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Outline
• The Need for New Galaxy Models

– Challenges from the Distant Universe

– Observations of LBGs and their local analogues

• Modelling Stellar Populations 

– Modelling stellar populations

– BPASS: Binary population and spectral synthesis 

– Case Studies and Applications

• Prospects and Conclusions



Elizabeth Stanway – IoA Colloquium, June 2018

The Challenge

Distant galaxies are typically intense starbursts, 
with emission dominated by massive stars, at 
relatively low metallicities.

Their properties deviate significantly from those the 
nearby population… but this isn’t intrinsic to 
redshift, more likely to specific star formation rate 
or surface density of star formation.

They probe low metallicity, young stellar 
populations
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Open Questions

• What drives the very high surface densities of 
star formation?

• Can the galaxies we see in the distant 
Universe drive Reionization?

• Do we understand the physical processes in 
star forming galaxies, and at low metallicity?

• What are the implications for transient events 
or non-stellar radiation?

=> To answer these, we need to look at distant galaxies
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Massive stars at z~3?

(Shapley et al 2003)

Stack of ~900 z~3 LBGs*

*LBGs are 
rest-UV 
selected 
star forming 
galaxies at 
high redshift
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Massive stars at z~3?

(Shapley et al 2003)

Stack of ~900 z~3 LBGs
Lya
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Lyman-a EW distribution

Observed 
EW(Ly-a) can 
exceed 200A

… before
correcting for 
scattering and 
absorption.

Lyα EW distribution at z ∼ 4.5 3

(1+z)) is the continuum flux density redward of the Lyα line. The
coefficients bR and bN account for IGM absorption (Madau 1995)
of continuum emission in R and narrowband, respectively, assum-
ing the Lyα line sits in the center of the corresponding narrowband
filter. aN and aR correct the effect that the narrowband and R band
filters are not top-hat and have considerably smaller transmission
fraction (comparing with the peak of the transmission curve) at the
wavelengths of the narrowband center (an effect ignored in Malho-
tra & Rhoads 2002). Solving for EW, we obtain:

EWrest =
bR × N ×WR − bN × R ×WN

aN × R − aR × N
×

1
1 + z

, (3)

For our z ≈ 4.5 Lyα search, the coefficients become aN ∼ 1, bN
∼ 0.66, aR ∼ [0.82, 0.77, 0.74] and bR ∼ [0.63, 0.61, 0.59] assum-
ing a composite LAE spectrum (line + continuum fλ(Cont.) ∝ λ−2)
for the narrowband filters [NB656, NB665, NB673] respectively.
Unlike Malhotra & Rhoads (2002), here we make no correction to
IGM absorption to the Lyα line, which is still poorly understood
(see §5.2 below for further discussion). Throughout this paper, if
not specifically stated, we present only Lyα line EW before correc-
tion for IGM absorption to the Lyα line.

In the upper panel of Figure 1 we first plot observed Lyα line
flux versus line EW (from equation 3) for our LAE sample. Uncer-
tainties in EWs were obtained through simulations by adding gaus-
sian noise to broad-band and narrow-band flux densities. A clear
trend can be seen that sources with larger EW also have larger
uncertainties in EW. This is simply because of the much poorer
constraints on continuum fluxes for larger EW sources (most of
them have very weak continuum radiation). Specifically, calcula-
tions based on equation 1 produces negative continuum fluxes and
thus negative EWs for some sources, which could be attributed to
the large noise fluctuations in the broadband photometry. These
sources with “negative” line EW indeed have rather large line EW.
In figure 1 we plot them at the right end by setting EW = 103.5 Å
(for display only). In the lower panel of Figure 1, we plot the EW
histogram distribution for all candidates, targeted, and confirmed
LAEs. We find that about 44% (39%) of the confirmed (candidate)
LAEs show EWrest > 154 Å (intrinsic EW > 240Å, if applying a
correction factor of 0.65 for IGM-correction on Lyα line at z∼4.5
assuming no velocity shift of the line), slightly lower than but con-
sistent with the fraction of 50-60% for the z = 4.5 LAEs in LALA
fields (Malhotra & Rhoads 2002, Wang et al. 2009). Dawson et al.
(2007) measure the Lyα EW from the spectra according to EW´
= (Fl/ fλ,r)/(1 + z), where Fl is the flux in the emission line and
fλ,r is the measured red-side continuum flux density. The fraction
of LAEs in Dawson et al. (2007) with EW greater than 154Å is
31±11%, consistent with our results.

Figure 2 shows the distributions of EWrest in the lower EW
range (76 of 112 LAEs with EW < 400Å here, and their uncertain-
ties in EWs are reasonably small, see figure 1). The EW distribution
are often fitted with an exponential law of dN/dEW = N exp−EW/W0
or a positive gaussian distribution of dN/dEW = N 1√

2πσ2g
e−x2/(2σ2g)

(Gronwall et al. 2007, Guaita et al. 2010, Nilsson et al. 2009). Here
our photometric sample has a best-fit exponential scale of W0 =

50+11−11 Å. However, the W0 is not well constrained for our spectro-
scopically confirmed sample (W0, spec = 217±179 Å), likely due
to the smaller sample size and/or incompleteness in spectroscopic
identifications of LAEs with low EWs. Assuming a Gaussian dis-
tribution, we obtain a σg = 76+11−11 Å for the photometric sample,
while σg, spec is also poorly constrained at ∼ 189+84−84Å.

However, an exponential EW distribution with W0 = 50+11−11 Å
(or a gaussian EW distribution with σg = 76+11−11Å) implies that only
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Figure 1. Upper: The logarithmic EWs’ distribution as a function of Lyα
fluxes for all candidates (empty black squares), targeted candidates (empty
green and blue squares are targets in NB665 and NB673 images, respec-
tively), and the spectroscopically confirmed LAEs (red filled squares) at
z=4.5. Lower: The histogram distribution of log EWs for all candidates
(black empty histogram), targets (cyan line-filled histogram), and confirmed
LAEs (red line-filled histogram).
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Figure 2. The Lyα line EW distributions of LAEs with rest-frame EWs
less than 400 Å for all candidates. All photometric candidates, targets and
confirmed LAEs are marked as empty black, light-blue hatched and red
hatched histograms. The EW distribution can be fitted with an exponential
form dN/dEW = N exp−EW/W0 , here we get W0 = 50±11 Å (blue dashed
line) for all photometric candidates (empty black hatched histogram, χ2/dof
= 21.1/18) and W0 = 217±179 Å (purple dashed line) for spectroscopically
confirmed LAEs (red hatched histogram, χ2/dof = 4.7/13).

