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A B S T R A C T 

The scaling of the specific Type Ia supernova (SN Ia) rate with host galaxy stellar mass Ṅ Ia / M � ∼ M 

−0 . 3 
� as measured in ASAS- 

SN and DES strongly suggests that the number of SNe Ia produced by a stellar population depends inversely on its metallicity. 
We estimate the strength of the required metallicity dependence by combining the average star formation histories (SFHs) of 
galaxies as a function of their stellar mass with the mass–metallicity relation (MZR) for galaxies and common parametrizations 
for the SN Ia delay-time distribution. The differences in SFHs can account for only ∼30 per cent of the increase in the specific SN 

Ia rate between stellar masses of M � = 10 
10 and 10 

7.2 M �. We find that an additional metallicity dependence of approximately 

∼Z 
−0.5 is required to explain the observed scaling. This scaling matches the metallicity dependence of the close binary fraction 

observed in APOGEE, suggesting that the enhanced SN Ia rate in low-mass galaxies can be explained by a combination of their 
more extended SFHs and a higher binary fraction due to their lower metallicities. Due to the shape of the MZR, only galaxies 
below M � ≈ 3 × 10 

9 M � are significantly affected by the metallicity-dependent SN Ia rates. The Ṅ Ia / M � ∼ M 

−0 . 3 
� scaling 

becomes shallower with increasing redshift, dropping by factor of ∼2 at 10 
7.2 M � between z = 0 and 1 with our ∼Z 

−0.5 scaling. 
With metallicity-independent rates, this decrease is a factor of ∼3. We discuss the implications of metallicity-dependent SN Ia 
rates for one-zone models of galactic chemical evolution. 
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 INTRODUCTION  

ype Ia supernovae (SNe Ia) arise from the thermonuclear detonation 
f a white dwarf (WD; Hoyle & Fowler 1960 ; Colgate & McKee
969 ), the exposed carbon–oxygen core of a low-mass star. SN 

urv e ys hav e rev ealed that low-mass galaxies are more efficient
roducers of these events than their higher mass counterparts (e.g. 
annucci et al. 2005 ; Sulli v an et al. 2006 ; Li et al. 2011 ; Smith et al.

012 ). In particular, Brown et al. ( 2019 ) found that the specific SN
a rate – the rate per unit stellar mass – scales approximately with the
nverse square root of the stellar mass itself ( ̇N Ia / M � ∼ M 

−0 . 5 
� ) using

Ne Ia from the All-Sky Automated Survey for Supernovae (ASAS- 
N; Shappee et al. 2014 ; Kochanek et al. 2017 ) and assuming the Bell
t al. ( 2003 ) stellar mass function (SMF). The measurement depends
n the SMF because the number of observed SNe must be normalized
y the number of galaxies in order to compute a specific SN rate.
onsequently, the scaling becomes shallower ( ̇N Ia / M � ∼ M 

−0 . 3 
� ) 

hen using the steeper Baldry et al. ( 2012 ) double-Schechter SMF
arametrization (Gandhi et al. 2022 ). This change leads to agreement 
etween the ASAS-SN measurements and Wiseman et al.’s ( 2021 ) 
stimates from the Dark Energy Surv e y (DES; Dark Energy Surv e y
ollaboration 2016 ) using their own measurements of the SMF, 
hich closely agree with the Baldry et al. ( 2012 ) SMF. Although

he exact strength of the scaling depends on the SMF, it is clear
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hat the specific SN Ia rate is higher in dwarf galaxies. There are a
andful of potential pathways that could give rise to this empirical
esult. 

First, the mean star formation histories (SFHs) of galaxies vary 
ith the stellar mass of the system. In semi-analytic models of galaxy

ormation (see e.g. the re vie ws of Baugh 2006 and Somerville & Dav ́e
015 ), dwarf galaxies in the field have more extended SFHs than
heir higher mass counterparts. This mass dependence is also seen 
n hydrodynamical simulations of galaxy formation (e.g. Garrison- 
immel et al. 2019 ). Since SN Ia delay-time distributions (DTDs)
ecline with age (e.g. Greggio 2005 ; Maoz & Mannucci 2012 ),
alaxies with more recent star formation should have higher specific 
N Ia rates. 
Secondly, Kistler et al. ( 2013 ) argued that the dependence of the

pecific SN Ia rate on stellar mass may be driven by metallicity.
ower mass galaxies host lower metallicity stellar populations 

