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ABSTRACT
The metallicity of a star affects its evolution in a variety of ways, changing stellar radii, luminosities, lifetimes, and remnant
properties. In this work, we use the population synthesis code BINARY C to study how metallicity affects novae in the context
of binary stellar evolution. We compute a 16-point grid of metallicities ranging from Z = 10−4 to 0.03, presenting distributions
of nova white dwarf masses, accretion rates, delay-times, and initial system properties at the two extremes of our 16-point
metallicity grid. We find a clear anticorrelation between metallicity and the number of novae produced, with the number of novae
at Z = 0.03 roughly half that at Z = 10−4. The white dwarf mass distribution has a strong systematic variation with metallicity,
while the shape of the accretion rate distribution is relatively insensitive. We compute a current nova rate of approximately
33 novae per year for the Milky Way, a result consistent with observational estimates relying on extra-Galactic novae but an
under-prediction relative to observational estimates relying on Galactic novae. However, the shape of our predicted Galactic
white dwarf mass distribution differs significantly to existing observationally derived distributions, likely due to our underlying
physical assumptions. In M31, we compute a current nova rate of approximately 36 novae per year, under-predicting the most
recent observational estimate of 65+15

−16. Finally, we conclude that when making predictions about currently observable nova rates
in spiral galaxies, or stellar environments where star formation has ceased in the distant past, metallicity can likely be considered
of secondary importance compared to uncertainties in binary stellar evolution.
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1 IN T RO D U C T I O N

Novae are luminous transients that occur when degenerate shells of
accreted material burn explosively on the surface of white dwarfs
(WDs). As one of the most commonly detected optical transients,
novae have the potential to be extremely useful in furthering our
understanding of binary evolution (e.g. Starrfield, Iliadis & Hix 2016;
Shara et al. 2018; Darnley & Henze 2020; Della Valle & Izzo 2020)
and nucleosynthesis (e.g. Wallace & Woosley 1981; Gehrz et al.
1998; José & Hernanz 1998; Izzo et al. 2015; Tajitsu et al. 2015;
Starrfield et al. 2020; Riley et al. 2021).

Novae can occur billions of years after the birth of their host sys-
tem, and so the observed nova population of multigenerational stellar
environments – such as galaxies – should contain nova systems with a
spread in metallicities. As such, it is important to consider the effect
of metallicity on nova rates and evolutionary channels. However,
most theoretical nova studies focus on detailed, 1D simulations of
novae produced through the accretion of solar metallicity material.
Such simulations are necessary for the calculation of important nova
properties such as the critical ignition mass (Mig, the mass of accreted
material required to produce a nova eruption) and the accretion
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efficiency (η, the fraction of accreted material which remains on the
WD after the nova eruption). These properties can then be used in
population synthesis codes to study novae from a population statistics
standpoint (see Kemp et al. 2021, henceforth K21).

There are no published nova grids which adequately resolve
the parameter space in terms of the white dwarf mass (MWD),
accretion rate (Ṁ), and metallicity (Z). Chen et al. (2019) perform
the first detailed evolution study directly comparing nova properties
(including Mig and η) at different metallicities (Z = 10−4 and Z =
0.02). This study is invaluable in assessing the impact that metallicity
can have on detailed nova properties due to the micro-physics of the
outburst. However, detailed analysis of two metallicity cases is not
a substitute for a resolved metallicity grid. More importantly, there
is an effect of changing the metallicity that cannot be accounted for
by detailed nova evolution codes: the effect of metallicity on binary
stellar evolution.

Reducing metallicity affects the evolution of a WD-forming star
in a variety of ways. On the main sequence (MS), low-mass stars
experience lower core opacity as contributions from bound-free
transitions reduce. To maintain hydrostatic equilibrium, the core must
produce more energy compared to a higher-metallicity star, reducing
main-sequence lifetimes and driving up central densities. In more
massive stars, where metallicity-insensitive electron scattering dom-
inates the core opacity, the CNO cycle dominates energy generation
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on the MS. Reducing the metallicity also lowers the abundance of
CNO elements in the core, thereby decreasing the efficiency of the
CNO cycle. Thus lower-metallicity stars relying on CNO cycling
require higher central temperatures and densities to produce similar
luminosities. Regardless of which mechanism is chiefly responsible,
reducing the total metallicity results in a star that is hotter, more
luminous, and smaller than a MS star of higher metallicity (Pols
et al. 1998; Maeder & Meynet 2000; Heger et al. 2003; Karakas &
Lattanzio 2014).

The higher MS central temperatures lead to more massive H-
exhausted cores, impacting evolution beyond the MS and ultimately
leading to more massive WD remnants. These effects can be
dramatic. For example, the first (red) giant branch (FGB) may be
absent for stars with Z � 10−3 (e.g. Fishlock et al. 2014), as core
He burning commences on the Hertzsprung gap (HG). Higher core
and shell-burning luminosities both on and beyond the MS typically
reduce stellar lifetimes.

In low-mass binary evolution, the important point is that reducing
the metallicity generally leads to shorter stellar lifetimes, smaller
radii, and larger remnant masses. How these effects influence binary
stellar evolution in the context of novae is discussed in Section 3.

This work addresses the question of how intrinsic nova rates
and distributions are influenced by metallicity-dependent binary
stellar evolution. We make use of population synthesis methods,
deliberately neglecting the metallicity dependence of nova micro-
physics (e.g. Kato, Hachisu & Henze 2013; Chen et al. 2019)
in our model.1 We identify how and why different evolutionary
channels and distributions are affected, and link these changes to how
metallicity affects stellar radii, lifetimes, and core masses. We then
convolve a four-component (thin disc + thick disc + bulge + halo)
model of the Milky Way (MW) based on Kobayashi, Karakas &
Lugaro (2020) and a single-component model of M31 (Williams
et al. 2017) with a 16-point metallicity grid of population synthesis
results ranging from Z = 10−4 to Z = 0.03 to make predictions about
the modern Galactic nova population and nova rates in M31.

In Section 2 we briefly describe our population synthesis model,
metallicity grid, and model galaxies. Our results relating directly to
how metallicity affects nova production are presented in Section 3.
Section 4 presents our predictions for nova rates and distributions
in the MW and M31. In Section 5 we discuss our results in
the context of the metallicity dependence of nova micro-physics,
modern observations of nova properties, and the relative importance
of metallicity on novae compared to other uncertainties in binary
evolution. We summarize our findings in Section 6.

2 ME T H O D S

2.1 Our metallicity grid

Population synthesis codes, including BINARY C (Izzard et al. 2004,
2006, 2009, 2018), are limited by the underlying sets of stellar
tracks that are used either directly, through interpolation (Spera,
Mapelli & Bressan 2015; Kruckow et al. 2018; Agrawal et al. 2020),
or indirectly through the use of fitting formulae (Portegies Zwart &
Verbunt 1996; Izzard et al. 2004; Belczynski et al. 2008; Stanway,
Eldridge & Becker 2016; Stevenson et al. 2017) to perform single-
stellar evolution calculations. BINARY C is of BSE (Hurley et al. 2002)
heritage, and shares its reliance upon the Pols et al. (1998) stellar

1The likely impact that accounting for metallicity-dependent micro-physics
would have on our predictions is discussed in Section 5.1.

Figure 1. Metallicity distribution function for the MW using data from
Kobayashi et al. (2020), with our full 16-point metallicity grid overlaid. Our
metallicity grid samples at Z = 10−4, 2.5 × 10−4, 5 × 10−4, 10−3, 2 × 10−3,
2.5 × 10−3, 3 × 10−3 5 × 10−3, 7 × 10−3, 0.01, 0.0125, 0.015, 0.0175, 0.02,
0.025, 0.03.

tracks. These tracks are computed on a grid of metallicities ranging
from Z = 10−4 to Z = 0.03. These limits are primarily due to
the numeric difficulty of evolving stellar models at extremely low
metallicities, and these limits transfer directly to BINARY C.

We compute a grid of models shown by the grey lines in Fig. 1,
which shows the metallicity distribution function for different MW
components (for details, see Kobayashi et al. 2020). As shown in
Fig. 1, the (theoretical) metallicity distribution function (Kobayashi
et al. 2020) extends down to approximately 10−5 in the halo, and
the bulge may contain stars as metal-rich as Z = 0.05, but the vast
majority of the stars reside within the metallicity bounds of BINARY C.
We adopt a simple mapping scheme, where between points in our
metallicity grid (and beyond its upper and lower bounds) we use data
from the closest grid point, rather than interpolating or extrapolating
using neighbouring points. This scheme avoids complications that
arise due to the complexity of the data contained in each metallicity
grid.

We emphasize that our binary physics, including our treatment
of novae, remains constant between metallicity grid points. The
details of our treatment of novae and our physical assumptions is
described in K21 (section 2 and table 1 of K21). The underlying nova
models that dictate the critical ignition masses, accretion efficiencies,
and accretion regimes do not change with metallicity1. This is a
deliberate simplification, intended to allow us to isolate the influence
that the metallicity-dependence of stellar evolution plays has on
novae. The numeric dimensions of each of our grids is described
in Table 2.