∼ 8% (3%) of sources with EW greater than 9.0 Å have EW > 154
Å, apparently in contradiction to the fact that 39% of our candi-
date LAEs have EWrest > 154 Å. This is simply because during
the fitting to EW distribution, we excluded sources with “negative”
line EW, and sources with photometric EW > 400 Å for which the
uncertainty in EW is very large. Thus the W0 or σg from photo-
metric sample was significantly under-estimated. In addition, the
observed line EW distribution, especially at the low EW range, is

c⃝ XXXX RAS, MNRAS 000, 1–9

e.g. Malhotra & Rhoads (2002), Zheng et al (2014), Dijkstra & Wyithe (2007)

z~4.5 LAEs
(Zheng et al 2014)

This is challenging at moderate metallicity with single star 
models (which under-predict the massive star contribution)

N�E-W/W0
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Galactic winds from Ly-a

3

calibrated using a HgNeAr arc-lamp spectrum. Spectra were
flux-calibrated with observations of standard stars taken close
to the time of the science observations. Finally, air wavelengths
were converted to vacuum wavelengths, in order to measure
redshifts in the vacuum frame. The average S/N ratio of spectra
in the sample is ∼ 4 per resolution element.
From this sample of spectra, we identify 36 stars, 2

absorption-line galaxies at z ∼ 0.5, 2 galaxies with z ≃ 1.98,
957 objects at z> 2, and 292 objects for which we cannot mea-
sure a redshift. Of the 957 galaxies at z > 2, 12 are identi-
fied as broad-lined AGN due to the presence of emission lines
with FWHM> 2000 km s−1, while 16 are identified as narrow-
lined AGN with strong Lyα emission accompanied by signifi-
cant C IV λ1549 emission, but FWHM< 2000 km s−1(Steidel
et al. 2002). We exclude from the spectroscopic sample the
28 objects identified as AGN on an individual basis (though we
may have included galaxies with low-level AGN activity which
is undetected in individual spectra but may become evident in
the composites. We will treat this point further in section 4.3.1).
Furthermore, we include only galaxies whose redshifts were in-
dependently and securely confirmed by at least two members
of our group. This last criterion limits our composite sample to
811 spectra.

3. GENERATING THE COMPOSITE SPECTRA

There are several steps required to generate the composite
galaxy spectra presented in this work. The first step consists
of carefully defining a sample of galaxy spectra to be com-
bined. Each extracted, one-dimensional, flux-calibrated spec-
trum in the sample is then shifted into the rest frame. The spec-
tra are then averaged, after being scaled to a common mode in
the wavelength range 1250-1500 Å and rebinned to a common
dispersion of 1 Å per pixel. In order to exclude both positive
and negative sky subtraction residuals and cosmic ray events,
an equal number of positive and negative outliers are rejected
at each dispersion pixel, totaling less than 10% of the data.

3.1. Measuring Redshifts
One of the non-trivial aspects of generating the compos-

ite spectra consists of defining a systemic rest frame for each
galaxy. The low S/N ratio of typical LBG spectra precludes
much more than measuring redshifts from the very strongest
rest-frame UV features. These features include H I Lyα, seen
either in emission, absorption, or a combination of both; low-
ionization resonance interstellar metal lines such as Si II λ1260,
O I λ1302 + Si II λ1304, C II λ1334, Si II λ1526, Fe II λ1608,
and Al II λ1670, which are associated with the neutral inter-
stellar medium; and high-ionization metal lines such as Si IV
λλ1393,1402 and C IV λλ1548,1550 associated with ionized
interstellar gas and P-Cygni stellar wind features. In 28% of
the rest-frame UV LBG spectra in our spectroscopic sample,
the only spectral feature visible is Lyα emission. In 32% of
the spectra, Lyα appears only as broad absorption, and multi-
ple low- and/or high- ionization interstellar absorption lines are
used to measure the redshift (broad Lyα absorption is not very
precise as a redshift indicator). Finally, in the remaining 40% of
the spectra, both Lyα emission and interstellar absorption lines
are visible and both can be used to measure redshifts. In 95% of
the cases where both Lyα emission and interstellar absorption
lines have been used to measure the redshift of the galaxy, the
Lyα emission redshift is higher than the interstellar absorption
redshift. Figure 1 shows the distribution of ∆vem−abs, which

has ⟨∆vem−abs⟩ ∼ 650 km s−1. This velocity difference indi-
cates that at least one of the two sets of features is not at rest
with respect to the stars in the galaxy. Such kinematics sug-
gest that LBGs are experiencing large-scale outflows caused by
the mechanical energy input from supernova explosions which
are the result of vigorous massive star-formation rates. It has
been shown that, in the local universe, any galaxy with a star-
formation rate surface-density Σ∗ ≥ 0.1M⊙ yr−1kpc−2 is capa-
ble of driving a superwind (Heckman 2002). Given their typ-
ical star-formation rates and physical sizes, LBGs easily sat-
isfy and exceed the criteria for driving a superwind (Shapley et
al. 2001; Giavalisco, Steidel, & Macchetto 1996b).

FIG. 1.— The distribution of velocity offsets between Lyα emission and
low-ionization interstellar absorption. The most straightforward indication
that LBGs are experiencing large-scale outflows of their interstellar mate-
rial is the velocity offset measured in individual spectra between Lyα emis-
sion and interstellar absorption lines. This histogram shows the distribution
of velocity offsets for the 323 galaxies with spectra in which both types
of features are detected. The mean velocity offset (redshift difference) is
∆v = 650 km s−1(∆z = 0.008).

Since the only features which can be detected in individ-
ual LBG spectra seem to trace outflow kinematics, the out-
flows complicate our effort to assign systemic redshifts. In
general, stellar systemic redshifts cannot be measured for in-
dividual galaxies because UV photospheric features from hot
stars are much too weak to see in typical LBG spectra. In order
to estimate stellar systemic redshifts for individual galaxies, we
applied the formulae presented in Adelberger et al. (2002a),
which predict a value of the systemic redshift for three separate
cases: when there is only a Lyα emission redshift; when there
is only an interstellar absorption redshift; and when there are
both Lyα emission and interstellar absorption redshifts.
While no reference was made to stellar photospheric features

in the estimate of the systemic redshifts of individual galaxies,
the rest-frame composite spectrum presented in the next section
indicates a mean systemic velocity of ∆v = −10± 35 km s−1
for the three strongest stellar features, which we have identi-

(Shapley et al 2003)Velocity offset due to galactic winds
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Distant galaxies 
show Doppler shifts 
between nebular 
emission, 
interstellar and 
stellar lines 

=> Their young 
stars drive winds 
into their 
environments.

<Dv> = 650 km/s
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Massive stars at z~3?

(Shapley et al 2003)

Stack of ~900 z~3 LBGs

C IV
S II
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Massive stars at z~3?

(Shapley et al 2003)

Stack of ~900 z~3 LBGs

He II
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Massive stars at z~3?

(Shapley et al 2003)

Stack of ~900 z~3 LBGs

C III
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The Ionizing Spectrum at z~3

Multi-object near-IR 
spectrographs on 
8-10m class 
telescopes (notably 
MOSFIRE on Keck)  
are making the high 
z rest-optical 
diagnostics 
accessible for the 
first time.

Ionization, excitation, and N/O in z ≃ 2− 3 galaxies 7

Figure 5. KBSS-MOSFIRE galaxies in the N2-BPT plane, compared with local galaxies from SDSS (in greyscale, with the orange
contour enclosing 90% of the total sample). KBSS-MOSFIRE galaxies with > 2σ detections of [N II]λ6585 are plotted in light green, with
2σ upper-limits shown instead as dark green triangles. Magenta squares denote objects identified as AGN/QSOs. The ridge-line of the
high-z locus occurs far outside the 90% SDSS contour, demonstrated not only by the location of the median log([O III]λ5008/Hβ) values
in equal-number bins of log([N II]λ6585/Hα) (yellow stars) but also by the formal fit to the distribution of KBSS-MOSFIRE galaxies (cyan
curve). The z ∼ 0 locus is represented by the red dashed curve.

