential V445 Puppis progenitors. The black data are systems
which involve at least one He nova on a white dwarf with MWD>1.35 M�, the blue are systems which involve at least one He nova on a C/O white dwarf with
MWD>1.35 M�, and the red are the systems which meet both of the preceding criteria and go on to produce a single-degenerate, MCh Type Ia supernova.

almost 95 per cent of all He nova systems produced per burst of star
formation, but only around 10 per cent of the He novae.

Massive white dwarfs are responsible for most H and He novae,
despite the IMF favouring lower mass white dwarfs. This preference
for massive white dwarfs is reflected in the distribution of accretor
compositions, with approximately 70 per cent of H novae and 55 per
cent of He novae occurring on O/Ne WDs.

Significant numbers of H novae are produced from thermally
pulsing AGB donor stars with short delay-times (<2 Gyr), while
at later times contributions from low-mass main sequence, main
sequence, and first giant branch donor stars dominate. The final
remnant states of H-nova systems are diverse, dominated by white
dwarf binaries but including black holes and neutron stars both in
single and binary configurations. He novae are utterly dominated
by contributions from He main sequence donor stars at early times,
with the vast majority of these He-nova systems ultimately merging
with their donor stars through gravitational-wave-driven inspiral.
For delay-times >1 Gyr however, He novae which occur during H
accretion dominate, fuelling a non-negligible late-time tail in the
distribution.

The spread in the recurrence times of H novae is vast, from 100 d
to 400 Myr, but almost all have recurrence times between a year and
10 Myr and a well-defined peak occurs between 100 and 1000 yr.
The He nova distribution has a narrower spread in recurrence times,
with most occurring between 1 yr to 1 Myr. The recurrence times
of nova systems in general are more tightly correlated with the mass
accretion rate than the white dwarf mass.

We find that H novae with recurrence times shorter than 100 yr
should be almost exclusively produced by O/Ne white dwarfs
accreting from giant donor stars, but WDs with masses as low as
0.8 M� may be feasible, if rare, sites of recurrent novae. He novae
with recurrence times shorter than 100 yr are limited to white dwarf
accretors with masses greater than 1.1 M� and accretion rates greater
than 10−7 M� yr−1.

We estimate the current annual rate of H novae in M31 to be
41 ± 4, and 0.14 ± 0.015 for He novae, underpredicting the current
observational estimate of 65+15

−16 (Darnley et al. 2004, 2006). Further,
we find no values of αCE between 0.5 and 2 that are consistent with

the current observational estimate. Varying λCE affects the H nova
rate dramatically, with predicted rates varying between 20 and 80
events/yr when αCE = 1. Constant values of λCE greater than 0.1
produce rate estimates that are consistent with current observations,
while our more sophisticated models, drawn from Wang et al. (2016)
and Dewi & Tauris (2000), are found to be inconsistent.

Finally, we find that most observation-inferred properties of the
He nova V445 Puppis by Kato et al. (2008) are consistent with
our models, noting that components of this consistency may be
systematic due to the inclusion of critical ignition masses for He
novae from Kato et al. (2018). Our models suggest that the system
is likely to erupt again within the next century, and almost certain to
erupt within the next millennium, provided it continues to accrete at
a rapid rate. We also find that, provided we accept the assertion of
a C/O core (evidenced by the absence of Ne in the spectrum of the
ejected material, Woudt & Steeghs 2005), the probability of the V445
Puppis system undergoing a Chandrasekhar mass Type Ia supernova
is �65 per cent.
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A P P E N D I X A : R ATE C A L C U L AT I O N S

As discussed in Section 3.2, the grids computed by binary c
do not reflect physical birth distributions of the input parameters
(M1, init, qinit, and ainit) which form the grid, but are instead selected
for numeric efficiency. Several stages of normalization are therefore
required before physically meaningful rates can be calculated, the
process of which is described here. For a more detailed discussion
on this subject, the reader is directed to the work of Broekgaarden
et al. (2019), the process of which this work closely follows.

We define the rate Rsys to be the number of events that would occur
on a per binary system basis, and is calculated as

Rsys = 1

Nsystems
·

i=Nsystems∑
i=1

wi ∗ Nevents,i, (A1)

where Nevents, i is the number of events in a given system, Nsystems is
the number of systems evolved in a give simulation (see Tables 2 and
3). wi is a weighting factor correcting for discrepancies between the

sample distribution4 ξ i and an assumed physical prior distribution
π i:

wi = πi

ξi
. (A2)

Under the assumption that each grid variable M1,init, qinit, and ainit

is independent, π i can be written as the product of the probability
distribution of each variable:

πi = P1(M1,init) · P2(M1,init, M2,init) · Pa(ainit) (A3)

where P1 is based on the IMF as put forth in Kroupa (2001), and
represents the physical distribution of primary masses, P2 is derived
from the condition for �qinit = constant, and Pa is derived from the
condition for �ln(a) = constant.

