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ABSTRACT
The enhancement of α elements such as oxygen is an important phase in the chemical evolution of the early Universe,
with nebular material becoming enriched in these elements sooner than iron. Here we present models which incor-
porate stellar spectra with α-enhanced compositions, focusing on the impact on the integrated light of young stellar
populations, including those with large binary star fractions using the Binary Populations and Spectral Synthesis
(bpass) framework, while using Solar-scaled stellar evolution models. We find that broad spectrum outputs such as
production of ionising flux, the ultraviolet spectral slope and optical colours are only weakly affected by a change
in [α/Fe]. A number of features such as ultraviolet line indices (e.g. at 1719 and 1853Å) and optical line indices
(such as MgB) are sensitive to such changes in composition for a continuously star-forming population and a single
starburst population respectively. We find that at ages of more than 1Gyr, α-enhanced stellar populations appear
bluer than their Solar-scaled counterparts, and show expected sensitivity of optical line indices to composition, in
agreement with previous work. The ultraviolet stellar absorption lines are relatively insensitive to subtleties in the
abundances ratios, although with sufficient measurement precision, a combination of UV line indices may enable a
simultaneous measurement of total metallicity mass fraction and [α/Fe] in young stellar populations. The output
models are designated as bpass v2.3 and made available to the community with the aim of assisting interpretation
of observations of high-redshift galaxies with the James Webb Space Telescope.
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1 INTRODUCTION

The chemical evolution of the Universe does not happen uni-
formly across all elements (e.g. Kobayashi et al. 2020, and
references therein). Elements produced through the α process
are synthesised in large quantities in massive stars and core
collapse supernovae, while iron group elements like Fe and Ni
are produced more readily during Type Ia supernovae. These
occur at the end of the life of less massive stars, introducing a
long delay time from initial star formation. Consequentially,
stars in the early Universe form from material which has a
higher α element to iron abundance ratio than stars like the
Sun which formed later.
Analysis of deep spectroscopy of distant galaxies has

confirmed this expectation, with significant levels of α-
enhancement observed in galaxy populations at z ∼ 2 (Steidel
et al. 2016; Strom et al. 2021) and z ∼ 3.4 (Cullen et al. 2021).
The advent of the James Webb Space Telescope (JWST) ex-
tends such analyses to higher redshifts, and such observations
make plain the need for stellar population models which in-
corporate this property. In order to be of practical benefit
for understanding the young stellar populations in the galax-
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ies that JWST will observe, these models will also need to
include massive stars, which will be a major contributor to
the stellar flux, and the effects of binary stellar evolution, as
massive stars are frequently found in multiple star systems
(Sana et al. 2012).
Most stellar population synthesis models, which are

presently used to fit and determine the properties of galax-
ies at high redshifts, rely on models which scale the overall
metallicity mass fraction, Z, in proportion to an assumed So-
lar abundance profile. At low metallicities, this assumption is
clearly not valid, and measurements of the gas phase metal-
licity (typically measured by the strength of emission lines
of oxygen and other α elements) and the stellar metallicity
(typically measured from iron absorption lines) can produce
significantly different results in low-metal environments.
The enhancement of α elements has an impact on all as-

pects of stellar population synthesis. It affects both the over-
all evolution of the stars as well as their resulting spectra.
Potentially it may also affect the occurrence and outcome
of binary interactions. Stellar evolution models of stars with
α-enhanced compositions has been computed by numerous
groups (e.g. VandenBerg et al. 2014; Pietrinferni et al. 2006,
2021). These studies have tended to explore old stellar pop-
ulations in nearby globular clusters, since these are the en-
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vironments in which α-enhancement is seen in the local Uni-
verse. Thus the focus of the work was on understanding the
effects of α-enhancement on the evolution of low mass stars,
which have long evolutionary timescales. For example, the
recent work by Pietrinferni et al. (2021) calculated a grid
of models with α-enhancement using the BaSTI stellar evo-
lution code. This grid contained only stars which evolve in
isolation from any companion and has grid steps of 1M� in
the initial mass range 10-15M�. No higher mass models have
been calculated by these authors, or any others we are aware
of. This information is of limited benefit for studying stel-
lar populations in the early Universe, where the flux output
is dominated by hot, young, massive stars, which can have
initial masses extending well above 100M�, and which are
overwhelmingly likely to undergo binary interactions during
their lifetimes. These early galaxies are certainly metal-poor,
and thus highly likely to also be α-enhanced. These are effec-
tively the same stellar populations seen in local old systems,
but now observed directly in their infancy.
The effects of α-enhancement on the atmospheres and spec-