This work also includes a correction to a technical error that was
present in K21. In K21, the binary fraction (assumed to be 50 per cent)
was incorrectly accounted for. This error manifested as a missing
constant, effectively setting the binary fraction to 100 per cent. Thus
only the quantitative results, namely the rate estimates for M31, were
affected. These M31 rate estimates were also affected by a second
error, relating to the adopted star formation rate (SFR) history for
M31 (see Section 2.3), which acted to mitigate the impact of this
error substantially.

2.2 Our Galactic model

To make predictions that can be compared with observations, it is
necessary to build a model of the history of the desired environment.
Specifically, an age–metallicity–SFR relation is needed, such as that
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Metallicity and nova populations 1177

Table 1. Summary of the Hurley, Pols & Tout (2000, 2002) evolutionary
phases (stellar types) and terminology used throughout this work.

Stellar type Description

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

Table 2. Grid bounds, spacing between grid points, and resolution
(80 × 50 × 60) for each simulation.

Boundsa Spacing function Resolution

M1,init (M�) (0.8, 10) �M1,init = const 80
qinit ( 0.1

M1,init
,1) �(qinit) = const 50

ainit (R�) (3, 1e5) � ln(ainit) = const 60

a (min, max)

Figure 2. SFR history for the MW, using data from Kobayashi et al. (2020).
The total is computed as the sum of each component.

shown in Figs 2 and 3. These relations determine, at each point in
the environments lifetime, the SFR and the metallicity.

The SFR of any environment can be broken up into many
small bursts of star formation characterized by the mass of stars
formed in each starburst and the metallicity at the time of the
starburst. Delay-time distributions for the desired objects of interest,
computed for (approximately) the appropriate metallicity, can then be
imposed originating at each starburst. This well-established method
of convolving the results of population synthesis with a model galaxy
was used in K21 to make predictions about the nova rate in M31,
with the caveat that the metallicity component was neglected and
solar-metallicity models were applied in each bin.

Here, we use a self-consistent age–metallicity–SFR relation for
the Galactic thin disc, thick disc, bulge, and halo components taken
from Kobayashi et al. (2020). These chemical evolution models well
reproduce observations of the metallicity distribution function (see

Figure 3. Metallicity history for the MW, using data from Kobayashi et al.
(2020).

fig. 2, panel 3 of Kobayashi et al. 2020), as well as other key chemical
features of the MW such as [O/Fe], α-abundance spreads, and s-
process abundance trends. To calculate ‘true’ SFRs, we assume the
Galactic thin disc, thick disc, bulge, and halo to have stellar masses
equal to 3.5 × 1010 M�, 0.5 × 1010 M�, 2 × 1010 M�, 0.8 × 108

M�, respectively (Bland-Hawthorn & Gerhard 2016).
The resulting SFR models are similar to the population-synthesis-

friendly Galactic age–metallicity–SFR model put forth in Olejak
et al. (2020)’s theoretical work on Galactic black hole populations.
It is noteworthy that both the Olejak et al. (2020) and our own
Galactic model predict a current Galactic SFR of around 5-6 M� yr−1,
while observational estimates support an upper limit of not more
than 2 M� yr−1 (Chomiuk & Povich 2011; Licquia & Newman
2015; Bland-Hawthorn & Gerhard 2016; Mor et al. 2019). This is
perhaps unsurprising, as both models are not developed to attempt
to reproduce this rate, instead focusing on reproducing the observed
metallicity distribution function for the Galaxy. This is the more
relevant observable for the purposes of predicting current properties
of events from population synthesis results, as it is star formation in
the past that we are most interested in.

2.3 Our M31 model

Our age–metallicity–SFR model for M31 is shown in Fig. 4. The SFR
component is taken directly from the observationally derived results
of Williams et al. (2017), using their ‘PARSEC’ result, selected based
on the completeness and modernity of the underlying PARSEC stellar
tracks (Bressan et al. 2012). Our age–metallicity model linearly
interpolates between (age (Gyr), [Fe/H]) coordinates of (0,-2), (2,-
0.4), (10,0), (15,0.05) and then converts from [Fe/H] to Z using
log (Z) = 0.977 × [Fe/H] − 1.699 (Bertelli et al. 1994).

Note that the use of this star formation history implies M31’s
current age to be 14 Gyr, as inferred by Williams et al. (2017).
In K21 we assumed a 10 Gyr age for M31, curtailing the ancient
star formation history by roughly 4 Gyr. Thus in that work we
effectively ignored 4 Gyr of ancient star formation, resulting in an
under-prediction of nova rates in M31. In this work we correct this
error by taking the ‘PARSEC’ result of Williams et al. (2017) without
modification, including its 14 Gyr age.

3 TH E I M PAC T O F M E TA L L I C I T Y O N N OVA
P RO D U C T I O N

In this section we discuss the impact of metallicity on nova produc-
tion. However, before presenting these results it is worth considering
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1178 A. Kemp et al.

Figure 4. Age–metallicity–SFR for M31. The SFR is the PARSEC result
from Williams et al. (2017), while the metallicity history is a rough
approximation to metallicity data from the same work. The implied current
age of M31 is 14 Gyr.

the expected impact on nova production rates of each of the previ-
ously discussed changes brought about by varying the metallicity in
isolation. Recall that our work relies on solar-metallicity nova input
models (Kato et al. 2014; Wang 2018); for discussion of metallicity-
dependent nova micro-physics, see Section 5.1.

Reducing metallicity leads to shorter stellar lifetimes in low-
intermediate mass stars, which has a fairly straightforward effect:
stars that were insufficiently massive to evolve off the MS within
a given time frame may now do so. This may seem a relatively
unimportant change, but this has the potential to increase late-delay-
time nova production significantly. K21 found that late-time nova
production to be supported by a – relatively – large number of low-
mass MS (LMMS) star donors producing very few novae, and a
small number of FGB donors producing many novae. Thus even a
small increase in the number of late-time FGB donor stars due to
shorter stellar lifetimes has the potential to increase late-time nova
production noticeably.

Reducing metallicity leads to increased final WD remnant masses,
which also can be expected to affect nova rates. In this work we use
a three-component Kroupa (2001) initial mass function (IMF; see
K21 for details) that we assume to be independent of metallicity. In
the context of novae the important effect of this is that as metallicity
reduces we produce more massive WDs at lower stellar masses.
More massive WDs have lower critical ignition masses, making them
more efficient producers of novae, but the effect of changing the WD
mass is more complicated than that. Increasing the remnant mass
also increases the influence of the WD on the binary, improving the
efficiency of wind accretion and reducing the Roche radius of the
companion. Due to the IMF heavily favouring the birthrates of low-
mass stars, increasing the remnant masses of these objects can signif-
icantly increase nova production, particularly from lower-mass stars.

Finally, we come to perhaps the most important and least pre-
dictable of the influences of reducing the metallicity: the reduction
of stellar radii. For a given WD mass, increasing the mass accretion
rate leads to lower critical ignition masses, which leads to more
novae. Many nova systems involve the transfer of material due to the
donor star experiencing Roche lobe overflow (RLOF; see Paczynski
1971). The rate of this transfer is sensitive to the radial extent of the
donor star, with smaller radii leading to lower mass transfer rates

or potentially avoiding RLOF altogether. This would be expected to
reduce nova rates.

However, typically the reason RLOF occurs is due to the natural
expansion of the donor star as it evolves. Stable RLOF – which can
be regarded as a necessary condition for RLOF-driven nova systems
– requires that the effective stellar radius attains a relatively stable
equilibrium. If this condition is not met, then mass transfer is unstable
and a common-envelope event will likely ensue. What this means is
that, particularly for sub-giant and giant donor stars, the reduced
stellar radius may not actually influence the accretion rate as greatly
as one might think, as the effective stellar radius during mass transfer
may actually be quite similar. The main difference in such a scenario
would be that mass transfer would simply initiate further along in
the evolution of the donor star.

The third influence of reducing stellar radii in terms of novae
relates to common envelope (CE) physics. K21 found that only
around 15 per cent of nova systems undergo CE events prior to H
novae, but that these systems account for the majority of H nova
events. Reducing stellar radii may lead to reducing the chances of
CEs occurring. However, the effect of this on nova rates is unclear.
The systems which undergo a common-envelope event and go on
to produce novae must first have survived that common-envelope
event, as systems that merge cannot produce novae. Thus there are
two competing effects. Some nova systems will be ‘lost’ – or at least
have reduced nova production – due missing out on a common-
envelope event that would have hardened the binary sufficiently
for mass transfer to occur later on in the evolution of the binary.
However, other systems which previously merged due to a CE event
may instead survive to produce novae, increasing nova rates.