The IMF probability distribution P1 is implemented as a three-part
broken power law5 with breaks at 0.08 and 0.5 M�, a minimum and
maximum IMF mass of 0.01 and 150 M� respectively, and power-
law indices of 0.3, 1.3, and 2.3. The other physical priors are defined
below.

Pa(ainit) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 ainit ≤ amin

1

ln(amax) − ln(amin)
amin < ainit < amax

0 ainit ≥ amax

, (A4)

where amin = 10 R�, amax = 106 R�.

P2(M1,init, M2,init) =

⎧⎪⎨
⎪⎩

0 M2,init ≤ M2,min

1

M1,init − M2,min
M2,init > M2,min

, (A5)

where M2,min = 0.

Similarly, the sample distribution component ξ i can be written as

ξi = P1,SD(M1,init) · P2,SD(M1,init, M2,init) · Pa,SD(ainit), (A6)

where for our H nova grid P1,SD is the distribution for which �(M1) =
constant, P2,SD is the distribution for which �ln(q) = constant,
and Pa,SD is the distribution for which �ln(a) = constant. These
distributions are defined below for the sample distributions of our H
nova grid.

P1,SD(M1,init) =

⎧⎪⎪⎨
⎪⎪⎩

0 M1,init ≤ M1,min SD

1
M1,max SD−M1,min SD

M1,min SD<M1,init
<M1,max SD

0 M1,init ≥ M1,max SD

(A7)

where M1,min SD = 0.8 M�, M1,max SD = 20 M�.

P2,SD(M2,init) =

⎧⎪⎪⎨
⎪⎪⎩

0 M2 init ≤ M2,min SD

ln

(
M2,init

M2,min SD

)−1

M2,init > M2,min SD

, (A8)

where M2,max SD = 0.1 M�.

Pa,SD(ainit) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 ainit ≤ amin SD

ln

(
amax SD

amin SD

)−1

amin SD < ainit < amax SD

0 ainit ≥ amax SD

, (A9)

4In Broekgaarden et al. (2019), the sample distribution was denoted q; here,
we instead use the symbol ξ to avoid confusion with the mass ratio q.
5We used the package: https://github.com/keflavich/imf to generate the
probability distribution function P1.
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Figure B1. Distributions of the critical ignition mass against the white dwarf mass and the accretion rate, all sampled at the time of each nova eruption. The
ignition mass is found to depend more strongly on the white dwarf mass than the accretion rate, particularly as the white dwarf mass approaches MCh. ‘∗’:
Including H donors.

where a1,min SD = 3 R�, a1,max SD = 106 R�. To obtain the number
of events per unit star-forming mass, we multiply the number of
events that occur on average per system (Rsys) by the number of
systems formed per unit star-forming mass (Fγ ) when drawn from a
distribution according to our assumed physical priors. Then we can
write the rate of a given event per unit star-forming mass (Rsfm) as

Rsfm = Rsys · Fγ . (A10)

As the sample distribution of the grid of initial separations is
identical to that of the physical prior, we neglect the initial separation
in the calculation. Then we need only consider the primary and
secondary masses, and draw them from the previously defined
physical priors to compute Fγ .

Finally, with the weightings wi accounting for the physical prior
distributions and Fγ normalizing each event per unit star-forming
mass, we have a weighting which we can apply to each simulated
event. This weighting simultaneously accounts for deviations in our
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sample distribution from an assumed physical prior for the birth
distribution of systems and normalizing each event per unit star-
forming mass:

wsfm = wi · Fγ (A11)

With this new weighting, we can construct delay-time distributions
such as those shown in Fig. 12, where the height of each bin represents
the number of events per unit star-forming mass at time 0 for that
time bin. These normalized delay-time distributions can then be used
to approximate the event rates in astrophysical environments such
as galaxies or star clusters, provided an appropriate star formation
history is known. In this work, we present galactic rates using delay-
time distributions for solar metallicity models only, thus galactic
chemical evolution is not accounted for.

To account for the evolution of metallicity over cosmic time,
multiple delay-time distributions for different metallicities should
be computed in the manner previously described, and then combined
with an age–metallicity relation for the desired galaxy or cluster so
that the correct metallicity delay-time distribution is employed for
the appropriate period of star formation. The computation of such
a set of delay-time distributions is beyond the scope of the current
work, and it should be noted that observed age–metallicity relations
have enormous scatter (Casagrande et al. 2011; Hayden et al.
2015).