Gallazzi et al. 2005 ; Kirby et al. 2013 ; Simon 2019 ) and lower
etallicity gas reservoirs (Tremonti et al. 2004 ; Zahid, K e wley &
resolin 2011 ; Andrews & Martini 2013 ; Zahid et al. 2014 ).
istler et al. ( 2013 ) point out that lower metallicity stars leave
ehind higher mass WDs which could potentially grow to the 
handrasekhar mass and subsequently explode more easily than 

heir less massive, high metallicity counterparts. Lower metallicity 
tars have weaker winds during the asymptotic giant branch phase 
Willson 2000 ; Marigo & Girardi 2007 ), leading to lower mass-loss
ates and more massive cores (Kalirai, Marigo & Tremblay 2014 ),
roducing more massive WDs for fixed initial mass stars at lower
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Left : The best-fit mean SFHs of the UNIVERSEMACHINE galaxies with present-day stellar masses of M � = 10 7.5 ± 0.1 (black), 10 8.5 ± 0.1 (red), 
10 9.5 ± 0.1 (green), and 10 10.5 ± 0.1 M � (blue) normalized by their present-day stellar masses. Middle : The specific SN Ia rate as a function of the e-folding 
time-scale of the SFH τ sfh assuming a linear-exponential time dependence and a τ−1 power-law SN Ia DTD. Right : The redshift-dependent MZR reported by 
Zahid et al. ( 2014 ) at z = 0 (black solid), z = 0.5 (blue), and z = 1 (red). For comparison, we include the z ≈ 0 MZR measured by Andrews & Martini ( 2013 ; 
black dotted). 
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etallcity (Umeda et al. 1999 ; Meng, Chen & Han 2008 ; Zhao et al.
012 ). 
Furthermore, in both the single (e.g. Whelan & Iben 1973 ) and

ouble degenerate scenarios (e.g. Iben & Tutukov 1984 ; Webbink
984 ), SNe Ia arise in binary systems. Based on multiplicity mea-
urements of solar-type stars from the Apache Point Observatory
alaxy Evolution Experiment (APOGEE; Majewski et al. 2017 ),
adenes et al. ( 2018 ) and Moe, Kratter & Badenes ( 2019 ) find that

he stellar close binary fraction increases to ward lo w metallicities.
onsequently, dwarf galaxies should have more potential SN Ia
rogenitors per unit mass of star formation due to more massive
Ds and a higher close binary fraction. Moti v ated by these results,
andhi et al. ( 2022 ) explore a handful of parametrizations for the
etallicity dependence of the SN Ia rate in re-simulated galaxies

rom FIRE-2 (Hopkins et al. 2018 ). They find that a Z −0.5 scaling
here Z is the metallicity leads to better agreement with the empirical

elationship between galactic stellar masses and stellar abundances
han when using metallicity-independent SN Ia rates. 

In this paper, we assume that the strong scaling of the specific
N Ia rate with stellar mass is due to metallicity and conduct simple
umerical calculations to investigate its origin. We combine the mean
FHs of galaxies at fixed stellar mass from the UNIVERSEMACHINE

emi-analytic model (Behroozi et al. 2019 ) and the popular τ−1 SN
a DTD (e.g. Maoz & Mannucci 2012 ) with the mass–metallicity
elation (MZR) for galaxies (Tremonti et al. 2004 ; Zahid et al. 2011 ;
ndrews & Martini 2013 ; Zahid et al. 2014 ). Given the mean SFH

nd DTD, we can compute the characteristic SN Ia rate for galaxies
f a given stellar mass, and by assuming that they lie along the
bserved MZR, we can include various scalings of the rate with
etallicity. We describe the model in Section 2 and the effect on
ype Ia rates in Section 3 . In Section 4 , we present simple models
xploring the consequences of metallicity-dependent SN Ia rates for
alactic chemical evolution models. We summarize our findings in
ection 5 . 

 GALACTIC  PROPERTIES  

e begin by examining how the mean galactic SFH varies with
resent-day stellar mass as predicted by the UNIVERSEMACHINE

emi-empirical model (Behroozi et al. 2019 ). While conventional
NRAS 526, 5911–5918 (2023) 
emi-analytic models forward model galaxy formation (see e.g.
he re vie w in Somerville & Dav ́e 2015 ), UNIVERSEMACHINE uses
ark matter halo properties from the Bolshoi-Planck and Multi-Dark
lanck 2 dark matter only simulations (Klypin et al. 2016 ) to fit
ontinuity equations to the observations. It successfully reproduces
 broad range of well-constrained observables, including SMFs,
osmic SFRs, specific SFRs, quenched fractions, and UV luminosity
unctions. While some semi-analytic models have used the extended
ress–Schechter formalism (Press & Schechter 1974 ; Bond et al.
991 ) to generate halo merger trees and push the lower stellar
ass limit of their model down to M � ≈ 10 7 M � (e.g. Somerville,
opping & Trager 2015 ), an advantage of UNIVERSEMACHINE is

hat the high mass resolution of the Bolshoi-Planck and Multi-
ark Planck 2 simulations allows merger trees down to M � =
0 7.2 M � to be obtained directly from the simulations. Conveniently,
his limit is approximately the lowest mass for which there are
mpirical constraints on the specific SN Ia rate from ASAS-SN
Brown et al. 2019 ) and DES (Wiseman et al. 2021 ), though one
ource of uncertainty is that UNIVERSEMACHINE ’s constraints on
FHs at these masses involve significant extrapolation. To relate

hese predictions to data from the untargeted ASAS-SN surv e y
Shappee et al. 2014 ; Kochanek et al. 2017 ), we take the full galaxy
ample from UNIVERSEMACHINE , including both star forming and
uenched galaxies as well as both centrals and satellites, though
entrals are the dominant population across the full stellar mass
ange. 