In summary, it is not obvious a priori what effect changes in stellar
radii due to metallicity will have on nova rates. Reducing stellar radii
leads to less binary interaction, but binary evolution is complex.
Avoiding or reducing the interaction at one point in time may simply
delay the interaction, or allow a different interaction to take place in
a later evolutionary phase when the radius is potentially orders of
magnitude larger.

3.1 The influence of novae on nova production ‘per starburst’

Table 3 and Fig. 5 present the total number of nova events and nova
systems produced during the 15 Gyr lifetime of our simulations for
1 M� simple stellar populations with fixed metallicity. As an example
of what these units mean, imagine that at a given metallicity the total
number of events per unit star forming mass is A. Were we to spend
15 Gyr perfectly observing a population of stars which formed in a
single burst of star formation at this metallicity, we would detect A ×
B nova eruptions, where B is the stellar mass of the starburst at birth.

Although this sort of information is of limited use in directly
predicting the properties of most real nova populations for a multitude
of reasons, it is extremely useful when considering the fundamental
impacts of metallicity on nova production. Fig. 5 shows a clear
anticorrelation between the number of nova systems formed and its
metallicity. The total number of events and its ratio with the number of
H-nova systems also reduces with increasing metallicity, but exhibits
far more scatter.

Before addressing the trends present in Fig. 5, a comment is
required on the degree and source of most of the scatter present
in the ‘Events’ and ‘Events/system’ data. We find that most of
this scatter can be explained by a single, well-defined evolutionary
channel. In this channel, a 7–8 M� (depending on the metallicity)
initial mass primary evolves without significant binary interaction,
losing its envelope on the thermally pulsing asymptotic giant branch
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Metallicity and nova populations 1179

Table 3. Aggregate number (summed over 15 Gyr) of nova events, nova
systems, and the number of nova events per system for each metallicity. The
quantities are normalized per unit mass of star forming material (M�SFM).

Z Events/M�SFM Systems/M�SFM Events/system

0.0001 11.01704 0.013487 816.8
0.00025 9.710675 0.013550 716.6
0.0005 9.703615 0.013403 723.9
0.001 8.012016 0.012714 630.1
0.002 7.732121 0.011855 652.1
0.0025 8.298776 0.011382 729.0
0.003 9.065271 0.011197 809.6
0.005 5.371913 0.010167 528.3
0.007 5.745373 0.009959 576.8
0.01 6.836650 0.009579 713.6
0.0125 4.359310 0.009069 480.6
0.015 5.031115 0.008781 572.9
0.0175 4.950579 0.008557 578.4
0.02 5.311268 0.008369 634.5
0.025 4.030894 0.007951 506.9
0.03 4.594258 0.007649 600.5

(TPAGB) and transferring roughly a solar mass of material on to its
1–5 M� companion, leaving a very massive (>1.3 M�) WD remnant.
When the companion evolves through its own TPAGB, it loses its
envelope through high wind mass loss rates that lead to rapid (10−7

M� yr−1) accretion rates on the WD. This combination of high WD
mass and high accretion rates leads to high nova productivity.

This channel is diverse in its spread of initial secondary masses
and orbital separations, but is extremely constrained in its primary
mass. The critical point is that the mass of the O/Ne WD that is
formed is quite sensitive to the initial mass of the primary, and that
the WD is close to the maximum WD mass able to be formed by
these stars. The critical ignition mass for these massive WDs reduces
rapidly as MWD approaches MCh, resulting in nova productivities that
can be very sensitive to MWD. In this particular channel, changing

the primary initial mass by as little as 0.1 M� can result in up to an
order of magnitude difference in the productivity of a system due to
changes in the mass of the WD remnant formed.

It is this sensitivity to M1,init that leads to most of the scatter in the
‘Events’ data in Fig. 5. As the metallicity changes, the initial mass
threshold beyond which the primary is unable to form a WD remnant
shifts to lower masses, which also changes the maximum mass of the
WD remnants formed and, crucially, the corresponding initial mass
from which they form. As in K21, we compute our results for each
metallicity using a fixed grid setting out the initial primary mass,
(M1,init) secondary mass (M2,init), and initial separation (ainit). As we
reduce the metallicity, at certain grid points we may see an over-
estimated contribution from this channel if the metallicity results in
the initial mass producing the maximum WD mass near-perfectly on
a grid point. Conversely, if the threshold mass falls just below a grid
point we may see an under-estimated contribution from this channel.

We address this through improving our effective grid resolution
compared to K21 (see Table 2), and by carefully inspecting each of
the simulations to ensure that we are not either egregiously over- or
under-estimating the contribution of this channel. The results of this
curating are presented in Fig. 5.

Returning to the prevailing trends in Fig. 5, we observe that both
the number of H nova systems and the average number of events
per system reduce significantly as metallicity increases, resulting in
less novae. The effect of metallicity on the overall nova productivity
may be considered to be a function of the number of nova systems
formed per unit mass of star forming material and the average number
of eruptions produced per system, with these two aspects being
independent by definition.

As metallicity reduces, the number of nova systems produced per
unit star-forming mass increases significantly. CE physics provides
one potential explanation for this, as it is possible, due to the reduction
in stellar radius that occurs at lower metallicities, that CE events may
be avoided or rendered more survivable, leading to binaries that
would have merged prior to nova production at higher metallicities

Figure 5. Fractional changes N(Z) = X(Z)

max(X(Z))
of the aggregate number (summed over 15 Gyr) of nova events, nova systems, and the number of nova events

per system as a function of the metallicity. There is a significant anticorrelation between all three of these quantities, with the total nova productivity from the
highest metallicity systems roughly half that of the lowest.
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1180 A. Kemp et al.

Figure 6. Fraction of nova events and systems that experience at least one CE event occur prior to the first nova eruption. There is a strong negative trend
between the fraction of CE dependent systems and the metallicity, but there are too few of these CE dependent systems for CE physics to be the main cause
behind the trends seen in Fig. 5.

surviving to produce novae. Fig. 6 presents the fraction of nova
systems (secondary y-axis) for which at least one CE event occurs
prior to the first nova eruption. This fraction is found to increase
as metallicity reduces, but remains small (11–15 per cent) across
our metallicity grid. This anticorrelation implies that CE physics is
contributing to the increase in nova systems, with the fraction of
potentially CE-sensitive systems reducing with metallicity as stellar
radii increase. Another way of putting it is that reducing stellar
radii leads to a net-gain in the number of nova systems. However,
the fraction of the total number of systems that are potentially CE-
sensitive remains small (12-15 per cent) for all metallicities. This
leads us to conclude that CE physics plays only a minor role in
explaining the relationship between the number of nova systems and
Z shown in Fig. 5.

The importance of CE physics regarding the nova eruptions
themselves is also shown in Fig. 6. With the exception of Z = 0.00025
and Z = 0.0005, the fraction of nova events which undergo CE events
prior to nova production remains relatively flat, varying between
60 and 75 per cent of all nova eruptions. Given the anticorrelation
between the CE-dependent nova systems seen in Fig. 6, it might
have been expected that a similar anticorrelation would be observed
in the events data. Its absence implies that the new CE-dependent
nova systems introduced with reducing metallicity do not produce
many novae per system, leading to any trend which might have been
present being lost in the scatter of the events data in Fig. 5. The
apparent flatness of the events curve also indicates that CE physics
does not play a significant role in the relationship between nova rates
and metallicity, despite most novae being produced in systems which
undergo CE events.

At Z = 10−4 and Z = 0.03 Figs 7 and 8 show the distribution
of WD accretion rates and WD masses, respectively. We find no
significant systematic differences between the distribution of mass
accretion rates at different metallicities, superficially consistent with
our previously discussed expectations regarding RLOF. We do,
however, see minor systematic variation of the relative importance
of certain channels. Specifically, from Z = 0.003 and below, nova

contributions from HG donors significantly increases, with a well
defined, increased contribution centered – depending on the precise
metallicity examined – around 10−8 M� yr−1. The channel contains
delay-times and component masses similar to those found for HG
donor systems at higher metallicities, and relies primarily on massive
WDs (MWD� 1.3) with relatively low mass (1–2 M�) donor stars.
Note that despite the increased prominence of HG donors at low
metallicity, they remain only minor contributors compared to LMMS,
MS, FGB, and TPAGB donors.

Contrasting with the low amount of systematic variation in the
distribution of accretion rates, Fig. 8 shows significant and clear
variation in the distribution of MWD. Z = 10−4 shows a distinctive
twin peak structure, with a well-defined peak around 0.65–7 M� and
a second, broader peak ranging from 0.8 to 1.0 M� that is almost
entirely absent in the Z = 0.03 case. A complete inspection of the
distributions for the entire metallicity grid reveals that contributions
from WD donors between 0.6 and 1.0 M� steadily increase with
decreasing metallicity between Z = 0.03 and Z = 5 × 10−4.
This very closely mirrors the behaviour of the systems curve in
Fig. 5, suggesting that low-mass systems may be at the heart of this
correlation.