KBSS-MOSFIRE sample differs from typical local galax-
ies is quite remarkable. Nearly all KBSS-MOSFIRE
galaxies have larger values of log([O III]/Hβ) at fixed
log([N II]/Hα) than typical SDSS galaxies in the N2-
BPT diagram (represented by the 90% of z ∼ 0 galaxies
enclosed by the orange contour in Figure 5). Further-
more, the ridge-line of the z ∼ 2.3 sample with > 2σ
detections of [N II]λ6585, traced by median values of
log([O III]/Hβ) in equal-number bins of log([N II]/Hα)
(yellow stars), falls well outside the same contour.
The N2-BPT locus can be described analytically using

the following functional form:

log([O III]/Hβ) =
p0

log([N II]/Hα) + p1
+ p2. (1)

However, because the fit parameters are degenerate, in-
terpreting them is difficult. To be consistent with the lit-
erature, we fit the KBSS-MOSFIRE locus with p0 fixed
to the value reported by Kewley et al. (2001) for the N2-
BPT extreme starburst classification line (p0 = 0.61).
The best-fit relation describing the KBSS-MOSFIRE N2-

BPT locus (cyan curve in Figure 5) is then

log([O III]/Hβ) =
0.61

log([N II]/Hα)− 0.22
+ 1.12. (2)

The intrinsic scatter relative to the best-fit curve is
0.18 dex, estimated from the amount of additional uncer-
tainty required to achieve χ2/DOF= 1 after accounting
for individual measurement errors. Galaxies with upper
limits on [N II] and objects identified as AGN (magenta
squares; see also §3.2) are excluded from the fit.
We determine the z ∼ 0 locus for the SDSS compari-

son sample using the same form (red dashed line), in-
cluding only star-forming galaxies identified using the
Kauffmann et al. (2003) selection. When p1 and p2 are
fixed separately, we find that the observed offset between
the z ∼ 0 N2-BPT locus and the KBSS-MOSFIRE ridge-
line can be described by a shift of either

∆ log([O III]/Hβ)=0.26 dex or

∆ log([N II]/Hα)=0.37 dex.

The amplitude of these shifts are similar if, instead of
using the value from Kewley et al. (2001), the low-z fit

(Strom et al 2016, see also 
Steidel et al 2016, Kriek et al 
2016, Reddy et al 2016)log [NII]/Ha
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Interpreting Observations

So we know we’re looking at intense, young, 
massive-star dominated starbursts with hard 
ionizing spectra.  

These are also at significantly sub-Solar 
metallicities

To go further and interpret observations we need 
suitable models…
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Population & Spectral Synthesis
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Population Synthesis

Stellar population synthesis (SPS) codes take a population 
of co-eval stars, distributed in mass according to an IMF, 
and either 
(i) Build a composite spectrum from empirical 

observations, or
(ii) Evolve the population according to theoretical models.

Leading evolutionary SPS codes include Bruzual and 
Charlot (BC03), Starburst99 (Leitherer et al) and the 
Maraston 2005 models.

All of these use primarily isolated, single star evolution.
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Binary fractions
But most stars are not isolated!
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The Need for New Models

• The spectra of young stellar populations are 
dominated by the most massive stars.

• 70% of massive stars interact with a binary 
partner in their evolutionary lifetime.

• The effects of these interactions are strongest 
at low metallicities

=> We cannot ignore binary effects at high z
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• BPASS = Binary Population And Spectral Synthesis

• ~250,000 detailed stellar evolution models in v2.2.

• A stellar population is generated with a specified IMF, period distribution, 

binary fraction etc and each star is evolved through detailed modelling, 

including binary interactions.

• Evolution models are then combined with atmosphere models

• The resultant spectra, HR diagrams and other data are available in our 

model data release; current version is v2.2.

• BPASS.AUCKLAND.AC.NZ  or  WARWICK.AC.UK/BPASS 
(Eldridge & Stanway 2009, 2012; Stanway et al 2016; Eldridge, Stanway et al 2017)
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ABSTRACT
Determining the properties of old stellar populations (those with age >1Gyr) has long involved the
comparison of their integrated light, either in the form of photometry or spectroscopic indexes, with
empirical or synthetic templates. Here we reevaluate the properties of old stellar populations using
a new set of stellar population synthesis models, designed to incorporate the e↵ects of binary stellar
evolution pathways as a function of stellar mass and age. We find that single-aged stellar population
models incorporating binary stars, as well as new stellar evolution and atmosphere models, can
reproduce the colours and spectral indices observed in both globular clusters and quiescent galaxies.
The best fitting model populations are often younger than those derived from older spectral synthesis
models, and may also lie at slightly higher metallicities.

Key words: methods: numerical – binaries: general – galaxies: stellar content –
globular clusters: general

1 INTRODUCTION

The most massive galaxies in the local Universe are mature,
quiescent systems in which there is little or no ongoing star
formation, and in which the most massive stars have lived
and died, leaving their lower mass siblings to dominate the
galaxy’s integrated light. Similar old stellar populations can
be found in other environments, including in the halos of
spiral galaxies like the Milky Way, and in the globular clus-
ters found in galaxies of all types. These latter objects are
typically the result of a single starburst, their stars forming
a coeval mass sequence or isochrone.

In the case of local globular clusters, i.e. those in the
Milky Way and elsewhere in the Local Group, it is some-
times possible to spatially resolve the light of individual
stars and thus determine the stellar population properties
in detail. These have revealed examples of clusters with a
broad or bifurcated main sequence (e.g. Bedin et al. 2004),
which is not expected from single-aged simple stellar popu-
lations, and, in many cases, also blue stragglers - surviving
luminous blue stars which appear younger than the rest of
the population (e.g. Simunovic & Puzia 2014). However in
the majority of old stellar populations, such detailed inves-
tigation of resolved stellar properties is impossible due to a
lack of depth or angular resolution, and the integrated light
of the unresolved stars must instead be used to constrain
the properties of the population as a whole. In this scenario
observable characteristics of the source spectral energy dis-
tribution (SED), including photometric colours and spec-

? E-mail: e.r.stanway@warwick.ac.uk
† E-mail: J.Eldridge@auckland.ac.nz

troscopic emission lines or indices, are compared to those
determined for models of known age and composition. Ei-
ther a best fitting template or a relation calibrated on such
templates is then used to characterise the population. As a
result, such analyses are strongly dependent on the proper-
ties of the template stellar population models.

While early attempts to produce empirical galaxy tem-
plates depended on the use of observed galaxy spectra and
their combination into ‘typical’ galaxy type composites (e.g.
Coleman et al. 1980), the use of synthetic stellar population
synthesis (SPS) templates is now widespread (see Conroy
2013, for a recent review). In these, modelled evolution-
ary tracks for individual stars are combined to generate a
population with the desired age, initial composition and
initial mass distribution. The physical parameters of the
stellar models are then used to select atmosphere models
which are again combined to generate a synthetic spectrum.
The evolutionary tracks and atmospheres can themselves be
empirically-derived models, purely theoretical or a mixture
of the two.