In the left panel of Fig. 1 , we show the best-fitting mean
FH as a function of lookback time in four narrow bins of
resent day stellar mass. In general, low stellar mass galax-
es have more extended SFHs than their higher mass counter-
arts. This effect is sufficiently strong that for stellar masses of
10 7.5 M �, typical SFRs are still increasing at the present day, while
10 10.5 M � galaxies experienced their fastest star formation long

go. 
We adopt a DTD that scales with the age of a stellar population

s τ−1 starting at a delay time t D = 100 Myr as suggested by
omparisons of the cosmic SFH with the volumetric SN Ia rate as a
unction of redshift (Maoz & Mannucci 2012 ; Maoz, Mannucci &
randt 2012 ; Graur & Maoz 2013 ; Graur et al. 2014 ). We conducted
ur analysis using alternative choices of the power-la w inde x as
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ell as an exponential DTD with an e-folding time-scale of τ Ia = 

.5 Gyr and found similar conclusions in all cases. We do not
onsider metallicity-dependent variations in the shape of the DTD 

ere, instead focusing on the o v erall normalization. In principle, the
inimum delay of the DTD could be as short as ∼40 Myr if WDs

re produced by � 8 M � stars (e.g. Hurley, Pols & Tout 2000 ), and
erhaps even shorter at low metallicity if the total metal content of a
tar significantly impacts its lifetime (e.g. Kodama & Arimoto 1997 ; 
incenzo et al. 2016 ). Ho we ver, if SNe Ia require some additional

ime following WD formation, the minimum delay will be longer. 
ince we are interested in the first-order effects of variations in the
FH on specific SN Ia rates, we assume a value of t D = 100 Myr.
n calculations using both t D = 40 and 150 Myr, we found similar
esults. 

For an SFH Ṁ � and DTD R Ia as functions of lookback time τ , the
pecific SN Ia rate at a stellar mass M � is 

Ṅ Ia ( M � | γ ) 

M � 

∝ Z( M � ) 
γ

∫ T −t D 

0 
Ṁ � ( τ | M � ) R Ia ( τ )d τ

∫ T 

0 
Ṁ � ( τ | M � )d τ

(1) 

here T = 13.2 Gyr is the time elapsed between the onset of star
ormation and the present day. To investigate the effects of metallicity, 
e add a power-law metallicity scaling Z ( M � ) γ where Z is given
y the MZR. In detail, the WDs producing SNe Ia come from
tellar populations with a distribution of metallicities, and therefore a 
ore accurate parametrization would marginalize Z ( M � ) γ o v er each

alaxy’s enrichment history. The inferred rates would be higher if 
ne were to account for this effect, but the event rate in low-mass
eld galaxies should be dominated by young stellar populations 
nyway due to their tendency to form at low redshift combined 
ith the steepness of the SN Ia DTD. Accounting for distributions

n metallicity can be addressed by either including an MZR that 
volves with redshift inside the integral or folding in some model 
f galactic chemical evolution (GCE; see e.g. Section 4 below or
he re vie w by Matteucci 2021 ). We are only interested in the scaling
f the rates with M � , so we normalize all rates to unity at M � =
0 10 M � follo wing Bro wn et al. ( 2019 ). Although the denominator
f equation ( 1 ) in detail should depend on mass-loss from stars
s they eject their envelopes, this is an approximately constant 
erm which can safely be neglected in the interest of computing 
elative rates ( ≈40 per cent for a Kroupa 2001 IMF; see discussion
n sections 2.2 and 3.7 of Weinberg, Andrews & Freudenburg 
017 ). 
To qualitatively illustrate how the specific SN Ia rate scales with 

he time-scale o v er which star formation occurs, we consider the sim-
le example of a linear-exponential parametrization Ṁ � ∝ te −t/τsfh 

here t = T − τ . The middle panel of Fig. 1 shows equation ( 1 )
s a function of the e-folding time-scale τ sfh assuming γ = 0. The 
pecific SN Ia rate is lowest in the limiting case of a single episode
f star formation (i.e. τ sfh → 0), rises steeply until τ sfh ≈ 10 Gyr, 
nd then flattens once τ sfh � T . A higher specific SN Ia rate as
bserved in dwarf galaxies is therefore a natural consequence of 
heir more extended SFHs, though we demonstrate below that this 
ffect accounts for only a factor of ∼2 increase in the rate between
0 7.2 and 10 10 M �. 
The right panel of Fig. 1 shows the MZR parametrized by Zahid
t al. ( 2014 ; see their equation 5) 1 at redshifts z = 0, 0.5 and 1
n comparison to the Andrews & Martini ( 2013 ) parametrization
t z = 0. Although UNIVERSEMACHINE allows us to investigate 
hese effects at stellar masses as low as 10 7.2 M �, the Zahid et al.
 2014 ) measurements are available only for M � ≈ 10 9 –10 11 M �
alaxies. Andrews & Martini ( 2013 ) used stacked spectra from
he Sloan Digital Sky Survey (SDSS; York et al. 2000 ) to obtain
irect measurements of the oxygen abundance in bins of stellar 
ass extending as low as ∼10 7.4 M �. Relative to Zahid et al.