However, Fig. 8 tracks nova events, not systems, and so offers
direct insight into the relationship of the aggregate nova production.
It is significant that the twin peaks observed in the Z = 10−4

case are clearly driven by FGB and TPAGB donor stars. This is
almost certainly a combined effect of the reduction in stellar radii
and, perhaps to a lesser extent, stellar lifetimes. The principle at
work here is that lowering stellar radii can avoid episodes of mass
transfer or engulfment events that might prevent the WD accreting
rapidly from a giant donor at higher metallicity. This could occur
in a variety of ways. As metallicity reduces, channels that (at
higher metallicity) produced novae with low accretion rates from
MS donors may instead avoid significant mass transfer until later
in the evolution (e.g. on the giant branch), producing significantly
higher numbers of novae. A system which previously merged or
was accreting too rapidly to produce novae on the giant branch may
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Metallicity and nova populations 1181

(a)

(b)

Figure 7. Distribution of white dwarf accretion rates at the time of each
nova eruption, coloured by the donor stellar type (see Table 1 for stellar type
glossary). We find no significant systematic variation in the distribution of
accretion rates of novae with metallicity.

now produce significant novae. The effect of metallicity on stellar
lifetimes may also contribute here, at least for very late-delay-time
novae, as lower mass secondaries are now able to evolve off the
MS, dramatically increasing the range of initial separations at which
novae are possible. In short, the combined effect of reducing stellar
radii and lifetimes introduces significantly more giant-donor nova
systems than it removes, and it is this effect that is responsible for the
twin-peak structure and likely for a significant chunk of the increased
aggregate nova production at low metallicity. This increase in giant
donor star contributions may be lost in the distributions of the mass
accretion rates shown in Fig. 7 due to the scatter from high-mass
WDs affecting the distribution.

The previously proposed relation between low-mass systems and
the anticorrelation between the number of nova systems and the
metallicity is supported by Fig. 9, which shows that at low metallicity
a significant number of low-mass, longer separation systems become
viable. Fig. 9 also reveals other structural differences to the parameter
space that, while not necessarily directly affecting the trends observed

(a)

(b)

Figure 8. Distribution of white dwarf masses at the time of each nova
eruption, coloured by the donor stellar type (see Table 1 for stellar type
glossary). Particularly at lower white dwarf masses there are clear systematic
differences between low and high metallicity distributions.

in Fig. 5, are worthy of a very brief discussion of their origin. At Z =
0.03, a well defined gap at initial separations around 102 R� is clearly
visible, caused by a region of the parameter space where CE events
become both inevitable and unsurvivable (see discussion on the nova
‘desert’ in K21). This gap is steadily eroded as metallicity reduces, as
CE events become more avoidable as radii reduce. This reduction in
stellar radii also causes the parameter space to extend down to 10 R�
at Z = 10−4, filling in and extending beyond the lower limits of the
initial separations present at higher metallicities. The conspicuous
gap present in the parameter space of Z = 10−4 for initial separations
�2 × 102 R� and initial primary masses from 5.8–7 M� is caused by
the regime where electron-capture supernovae prevent the formation
of a WD remnant from the primary. This feature appears only below
Z = 5 × 10−3, and widens with decreasing metallicity.

Returning to the low-mass long-separation systems that appear at
low metallicity, we note that their appearance may seem counter-
intuitive. We have previously discussed how lowering the metallicity
results in a reduction in the maximum radial extent of a given
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(a) (b)

Figure 9. Distribution of initial primary mass and orbital separation, coloured by the number of nova systems produced per unit mass of star forming material
in each bin. Clear variations to the morphology of the parameter space are present, discussed further in the main text.

evolutionary stage. Thus it might be expected that the upper bound
of ainit in Fig. 9 should reduce with metallicity. In fact, the opposite
appears to be the case. The reason for this is that in this regime,
novae are almost exclusively produced through wind accretion from
TPAGB donors. The significance here is that for wind accreting
systems, the radius of the donor star is far less important than
the relative influence of the WD accretor. Reducing the metallicity
leads to more massive WD remnants, and a more massive WD
companion accumulates the wind of the secondary more efficiently
due to its increased gravitational influence, and thus is more likely to
accumulate sufficient material to undergo at least one nova eruption.
Increasing the WD mass also leads to a reduction in the critical
ignition mass required for novae, so that less accreted material is
required. However, the number of novae produced by these new
systems is relatively small, as shown in Fig. 10.

Fig. 10 also shows that the number of novae produced from WD
progenitors from 1 < M1 init < 6 (corresponding to WD masses
from around 0.6–1 M�) exhibits an increase in nova productivity
over most of the parameter space. There is little difference in the
distributions of secondary masses (not shown); this increase is due
to a widespread, systematic increase in nova productivity on a per-
system basis. The donor-driven ‘twin peak’ low-mass WD feature
(see Fig. 8) that appears at low metallicities is primarily responsible
for this behaviour.

However, we find that this low-metallicity enhancement of giant-
donor contributions at lower WD masses cannot explain all the
changes in nova productivity. Nova contributions from systems
with a wide range of WD masses and donor stellar types show
systematic enhancements as metallicity reduces. This behaviour
can be explained by the systematically higher WD remnant masses
that are produced at low metallicities. Previously we discussed the
introduction of low initial mass, long initial separation systems that
are introduced at low metallicity due to the increased WD mass.
These systems produce very few novae per system (see Fig. 10), and

so their introduction acts to decrease the average number of novae
per system plotted in Fig. 5. In general, however, increasing the WD
mass results in a higher number of novae per system because of the
reduced critical ignition masses and the increased influence of the
accretor on the binary.

We conclude that the anticorrelation between nova production
and metallicity shown in Fig. 5 is caused by two main influences.
As metallicity reduces, reductions in stellar radii cause significant
changes to the binary evolution of low-mass systems in particular.
Further, there exists a broad increase in nova production that appears
to be primarily driven by the systematically higher remnant masses
at lower metallicities.

3.2 The effect of metallicity on nova delay-time distributions

Fig. 11 shows the delay-time distributions of our Z = 10−4 and
Z = 0.03 metallicity cases, coloured by the accretor and donor
stellar types. Delay time distributions such as those shown can
be convolved with SFR histories to make predictions about nova
populations in specific stellar environments.2 When considering the
impact of varying metallicity in real stellar environments, these
delay-time distributions are therefore of the highest importance. The
results of convolving our data with age–metallicity–SFR relations
are presented in Section 4.

Reducing metallicity leads to reduced stellar life times. This is
clearly seen in Fig. 11 when considering the stellar type of the
donor star. The onset of significant contributions from FGB donor
stars occurs by 3 Gyr at Z = 0.03, compared to 1.5 Gyr at Z =
10−4. The earliest significant nova production – primarily driven by
TPAGB donors on to massive O/Ne WDs – commences at around
100 Myr at Z = 10−4, compared to to around 50 Myr at Z = 0.03.

2This process is discussed in more detail in K21.
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Metallicity and nova populations 1183

(a) (b)

Figure 10. Distribution of initial masses and orbital separations, coloured by the number of novae produced per unit mass of star forming material in each bin.
Variations are present both in the distribution of where novae occur within common parameter space and the morphology of the parameter space as a whole.
See main text for details.

MS donors essentially disappear from the delay-time distribution at
Z = 10−4 by 5 Gyr, but remain minor sources of novae throughout
the 15 Gyr simulation time at Z = 0.03. Below Z = 10−3 LMMS
donor contributions to novae with delay-times >5 Gyr begin to drop
noticeably and contributions from TPAGB donors increase.

In Section 3.1, we discuss how lower metallicities lead to signif-
icantly higher nova production from <1 M� WDs at lower metal-
licites. This is reflected in the distribution of accretor compositions,
particularly for the latest delay-times. At Z = 10−4, C/O contributions
make up 40 per cent of all novae and over 80 per cent of novae beyond
10 Gyr. This is starkly different than the case at Z = 0.03, where only
25 per cent of all novae are C/O WDs, and O/Ne WDs make up
almost 60 per cent of all novae after > 10 Gyr.

The shorter main-sequence lifetimes of low metallicity donor stars
lead to a more prompt introduction of FGB donor contributions,
producing delay-time distributions that have systematically higher
contributions between 1–3 Gyr from low metallicity systems. This
results in low-metallicity delay-time distributions tending to have
a more gradual transition into the slowly decaying late-time tail
of the distribution. Despite significant variation in the number of
novae produced between low and high metallicities (see Fig. 5), this
enhanced nova production is experienced over such a diverse set of
channels that there is little change to the ratios of late versus early
delay-time novae.

Surprisingly, the same appears to be true regarding relative
contributions of different donor stellar types. Only minor changes
are observed, with FGB, TPAGB, and HG donors showing enhanced
contributions at the lowest metallicities, while LMMS and MS donors
show reduced contributions. It should be emphasized that at all
metallicities we find that FGB and TPAGB donors remain dominant,
contributing to over half of all nova events.