tra of individual stars has been studied in some depth, with
spectral libraries of non-Solar-scaled compositions found in
the literature. These spectral libraries span a range of [Fe/H]
and [α/Fe] values, but individually have drawbacks for appli-
cation to young stellar populations. The theoretical models in
the sMILES library of Knowles et al. (2021, K21) only extend
to effective temperatures of 10 000K, which is insufficient for
studying massive stars. The Coelho (2014, C14) spectral li-
braries provide spectra up to higher effective temperatures
(30 000K), but the number of composition variations is com-
paratively small, with 8 different values of [Fe/H] at a fixed
[α/Fe] of +0.4. The high resolution spectral libraries of Al-
lende Prieto et al. (2018, AP18) has good parameter space
coverage while also providing a wide variety of compositions,
but also extends to only 30 000K. These α−enhanced spectra
are calculated for λ > 2000Å, and so do not extend into the
far-ultraviolet region of the spectrum, which dominates the
production of nebular emission in star-forming galaxies and
is the most straight-forwardly observable spectral region in
highly-redshifted galaxies. All three of these libraries make
use of model atmosphere parameterisations generated by a
version of the atlas code, atlas9 (Castelli & Kurucz 2003)
in the case of C14 and AP18 and atlas12 (Kurucz 2005) in
the case of K21. There is also a variation in choice of radiative
transfer code used to estimate the resultant atmosphere spec-
tra, with C14 using synthe (Kurucz & Avrett 1981), while
AP18 and K21 used the assεt code (Koesterke et al. 2008;
Koesterke 2009) to compute their spectra from a given set of
atmospheric parameters.
Some population synthesis calculations have been done

which self-consistently consider both evolution models and
spectra that have been α-enhanced. Vazdekis et al. (2015)
carried out a study of old- and intermediate-aged stellar pop-
ulations at a low spectral resolution (FWHM 2.51Å). The
alpha-enhanced isochrones they used extended only to 10M�.
They found that at ages above about a Gyr, an α-enhanced
population appears bluer at the blue end of the spectrum and
redder at red wavelengths than a Solar-scaled mixture. This
work focused on the optical spectrum, and did not extend
into the ultraviolet. Earlier work by Percival et al. (2009) in-
vestigated α-enhanced stellar populations in the context of
Galactic globular clusters, and such models were able to re-

produce the spread of ages and compositions of a large sample
of globular clusters in the Milky Way. The high-resolution
spectra used in that work (taken from Munari et al. 2005)
have a short wavelength limit of 2500Å, which still does not
reach far enough into the ultraviolet to provide a complete
picture of the properties and impact of massive stars.
The need for further work is motivated not only by the

importance of extending spectral synthesis models to bluer
wavelengths and earlier times, but also by a fundamental
property of the young stellar populations themselves. A key
feature of massive stars in young stellar populations - the
role played by binary interactions - has not been taken into
account in any of these earlier studies. The majority of mas-
sive stars are found in binary systems, with some 70 per cent
of such stars interacting during their evolutionary lifetime
(Sana et al. 2012). Stellar evolution models which include bi-
nary evolution are rare and computationally expensive but
crucial for developing a clear understanding of young stellar
populations (Stanway et al. 2016; Eldridge et al. 2017). The
only stellar population synthesis code to study in detail the
evolution of massive stars, including binary interactions, at
low metallicity is the Binary Populations and Spectral Syn-
thesis (bpass) project.
Here we outline preliminary work done to incorporate α-

enhanced stellar spectra into the spectral synthesis portion of
Binary Populations and Spectral Synthesis (bpass, Eldridge
et al. 2017). We highlight some of the key differences that
α-enhanced spectra make to the spectral synthesis outputs1,
identify features which are good indicators of α-enhancement,
and make the output data available to the community as a
limited release version numbered v2.3.

2 α-ENHANCED SPECTRAL SYNTHESIS

2.1 Population and Spectral Synthesis

In the local Universe, detailed observation and analysis of
the stellar population is often used to study globular clus-
ters. These are old stellar populations, which no longer un-
dergo star formation. As these are comprised of old, low-mass
stars, they form in similar conditions, and can be expected to
have similar compositions, to the young stellar populations
observed in the early Universe. These old stellar populations
in the local Universe can be considered as the low-mass rem-
nants of the young stellar populations in the distant Universe.
As stars in the distant Universe can not be observed indi-

vidually, our understanding of the stellar content of distant
galaxies comes almost entirely from the combined light of the
stellar population. Consequentially, the best theoretical tools
for comparison with observations come from stellar popula-
tion synthesis and subsequent spectral synthesis. By gener-
ating a stellar population based on a pre-determined initial
mass function and an assumption of the star formation his-
tory of the galaxy, the evolution of an ensemble of stars can
be computed. Then at defined points in time, the relative

1 We restrict this analysis to a single spectral library. The detailed
variation in effects resulting from the choice of spectral library on
simple stellar populations in a binary population synthesis will be
explored in a future publication, as it is not the main objective of
this work.
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contributions of each of these stars are combined to produce
a composite spectrum of the stellar population.
Young stellar populations are dominated in flux by many

short-lived massive stars, which are well known to have a
high multiplicity fraction. Thus it is crucial to consider the
effects of binary interactions when making models of young
stellar populations. This substantially increases the number
of stellar evolution models required to generate a representa-
tive stellar population as a distribution of binary star mass
ratios and initial separations need to be included in the pop-
ulation synthesis, as well as the considerations of the initial
mass function and the star formation history.