While this approach has been highly successful, allowing
for the e�cient characterization of the stellar populations of
galaxies in huge survey datasets, the results are still model-
dependent, and their interpretation has proven vulnerable to
uncertainties in stellar evolution theory. Treatment of stars
in di↵erent evolutionary stages varies between extant spec-
tral synthesis models. In some cases, notably at metallicities
and ages where the post-main sequence Asymptotic Giant
Branch (AGB) dominates the integrated light, slight di↵er-
ences in model prescription can lead to substantially dif-
ferent predictions for a population SED, particularly in the
near-infrared (e.g. Bruzual & Charlot 2003; Maraston 2005;

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty1353/5003394
by University of Cambridge user
on 07 June 2018
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• v2.2 (Stanway & Eldridge, MNRAS in press) deals primarily with old stellar 

populations – young stellar pops are mostly unchanged

• It includes more low mass models, improved binary parameter 

distributions, improved rejuvenation and post-main-sequence prescriptions

• Adds Lick indices and mass-to-light ratios to our standard outputs

• Adds the Chabrier IMF (with Mmax=100 or 300Msun) to our standard outputs

• Paper and data release now out (arXiv:1805.08784)

• BPASS.AUCKLAND.AC.NZ  or  WARWICK.AC.UK/BPASS 
(Eldridge & Stanway 2009, 2012; Stanway et al 2016; Eldridge, Stanway et al 2017)
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The result is a set of output integrated stellar-light 
spectra at 51 age steps from 1 Myr to 100 Gyr, together 
with transient rates, stellar number counts, HR diagram 
information, etc.

These can be used to study a broad range of 
astrophysical systems including stars, 
supernovae/GRBs, GW sources, stellar clusters and 
galaxies.

Further post-processing is then possible to study non-
stellar components.

BPASS
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HR Diagram Isocontours

Observed eclipsing binaries and 
BPASS tracks

(colour coded by mass)

BPASS v2.1, Eldridge, Stanway et al (2017)

Southworth and Parsons samples of 
eclipsing binaries shown as triangles
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Stellar Type Ratios

Wolf-Rayet stellar subtype 
ratios with metallicity

Wolf-Rayet to O star ratios 
with metallicity

BPASS v2.1, Eldridge, Stanway et al (2017)
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Compact Remnant Masses

BPASS Version 2.1 27
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Figure 17. Initial to final mass relations for compact remnants at two metallicities in the BPASS models. The solid central line is the
mean remnant mass for that initial mass, dashed lines are the 1 σ lines and the upper solid line is the maximum remnant mass for that
initial mass. This can exceed the initial mass due to binary interaction. The left and central panel show white dwarf data from Ferrario
et al. (2005) and Kalirai et al. (2009) with the two panels scaled to show different mass ranges for clarity. The horizontal lines indicate
the 1.4 and 3.0 M⊙ limiting masses above which we presume neutron stars and black holes to form respectively. The right-hand panels
show the cumulative distribution of observed masses for compact remnants, i.e. the known population sorted by mass and plotted
against an arbitrary index number. These are derived from gravitational microlensing within the Galaxy (black, Wyrzykowski et al.,
2016), the observed mass of black holes in X-ray binaries (blue, compiled by Crowther et al., 2010) and the 10 black holes identified
as the sources in candidate gravitational wave transients to date (red, Abbott et al., 2016b,a, 2017; The LIGO Scientific Collaboration
et al., 2017). These demonstrate the range of observed final masses, but their initial masses are unconstrained.

BPASS v2.1, Eldridge, Stanway et al (2017)



Elizabeth Stanway – IoA Colloquium, June 2018

Supernova Progenitors
Supernova progenitors and companions on the HR 
diagram by subtype 

BPASS v2.1, Eldridge Stanway et al (2017), 
BPASS v2.2, Stanway, Ryder et al (in prep)
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Predictions for Compact Mergers
• We track the formation and evolution of compact binaries 

(e.g. WD-MS, WD-WD, NS-NS, NS-BH, BH-BH)

• After formation, we calculate the
timescales for merger through 
gravitational wave radiation

• We can make predictions for SN Ia, Short GRBs and GW transients

6 J.J. Eldridge & E.R. Stanway
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Figure 2. The merger rate of systems with different delay times at various metallcities. They are calculated assuming an instanteous
burst of star-formatino at t = 0 with a total stellar mass of 106M⊙. In all cases the merger time dominates the delay time but the
stellar lifetime does give rise to the minimum total time (∼3Myr). The thick black line line shows the delay time distribution for BH-BH
mergers. The red dashed line represent the population of systems matching GW150914 with the rate boosted by a factor of 100 for
visibility. The blue dotted line is the rate for NS-NS binaries and the blue dash-dotted line for NS-BH mergers.

hole mergers which have two black-holes in the mass ranges
inferred for the progenitors of GW150914. We do this by
taking the number of mergers from the bin element used
for Figure 5 (see later) that the masses of the GW150914
system lie in. This is all mergers with the masses of both
black holes individually between 23.7 and 42.2M⊙.

We show our delay time distributions for sample metal-
licities in Figure 2 for NS-NS, BH-NS and BH-BH mergers.
The merger rates are present assuming an instanteous burst
of star-formation at t = 0 with a total stellar mass of 106M⊙.
We also indicate the delay time distribution for GW150914
type events. We see that for all distributions there are a
short timescale peak and a longer plateau. We discuss other
aspects of the distribution below.

3 BINARY BLACK HOLE MERGER

TIMESCALES AND RATES

Figure 3 presents the variation in the total lifetimes for merg-
ers of binary black holes with metallicity. Our results are
consistent with the results of Dominik et al. (2012) in that
the typical delay times are a few Gyr although there is a
broad range of possible merger times as shown in Figure
2. We identify cases where the merger occurs after a much
shorter delay due to the kick during the second core-collapse

event reducing the orbital period or inducing a reasonable
eccentricity that shortens the merger time. There are also
cases with delay times longer than 10 Gyrs but we do not in-
clude them in our rate estimate below, although we note that
some authors (e.g Belczynski et al. 2016) include these. De-
lay times are relatively independent of initial stellar metal-
licity, although there is a slight trend to fewer mergers at
higher metallicities. This is due to more mass loss from the
systems widening the orbit the progenitor binary systems as
well as the reduction in the typical mass of the black holes.

At the lowest metallicities of Z ≤ 0.0001 we see there
is a trend for it to be more common for black holes to have
longer merger times. The reduced opacities at this metallic-
ity cause stars to be more compact and so we find common-
envelope evolution is less likely and more mass can be trans-
ferred in binary interactions. This leads to more systems
experiencing QHE with relatively wide orbits. When these
form binary black hole systems, most mass goes into the
black hole so such systems have low eccentricities and take
a longer time to merge. We see, for example, that if the pro-
genitor of GW150914 had this metallicity it is most likely
to have had a long merger time rather than being a prompt
merger. We note that Belczynski et al. (2016) also find the
systems are dominated by long merger times at low metal-

MNRAS 000, 1–14 (2016)
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dE/dt, to specify the secular change in co over one
period. It is easy to show that the two expressions give
the same secular change in co and are thus consistent. In
the case where the motion is not circular, the two
equations give us different information. For example, in
the case of two point masses moving in elliptical orbits,
we can predict not only the secular change in the energy
or semimajor axis, but also the secular change in the
eccentricity as well. This analysis will be carried out in
the next section.