This slight shifting towards giant donors at low metallicity reflects
our previous commentary on the giant-donor-driven low-mass WD
nova systems that produce a significant chunk of low metallicity

novae. However, it is clear that the increase in nova productivity
is not driven by this exclusively, supporting our previous assertion
that the effect of metallicity on the final remnant mass is also of
importance when considering the overall effect of metallicity on
nova production.

4 PREDI CTED DI STRI BU TI ONS AND RATES
O F N OVA E IN TH E G A L A X Y A N D M 3 1

In this section we present our predictions for the current nova rates
and distributions of nova properties for the MW Galaxy and M31.
The process of forming these predictions is described in Section 2
and in K21.

Galactic nova populations are highly relevant to our understanding
of the chemical evolution of our Galaxy, having bearing on problems
such as the production of Galactic lithium (Izzo et al. 2015; Tajitsu
et al. 2015; Starrfield et al. 2020) and chemical enrichment by type Ia
supernovae. However, observationally estimating the Galactic nova
rate is made difficult by complications such as extinction caused by
interstellar dust, source crowding, systematic biases caused by our
place in the Galaxy, and the selection functions of the surveys in
which novae are detected (Shafter & Irby 2001; Darnley et al. 2006;
Shafter 2017; Della Valle & Izzo 2020; De et al. 2021). These issues
are mitigated substantially by observing M31, where it is far easier to
estimate completeness and account for a wide range of observational
systematic uncertainties.

4.1 The MW

4.1.1 The Galactic nova rate

We estimate a total Galactic nova rate of approximately 33 novae per
year. There have traditionally been two observational approaches to
estimating nova rates in the MW. One method uses small numbers of
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(a) (b)

(c) (d)

(e) (f)

Figure 11. Distribution of nova delay-times, coloured by the donor and accretor stellar types (see Table 1 for stellar type glossary). Star formation occurs in a single
burst at time = 0. Mild systematic variations in the morphology are present, driven primarily by the changes in evolution timescales between different metallicities.

bright Galactic novae detected using optical instruments, combining
this with completeness models that are highly sensitive to our
understanding of Galactic interstellar dust. Estimates using this
method typically arrive at numbers ranging from approximately 30

to 80 novae per year (Hatano et al. 1997; Shafter 1997; Shafter 2017;
Özdönmez et al. 2018). The second method relies on data from extra-
galactic novae to extrapolate what the Galactic nova rate should be,
based on our – incomplete – understanding of the differences between
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Metallicity and nova populations 1185

Figure 12. Nova contributions to the predicted current Galactic nova rate for each Galactic component. Colouration breaks down each component further into
the accretor (left) and donor (right) stellar types (see Table 1 for stellar type glossary). The total predicted Galactic nova rate is approximately 60 novae per year.

our own Galaxy’s history and structure and those of the external
galaxies (della Valle & Livio 1994; Shafter, Ciardullo & Pritchet
2000; Darnley et al. 2006). This method arrives at systematically
lower nova rate estimates, ranging from approximately 20 to 40
novae per year (Ciardullo et al. 1990; della Valle & Livio 1994;
Darnley et al. 2006).

Recently, De et al. (2021) estimated a Galactic nova rate of
43.7+19.5

−8.7 novae per year based on 12 novae detected by Palomar
Gattini-IR (Moore & Kasliwal 2019; De et al. 2020) in the near-
infrared, where extinction caused by interstellar dust is far less
prevalent. Fig. 10 of De et al. (2021) presents a nice summary of
the current state of the field regarding Galactic nova rates.

This work’s estimate of 33 novae per year3 can be regarded as
consistent with observational estimates deriving from extra-Galactic
nova data. Relative to observational estimates deriving from Galactic
optical nova data, as well as the De et al. (2021) estimate, our result
can be considered an under-prediction, but not an excessive one.
However, it should be noted that the nature of our methods means
that our nova rates are inherently sensitive to modelling choices. This
is both a strength and a weakness of this methodology. It is likely that
our predicted Galactic nova rate could vary by as much as 30 novae
per year under different combinations of physical assumptions.

4.1.2 Predicted properties of Galactic novae

In our adopted age–metallicity–SFR relation, shown in Figs 2 and 3,
the current SFR is assumed to be zero in the thick disc and the
halo, with most new stars born in the thin disc and a small fraction
(<10 per cent) born in the bulge. These components also differ
significantly in their evolution histories. The halo represents the
oldest, most metal-poor component, followed by the thick disc. The
metallicity in the bulge rises very rapidly at early times, forming
few metal-poor stars, while the metallicity in the thin disc rises more
gradually. We find that 70 per cent of the current novae in the MW
occur in the thin disc, 24 per cent in the bulge, 5 per cent in the thick
disc, and 1 per cent in the halo.

3Note that we do not attempt to account for any of the observational biases
and selection criteria that plague observational Galactic rate estimates.

Fig. 12 shows the breakdown of accretor and donor stellar types
of novae at the current galaxy age (13 Gyr) for each Galactic
component. There are clear systematic differences in the relative
importance of the donor and accretor stellar types. FGB donor
systems are found to be important contributors of novae in all four
Galactic components, reflecting the prevalence of FGB donors in
novae beyond 3 Gyr delay-times at all metallicities (see Section 3.2).
TPAGB donor systems present an interesting case, as so much of
their production occurs within the first Gyr, but at low metallicities a
non-negligible number of late-time TPAGB-driven novae appear,
typically making up around 20 per cent of the nova production.
Thus the relative importance of TPAGB donor systems is sensitive
both to the metallicity history and the age of a stellar population.
The significant TPAGB contributions to thin disc and bulge novae
(approximately 35 and 15 per cent, respectively) are to be expected,
as both the thin disc and bulge are currently forming stars and
so early-delay-time novae are still occurring here. However, we
also find that TPAGB-donor driven novae account for up approx-
imately 25 per cent of halo novae. In fact, the relative importance
of TPAGB donors is higher in the halo than in the bulge. This
feature is entirely driven by the exclusively metal-poor nature of
the halo. The thick disc, which has more metal-rich systems than
the halo, has a far lower relative contribution from TPAGB donor
systems.

Regardless of the Galactic component under consideration, novae
with giant (FGB and TPAGB) donor stars are found to contribute
to more than half of the currently observable nova population.
The importance of giant donor stars to novae has previously been
discussed in the context of recurrent and symbiotic novae (e.g.
Mikolajewska 2010; Darnley et al. 2012; Darnley & Henze 2020).
Known examples of these novae make up less than 20 of the
hundreds of detected Galactic novae, and there exists to date no robust
observational estimate of the relative importance of giant donor stars
in Galactic nova systems. Fig. 10 of K21 indicates that roughly half
of all nova eruptions involving giant donors have recurrence times
greater than 100 years. In the absence of a comparable observational
estimate for the fraction of giant- versus MS-donor novae in the
Galaxy, we can only state that our results indicate that nova systems
with giant donors produce significantly more novae than current
Galactic observations suggest.
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(a) (b)

(c) (d)

Figure 13. Nova WD mass distribution predictions for each Galactic component. The predicted full Galactic distribution can be observed in the bottom right
panel as the sum of the contributions of each component. The similarity between the thin disc and bulge (both of which are currently undergoing star formation
in our model) distributions highlights the dramatic effect that the presence of young nova systems can have on nova populations.

The distribution of WD compositions (C/O versus O/Ne) is found
to be dominated by the age of the stellar population. The actively
star-forming thin disc and bulge exhibit significantly higher nova
contributions from O/Ne WDs (66 and 61 per cent, respectively),
while O/Ne WDs make up a much smaller fraction of the novae in
the thick disc and the halo (32 and 16 per cent, respectively).

Fig. 13 shows the predicted distributions of WD masses in each
Galactic component, with the full Galactic distribution presented in
Fig. 13(d). This distribution reveals a nova population dominated by
high mass WDs occurring in the thin disc and bulge. Comparison
between the Galactic components reveals this high-mass peak to
be strongly associated with young stellar systems. The stellar
populations where star formation has ceased lack this feature, with
the halo predicted to contain very few novae with high mass WDs,

instead peaking strongly around 0.7 M�, and the thick disc displaying
comparable nova contributions in peaks around MWD = 0.7, 0.9, and
1.3 M�. The bulge and the thin disc, on the other hand, have very
similar distributions of MWD characterized by the large peak around
the most massive WDs.

The results of these predicted nova distributions are in principle
comparable with Galactic observational estimates of nova distri-
butions. Fig. 2 of Shara et al. (2018) presents an observationally
derived WD mass distribution using Galactic nova light curves which
peaks around MWD = 1.15 M�. Put bluntly, there is no resemblance
between the predicted WD mass distribution shown in Fig. 13(d) and
this distribution. While it should be acknowledged that observational
selection biases – as well as the assumptions necessarily employed
in Shara et al. (2018), which relies on its own set of physical models
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Metallicity and nova populations 1187

Figure 14. Predicted current Galactic nova accretion rate distribution. The
distributions of each Galactic component show only minor variations in
morphology, see main text for details.