2.2 Choice of metallicity scaling

When dealing with models of non Solar-scaled mixtures, it
is important to consider how best to compare these to mod-
els with Solar-scaled mixtures. One method is to keep [Fe/H]
fixed while changing [α/Fe] which would compare models
with identical iron content, but a different total Z. Another
approach is to keep the total Z fixed by choosing an appro-
priate [Fe/H] to correspond to the change in [α/Fe]. We take
the latter of the two approaches in this work. This is also
important if one is considering stellar evolution models and
stellar spectra with different mixtures.
In the case of stellar evolution models, previous studies

such as Salaris et al. (1993) have suggested that α-enhanced
single stellar populations at a given value of [Fe/H] and
[α/Fe] show isochrones consistent with a Solar-scaled mix-
ture with a overall metallicity, [M/H] that satisfies the re-
lation [M/H] = [Fe/H] log(0.638 fα + 0.362), where fα is the
linear α-enhancement factor. This scaling relation is consis-
tent with keeping the total metallicity mass fraction constant,
given the assumed Solar mixture of the model set. This scal-
ing relation has not yet been tested in binary stellar popula-
tions or in the bpass stellar evolution code, and the precise
values of the numerical constants need refining to account for
changes in our understanding of the Solar composition since
the work of Salaris et al. (1993).
Recent modelling of massive stars with a selected non-

Solar-scaled composition has been carried out by Grasha
et al. (2021). They find that at Solar metallicity, evolutionary
tracks of massive stars are not strongly influenced by com-
position (only total metallicity), although the role of compo-
sition becomes more noticeable at low metallicities for stars
with a mass greater than 50M�.
In this preliminary work we proceed based on the assump-

tion that the evolution of a star’s mass, luminosity, temper-
ature are predominantly sensitive to the overall metallicity
mass fraction rather than the relative abundances of the in-
dividual heavy elements. Trial stellar evolution calculations
at moderate stellar masses with mesa (Paxton et al. 2019)
indicate that this assumption is reasonable. Main Sequence
lifetimes, stellar radii and peak luminosities are very simi-
lar for α-enhanced compositions when the overall metallic-
ity fraction is scaled in proportion to the solar abundance to
match that of an α-enhanced model. Fig 1 demonstrates this,
showing Hertzsprung-Russell evolution tracks of a 10M� star
given a fixed iron abundance and 5 different values of [α/Fe],
shown by the solid lines. The dashed lines show the evolu-
tion of an equivalent star, with the total metallicity scaled
uniformly to match the total metallicity of its α-enhanced

Figure 1. Hertzsprung-Russell diagram showing the evolution of
a 10M� star for a variety of compositions, starting with Z = 0.002

as a base metallicity. The solid lines represent tracks of models
with a fixed iron abundance and α-enhancements as indicated by
the legend, while the dashed lines show models which have been
scaled uniformly from the Solar composition to match the total Z
of the corresponding α-enhanced model.

counterpart. The close similarity between the solid and the
dashed lines indicates that the overall evolution of the star
appears to be most sensitive to the total metallicity, rather
than either the Fe or α element abundances considered in
isolation. For this reason, we will focus on matching stel-
lar spectra to stellar models based on their total metallicity,
regardless of their composition. More detailed study of the
effects of α-enhancement on stellar evolution models at mod-
erate and high masses is required to ascertain if this is the
most reasonable approach to take over the entire range of
mass and metallicity. Studies such as Farrell et al. (2021) are
now starting to explore the effects of Z and CNO abundances
on stellar evolution at high masses, along with the impacts of
other sources of uncertainty, such as convection physics and
stellar rotation. It is important for later sections of this paper
to note that by matching alpha-enhanced spectra to stellar
models according to their total Z, an α-enhanced spectrum
will be iron-poor relative to a solar-scaled mixture with the
same value of Z.

2.3 bpass stellar evolution models

bpass is a suite of population and spectral synthesis mod-
els which traces the evolution of a simple stellar population
from 1 Myr to 100 Gyr in age (Eldridge et al. 2017; Stan-
way & Eldridge 2018). The synthesis uses a grid of detailed
stellar evolution models incorporating both single star and
binary evolution pathways, built using a custom version of
the Cambridge stars code. The output of individual stars
are combined using a Kroupa (2001) initial mass function
which extends from 0.1 to 300M�. They are also weighted
by empirical estimates of the mass-dependent binary frac-
tion, period distribution and mass ratio distribution (Moe &
Di Stefano 2017). The stellar evolution models are matched to
appropriate stellar atmosphere models by temperature, sur-
face gravity and surface composition in order to predict the
integrated UV-IR spectrum of the stellar population and its
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photometric colours. As explained above, the inclusion of bi-
nary pathways and hot star spectra is particularly important
when considering young populations.
BPASS stellar models assume an initial uniform composi-

tion of the stars such that the initial hydrogen abundance
by mass fraction is given by X = 0.75 − 2.5Z. Here Z is
the initial metallicity mass fraction which scales all elements
from their Solar abundances as given in Grevesse & Noels
(1993) in which Z� = 0.020. The nucleosynthesis and radial
distribution of H, He, C, N, O, Ne, Mg, Si and Fe are tracked
at each time step in the detailed stellar models. For more
details on the input physics and construction of the bpass
stellar models, see Eldridge et al. (2017).