IOO
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j I
/

I

V. SECULAR CHANGES IN THE TWO-POINT
MASS SYSTEM

The results of the previous sections can be applied to
find the secular change in the elements of the relative
orbit of two point masses resulting from gravitational
radiation. The equation of the relative orbit of the
motion'4 is

r =a(1—e')/(1+e cosf) . (5 1)

If the plane of the motion and position of the orbit in
the plane is specified, then there are two parameters
necessary to describe the orbit: the major axis u and the
eccentricity e. In the Newtonian theory, they are con-
stants of the motion. In the general theory of gravita-
tion, they will be functions of time, which will be slowly
varying in the nonrelativistic limit. These parameters
are related to the total energy E. and the relative
angular momentum L through the following equations:

a =—Gmim2/2E,
L'= Gmi'm2'(mi+m2) 'a(1—e') .

(5 2)

(5.3)

In a previous paper, "the energy radiated from this
system by gravitational waves was studied in detail. It
was found that the time average of the energy emission
rate is given by

dE 32 G'mi'm, '(m, +m2) f 73 37 )
~
1+—e'+—e' ~. (5.4)

dt 5 c'a'(1—e')'" k 24 96

dL 32 G"m,'mm'(mi+m2)"'
~ ~(1+l"). (55)

dt 5 c'.,a'I'(1—e')

Applying the analysis of Sec. IV, one finds that the
average angular momentum emission rate is given by

O.I 0 .2 ,6 .8

FIG. 1.The semimajor axis u as a function of the eccentricity e
in the decay of a two-point mass system. Here, c0 is chosen to
be 1.

de 304 G'mim2(mi+m2) t' 121
e /1+ e

dt 15 c'a'(1—e')'~' ~ 304
(5.7)

The above equations are sufKi. cient to determine the
decay uniquely. Starting from a given orbit with
parameters ao and eo, Eqs. (5.6) and (5.7) in principle
give enough information to find a(t) and e(t). If we set
eo——0 to find the decay of the circular orbit, either (5.6)
or (5.7) gives

(5.9)a(t) = (ao4 4Pt) it4, —
where

I 64 G'mim2 (mi+ m2)
t3=

5 c'

Hence, during a decay of the orbit for which gravi-
tational radiation is the only energy loss mechanism, we
can obtain the differential equation relating a to e
during the decay:

da 12 a Ll+ (73/24)e'+ (37/96)e4]
(5 g)

de 19 e (1—e')Ll+ (121/304)e']

7'.(ao) =ao'/(4P) .
The equations for (da/dt) and (de/dt) are deri~ed from Therefore, the system decays in a finite time T, given by
(5.4) and (5.5): (5.10)

(da 64 G'mim2(mi+m, ) $ 73 37
~
1+—e'+—e4 ~, (5.6)

dt 5 c'a'(1—e')'t' k 24 96 )
'4 For an elliptical orbit, a denotes the semimajor axis, e the

eccentricity, and P the angular coordinate in the plane of the orbit."P.C. Peters and J. Mathews, Phys. Rev. 131, 435 (1963).

Consider the case of circularly orbiting binary stars
for which we neglect deformation, mass Row, and other
radiation processes. We may predict the lifetime of the
system for collapse as a result of the radiation of
gravitational waves. For binary star systems in which
each component has a mass equal to one solar mass, we

Peters (1964)
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Figure 18. The predicted masses and merger rate for black hole binaries as a function of metallicity, assuming continuous star formation
at a rate of 3 M⊙ yr−1 over a 10 Gyr period. The primary is defined as the more massive star at formation (rather than merger). The
masses of the black hole progenitors of the five detected gravitational wave transients (four confirmed events, one lower significance
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Cosmic Habitability
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About 20% of stellar 
mass has been 
irradiated by one or 
more cosmic disasters 
in the last 200 Myr.

This fraction was 
much higher in 
the past.

See Stanway et al, MNRAS 
(2018), arxiv:1710.03033

We can also combine BPASS predictions for event rates with 
cosmological models of galaxy evolution to look at surprising 
things like galactic habitability.

BPASS v2.1 + 
Millennium Simulation  + 
De Lucia (2006) SAM
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Figure 2. BPASS v2.2 spectral energy distributions at 0.4 Z� and Z� (green and orange respectively), compared to the equivalent SEDs
drawn from the GALAXEV models of Bruzual & Charlot 2003 (shown in blue). Results from our single star models are shown on the
left and illustrate the di↵erences in single star stellar evolution and atmospheres between our models and those of BC03. Results from
our v2.2 binary models are shown on the right. Spectra are normalised to match between model sets in luminosity per unit wavelength
at 5500Å and are o↵set in luminosity for clarity. SEDs are shown at stellar population ages of 5, 25, 100, 250 and 690Myr, 1.4 and 5Gyr.

To model the evolution of white dwarfs formed as the
result of thermal pulses, we again employ the method of
Hurley et al. (2000) to derive the luminosity and radius of
the white dwarf on the cooling track. White dwarfs forming
as a result of binary interactions are already modelled in full
in our detailed code. We terminate the evolution when the
total age reaches 100Gyrs.

2.2 New Binary Distribution Parameters

BPASS v2.1 and earlier versions used a simple distribution
of binary periods and mass ratios that was based on be-
haviour in high mass stellar binaries (Sana et al. 2013), but
applied at all masses. All stars were considered to be in bina-
ries, with their interaction fraction determined by the period
distribution and the details of stellar evolution in each case.
This led to an unphysically high interacting binary fraction
amongst low mass stars at late times, and hence our popu-
lations never became dominated by the old, red stars seen
in quiescent stellar systems.

In BPASS v2.2 we implement a new set of weighting
parameters for binary fraction, period and mass ratio dis-
tribution, as a function of the mass of the primary star. We
base our new binary parameter distribution on those de-
termined by the detailed study of Moe & Di Stefano (2017,
hereafter MS17) which analysed a large compilation of ob-
servational data to determine the parameters of early-type
and main sequence binaries.

We adopt the multiplicity statistics presented in table
13 of MS17 with only minor alterations to accommodate our
model parameter space:

(i) The maximum period in our binary models is
log(Period/days)=4. We find that a negligible fraction of
the binary stars at this limit interact in the lifetime of the
Universe. As a result, we treat binaries with a larger period
as e↵ectively single in our population synthesis;

(ii) Our model prescription does not implement precisely
equal mass binaries, due to computational limitations. We
use the MS17 values for the twin fraction (i.e. number of

Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty1353/5003394
by University of Cambridge user
on 07 June 2018
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Figure 5. The synthetic spectra produced for a co-eval popula-
tion (i.e. instantaneous starburst) at times of 1, 3, 10, 30, 100,
300, 1000 and 3000 Myr after star formation. Spectra are shown
for binary populations (bold, coloured lines) and single stars (pale,
greyscale line), and at metallicities of Z=0.002 (top) and Z=0.020
(centre). In the bottom panel we compare BPASS binary models
at the two metallicities directly, at ages of 3, 30 and 300 Myr.

nary is bound or unbound.
The grid of masses we use for primary evolution also

ranges from 0.1 to 300 M⊙. We model every decimal
mass from 0.1 to 2.1 M⊙, then 2.3, 2.5, 2.7, 3, 3.2, 3.5,
3.7 M⊙, every half M⊙ from 4 to 10 M⊙, then every
integer mass to 25 M⊙, then every 5 M⊙ to 40 M⊙ then
50, 60, 70, 80, 100, 120, 150, 200 and 300 M⊙. The grid
of mass ratios, q = M2/M1, ranges uniformly from 0.1
to 0.9 in steps of 0.1. We establish initial binary periods
with log(P/days) from 0 to 4 in steps of 0.2.