– may play a role here, given the magnitude of the discrepancies it
is far more likely that the adopted combination of physical choices
simply do a poor choice at reproducing the WD distribution. This
is not overly concerning. Given the large parameter space – and
associated uncertainties – in binary stellar evolution, it would have
been surprising if our initial ‘best guess’ of binary physics were
able to reproduce observations. The important result here is that
predictions of the WD distribution are likely to be very sensitive
to physical assumptions, and therefore have the potential to be an
important tool in identifying good combinations of binary physics.

Fig. 14 presents the predicted distribution of WD accretion rates.
There is relatively little variation between the different Galactic
components, all of which show the same basic profile. The highest
accretion rates (> 10−7 M� yr−1) are almost absent in the halo and
most heavily emphasized in the thin disc, but the overall structure
remains, with a minor peak around 10−10 M� yr−1 and the main
peak around 10−8 M� yr−1. The lack of significant variation can be
at least partially attributed to the prevalence of FGB donors across
all Galactic components (see Fig. 12).

Fig. 3 of Shara et al. (2018) presents an observationally-derived
distribution of nova accretion rates for Galactic novae. There are,
once again, significant differences between this distribution and
our predicted distribution shown in Fig. 14. Fig. 3 of Shara et al.
(2018) shows a distribution peaking around 10−9 M� yr−1, while our
prediction peaks a full order of magnitude higher at 10−8 M� yr−1.
The observed distribution shows no novae beyond 10−7 M� yr−1,
while our prediction shows significant contributions up to around
5 × 10−7 M� yr−1. These discrepancies are significant, although they
are minor compared to those seen in the MWD distributions. Similarly
to the MWD distribution, we conclude that the mass accretion rate
distribution also shows promise as a statistic to compare different
physical assumptions to observations. However, it should be noted
that this practical goal is complicated by the reliance of studies
that derive these distributions from nova light curves on detailed
theoretical nova models. An investigation dedicated to the degree of
uncertainty in the observed distributions of nova WD masses and
accretion rates resulting from different physical assumptions and
model sets would be extremely useful.

Finally, the predicted metallicity distribution of novae for each
Galactic component is shown in Fig. 15. The degree of variation

within the different panels of this figure is remarkable. The halo
distribution decreases rapidly towards higher metallicities, with most
halo novae characterized by metallicities less than 2 × 10−3. In fact,
despite the extremely low number of halo novae (≈ 0.3 novae per
year), the halo actually dominates the population of novae at the
lowest metallicities. The thick disc has a broad, increasing metallicity
profile that cuts off sharply at Z ≈ 0.01, corresponding to the
metallicity at the time of the sudden cut-off in star formation at 3 Gyr
shown in Fig. 2. The bulge exhibits a narrowly peaked distribution,
with almost all novae occurring in systems with metallicities between
0.015 and 0.02. The thin disc profile is qualitatively similar to
the thick disc, having a broad distribution that rises steadily with
increasing metallicity, peaking just beyond Z = 0.015.

The total Galactic distribution peaks strongly where the end of the
thin disc distribution partially aligns with the peak of the bulge. Its
overall shape closely follows that of the thin disc. It is clear that the
extremes of the metallicity distribution are expected to be dominated
by bulge and halo novae; however, there is an important caveat to
keep in mind when assessing Fig. 15. In nature, there are composition
variations within the different Galactic components, with star forma-
tion occurring at a range of metallicities simultaneously. However,
our age–metallicity–SFR model does not not account for any scatter
in Z, instead simply taking the value of Z that represents the average
metallicity for that component.

4.2 M31

4.2.1 M31 nova rate

M31’s close proximity, favourable inclination angle, and relatively
well-understood observational systematics make it the best available
laboratory for studying nova rates. Darnley et al. (2006) present the
most recent observational rate estimate of 65+15

−16 novae per year, with
older works estimating nova rates between 20 and 50 novae per year
(Hubble 1929; Arp 1956; Capaccioli et al. 1989; Shafter & Irby
2001). Convolving our full, 16-point metallicity grid with the M31
age–metallicity–SFR relation described in Section 2, we estimate a
current nova rate of approximately 36 novae per year, very close to
the Darnley et al. (2006) estimate.

Fig. 16 presents four event rate histories, each computed using
the same age–metallicity–SFR relation but with different metallicity
grids. The ‘full grid’ history uses all 16 metallicities (see Table 3
and Fig. 5), the ‘seven-grid’ history uses only the Z = 10−4, 10−3,
2.5 × 10−3, 5 × 10−3, 0.01, 0.015, and 0.02 grids, the ‘four-grid’
history uses only the Z = 10−4, 10−3, 0.01, and 0.02 grids, and
the ‘Z0.02’ history uses only the Z = 0.02 grid. The Z0.02 history
is representative of the simplified case computed in K21,4 which
ignored metallicity effects.

The predicted current nova rates for M31 are very similar between
each of the four grids. The full grid predicts 36 novae per year,
the seven-grid predicts 37, the four-grid predicts 39, and the Z0.02

grid predicts 33. However, the event rate histories themselves show
significant variation, particularly in the first 6 Gyr of M31’s
evolution.

It might be expected that the Z0.02 grid would perform the most
poorly when compared to the full metallicity grid, with no low-

4Note that K21 estimated an event rate of 41 ± 4 novae per year. This
differs from the Z0.02 rate of 33 novae per year presented in Fig. 16 due
to the combined effect of a technical error present in K21, which caused
the assumed 50 per cent binary fraction to be improperly implemented, and
discrepancies between the assumed age of M31. See Section 2 for details.
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(a) (b)

(c) (d)

Figure 15. Current nova metallicity distribution predictions of each Galactic component. The full Galactic distribution can be observed in the bottom right
panel as the sum of the contributions of each component. Significant variation is present between these different stellar environments, with the exception of the
thin disc and the bulge.

metallicity data to work with. However, this expectation is only partly
borne out. Relative to the full grid event rate history, event rates are
under-predicted for the first 6 Gyrs of M31’s life, but beyond this
point the Z0.02 grid is able to closely match the ‘full grid’ prediction.
This result reflects how important young nova systems are. Despite
incorrectly predicting the production of ancient nova-systems, the
Z0.02 history actually turns out to be a fairly reliable predictor of the
event rates in M31 for the last 8 Gyrs.

However, Fig. 16 also carries a cautionary message. The four-grid
metallicity systematically over-predicts the event rate for almost the
entire evolution of M31, performing even worse than the Z0.02 grid.
The four-grid metallicity, with its poor sampling of the Z<0.01 part
of the parameter space, results in a large spike in nova production
at around 6 Gyr, in addition to other deviations around 2 Gyr. It is

primarily the late-time tail of the 6 Gyr feature that drives the lower
level over-prediction for the remainder of M31’s life.

Contrasting with the poor approximation of the four-grid,
the seven-grid set (which additionally includes results for
Z = 2.5 × 10−3, 5 × 10−3, and 0.015) does a far better job at
approximating the full grid history for the entire lifetime of M31.
The deviation around 5 Gyr is far smaller than that of the four-grid,
and elsewhere this set approximates the event history of M31 very
closely. This is unsurprising in some ways, as this metallicity-set
was selected by identifying the short-comings of the four-grid set
and then including additional metallicity grids where necessary.

It is clear that the results of convolutions between age–metallicity–
SFR relations and grids of delay-time distributions that poorly resolve
metallicity – particularly in the Z<0.01 metallicity regime – should
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Metallicity and nova populations 1189

Figure 16. Nova rate history in M31, computed using four different metal-
licity grids. The ‘full grid’ uses data from every grid computed (Fig. 5).
‘Seven-grid’ uses only the Z = 10−4, 10−3, 2.5 × 10−3, 5 × 10−3, 0.01,
0.015, and 0.02 grids. ‘Four-grid’ uses only the Z = 10−4, 10−3, 0.01, and
0.02 grids, and ‘Z0.02’ uses only the Z = 0.02 grid. The estimates of the
current (t = 14 Gyr, vertical black line) event rate R are given in the legend.

Figure 17. Breakdown of the accretor and donor stellar types (see Table 1 for
stellar type glossary) for M31 novae as they would appear today, analogous to
Fig. 12. Of all the different Galactic components, the M31 distribution most
closely resembles the MW’s bulge.

be treated with caution, as under-resolving can potentially result in
serious systematic errors. However, the success of the seven-grid
solution in approximating the full grid event history demonstrates
the power of a carefully designed metallicity grid that is tailored to
a specific age–metallicity–SFR relation.