2.4 C3K Spectral Libraries

In this work we extend the BPASS spectral libraries to in-
clude Main Sequence and Giant Branch populations from the
C3K model grids, computed using the atlas12 and synthe
programs (Kurucz 1970, 1993; Kurucz & Avrett 1981) and
the latest Kurucz linelists, matching those incorporated into
the Flexible Spectral and Population Synthesis (FSPS, Con-
roy et al. 2009; Conroy & Gunn 2010) models, as provided to
us by C. Conroy and B. Johnson (priv. comm.). The provided
spectra have a native resolution of R = 10 000 and cover a
range of compositions from −4.0 ≤ [Fe/H] ≤ 0.5 (in steps
of 0.5 for [Fe/H] ≤ −3.0 and 0.25 for −3.0 ≤ [Fe/H] ≤ 0.5)
and −0.2 ≤[α/Fe]≤ 0.6 (in increments of 0.2) These abun-
dance ratios use the Solar mixture of Asplund et al. (2009) as
their reference values. The spectra cover a wavelength range
of 1000 ≤ λ/Å≤ 20 000, and are supplemented by an ap-
proximate flux at 100 ≤ λ/Å≤ 1 000 calculated via summing
the estimated line opacities from synthe output, smoothed
with an R= 250 kernel. There is a broad coverage of effective
temperatures (2 500 ≤ Teff ≤ 50 000), with surface gravities
between −1 ≤ log(g/cm s−2) ≤ 5.5. at low temperatures.
Low-gravity coverage tapers off at higher effective tempera-
tures. More detail on the construction of these models can be
found in Sections 3.3 and 5.4 of Choi et al. (2016).

2.5 Final spectral grids

To incorporate α-enhanced spectra into bpass, we interpo-
late between the C3K spectral grids in [Fe/H] at fixed [α/Fe]
to produce models which match each of the 13 metallicity
mass fractions that correspond to the underlying bpass stel-
lar evolution models. When each value of [α/Fe] is accounted
for, this creates 65 grids of spectra. These are then smoothed
and resampled at a fixed wavelength separation of 1Å for use
in the bpass spectral synthesis routines. As discussed above,
this metallicity matching approach does produce a discrep-
ancy between the composition of the stellar evolution models
and the corresponding spectra. This is an acceptable com-
promise if one assumes that the stellar evolution is mostly
sensitive to the overall metallicity rather than the specific
distribution of metals, as suggested by our trial calculations
in Section 2.2. To produce the most self-consistent results,
the calculation of stellar evolution models with compositions
that match the spectra should be carried out and this will
be treated as a priority in the further development of the
capabilities of bpass.

Figure 2. Temperature and surface gravity coverage (at Z = 0.02,
[α/Fe]=0.0) of the new C3K model grid, the CKC grid used in
bpass v2.2.1, and the merged grid used in this work (v2.3) which
supplements the C3K grid with some CKC models in the high-
temperature, low-gravity regime.

Each interpolated grid comprises approximately 450 stel-
lar spectra for every {Z,[α/Fe]} pair, spanning a temperature
range of 2 500 ≤ Teff ≤ 50 000 and a surface gravity range of
−1.0 ≤ log(g/cm s−2) ≤ 5.5, with the lower limit of surface
gravity increasing as the effective temperature increases. To
maximise parameter space coverage at higher temperatures
in the low gravity regime, each grid was supplemented with
additional spectra from the existing bpass CKC spectral grid
(described in Eldridge et al. 2017; Stanway & Eldridge 2018),
giving a merged set of models. These supplementary models
are not α-enhanced, but this region of parameter space is oc-
cupied by hot AGB and supergiant stars, which are not ex-
pected to be particularly sensitive to α-enhancement. Indeed,
inspection of the hottest spectra in the existing grid suggest
little evidence for strong α−dependent absorption lines at
high temperatures. Hence this was deemed a more robust
approach than extrapolating too far outside of the C3K pa-
rameter space. Such an approach supplements each grid with
another ∼100 models, with the exception of the Z = 10−5

grids, which do not have a corresponding CKC grid to sup-
plement the C3K models. An example of the temperature
and surface gravity coverage of one of these grids (Z = 0.02,
[α/Fe]=+0.0) is shown in Figure 2. The spectra used in bpass
v2.2.1, labelled as ‘CKC’ are shown as red points, while the
new C3K spectra are shown as black points. The combined
grid used in this work, indicated by the cyan points, includes
spectra from the CKC grid at surface gravities < 3 which
have effective temperatures greater than the hottest models
in the C3K grid.
Figure 3 illustrates the relationship between [Fe/H] and Z,

and [Fe/H] and [O/H] for both the most recent full release of
bpass (v2.2.1), and the new α-enhanced atmospheres added
in this work (v2.3), focusing on the more densely populated
region of parameter space. The axes in the oxygen-to-iron
abundance ratio plot were chosen to match those of Figure
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44 of Eldridge et al. (2017). The initial C3K spectral grids
are indicated by filled circles on each of the lines, the inter-
polated grids created for this work are shown by the open
squares, while the filled black squares indicate the compo-
sitions of the BPASS v2.2.1 stellar evolution models. This
illustrates the manner in which the spectra have been in-
terpolated, with α-enhanced models having a lower value of
[Fe/H] at a fixed Z. This also highlights the difference in iron
abundance between the underlying bpass evolution models
and the new spectra, as at a fixed Z, the bpass stellar mod-
els have a slightly lower value of [Fe/H] than the correspond-
ing C3K atmosphere at [α/Fe]=0. In both panels we can see
that the existing bpass v.2.2.1 stellar models quite closely
align with the new [α/Fe]= +0.2 spectra. This is consistent
with the Grevesse & Noels (1993) abundance profile used in
bpass stellar evolution models being more oxygen rich than
the more recent Asplund et al. (2009) abundances used in
the C3K spectra. More importantly, this figure highlights the
improved coverage of oxygen-rich, iron-poor environments,
which previous bpass outputs fail to reach, and is more rep-
resentative of abundance patterns seen in the early Universe.
We stress that the underlying stellar isochrones remain