 2014 ), the Andrews & Martini ( 2013 ) parametrization has a lower
lateau but otherwise a similar slope and turno v er mass. Because
e simply normalize the rates to unity at M � = 10 10 M �, only the

hape of the MZR matters, and we find similar results using both
arametrizations. UNIVERSEMACHINE includes the parametrization 
f metallicities as a function of stellar mass and redshift from
aiolino et al. ( 2008 ), which is similar in shape to Andrews &
artini ( 2013 ) and Zahid et al. ( 2014 ). In order to estimate SN Ia

ates at redshifts of z = 0.5 and z = 1, we use the redshift-dependent
ahid et al. ( 2014 ) formalism in Section 3 . Although these MZRs are
imilarly shaped, there are others in the literature that are different,
articularly at the low-mass end where the measurements are more 
hallenging (see e.g. the re vie w by K e wley, Nicholls & Sutherland
019 ). 
Given a present-day stellar mass, we compute its SFH as a function

f lookback time by interpolating between the stellar mass and 
napshot times included in the UNIVERSEMACHINE predictions. We 
hen compute the specific SN Ia rate according to equation ( 1 ) given
he implied SFH and and a τ−1 DTD, amplifying the rate by a
actor of Z γ where the metallicity Z is computed from the Zahid
t al. ( 2014 ) MZR. Because these calculations are simply using
he UNIVERSEMACHINE SFHs, our predictions are unaffected by the 
MF dependence of the observational estimates (i.e. equation ( 1 ) can
imply be divided by M � as opposed to an integral over the SMF).
o we ver, the UNIVERSEMACHINE SFHs are still dependent on the
aldry et al. ( 2012 ) SMF, because they use this form as an empirical
onstraint at z = 0. Comparing our predictions to scalings of the
N Ia rate with masses derived from a different SMF would require
pdated SFHs. 
The stellar MZR (e.g. Gallazzi et al. 2005 ; Kirby et al. 2013 ;

imon 2019 ) is perhaps a better relation to use than the gas-phase
ZR since the stellar populations produce the SN e vents. Ho we ver,

iven the uncertainties involved, the gas-phase measurements should 
e accurate enough for a first investigation into possible origins 
f metallicity dependent SN Ia rates. While Moe et al.’s ( 2019 )
etallicity dependence of the close binary fraction is based on stellar
e abundances, we use gas-phase O abundances since this observable 

s the primary focus of population studies of galaxy metallicities in
erms of both models and measurements. While the O and Fe abun-
ances of stellar populations are correlated, the relationship between 
he two is not linear due to the evolving contributions of massive stars
nd SNe Ia (see e.g. Section 4 ). Moreo v er, binarity appears to depend
n both [Fe/H] and [ α/Fe] (Mazzola et al. 2020 ). The underlying
ultiplicity measurements are also challenging (Moe & Di Stefano 

017 ; Offner et al. 2022 ) but will impro v e in the coming years thanks
o the expansion of available data (e.g. SDSS-V; Kollmeier et al.
017 ). 
MNRAS 526, 5911–5918 (2023) 
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Figure 2. Left : Predicted scalings of the specific SN Ia rate with galaxy stellar mass (see equation ( 1 )) assuming the mean UNIVERSEMACHINE SFHs and a 
single power-law Z γ metallicity-dependence with γ = 0 (i.e. no dependence; black), γ = −0.2 (red), γ = −0.5 (green), γ = −1 (blue), and γ = −2 (purple). 
Follo wing Bro wn et al. ( 2019 ) and Gandhi et al. ( 2022 ), we normalize all rates to a value of 1 at M � = 10 10 M �. Black dashed lines denote the scalings of 
Ṅ Ia / M � ∼ M 

−0 . 5 
� and Ṅ Ia / M � ∼ M 

−0 . 3 
� derived when normalizing the observed rates by the Bell et al. ( 2003 ) and Baldry et al. ( 2012 ) SMFs, respectively. 