For the secondary models which have a compact com-
panion, the grid of models we calculate is determined
from the results of the population synthesis after the
first supernova. The grid uses the same array of possi-
ble periods as for the primaries, however the secondary
masses are reduced to M2 = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.8 M⊙, every integer mass from 1 to 25 M⊙, 25, 30, 35,
40, 50, 60, 70, 80, 100, 120, 150, 200, 300, 400, 500 M⊙.
The compact remnant masses are arranged in a grid of
log(Mrem,1/M⊙) from -1 to 2 in steps of 0.1.

Our numerical method to account for binary evolu-
tion is inspired by the method of Hurley et al. (2002)
and was first described in detail in Eldridge et al. (2008).
However we have had to modify some of the aspects as
they are difficult to implement into a detailed stellar
evolution code. The key point in our models when bi-
nary evolution becomes very different to that of our
single star models is when the radius of the primary
star increases and so it fills its Roche Lobe. This is the
equipotential surface beyond which any material is no
longer most strongly gravitationally attracted to the pri-
mary star, and Roche lobe overflow (RLOF) can occur.
We allow for this in our models by using the effective
Roche lobe radius defined by Eggleton (1983), where a
star will have an equivalent volume to that of its Roche
lobe. At radii beyond this it will begin to overflow mass
towards its companion star. The Roche lobe radius is
given by,

RL1
a

= 0.49q2/3
1

0.6q2/3
1 + ln(1 + q1/3

1 )
, (1)

where q1 = M1/M2. When the star fills its Roche lobe
we determine a mass-loss rate due to overflow of,

ṀR1 = F (M1)
!
ln

"
R1
RL1

#$3
(2)

where

F (M1) = 3 × 10−6[min(M1, 5.0)]2. (3)

The value here was chosen by Hurley et al. (2002) to en-
sure mass transfer is stable within their code. We also
found this to be the case in applying their rate. There
has been significant amount of work on the exact de-
tails of RLOF (e.g. Ritter, 1988; Kolb & Ritter, 1990;

BPASS v2.1, Eldridge Stanway et al (2017)

BPASS v2.2, Stanway & Eldridge (2018)

v2.1 remained blue (too many 
interacting binaries at low mass, 
not enough low mass models)

single

Binary

v2.2 provides a good model for 
old stellar populations
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Old Stellar Populations
BPASS v2.2 (Stanway & Eldridge 2018) – fitting quiescent 

galaxy Lick indices
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BPASS models suggest younger, more metal rich galaxies
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So far so good…

… but let’s get back to where we started:  the 
observed properties of distant, young, low Z 

stellar populations
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Stellar Lines at z~3

Steidel et al. (2016), see also Eldridge & Stanway (2012)
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Figure 5. Zoom in of the spectral regions near the N V (left panels) and C IV (right panels) wind lines, comparing various S99 (top) and BPASSv2 (bottom)
models with the KBSS-LM1 spectrum. The top panels include three different IMFs for the S99-z002 models to illustrate the IMF dependence of the P-Cygni
profiles. As in Figure 4, regions of the spectrum that were excluded from the global fits (see §4) are shaded in cyan. The color-coding of the line identifications
is the same as in Fig. 2.

ure 5, where the flatter IMF models produce N V profiles that
are slightly too strong in both emission and absorption.

The C IV stellar wind feature has been discussed by many
authors as a potential diagnostic because of its strength and
its dependence on stellar metallicity (e.g., Pettini et al. 2000;
Leitherer et al. 2001; Shapley et al. 2003; Rix et al. 2004;
Steidel et al. 2004; Quider et al. 2009, 2010; Leitherer et al.
2010). The only disadvantages are the substantial contribu-
tion of interstellar C IV absorption, and the presence of nar-
row Si II⇤�1533.4 emission, both of which can be difficult to
separate from the stellar wind P-Cygni profile at low spectral
resolution and/or S/N (see Crowther et al. 2006.) Neverthe-
less, the LM1 composite spectrum is of high enough S/N and
spectral resolution that the broad P-Cygni absorption profile
of the C IV feature is easily distinguishable in spite of the
superposition of these narrower spectral features, as shown
in the righthand panels of Figure 5. The top-right panel of
Fig. 5 shows a clear preference among the S99 models for
metallicity Z⇤ = 0.002, and a slight preference for a stellar
IMF with slope > -2.3. The BPASSv2 models are less able
to match the details of the C IV absorption profile, and only
the lowest-metallicity models (BPASSv2-z001) are consistent
with the observed depth of the P-Cygni absorption in the LM1
composite. The same BPASSv2-z001 models appear to over-
produce the emission component of the observed spectrum,
but it is important to note that the apparent emission compo-
nent of the P-Cygni profile is dependent on the kinematics,
optical depth, and covering fraction of gas giving rise to the
interstellar C IV absorption in the vicinity of the galaxy sys-
temic redshift; such absorption would tend to diminish the ap-
parent strength of the P-Cygni emission component relative to

its intrinsic strength.20

Over the rest wavelength range �0 ' 1000 - 2000 Å, the
most significant difference between the S99 and BPASSv2
models including binary evolution is that the latter predict
broad He II�1640 stellar emission that is absent from any of
the continuous star formation S99 models (compare the right-
hand panels of Figure 5). Note that this feature is also ab-
sent from the single-star BPASSv2-z001-300 model (see Fig-
ure 7). He II emission can be present as either a stellar feature,
broadened by processes associated with winds from massive
stars, or as a nebular feature, from recombination in H II re-
gions; of course, it is possible that both mechanisms may con-
tribute in any single case (see, e.g., Erb et al. 2010). As illus-
trated in Figure 5 (and discussed in §5 below) the observed
He II feature in the LM1 LRIS spectrum may be attributed al-
most entirely to stars if the BPASSv2 models are used for the
stellar continuum, whereas adopting the S99 models would
imply that the line must be entirely nebular in origin. We will
return to a discussion of the importance of this distinction in
§5 and §7.4 below.

4.2. Stellar Photospheric Absorption
We showed above that global �2 minimization of the stellar

population synthesis models relative to the LM1 composite
far-UV (1000-2000 Å) spectrum favors a stellar metallicity of
Z⇤ = 0.001 - 0.002 (Z⇤/Z� = 0.07 - 0.14) for both BPASSv2
and S99 models (see Table 4, Fig. 4) using the Mask 1 wave-

20 A similar ambiguity is much less important for the N V feature because
there is little or no contribution to the observed line profile from interstellar
N V absorption.
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Figure 5. Zoom in of the spectral regions near the N V (left panels) and C IV (right panels) wind lines, comparing various S99 (top) and BPASSv2 (bottom)
models with the KBSS-LM1 spectrum. The top panels include three different IMFs for the S99-z002 models to illustrate the IMF dependence of the P-Cygni
profiles. As in Figure 4, regions of the spectrum that were excluded from the global fits (see §4) are shaded in cyan. The color-coding of the line identifications
is the same as in Fig. 2.

ure 5, where the flatter IMF models produce N V profiles that
are slightly too strong in both emission and absorption.