fixed in both [Fe/H] and total metallicity mass fraction while
the atmospheres have been varied. The robustness of this ap-
proach remains to be tested in future work.
The spectral data grids used by bpass for the hottest bi-

nary products, white dwarfs and Wolf-Rayet or stripped he-
lium stars also remain unmodified. In each case, initial α-
enhancement is expected to have little or no effect on the stel-
lar spectrum. The TP-AGB phase within bpass is treated in
a simplified model as detailed in Stanway & Eldridge (2018).
The importance of such stars to the output spectrum is re-
duced somewhat within the interacting binary populations
because many of the intermediate mass stars experience bi-
nary interactions before second dredge up and thus never
experience the expected thermal pulses. However, for those
models that are single or in wide enough binaries to experi-
ence thermal pulses, the following methods are used. After
second dredge-up, (i.e. when the hydrogen and helium burn-
ing shells move into close proximity) it is assumed that there
is strong third dredge-up during the thermal pulses such that
the core mass does not grow. The mass-loss rates of Schröder
& Cuntz (2005, 2007) are then applied and the stellar enve-
lope is removed until the star becomes a white dwarf. This
simple arrangement does reproduce most of the features of
AGB evolution relevant for our spectral synthesis. At most
it slightly over estimates the temperature of the AGB stars
during thermal pulses and may slightly underestimate the
maximum luminosity and final white dwarf masses.

2.5.1 Individual spectral lines

Individual spectral lines are a common method of determin-
ing elemental abundances in stars. In the ultraviolet in partic-
ular, the spectrum is heavily sensitive to iron line blanketing.
Therefore it is instructive to examine some representative
stellar spectra and see what effect changes in [Fe/H], [α/Fe]
and Z have on the ultraviolet portion of the spectrum. In
Fig 4 we show (at full R = 10 000 resolution) spectra for two
stars at various compositions, one with an effective temper-
ature of 15 000K and another at 30 000K, both at a surface
gravity, log(g) = 5. Each set of three panels have matching

Figure 3. Upper panel: Relationship between the iron-to-
hydrogen number ratio, [Fe/H], and total metallicity mass fraction,
Z for each of the grids of stellar spectra used in bpass v2.2.1 and
this work. A09 refers to the composition profile of Asplund et al.
(2009), used in the C3K spectra, with the round points indicating
the composition of each spectral grid, while the open squares in-
dicate the position of the interpolated grids used in BPASS v2.3,
which match the total metallicity of the underlying bpass stel-
lar evolution models. Lower panel: Relationship between the oxy-
gen and iron abundance ratios for each grid of spectra, with the
lines, colours and symbols having the same meaning as the previ-
ous panel.

y-axes for ease of comparison. The top panels show C3K spec-
tral models at a fixed value of [Fe/H]= +0.0, for each value
of [α/Fe]. In the central panels, a selection of C3K fixed-α
spectra are plotted, ranging over −0.5 ≤[Fe/H]≤ +0.5. In the
lower panel we show the spectra which have been interpolated
to match a total Z of 0.014, the closest BPASS metallicity
mass fraction to the Solar metallicity of the C3K spectra. The
spectrum of the 15 000K star focuses on the Mgii doublet at
∼2800Å, while the spectrum of the 30 000K shows the Oiii]
doublet at ∼1663Å in the far ultraviolet. In both cases, the
effects of changing [α/Fe] at fixed [Fe/H] is apparent, with the
line depths increasing with increasing [α/Fe]. In the case of
the Mgii lines, it can also be seen that the wings get broader.
At fixed [α/Fe], the effects of changing [Fe/H] can be seen

MNRAS 000, 1-11 (2022)
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to be much more pronounced, with a significant shift in the
location of the continuum, but with line depths which are
broadly comparable. Thus, there are two competing effects,
with [α/Fe] serving to increase the line depths, and [Fe/H]
modifying the height of the continuum. As a result, when we
compare models at a fixed Z and varying [α/Fe] (and thus
also changing [Fe/H]) in the bottom panels, it can be seen
how these two effects work in opposite directions, leading to
line depths which are very similar, but a continuum which
varies in strength, with α-enhanced (and iron-poor) spectra
having a stronger continuum flux.