Right : The same metallicity scalings as in the left panel in comparison to the close binary fractions observed in APOGEE (Moe et al. 2019 ; black dashed line 
with error bars) normalized to the observed binary fraction of 10 per cent at log 10 ( Z /Z �) = + 0.5. The characteristic metallicities of M � = 10 7.2 M � (log 10 ( Z /Z �) 
≈ −0.6) and 10 10 M � galaxies (log 10 ( Z /Z �) ≈ + 0.4) are marked with black dotted lines. The arrow denotes the binary fraction of 53 ± 12 per cent measured 
by Moe et al. ( 2019 ) at [Fe/H] = −3. 
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Lastly, changes in SN rates will impact the feedback into
he interstellar medium, and by extension the SFH, so the post-
rocessing prescription of equation ( 1 ) is somewhat o v ersimpli-
ed (Gandhi et al. 2022 ). None the less, it should suffice for
nderstanding the first-order effects of metallicity-dependent SN Ia
ates. 

 PREDICTED  SN  IA  RATES  

he left panel of Fig. 2 shows the specific SN Ia rate for several
hoices of γ in comparison to the Ṅ Ia / M � ∼ M 

−0 . 5 
� and Ṅ Ia / M � ∼

 
−0 . 3 
� scalings of the observed rate with the Bell et al. ( 2003 ) and
aldry et al. ( 2012 ) SMFs, respectively. The metallicity dependence
as a significant impact only below M � ≈ 3 × 10 9 M � due to the
hape of the MZR; this is the mass abo v e which the MZR flattens
onsiderably (see Fig. 1 ). Assuming no metallicity dependence (i.e.
= 0), these calculations suggest that the variations in SFHs between
10 7.2 and ∼10 10 M � can account for only a factor of ∼2 increase

n the specific SN Ia rate. The γ = −0.5 case is generally consistent
ith a mass dependence of M 

−0 . 3 
� , while the steeper dependence of

 
−0 . 5 
� would require a stronger scaling of roughly γ ≈ −1.5. 
In the right panel of Fig. 2 , we compare the same scalings to the

lose binary fractions in APOGEE measured by Moe et al. ( 2019 ).
he binary fraction must eventually saturate, along with its impact
n SN rates, and Moe et al. ( 2019 ) measured 53 ± 12 per cent in
he most metal-poor stars ([Fe/H] ≈ −3), which we also include in
ig. 2 . Ho we v er, our sample does not e xtend to such low metallicities.
he line at Z ≈ 10 −0.6 Z � is the characteristic abundance of an
 � = 10 7.2 M � galaxy in the Zahid et al. ( 2014 ) parametrization. For

he range of metallicities spanned by the stellar masses we explore
ere, the close binary fraction is remarkably consistent with a γ =
0.5 scaling with metallicity. If one instead takes Z ≈ 0.1 Z � for a
NRAS 526, 5911–5918 (2023) 
10 7.2 M � galaxy as suggested by Andrews & Martini ( 2013 ), then
here is a slight tension between a γ = −0.5 scaling and the close
inary fraction measured by Moe et al. ( 2019 ). That is, although the
ormalization of the MZR does not impact our predicted scaling of
he specific SN Ia rate with stellar mass, it does impact whether or not
inarity can explain the effect across the full range of metallicities. In
articular, the stellar MZR has a lower normalization (e.g. Gallazzi
t al. 2005 ; Kirby et al. 2013 ; Simon 2019 ), reaching [Fe/H] ≈ −1 at
2 × 10 8 M �. Comparing this normalization with Moe et al.’s ( 2019 )
easurement at [Fe/H] ≈ −3 suggests that variations in binarity may

e minimal in the 10 7 –10 8 M � range and that additional effects would
e required to explain a steep increase in SN Ia rates with decreasing
ass. 
There is some additional freedom to adjust the metallicity depen-

ence beyond that of binaries, so the agreement need not be perfect.
 or e xample, an y additional increase in the SN Ia rates not supplied
y an increased binary fraction could arise due to more massive WDs
orming at low Z – the scenario postulated by Kistler et al. ( 2013 ).
one the less, it appears that the scaling of the close binary fraction
ith metallicity can explain the majority of the effect if the rate

cales with mass as Ṅ Ia / M � ∼ M 
−0 . 3 
� . If, instead, the ∼M 

−0 . 5 
� scaling

ound using the Bell et al. ( 2003 ) SMF is accurate, then the required
≈ −1 . 5 scaling cannot be explained by the close binary fraction

lone as it would reach unphysical values ( > 1) within the range of
bserved metallicities. 
Due to the evolution of the MZR, the mass dependence of the

pecific SN Ia rate at different redshifts could empirically distinguish
etween γ = 0 and γ = −0 . 5. To investigate this possibility, we sim-
ly e v aluate equation ( 1 ) o v er the appropriate range of lookback time
ssuming standard cosmological parameters (Planck Collaboration
t al. 2014 ). For the γ = 0 case, we also show the effect of applying
n additional ( M � /10 10 M �) −0.15 . This pre-factor brings the γ = 0



Type Ia supernova rates 5915 

Figure 3. The specific SN Ia rate normalized to 1 at 10 10 M � as a function of stellar mass with ( γ = −0.5, left) and without a metallicity dependence ( γ = 