The C IV stellar wind feature has been discussed by many
authors as a potential diagnostic because of its strength and
its dependence on stellar metallicity (e.g., Pettini et al. 2000;
Leitherer et al. 2001; Shapley et al. 2003; Rix et al. 2004;
Steidel et al. 2004; Quider et al. 2009, 2010; Leitherer et al.
2010). The only disadvantages are the substantial contribu-
tion of interstellar C IV absorption, and the presence of nar-
row Si II⇤�1533.4 emission, both of which can be difficult to
separate from the stellar wind P-Cygni profile at low spectral
resolution and/or S/N (see Crowther et al. 2006.) Neverthe-
less, the LM1 composite spectrum is of high enough S/N and
spectral resolution that the broad P-Cygni absorption profile
of the C IV feature is easily distinguishable in spite of the
superposition of these narrower spectral features, as shown
in the righthand panels of Figure 5. The top-right panel of
Fig. 5 shows a clear preference among the S99 models for
metallicity Z⇤ = 0.002, and a slight preference for a stellar
IMF with slope > -2.3. The BPASSv2 models are less able
to match the details of the C IV absorption profile, and only
the lowest-metallicity models (BPASSv2-z001) are consistent
with the observed depth of the P-Cygni absorption in the LM1
composite. The same BPASSv2-z001 models appear to over-
produce the emission component of the observed spectrum,
but it is important to note that the apparent emission compo-
nent of the P-Cygni profile is dependent on the kinematics,
optical depth, and covering fraction of gas giving rise to the
interstellar C IV absorption in the vicinity of the galaxy sys-
temic redshift; such absorption would tend to diminish the ap-
parent strength of the P-Cygni emission component relative to

its intrinsic strength.20

Over the rest wavelength range �0 ' 1000 - 2000 Å, the
most significant difference between the S99 and BPASSv2
models including binary evolution is that the latter predict
broad He II�1640 stellar emission that is absent from any of
the continuous star formation S99 models (compare the right-
hand panels of Figure 5). Note that this feature is also ab-
sent from the single-star BPASSv2-z001-300 model (see Fig-
ure 7). He II emission can be present as either a stellar feature,
broadened by processes associated with winds from massive
stars, or as a nebular feature, from recombination in H II re-
gions; of course, it is possible that both mechanisms may con-
tribute in any single case (see, e.g., Erb et al. 2010). As illus-
trated in Figure 5 (and discussed in §5 below) the observed
He II feature in the LM1 LRIS spectrum may be attributed al-
most entirely to stars if the BPASSv2 models are used for the
stellar continuum, whereas adopting the S99 models would
imply that the line must be entirely nebular in origin. We will
return to a discussion of the importance of this distinction in
§5 and §7.4 below.

4.2. Stellar Photospheric Absorption
We showed above that global �2 minimization of the stellar

population synthesis models relative to the LM1 composite
far-UV (1000-2000 Å) spectrum favors a stellar metallicity of
Z⇤ = 0.001 - 0.002 (Z⇤/Z� = 0.07 - 0.14) for both BPASSv2
and S99 models (see Table 4, Fig. 4) using the Mask 1 wave-

20 A similar ambiguity is much less important for the N V feature because
there is little or no contribution to the observed line profile from interstellar
N V absorption.
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The Effect of Binary Evolution
Binary evolution produces stronger Lyman continuum flux:
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The Effect of Binary Evolution
Binary evolution produces stronger Lyman continuum flux:
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The ratio of optical emission line strengths provides 
information on the hardness of the ionizing radiation field
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The BPT diagram
Binaries, instant

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
log10( [N II]/Hα )

-1.0

-0.5

0.0

0.5

1.0

1.5

lo
g 1

0( 
[O

 II
I]/

H
β 

)

6.6

6.8

6.6 

6.8 

7.0 

Lo
g 

([O
III

] /
 H
b)

Log ([NII] / Ha)

Rest-optical spectroscopy is becoming possible at high z...

single stars
tracks with age
fixed ne, gas 
geometry etc
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The BPT Diagram
Binaries, instant
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…caution may be required when interpreting it!

See also  Xiao et al (2018).
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The Ionizing Spectrum at z~3

Multi-object near-IR 
spectrographs on 
8-10m class 
telescopes (notably 
MOSFIRE on Keck)  
are making the high 
z rest-optical 
diagnostics 
accessible for the 
first time.

Ionization, excitation, and N/O in z ≃ 2− 3 galaxies 7

Figure 5. KBSS-MOSFIRE galaxies in the N2-BPT plane, compared with local galaxies from SDSS (in greyscale, with the orange
contour enclosing 90% of the total sample). KBSS-MOSFIRE galaxies with > 2σ detections of [N II]λ6585 are plotted in light green, with
2σ upper-limits shown instead as dark green triangles. Magenta squares denote objects identified as AGN/QSOs. The ridge-line of the
high-z locus occurs far outside the 90% SDSS contour, demonstrated not only by the location of the median log([O III]λ5008/Hβ) values
in equal-number bins of log([N II]λ6585/Hα) (yellow stars) but also by the formal fit to the distribution of KBSS-MOSFIRE galaxies (cyan
curve). The z ∼ 0 locus is represented by the red dashed curve.

KBSS-MOSFIRE sample differs from typical local galax-
ies is quite remarkable. Nearly all KBSS-MOSFIRE
galaxies have larger values of log([O III]/Hβ) at fixed
log([N II]/Hα) than typical SDSS galaxies in the N2-
BPT diagram (represented by the 90% of z ∼ 0 galaxies
enclosed by the orange contour in Figure 5). Further-
more, the ridge-line of the z ∼ 2.3 sample with > 2σ
detections of [N II]λ6585, traced by median values of
log([O III]/Hβ) in equal-number bins of log([N II]/Hα)
(yellow stars), falls well outside the same contour.
The N2-BPT locus can be described analytically using

the following functional form:

log([O III]/Hβ) =
p0

log([N II]/Hα) + p1
+ p2. (1)

However, because the fit parameters are degenerate, in-
terpreting them is difficult. To be consistent with the lit-
erature, we fit the KBSS-MOSFIRE locus with p0 fixed
to the value reported by Kewley et al. (2001) for the N2-
BPT extreme starburst classification line (p0 = 0.61).
The best-fit relation describing the KBSS-MOSFIRE N2-

BPT locus (cyan curve in Figure 5) is then

log([O III]/Hβ) =
0.61

log([N II]/Hα)− 0.22
+ 1.12. (2)

The intrinsic scatter relative to the best-fit curve is
0.18 dex, estimated from the amount of additional uncer-
tainty required to achieve χ2/DOF= 1 after accounting
for individual measurement errors. Galaxies with upper
limits on [N II] and objects identified as AGN (magenta
squares; see also §3.2) are excluded from the fit.
We determine the z ∼ 0 locus for the SDSS compari-

son sample using the same form (red dashed line), in-
cluding only star-forming galaxies identified using the
Kauffmann et al. (2003) selection. When p1 and p2 are
fixed separately, we find that the observed offset between
the z ∼ 0 N2-BPT locus and the KBSS-MOSFIRE ridge-
line can be described by a shift of either

∆ log([O III]/Hβ)=0.26 dex or

∆ log([N II]/Hα)=0.37 dex.