APPENDIX B: C RITICAL IGNITION MASS
DISTR IBU TION S

The critical ignition mass (Mig) determines how much material must
be accreted prior to nova eruption, directly affecting the rate of novae.
In our model we compute Mig as a function of the WD mass and mass
accretion rate (see Section 2, also Fig. 2). The computed distributions
of Mig versus MWD and Ṁ are shown in Fig. B1.

As previously discussed, the expectation is that increasing MWD

leads to lower critical ignition masses, driven by increased compres-
sional heating of the accreted layer. Likewise, increasing Ṁ should
also lead to lower Mig due to the higher rates of gravothermal energy
transfer causing increased heating at the base of the layer.

It is observed in Figs B1(a) and (b) that, for H novae, Mig is
extremely sensitive to MWD, while being only weakly sensitive to Ṁ .
This is quite different to the distribution of Mig for He novae. The He
novae distribution is more strongly correlated with MWD than with
Ṁ , but there remains a significant correlation between Ṁ and Mig

that is only barely discernible for H novae.
The reason for this discrepancy is the more extreme conditions

required for the nuclear burning of He compared to H. This results
in He novae being more reliant on the gravothermal energy released
from the accreted material, the contribution of which scales directly
with the accretion rate.

The distribution of critical ignition masses for H novae varies
substantially from that of He novae, as expected due to the much
greater difficulty of initiating He fusion. He novae are found to have
Mig ranging from ≈10−5 to 0.1 M�,6 but most He novae occur with
critical ignition masses between ≈10−5 and 10−3 M�. This is very
different to the case for H novae, where the distribution is spread out
more evenly throughout between ≈10−7 and 3 × 10−4 M�.

6Double-detonation Type Ia supernovae are neglected here. It is possible that
the ‘He novae’ with the most massive He shells may manifest as such.

APPENDI X C : ACCRETI ON EFFI CI ENCY
DI STRI BU TI ONS

The range of permissible η according to our fits to data from Wu et al.
(2017) and Wang (2018) is shown in Fig. 3. The actual distribution
of η according to our simulations is shown in Fig. C1. Both H and He
novae have interesting features in their distributions, the discussion
of which provides useful insight into the physics of these events.

First addressing H novae, it can be seen that there are two peaks
around η ≈ 0.1 and η ≈ 0.2, with a significant tail up to η ≈ 0.6.
Interestingly, while the distribution of nova events from C/O WDs
are firmly centred around the peak at η ≈ 0.2, O/Ne WD accretors
are responsible for both the lower η ≈ 0.1 peak and the high η tail.
The distinction between the two populations of O/Ne WD systems
lies in the donor stars. The O/Ne WD systems responsible for the
high efficiency tail are those accreting rapidly (Ṁ�10−7 M� yr−1)
from TPAGB donor stars, while those that form the peak around η ≈
0.1 are accreting more slowly (Ṁ�10−8 M� yr−1), primarily from
FGB donor stars.

The distribution of He nova efficiencies reveals a distribution
peaking around η ≈ 0.25, similar to H novae, which drops quickly
by η ≈ 0.15 and decays more gradually to η ≈ 0.55, before a
large, dominant peak at η = 1. The distribution shows no significant
variation between C/O and O/Ne accretors.

The most interesting feature in the He nova distribution is the
dominant peak at η = 1. The reason for its presence is partially
revealed in Fig. C2, which shows that this peak is primarily driven
by events at the highest mass accretion rates, but is relatively
unconstrained in its distribution versus MWD. The question becomes:
why are there so many events at these exceptionally high accretion
rates in the first place? Many of these events are at the limit of what is,
in our model, considered the boundary between stable and unstable
surface He burning.

The answer lies in the final fates of the He-nova systems, the vast
majority of which merge with their donor star. As they inspiral, the
rate of mass transfer increases and these systems undergo multiple
perfect efficiency eruptions, driven by the substantial reduction in
ignition mass caused by the increased accretion rate (see Fig. B1d).
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Figure C1. Accretion efficiency distribution, coloured by the accretor and
donor stellar types. The highest accretion efficiencies for H novae are obtained
only at the highest accretion rates, driven by giant donor stars overflowing
their Roche lobes.

Figure C2. Distributions of accretion efficiency for He novae against the
white dwarf mass and accretion rate. The accretion efficiency is only weakly
dependent on the white dwarf mass, but strongly dependent on the mass
accretion rate. The large peak around perfect efficiency is driven by the huge
number of systems which experience extremely high accretion rates shortly
before merging with their He main sequence donor star.
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