0, right) at redshifts z = 0 (black), 0.5 (blue), and 1 (red). In the right panel, we artificially scale the rates by a factor of ( M � /10 10 M �) −0.15 to bring the z = 

0 predictions into better agreement with an ∼ M 
−0 . 3 
� scaling as predicted by the γ = −0.5 case. Stellar masses correspond to the appropriate redshift (i.e. the 

rates for z = 1, use the z = 1 stellar masses and not the present-day stellar masses). We show the unmodified rates as dotted lines (the black solid line in the left 
panel and the black dotted line in the right panel are the same as the green line and black solid line in the left panel of Fig. 2 , respectively). 
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Figure 4. The predicted stellar mass distribution of z = 0 SN Ia host galaxies 
in an untargeted surv e y (see equation 3 ) with the Bell et al. ( 2003 ; dotted) 
and Baldry et al. ( 2012 ; solid) SMFs for both metallicity-dependent ( γ = 

−0.5, red) and metallicity-independent rates ( γ = 0, blue). All distributions 
are normalized to a maximum value of 1. 
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redictions into better agreement with the empirical Ṅ Ia / M � ∼ M 
−0 . 3 
� 

caling at z = 0 and is intended to encapsulate the mass scaling
eeded for some other unknown process to sufficiently amplify the 
N Ia rate at low stellar masses if it is instead not due to metallicity
ffects. 

We show the resulting specific SN Ia rates as a function of
tellar mass at z = 0, 0.5, and 1 in Fig. 3 . In both the γ = 0
nd γ = −0.5 cases, the scaling of the specific SN Ia rate with
alaxy stellar mass becomes shallower with increasing redshift. If 
= −0.5, these calculations suggest that it should decrease by 

 factor of ∼2 between z = 0 and z = 1 at M � ≈ 10 7.2 M �, the
owest stellar mass for which we have made predictions at all three
edshifts. If γ = 0, then the rate instead decreases by a factor of
3 at ∼10 7.2 M �. This difference arises because the metallicities 

f dwarf galaxies decrease with increasing redshift and γ = −0.5 
llows them to sustain higher SN Ia rates than if γ = 0. Empirically,
he cosmic SN Ia rate increases with redshift (e.g. Graur et al.
014 ), and we have verified that our framework reproduces this
esult by integrating over the SMF (similar to equation 3 below). 
iven this result and the lower stellar masses of the host galaxies at
igh redshift, one might expect the trend to steepen with increasing 
. The slope instead decreases here because the lines in Fig. 3
right panel) are moving to the right with time as galaxies grow
n mass, and we normalize to unity at a stellar mass of 10 10 M � at all
edshifts. 

While empirical measurements of the specific SN Ia rate as a 
unction of stellar mass depend on the assumed SMF (Gandhi et al.
022 ), the host galaxy mass distribution of observ ed ev ents does not,
aking it a potentially more observationally feasible diagnostic. As 

oted in Fig. 2 , only dwarf galaxies are significantly affected by a
etallicity-dependent scaling of SN Ia rates due to the shape of the
ZR, so a γ ≈ −0.5 scaling should appear as an enhanced SN Ia

ate at the low-mass end of the distribution. Although this empirical 
easurement does not depend on the SMF, our theoretical prediction 
(  
oes because we must take into account the relative abundances of
alaxies of different stellar masses. The observed rate in a bin of
tellar mass can be expressed as the product of the characteristic rate
˙
 Ia at a given stellar mass and the integral of the SMF � ( M � ) o v er

he bin in stellar mass, 

˙
 Ia,cosmic ( M � | γ ) = Ṅ Ia ( M � | γ ) 

∫ M � + dM � 

M � 

� ( M � )d M � , (3) 

here Ṅ Ia is the numerator of equation ( 1 ). We show this distribution
n Fig. 4 for each combination of γ = 0 and −0.5 and the Bell et al.
 2003 ) and Baldry et al. ( 2012 ) SMFs, normalizing to a maximum
MNRAS 526, 5911–5918 (2023) 
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M

Figure 5. A comparison of one-zone galactic chemical evolution models based on Johnson & Weinberg ( 2020 , for details, see their section 2) with ( γ = −0.5, 
solid) and without ( γ = 0, dotted) metallicity-dependent SN Ia rates. Tracks denote the O and Fe abundances in the interstellar medium parametrized as a 
function of time with points marked at T = 2, 4, 6, 8, and 10 Gyr. Insets illustrate [O/H] and [Fe/H] as a function of time in Gyr for the corresponding model. 
We note on each panel the choice of the outflow mass-loading factor η and the star formation efficiency time-scale τ � . 
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alue of unity. For untargeted surv e ys like ASAS-SN, equation ( 3 )
hould describe the observed host galaxy stellar mass distribution
 xactly, whereas targeted surv e ys like the Lick Observatory SN
earch (LOSS; Li et al. 2000 ; Filippenko et al. 2001 ) would need to
orrect for their target galaxy selection criteria. 