3 MODEL SPECTRAL OUTPUTS

3.1 Global properties

3.1.1 UV flux output

To analyse the effects of α-enhancement on the composite
stellar spectrum, we examine a number of the outputs from
the bpass simulations which include the updated spectra. In
Figure 5 we show (for each value of [α/Fe], at a fixed metal-
licity of Z = 0.002) the percentage difference in the rate of
production of ionising photons (upper panel) and the the dif-
ference in the power law index of the UV spectral slope (lower
panel) as a function of age, relative to the [α/Fe]= +0.0 case.
This is considered in the case of a single burst of star for-
mation. The previous bpass v2.2.1 models are also included
for comparison. We find that the rate of production of ion-
ising photons changes only minimally with different [α/Fe]
values, which is to be expected as the rate is mostly sen-
sitive to the temperature of the underlying stellar models
rather than the α elements. The UV spectral slope varies
slightly at young ages, with the slope being slightly steeper
with increased [α/Fe]. Although the spectral slope becomes
considerably more α-sensitive at late ages (> 1Gyr), this dis-
crepancy appears more significant than it is, given that the
overall UV flux is considerably lower at these ages, and the
large difference corresponds to a relatively minor change in
flux.

3.1.2 Colours

Broadband colours are only weakly dependent on the details
of the underlying spectra, but nonetheless reflect changes in
spectral shape which may be indicative of α-enhancement.
We compare the predictions of bpass v2.3 to the spectral syn-
thesis results of the Solar-scaled BaSTI population synthe-
sis models combined with MILES spectral models (Vazdekis
et al. 2010, 2015) in the u − g colour defined by the Sloan
Digital Sky Survey (SDSS) filter profiles. This comparison
is shown in Fig 6 for four different values of Z. The time
evolution of the u − g colour is broadly consistent between
BPASS and the BaSTI/MILES models, covering the same
range of values over the same stellar age range. Some minor
offsets (. 0.1mag) can be seen at certain ages, a consequence
of the impacts of binary evolution and the different spectral
libraries used. In the lower panel we compare the time evolu-
tion of u−g colour in the bpass v2.3 models at [α/Fe]= +0.0
and [α/Fe]= +0.4 at four different metallicities. At later ages,
α-enhanced populations appear bluer than their Solar-scaled

counterparts, with this effect more pronounced at higher val-
ues of Z. This behaviour is consistent with that of the α-
enhanced BaSTI/MILES models (Vazdekis et al. 2015, see
the upper right panel of their Figure 19).
Broadband colours in the Johnson-Cousins UBVRI filters

change only slightly with different α enhancements, with a
maximum difference of less than 0.05mag at a stellar metal-
licity of Z = 0.02 in the B, V, R and I bands at all ages, and in
the U band for ages less than 1Gyr. The larger differences at
late ages in the U band indicate that old stellar populations
appear bluer when α-enhanced at a fixed metallicity, and is
in agreement with the SDSS u − g colour results discussed
above. Comparisons between α-enhanced ([α/Fe]= +0.4) and
Solar-scaled mixtures at an age of ∼ 12Gyr (1010.1 yr) and
a metallicity of Z = 0.004 show a difference of ∼ 0.05mag
in the B-V colour, while the V-R colour is not noticeably
sensitive to α-enhancement. This offset agrees well with that
found in previous studies using α-enhanced population and
spectral synthesis models of single star populations (Cassisi
et al. 2004, their Figure 5).

3.2 Spectral features

3.2.1 Optical line indices

While the shape of the spectrum is determined primarily by
the underlying stellar models, individual spectral features are
known to trace relative elemental abundances. In Figure 7,
we demonstrate the ability of our new models to recover the
expected signature of α-enhancement in stellar populations
with ages > 1Gyr, through the optical Lick indices (Worthey
& Ottaviani 1997) measured in a sample of M31 globular
clusters (Schiavon et al. 2012). These indicate that most of
this system has α-enhancement factors of between 2.5 and 4
as expected.
The time evolution of the optical Mg I absorption complex

at ∼5180Å is also shown in Fig 8. This indicates that the
absorption grows steadily deeper with increasing age, at fixed
Z and [α/Fe], leading to some potential degeneracy in these
parameters when the line index is considered alone. We note
that the optical line index is of little use in stellar populations
with ages less than about a Gyr, since the difference in line
strengths with α-enhancement is a small fraction of the line
depth. This is characteristic of optical line indices, which were
developed for use in galaxies in the local Universe.

3.2.2 Ultraviolet line indices

In the context of the early Universe, rest-frame ultraviolet
measurements will be important, owing to the contribution
of short-lived massive stars to the light of star forming galax-
ies. Fig 8 provides a comparison between the MgB (Mgi)
optical Lick index and the equivalent width of the ultra-
violet Mgii doublet at ∼2800Å, using an index definition
of 2785 ≤ λline ≤ 2865, 2725 ≤ λblue cont. ≤ 2745 and
2870 ≤ λred cont. ≤ 2890. This comparison is shown for a
metallicity of Z = 0.020. While the MgB index is noticeably
sensitive to α-enhancement across all ages, the Mg 2800Å in-
dex is found to be α-insensitive at young ages, before the line
strength increases significantly at around 100Myr. At this
point, the overall ultraviolet flux has decreased significantly,
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Figure 4. Left: R = 10 000 spectra of a 15 000K star with a surface gravity log(g/cm s−2) = 5.0 at a variety of compositions, centred
on the Mg ii feature at ∼2800Å. Top panel: C3K spectra at fixed [Fe/H]=0.0 and variable [α/Fe]. Middle panel: C3K spectra at fixed
[α/Fe]=0.0 and variable [Fe/H]. Bottom panel: Interpolated spectra used in this work, with fixed total metallicity Z = 0.014 and variable
[α/Fe]. Right: As above, but for a star with effective temperature of 30 000K and showing the O iii] doublet at 1660.8, 1666.2Å.

and thus it is unhelpful as a diagnostic as a result of large
measurement uncertainties.