4.2.2 Predicted properties of novae in M31

Fig. 17 presents the relative contributions of the different stellar types
of M31 novae, and is analogous to Fig. 12. The M31 distributions
most closely resemble the bulge component in the MW. The most
likely reason for this is that the age–metallicity–SFR model of
both M31 and the Galactic bulge are characterized by an early
peak in star formation. This leads to a larger proportion of old

Figure 18. Predicted current distribution of nova white dwarf masses in
M31. This distribution is similar to that of the MW (Fig. 13d).

nova systems, which tend to more heavily favour C/O WD and
FGB donor contributions over O/Ne WD and TPAGB contribu-
tions.

It is of interest to note that Fig. 17 indicates that roughly two
thirds of all currently observable novae in M31 are predicted to have
giant (FGB or TPAGB) donors. This is significantly higher than
the 30+13

−10 per cent fraction derived by Williams et al. (2014, 2016)
through statistical analysis of M31 novae. The degree to which this
discrepancy is due to possible biases against the identification of
giant-donor novae (Williams et al. 2016) versus systematic biases
caused by our physical assumptions is unclear.

This similarity between the Galactic bulge and M31 can also be
seen in the predicted distribution of WD masses shown in Figs 13
and 18 for the MW and M31, respectively. Note that in this case, the
distribution for the Galactic thin disc also very closely resembles
M31, as does the Galactic distribution as a whole. Given how
different the SFR histories for M31 and the MW are, this similarity
strongly reinforces our previous assertion that whether or not a
stellar environment is undergoing (or has recently undergone) star
formation is extremely important when considering the WD mass
distribution of novae. Neglecting the metallicity evolution of M31
entirely and using only Z = 0.02 data, analogous to the method used to
approximate M31 in K21, results in minor changes to the distribution,
increasing the importance of the most massive (>1.25 M�) WDs and
reducing the importance of events at lower (0.6–1 M�) white dwarf
masses.

Just as we find minimal discrepancies between the shape of the
accretion rate distributions in different Galactic components, we also
find no significant variation between the accretion rate of the MW
and that of M31 (not shown). It appears that the prevalence of FGB
donors in late delay-time novae make distributions of nova accretion
rates extremely poor tools for discriminating between different stellar
environments.

The metallicity distribution of the novae, however, may prove to
be an excellent tool for such a task. Fig. 19 shows the predicted
metallicity distribution of novae in M31, and it is dramatically
different from any of the Galactic components.
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Figure 19. Predicted current distribution of nova metallicities for M31. The
trough around Z = 0.017 is caused by the lapse in star formation in our M31
age–SFR model between 7.5 and 9 Gyr (see Fig. 4).

In M31 we see vaguely bimodal metallicity distribution with a
broad peak from Z = 0.1–0.13, a trough at Z = 0.017, and a second,
sharper peak at Z = 0.02. Fig. 4 shows that between 7.5 and 9 Gyr,
M31 – at least in the Williams et al. (2017) model – experienced
a significant lapse in star formation. This period of time matches
well with the Z = 0.017 location of the trough in the metallicity
distribution seen in Fig. 19. Fig. 19 suggests a very broad distribution
of nova metallicities in M31, resulting from the combination of
significant ancient star formation and a lower level of more recent
star formation.

In some ways, the details of Fig. 19 are unimportant. The age–
metallicity component of our age–metallicity–SFR model for M31
is simple to the point of being arbitrary, and so it is questionable
whether Fig. 19 represents an accurate picture of the true metallicity
distribution of novae in M31. What is important is that the metal-
licity distributions of novae change significantly between different
star forming environments. This gives real hope to the idea that
distributions of nova metallicities may be used as a probe of the
evolution of distant stellar environments.

5 D ISCUSSION

5.1 Metallicity dependence of detailed nova properties

In this work, we study the effect that metallicity-dependent stellar
evolution has on nova populations, and neglect effects due to the
metallicity-dependence of detailed nova properties such as Mig, η,
or the accretion limits. Here, we assess the probable effect that
accounting for these additional dependencies would have on our
predictions for Galactic novae.

Chen et al. (2019) present detailed nova calculations for the
Z = 10−4 and Z = 0.02 cases over a range of WD masses, in
addition to varying mixing parameters. When comparing these
two extremes of the metallicity distribution, the critical ignition
masses, which directly effect nova rates, increase slightly when
metallicity is reduced, with the Z = 10−4 case typically being

around 0.2 dex higher than the Z = 0.02 case. However, accretion
efficiencies increase dramatically as metallicity is decreased (see
figs 9–10, Chen et al. 2019), and the lower accretion limit for
steady burning (which provides a ceiling for the nova regime)5

reduces by 0.3–0.5 dex (fig. 1, Chen et al. 2019). It is noteworthy
that varying the mixing parameter from 0 to 0.25 produces greater
variation in the critical ignition masses and accretion efficiencies
than varying the metallicity, and that the WD mass and accretion rate
remain the most important considerations when calculating these key
properties.

Our current work relies on solar-metallicity input nova models,
using critical ignition masses, accretion efficiencies, and accretion
regimes drawn from the works of Kato et al. (2014), Piersanti,
Tornambé & Yungelson (2014), Wu et al. (2017), Kato, Saio &
Hachisu (2018); and Wang (2018), which assume solar metallicity
composition material in their nova calculations. At sub-solar metal-
licities the critical ignition mass increases slightly (acting to decrease
the nova rate), the accretion efficiency increases substantially (acting
to increase the WD growth rate and thereby increase the nova
rate) and the nova regime shrinks (decreasing nova rates; Chen
et al. 2019). With these competing influences, we assume that our
current work probably only slightly over-predicts nova production
as a result of neglecting the metallicity dependence of nova micro-
physics. However, the systems that are most affected by this are low-
metallicity, rapidly accreting nova systems. The vast majority of these
nova systems produce prompt delay-time novae, meaning that the
novae occur relatively soon after star formation. As low-metallicity
star formation occurred in our Galaxy’s distant past, most of these
nova systems are unlikely to be observed in the modern Galaxy6

anyway, and so we expect our predictions of current nova rates
and distributions to be largely unaffected by including metallicity
dependent accretion regimes, critical ignition masses, and accretion
efficiencies.

In our model, we do not consider the observability of our novae,
instead simply tracking whether or not the eruption occurred, and
under what conditions. Kato et al. (2013) find that at very low
metallicities the evolution of nova eruptions can change drastically.
Under the optically thick wind theory of nova outbursts (Kato &
Hachisu 1994), which has proven very successful in modelling nova
light curves (e.g. Hachisu & Kato 2006), novae rely on the Fe
opacity peak to drive the nova winds. This means that novae at low
metallicities tend have systematically slower light-curve evolution
than their solar metallicity counterparts (Kato 1997). Kato et al.
(2013) find that at Z = 10−3 the iron opacity peak declines such
that it is roughly equal in magnitude to the lower temperature He
opacity peak. Below this threshold the winds become far weaker.
Below Z = 4 × 10−4, novae on WDs less massive than 0.7 M� are
found to have negligible optically thick winds and have outbursts so
slow that the extended stage of the outburst could last so long that
they may be mis-classified as F-supergiants (Kato et al. 2013). For
WDs more massive than 0.7 M�, there are weak winds driven by the
He opacity peak. These metallicity-dependent observability concerns
have particular relevance in the context of globular clusters with Z
�10−3 and other environments where the nova rates are expected to
be dominated by low metallicity systems.

5The nova regime is the region in the MWD-Ṁ parameter space where novae
may occur.
6Note that this is not necessarily true of stellar environments such as the
Small and Large Magellanic Clouds, where star formation continues to occur
at low metallicity.
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5.2 The relative importance of metallicity-dependent
environment modelling

Most stellar environments where we might be interested in novae
include multiple stellar populations, whether in the relatively discrete
metallicity clumps such as those found in most globular clusters or
the more continuous variation found in larger galaxies. In Section 4,
we present the results of our simulations convolved with age–
metallicity–SFR models for the MW and M31. Further, in Fig. 16 we
explicitly address the effect of employing progressively simpler nova
grids on nova event rate histories in M31. It is of interest to expand
this discussion into a comparison between the relative importance of
uncertainties in binary stellar evolution and building a detailed, well
resolved, metallicity-dependent model of a star forming environment.

Producing and reducing data for the full 16-point metallicity grid
used for this work costs around 360 CPU h. Although this number
may not appear excessive by the computational standards of many
fields of astronomy, this data is only truly valid for a single case of
binary physics. Ultimately, the goal would be to compute the results
of many such physics cases and compare with observations of real
stellar environments, but needing to compute each physics case for a
range of metallicities increases the cost and difficulty of such a study
significantly.

Fig. 16 demonstrates that a smaller metallicity grid of 7 points
can achieve a satisfactorily similar event-rate history to our more
expensive 16-point metallicity grid. However, if we were only
interested in comparing with direct nova observations, then we might
only care about the current nova properties of a given environment.
There is relatively little variation in M31’s nova rate predictions
when varying the metallicity-grid used in the convolution, with rates
varying only between 33-39 events per year.