Fig. 4 shows that galaxies with stellar masses of M � = 10 10 –
0 11 M � should dominate the SN Ia rate for all choices of the SMF
nd γ . This peak rate simply represents the galaxies that dominate
he stellar mass. For a given choice of the SMF, γ = −0.5 increases
he number of SNe Ia at M � ≈ 10 7.2 M � by a factor of ∼3 relative
o γ = 0. Ho we ver, Fig. 4 also shows that the enhancement is small
ompared to the differences between the two SMFs. Between the
eak and 10 7.2 M �, the Bell et al. ( 2003 ) host mass distribution
rops by ∼2.5 orders of magnitude while that of Baldry et al. ( 2012 )
rops by ∼1.5 orders of magnitude. This difference illustrates the
eed for precise knowledge of the SMF to accurately determine the
etallicity-dependence of SN Ia rates. 

 GALACTIC  CHEMICAL  EVOLUTION  

he realization that SN Ia rates likely depend on metallicity with
 γ = −0.5 dependence has important implications for GCE
odels, which typically assume metallicity-independent rates. To

emonstrate this, we briefly explore several one-zone models based
n Johnson & Weinberg ( 2020 ) which predict the evolution of O
produced only in massive stars) and Fe (produced in both massive
tars and SNe Ia). We use an exponential SFH with an e-folding time-
cale of τ sfh = 6 Gyr and a minimum delay of t D = 100 Myr before
he onset of SNe Ia from a given stellar population. For metallicity-
ependent rates, we simply apply a ( Z /Z �) −0.5 prefactor to their Fe
ield of y Ia Fe = 0 . 0017, which assumes that the shape of the DTD
oes not vary with metallicity – only the normalization. Otherwise,
hese models are the same as Johnson & Weinberg ( 2020 ). 

Fig. 5 illustrates the predictions of this SFH with ( η, τ � ) = (2.5,
 Gyr), (2.5, 10 Gyr), and (20, 10 Gyr) where η ≡ Ṁ out / Ṁ � is the
ass-loading factor describing the efficiency of outflows and τ� ≡
 gas / Ṁ � is the inverse of the star formation efficiency. These values

re appropriate for the Solar neighbourhood with efficient (left panel)
nd inefficient (middle panel) star formation and for a dwarf galaxy
right panel). In all cases, γ = −0.5 predicts a much more abrupt
escent from the high [O/Fe] plateau because of the higher Fe yield at
NRAS 526, 5911–5918 (2023) 
ow metallicity. If incorporated into GCE models, this could impact
he inferred evolutionary time-scales of the thick disc, known to host
any of the high [O/Fe] stars in the Milky Way (Hayden et al. 2017 ).
hen the equilibrium abundance is near-Solar but star formation

s slow (middle panel), the model predicts a ‘secondary plateau’
n [O/Fe] because the Fe enrichment rate slows down due to the
etallicity-dependence of the yield (see inset). This is a noteworthy

heoretical prediction because generally [ α/Fe] and [Fe/H] reach
quilibrium at similar times and no secondary plateau arises (e.g.
einberg et al. 2017 ). 
These models are intended to be illustrative rather than quantita-

ive. In general, the only regions of chemical space where γ = 0
nd γ = −0.5 agree are at near-Solar abundances and along the high
O/Fe] plateau, which occurs before the onset of SN Ia enrichment.
 γ = −0.5 scaling has the strongest impact at low Z , where the
etallicity-dependence of the yield shifts the Fe abundances by
0.5 dex in this example. 

 DISCUSSION  AND  CONCLUSIONS  

uilding on LOSS (Li et al. 2011 ), Brown et al. ( 2019 ) and Wiseman
t al. ( 2021 ) found that SN Ia rates rise steeply to ward lo w stellar
ass. The exact slope depends on the adopted SMF, with Ṅ / M � ∼
 
−0 . 3 
� for Baldry et al. ( 2012 ) and Ṅ / M � ∼ M 

−0 . 5 
� for Bell et al.

 2003 ). To explain this scaling with mass, we use the mean SFHs of
alaxies predicted by the UNIVERSEMACHINE (Behroozi et al. 2019 )
emi-empirical model of galaxy formation, a standard τ−1 DTD (e.g.

aoz & Mannucci 2012 ), and the empirical MZR as parametrized
y Zahid et al. ( 2014 ) to relate stellar mass to metallicity and build-in
 Z γ SN Ia rate dependence. Our results depend only on the shape of
he MZR and not its absolute calibration. While lower mass galaxies
ave younger stellar populations, we find that this accounts for only
 factor of ∼2 increase in the specific rate between M � = 10 7.2 and
0 10 M �. We can match the M 

−0 . 3 
� increase if γ ≈ −0.5, but γ ≈

1.5 is required to explain the steeper Ṅ / M � ∼ M 
−0 . 5 
� scaling. 