To explore whether there are other features in the UV spec-
trum which may be more sensitive than the Mgii lines, we
also measure the strength of a number of other line indices
in the UV portion of the spectrum. In this case, we con-
sider a population which is continuously star forming, where
there will be a persistent contribution to the UV flux, rather
than a single starburst at a fixed age. Calabrò et al. (2021)
have recently employed a set of ultraviolet spectral indices
to characterise the metallicity and properties of young stellar

populations in the distant Universe. In particular they iden-
tified spectral indices at 1501Å and 1719Å, as diagnostics
which are least affected by external factors such as contami-
nation from the interstellar medium. We evaluate the impact
of α-enhancement on these indices in Figure 9, which shows
the indices as measured for a stellar population undergoing
continuous star formation at a constant rate of 1M� yr−1 for
1Gyr. We include 9 of the 10 indices discussed in Calabrò
et al. (2021). The F1978 index is omitted from our analysis
as it is found to be largely independent of both metallicity
and [α/Fe] in our models. In these calculations, we have used
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Figure 5. Upper panel: Percentage change in the rate of produc-
tion of ionising flux due to α-enhancement as a function of stellar
age, for Z = 0.002, with BPASS v.2.3 models at [α/Fe]=0.0 being
taken as the reference value. The existing bpass v2.2.1 output is
included for comparison. Lower panel: Changes to the ultraviolet
spectral slope, β, as a function of age and α-enhancement.

the level of smoothing and pseudo-continuum window sizes
that match those of Calabrò et al. (2021).
The blue line with open circles shows the [α/Fe]=0.0 mod-

els, while filled blue circles indicate different [α/Fe] values.
Note that the y-axis scale for each panel is different. A num-
ber of these indices, namely those at 1370, 1400 and 1501Å,
show negligible sensitivity to the value of [α/Fe]. Addition-
ally, the 1533 and 1550Å indices shows only a slight sensi-
tivity. However the remaining four indices (1425, 1460, 1719
and 1853Å) show a more significant sensitivity to compo-
sition. These indices generally tend to probe iron features,
rather than α elements, which may seem counter-intuitive in
the first instance, until one considers that an enhancement of
[α/Fe] leads to a decrease in [Fe/H] for a fixed value of Z. In
each of these cases, the equivalent width of these indices is
seen to decrease with increasing [α/Fe], indicated by the fact
that there are multiple points below the line, and only one
(the α-depleted composition) above it. This indicates that
the change to the continuum produced by a reduction on
[Fe/H] is having a more significant effect than the change in
line depths as a result of an increase in [α/Fe]. This result is
reasonable when one considers that the UV flux of a stellar
population which is continuously star forming will be domi-
nated by the youngest, hottest, most massive stars, which are
heavily ionised, and very sensitive to the iron line blanketing
which affects the continuum. This is also consistent with the
behaviour seen in Section 2.5.1 where the individual stellar
spectra showed that at fixed Z hot stars are more sensitive
to iron depletion than to α-enhancement.

Figure 6. Top panel: Comparison of SDSS u-g colours for selected
values of metallicity mass fractions between the BaSTI/MILES
population synthesis models at ‘base’ metallicity and the bpass
v2.3 models with [α/Fe]=0 and [α/Fe]=+0.4. Lower panel: Colour
differences between the bpass v2.3 models with [α/Fe]=0 and
[α/Fe]=+0.4.
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Figure 7. The effect of using α-enhanced atmospheres on the
optical Lick indices. Here we show the predicted line indices for
old stellar populations at log(age/years)=10.0 (10 Gyrs). These
two indices are sensitive to total metallicity and α-enhancement
but weakly age dependent. Metallicity mass fractions are labelled,
while different α-enhancements are shown with different line styles.
For comparison, we also show the line indices measured in the M31
Globular Cluster system by Schiavon et al. (2012).

3.3 Observational Signatures

As some indices are α- (or iron-) sensitive, while others are
only sensitive to total metallicity, measurement of multiple
indices could be used to determine Z and [α/Fe] simultane-
ously. Fig 10 shows two such diagnostic diagrams, firstly the
1501 and 1853Å indices and secondly the 1501 and 1719Å
indices. In both cases, measurements of the line indices with
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Figure 8. Comparison of the effect of using α-enhanced atmo-
spheres on the MgB optical Lick index and the ultraviolet index of
the Mgii doublet at ∼2800Å (as defined in this work) as a function
of age at Z = 0.020. The optical line indices are shown by the grey
lines, while the UV indices are shown by the black lines. Different
α-enhancements are shown with different line styles.

a precision of ∼0.1Å would provide sufficient discriminating
power to determine Z and [α/Fe] with reasonable accuracy.
While the α-sensitivity of the 1853Å index is higher than the
1719Å index, the equivalent width is typically smaller, and it
is more prone to contamination by the interstellar medium.
Consequently, measuring the 1501 and 1719Å indices may be
the most promising method for determining these properties
in stellar populations with continuous star formation.
We note that these models, like those used by Calabrò et al.