Roughly half the current nova rate in M31 can be attributed
to systems with Z > 0.01, despite our adopted SFR model for
M31 having a relatively high ratio between ancient and recent star
formation. The fraction of novae originating from systems with
Z > 0.01 increases to approximately 70 per cent in the MW. In
this metallicity regime, the changes to the shape and magnitude
of the delay-time distributions are small. This means that if a
stellar environment is undergoing even relatively low levels of star
formation, relying on the results of even a single metallicity – close
to the current metallicity of the environment – can actually provide
a good approximation for the evolutionary history of at least half of
the currently observed nova systems. At the very least, uncertainties
in the predicted nova rate caused by poorly resolving the metallicity
evolution of the environment are unlikely to exceed 10 per cent.
The inclusion of metallicity-dependent micro-physics is unlikely to
change this, for the reasons discussed in Section 5.1.

In contrast, K21 found that varying the value of CE efficiency
parameters resulted in the predicted nova rate in M31 to vary by up
to a factor of 4. In this work, we have assumed the binary fraction to
be 50 per cent, but in nature this fraction may be larger in the higher
mass regions of our parameter space. Increasing the binary fraction
to 100 per cent results in predictions for the current nova rates in the
MW and M31 to increase to 60 and 66 novae per year, respectively.
A comprehensive investigation into the binary parameter space is yet
to be conducted, but at this point it seems clear that, at least in terms
of predicting event rates in spiral galaxies, uncertainties in modelling
the metallicity-dependence of novae can be considered of secondary
importance compared to uncertainties in binary stellar evolution.

In stellar environments where star-formation is neither continuous
nor ongoing, such as elliptical galaxies and globular clusters, uncer-
tainties in the metallicity evolution should be even less troublesome.
The bursty nature of these stellar environments means that, provided

the masses, ages, and metallicities of each burst are known, an ex-
tremely accurate approximation to the age–metallicity–SFR relation
should be obtainable with relatively little effort.

However, in active star forming environments where relatively
low metallicity star formation is ongoing, such as the Small and
Large Magellanic Clouds, resolving the the metallicity-evolution
should be expected to be of greater importance. At lower metallicities
(Z < 0.01) the changes to the delay-time distributions are more
pronounced, and so simple ‘current metallicity’ approximations may
not be a good model for the current state of nova populations.

All of the above discussion is relevant only for predictions of
‘current’ nova properties as they may appear today. Central to
the good agreement in current event rates between the different
metallicity grids in Fig. 16 is the fact that most of the novae from
old stellar environments occurred in the distant past, and so are not
observable. However, the cumulative effect of novae is of interest
in the context of galactic chemical evolution. Here, the total nova
productivity7 of each starburst suddenly becomes relevant. Fig. 5
and Table 3 summarize the relationship between the total nova
productivity at each metallicity, showing that the nova productivity
of a very low (e.g. Z = 10−4) metallicity star forming environment
can be double that of a solar metallicity environment. We therefore
expect that accurately modelling the metallicity dependence of novae
to be far more important when considering nova yields.

In summary, we find that the impact of metallicity variation
within a given stellar environment can be considered to be a minor
source of uncertainty when making predictions of nova properties
as they would appear today. A comprehensive assessment of the
degree of variation caused by changing evolutionary parameters is
needed before a more precise statement on their relative importance
can be made. However, when considering the effects of novae on
the chemical evolution of our Universe, the cumulative nature of
this quantity leads us to the expectation that accurately treating the
metallicity dependence of novae will be far more important.

6 C O N C L U S I O N

In this work, we use the population synthesis code BINARY C to
investigate the impact that metallicity-dependent stellar evolution
has on nova rates and distributions. The predicted nova rates and
distributions in this paper are for theoretical, intrinsic novae. Factors
affecting the observability of these novae, such as the systematically
slower evolution of nova light curves at low metallicities (Kato et al.
2013), are not accounted for in our model. We present distributions
of nova white dwarf masses, accretion rates, delay-times, and initial
system properties for the two extremes of our 16-point metallicity
grid, Z = 10−4 and Z = 0.03, in addition to describing the more
nuanced morphological transitions within the grid. Using our full 16-
point metallicity grid, we predict current nova rates and distributions
for the MW and M31. We discuss our findings in the context of
uncertainties in binary stellar evolution, metallicity variation inherent
to nova micro-physics, and observed nova rates and distributions.

We find a clear anticorrelation between the total nova productivity
of a burst of star formation and metallicity. Nova productivity
in the highest-metallicity star bursts (Z = 0.03) is roughly half
that of the lowest (Z = 10−4). This trend is primarily driven by
metallicity-associated reductions in stellar radii causing increased
contributions from novae originating from low-mass white dwarfs
with giant donors. A notable secondary influence is the effect of

7It is in fact the total mass of nova ejecta – or, even better, the total mass of
nuclear-processed nova ejecta – that is the most relevant quantity here.
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the systematically higher remnant masses at lower metallicities.
This allows wind-accreting systems in particular to occur in new
regions of the parameter space8 at lower metallicities, in addition to
increasing nova productivity in regions of shared parameter space
due to reducing critical ignition masses.

Metallicity has a clear influence on the distributions of white dwarf
masses, but only very minor effects on accretion rate distributions.
At lower metallicities, 0.6–1 M� C/O white dwarf contributions
increase, with most of these new novae being produced in the
presence of a giant donor. We find that FGB and TPAGB@@@
donor stars remain dominant across all metallicities, contributing
over half of all nova events. The relative importance of FGB and
TPAGB donor stars increases slightly with metallicity.

As metallicity reduces, stellar life times tend to be shorter, the
effect of which can be most clearly observed in our nova delay-time
distributions. The delay-time distributions themselves vary relatively
little in shape with metallicity, the main difference being that lower
metallicities have systematically stronger nova production at delay-
times between 1-3 Gyr. This change is driven by the more prompt
introduction of FGB-donor systems, which occurs approximately
1.5 Gyr sooner at Z = 10−4 compared to Z = 0.03.

Comparing low- and high-metallicity delay-time distributions also
reveals that there are systematic differences in the distributions
of white dwarf compositions. At Z = 10−4, C/O white dwarf
contributions make up 40 per cent of all novae and 80 per cent of
novae with delay-times longer than 10 Gyr, while at Z = 0.03, C/O
white dwarf contributions represent only 25 per cent of all novae,
and only 40 per cent of novae with delay-times longer than 10 Gyr.

We compute a current Galactic nova rate of approximately 33 no-
vae per year, broadly consistent with observational estimates making
use of extra-Galactic nova data. This prediction is inconsistent with
observational estimates making use of Galactic nova data, including
the recent De et al. (2021) estimate of 43.7+19.5

−8.7 novae per year,
which used Galactic novae observed in the near-infrared. However,
we note that our theoretical rate estimate could potentially vary by as
much as 30 novae per year under different combinations of physical
assumptions.

We find that 70 per cent of the currently observable MW novae
occur in the thin disc, 24 per cent in the bulge, 5 per cent in the
thick disc, and 1 per cent in the halo. For each Galactic component
we present predicted distributions for accretor-donor stellar types,
white dwarf masses, accretion rates, and metallicity. We find that
the presence – or absence – of recent/current star formation dra-
matically affects the distributions of the nova white dwarf masses
and metallicities in particular. The observed sensitivity of these
distributions to the evolution histories of the different components
makes novae potentially useful tools to probe the evolution of distant
stellar environments.

In M31, we compute a current nova rate of approximately 36 novae
per year, lower than 65+15

−16 novae per year (Darnley et al. 2006),
the most recent observational estimate of M31’s nova rate. We find
that, provided only estimates of currently observable nova properties
are of interest, our 16-point metallicity grid is excessive for most
stellar environments. For stellar environments where relatively high
metallicity (Z>@@@0.01) star formation is ongoing, or where star
formation has ceased in the distant past, selecting a single metallicity
close to the current metallicity of the environment should provide an
acceptable approximation of the currently observable nova rates and

8Here we refer to the parameter space of initial conditions, specifically the
initial primary mass, secondary mass, and the orbital separation.

distributions. Regarding non-current nova properties, we find that we
are able to approximate the event-rate history of M31 very well with
a grid of 7 carefully selected metallicities.

In the context of the large parameter space and associated un-
certainties surrounding binary stellar evolution (De Marco & Izzard
2017), we conclude that, despite the presence of clear relationships
between nova productivity and the metallicity of the starburst, the
effect of metallicity on novae is likely of only secondary importance.
However, this result is unlikely to hold in stellar environments
undergoing active star formation at low metallicity, such as the
Small and Large Magellanic Clouds. Further, if quantities that are
dependent on cumulative nova production are of interest, such as the
chemical yields from nova outbursts, then a good treatment of the
metallicity evolution of the stellar environment is also necessary.
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