A scaling of γ = −0.5 is in excellent agreement with the
ependence of the close binary fraction measured in APOGEE, which
ncreases from ∼10 per cent at ∼3Z � to ∼40 per cent at ∼0.1Z �
Moe et al. 2019 ). This close match suggests that if a scaling of
˙
 Ia / M � ∼ M 

−0 . 3 
� is accurate, then the ele v ated SN Ia rates in dwarf

alaxies can be explained by a combination of their more extended
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FHs and an increased binary fraction compared to their higher mass
ounterparts due to differences in metallicity. While Gandhi et al. 
 2022 ) moti v ate their investigation from this vie wpoint, here we take
his argument one step further and postulate that this accounts for the

ajority of the increase in the specific SN Ia rate because the binary
raction can naturally account for a factor of ∼3 increase o v er the ∼1
ecade in metallicity spanned by M � = 10 7.2 –10 10 M � galaxies. Due
o the uncertainties involved (see discussion at the end of Section 2 ),
e do not rule out the possibility of additional effects, such as the
igher masses of WDs originating from lower metallicity populations 
Kistler et al. 2013 ). These effects must be important if the steeper

M 
−0 . 5 
� scaling inferred with the Bell et al. ( 2003 ) SMF is accurate.

one the less, binarity offers a natural and attractive explanation of
he observed rates since SNe Ia arise from binary systems, and it can
asily be the dominant effect given recent multiplicity measurements 
nd popular choices of the MZR. 

At first glance, an inverse dependence of SN Ia rates on metallicity
ay seem at odds with the results in Holoien et al. ( 2022 ) finding

hat dwarf galaxy hosts of ASAS-SN SNe Ia tend to be oxygen-rich
elative to similar mass galaxies. Ho we ver, SN hosts are likely not a
epresentative sample of the underlying galaxy population, because 
he steeply declining DTD (e.g. Maoz & Mannucci 2012 ) means that
he intrinsically highest SN Ia rates at any mass should be in systems
hich experienced a recent starburst ( � 1 Gyr ago). Since oxygen

s produced by massive stars with short lifetimes (e.g. Hurley et al.
000 ; Johnson 2019 ), these galaxies should also have a higher-than-
 verage oxygen ab undance (see e.g. Johnson & Weinberg 2020 ). In
ther words, SN Ia hosts at fixed mass should be more metal-rich
han the average galaxy. 

The calculations we have presented here are simplified in several 
egards. We assumed the characteristic SFH predicted by a model 
f galaxy formation at all stellar masses. Our parametrization 
f the MZR includes no intrinsic scatter, and taking the Zahid 
t al. ( 2014 ) MZR at face value for use in a power-law scaling
mplicitly assumes that all SNe Ia arise from stellar populations near 
he gas-phase abundance. Although in principle galaxies populate 
istributions of finite width in each of these quantities, these 
pproximations should be fine for the purposes of predicting average 
rends. 

Although current surv e ys lack the depth required to pin down
N rates across multiple decades of stellar mass at z = 1, the
ample sizes necessary to do so may be available from next- 
eneration facilities. First and foremost, the Nancy Grace Roman 
pace Telescope (Spergel et al. 2013 , 2015 ) will obtain large samples
f SNe. Roman has excellent prospects for discovering all classes 
f SNe at redshifts as high as z � 2 and beyond (Petrushevska
t al. 2016 ). The difficulty in empirically constraining the specific 
N Ia rate at z ≈ 1 instead comes from uncertainties in the SMF.
ven at z = 0, these measurements are difficult due to the flux-

imited nature of most surv e ys and the broad range of luminosities
nd mass-to-light ratios spanned by galaxies (see the discussion in 
eigel, Schawinski & Bruderer 2016 ). Between 10 7.2 and 10 10 M �,

he factors of 2 and 3 predicted by our calculations with γ = −0.5
nd γ = 0 are produced by power-law indices of −0.108 and −0.170,
especti vely. The dif ference between the two (0.062) is the minimum
recision required for the scaling of the SMF at the low-mass end –
nly slightly larger than the precision achieved by Baldry et al. ( 2012 ;
0.05, see their fig. 13). This empirical test therefore requires at least

heir level of precision but at z ≈ 1. 
A metallicity dependence of Z −0.5 strongly impacts the evolution 

f Fe in one-zone models of galactic chemical evolution. The 
onsiderable impact that a γ = −0.5 scaling has on the predic- 
ions indicates that evolutionary parameters inferred from one-zone 
odel fits to multi-element abundance ratios may need revised. The 

trongest impact is for dwarf galaxies, where the abundances are 
ow and the higher yields predict substantial shifts in the position
f the evolutionary track in abundance space. Despite the natural 
xplanation that a metallicity dependence offers to the observed rates, 
he impact on GCE is rather perplexing in that its inclusion worsens
he agreement between observed abundances and typical models 
see e.g. Johnson et al. 2021 or Spitoni et al. 2021 for comparison).
he yields may also depend on metallicity, which could mitigate or
xacerbate these effects (Gronow et al. 2021 ). 
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