(2021), have been calculated without including nebular emis-
sion. Doing so is beyond the scope of this work and requires
the use of photoionization radiative transfer codes. The ioniz-
ing spectrum is largely insensitive to α-element enhancement
(see Fig 5), and the stellar absorption features are weak in
young stellar populations (e.g. age < 1Gyr, see Fig 10). Thus
we expect little α-dependence in the nebular emission line or
continuum spectrum except where the wavelength coincides
with a strong absorption or emission line associated with an
α-element species (see e.g. Steidel et al. 2016).

4 FUTURE DEVELOPMENTS

It is important to emphasise that only the stellar spectra have
been changed in this work. The underlying stellar evolution
models still use a Solar-scaled mixture, with the α-enhanced
spectra being chosen so that they match the total metallicity
mass fraction of the underlying evolution models, in accor-
dance with the result of trial stellar evolution calculations
with mesa. The detailed stellar models on which BPASS is
built require substantially longer to run than the analytic
models used in "rapid" population synthesis models, particu-
larly when the effects of binary interactions are incorporated.
From the spectral synthesis perspective, a drawback of the

current bpass output spectra is their fixed 1Å resolution.
While this is a reasonable resolution in the rest-frame optical
and infrared, it is becoming inadequate in the rest-frame ul-
traviolet, particularly given the imminent arrival of observa-
tions from JWST. Upgrading the spectral resolution of bpass,
together with computing a full grid of non-Solar scaled stellar
evolution models for a more complete and self-consistent pop-
ulation synthesis, remains as future work which the authors
will undertake in due course.
While the composite spectrum of the stellar population

shows relatively minor sensitivity to [α/Fe] in the UV, optical
line indices appear to be considerably more sensitive to this
change of composition, as shown in Fig 7 and Fig 8. Further
analysis of these α-enhanced models, in particular looking at
the optical spectrum, will form the basis of a future pub-
lication. Additionally, by focusing on the optical spectrum,
where there are multiple α-enhanced stellar spectral libraries
(e.g. C14, AP18, K21) publicly available, it will be possible to
study and evaluate the uncertainties that the choice of stellar
spectra introduce to the process of population and spectral
synthesis.

5 CONCLUSIONS

In this work we have presented the initial work carried out to
incorporate α-enhanced stellar spectra into the bpass stellar
population and spectral synthesis project, motivated by the
need for spectral synthesis models of young stellar popula-
tions with a composition that is representative of what is seen
in observations in the distant Universe. This was achieved
through the integration of Conroy C3K spectral libraries with
values of [α/Fe] between -0.2 and +0.6.The work presented
here represents the first efforts to include α-enhanced stellar
spectra with broad wavelength coverage in a detailed binary
population and spectral synthesis calculation. These models
should prove useful with the imminent arrival of observations
of the distant Universe by JWST, where stellar populations
are young (thus having a high binary fraction) and are ex-
pected to have a composition that is enhanced in α elements.
In terms of ultraviolet flux, these models indicate that the

rate of production of ionising photons is largely insensitive to
[α/Fe], with insignificant variation seen. Broadband colours
behave in a manner consistent with that seen in the liter-
ature, with older stellar populations appearing bluer when
α-enhanced, while the colour of young stellar populations is
effectively unchanged. At a metallicity of Z = 0.001, the dif-
ference in u − g colour between a Solar-scaled mixture and
a composition with [α/Fe]=+0.4 is -0.2 mag at 10Gyr, in
agreement with the behaviour of α-enhanced single star pop-
ulation synthesis by Vazdekis et al. (2015).
For continuously star forming populations, we examined

the ultraviolet line indices studied by Calabrò et al. (2021)
and find that some of these indices are sensitive to [α/Fe]
while some are not. Measuring a combination of these indices,
such as the 1501 and the 1719Å indices could provide discrim-
inating power to measure Z and [α/Fe] simultaneously. The
indices which are found to be α-sensitive are not necessar-
ily those with strong α element lines present, as the effect of
iron depletion on the strength of the continuum proves to be
a more significant factor in many cases. The lack of sensitiv-
ity to [α/Fe] in the ultraviolet in a continuously star forming
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Figure 9. Equivalent width of UV spectral indices from Calabrò et al. (2021) as a function of metallicity mass fraction, Z for a continuously
star forming population of 1M� yr−1 for 1Gyr. The blue line shows the equivalent width of the indices for the [α/Fe]=0.0 case, with the
filled blue circles indicating the α-enhanced (three points) and α-depleted (one point) compositions.

Figure 10. Equivalent width of the 1853Å 1719Å and 1501Å spectral indices, colour coded by Z, with the size indicating the magnitude
of α-enhancement, with larger symbols indicating a higher value of [α/Fe].
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population is due to the most significant contribution to the
UV flux being from the youngest, hottest, most massive stars,
whose individual spectra can be seen to be considerably more
sensitive to [Fe/H] than [α/Fe].
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