The amplitude of these shifts are similar if, instead of
using the value from Kewley et al. (2001), the low-z fit

(Strom et al 2016, see also 
Steidel et al 2016, Kriek et al 
2016, Reddy et al 2016)log [NII]/Ha

lo
g 
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Maximal Starbursts22 Lin Xiao, J.J. Eldridge and Elizabeth R. Stanway

populations. Single-star models are younger, predominantly
around 5Myr while binary-star models have older age
from 5 to 10Myr and some binary-star models can give
an age prediction beyond that to 50Myr. From log(U), we
also derived the inner radius of the illuminating surface of
the gas cloud with respect to the mass of enclosed stars
in HIIs-DG, and find that the radius gradually increases
with increasing mass. Compared to single-star models,
binary-star models are more massive and hotter and push
the illuminating surface further away to 300pc which is
roughly consistent with size of star formation regions which
scale from 2 to 100 pc (Gusev 2014).

(iv) Finally we discussed the effect of ionizing photon
leakage caused by escaping photons with no interaction with
gas and dust attenuation, which in general reduce the line
strength and their EW. It affects our selection for best-
fitting models due to the variation in EWHβ , so that younger
models with ionizing photon leakage can reach same level of
EWHβ as older HII regions. Therefore, our new best-fitting
models are shifted toward younger ages, lower [O/H] and
lower log(U) which overall suggest that the models are hot-
ter, younger and push the gas cloud further away. We also
determined the fraction of remaining ionizing photons frem
scaled by age. Youngest models have more ionizing photon
leakage with only about 15 per cent of photons processed
by the nebular gas and gradually rise up to about 70 per
cent as age increases beyond 10Myr. This is likely because
at older age the HII regions are more dispersed and there
is less dust around as more ionizing photons are recorded
(Charlot & Fall 2000; Conroy et al. 2008).

APPENDIX A: DEFINING THE BPASS
MAXIMAL STARBURST RELATIONS

Comparisons have been made throughout this paper to
the ‘maximal’ starburst lines defined by Kewley et al
(2001) based on the combination of PEGASE2 and STAR-
BURST99 stellar population models with the MAPPINGS
III radiative transfer code.

For future reference, we define a similar set of
metallicity-dependent maximal starburst lines derived using
BPASS v2.1 and the CLOUDY radiative transfer models
described in this paper. These are a set of equations for an
upper locus which encloses all possible star formation pow-
ered HII regions with 0 <log(nH)< 3, −3.5 <log(U)< −1.5
and 6.0 <log(Age/yr)< 7.5, assuming the inclusion of bi-
nary star populations.

For each of the three BPT diagrams, and at each metal-
licity in our model grid, we define a line using the same
functional form as Kewley et al (2001):

log([O III]/Hβ) =
Ai

log(Xi) +Bi
+ Ci, (A1)

where Xi=[N II]/Hα, [S II]/Hα or [O I]/Hα, while A, B and
C are constants. We also derive a line encompassing all
metallicities. Derived values for all constants are given in
table A1

We also illustrate the dependence of these maximal
lines on metallicity in Figures A1, A2 and A3 respectively.

Figure A1. The metallicity dependence of the BPASS binary
maximal starburst in the [N II]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.

Figure A2. The metallicity dependence of the BPASS binary
maximal starburst in the [S II]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.

Figure A3. The metallicity dependence of the BPASS binary
maximal starburst in the [O I]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.
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populations. Single-star models are younger, predominantly
around 5Myr while binary-star models have older age
from 5 to 10Myr and some binary-star models can give
an age prediction beyond that to 50Myr. From log(U), we
also derived the inner radius of the illuminating surface of
the gas cloud with respect to the mass of enclosed stars
in HIIs-DG, and find that the radius gradually increases
with increasing mass. Compared to single-star models,
binary-star models are more massive and hotter and push
the illuminating surface further away to 300pc which is
roughly consistent with size of star formation regions which
scale from 2 to 100 pc (Gusev 2014).

(iv) Finally we discussed the effect of ionizing photon
leakage caused by escaping photons with no interaction with
gas and dust attenuation, which in general reduce the line
strength and their EW. It affects our selection for best-
fitting models due to the variation in EWHβ , so that younger
models with ionizing photon leakage can reach same level of
EWHβ as older HII regions. Therefore, our new best-fitting
models are shifted toward younger ages, lower [O/H] and
lower log(U) which overall suggest that the models are hot-
ter, younger and push the gas cloud further away. We also
determined the fraction of remaining ionizing photons frem
scaled by age. Youngest models have more ionizing photon
leakage with only about 15 per cent of photons processed
by the nebular gas and gradually rise up to about 70 per
cent as age increases beyond 10Myr. This is likely because
at older age the HII regions are more dispersed and there
is less dust around as more ionizing photons are recorded
(Charlot & Fall 2000; Conroy et al. 2008).

APPENDIX A: DEFINING THE BPASS
MAXIMAL STARBURST RELATIONS

Comparisons have been made throughout this paper to
the ‘maximal’ starburst lines defined by Kewley et al
(2001) based on the combination of PEGASE2 and STAR-
BURST99 stellar population models with the MAPPINGS
III radiative transfer code.

For future reference, we define a similar set of
metallicity-dependent maximal starburst lines derived using
BPASS v2.1 and the CLOUDY radiative transfer models
described in this paper. These are a set of equations for an
upper locus which encloses all possible star formation pow-
ered HII regions with 0 <log(nH)< 3, −3.5 <log(U)< −1.5
and 6.0 <log(Age/yr)< 7.5, assuming the inclusion of bi-
nary star populations.

For each of the three BPT diagrams, and at each metal-
licity in our model grid, we define a line using the same
functional form as Kewley et al (2001):

log([O III]/Hβ) =
Ai

log(Xi) +Bi
+ Ci, (A1)

where Xi=[N II]/Hα, [S II]/Hα or [O I]/Hα, while A, B and
C are constants. We also derive a line encompassing all
metallicities. Derived values for all constants are given in
table A1

We also illustrate the dependence of these maximal
lines on metallicity in Figures A1, A2 and A3 respectively.

Figure A1. The metallicity dependence of the BPASS binary
maximal starburst in the [N II]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.

Figure A2. The metallicity dependence of the BPASS binary
maximal starburst in the [S II]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.

Figure A3. The metallicity dependence of the BPASS binary
maximal starburst in the [O I]/Hα vs [O III]/Hβ BPT diagram.
Metallicity dependent lines are shown in colour, while the solid
black line gives the overall maximal starburst line for all BPASS
binary models.
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The ‘maximal’ starburst line 
on diagnostic plots is strongly 
metallicity dependent

Maximal lines for log(nH)=0 - 3, 
log(U)= -3.5 to -1.5, log(age)=6 to 7.5

See 
Xiao, Eldridge & Stanway (2018)



Elizabeth Stanway – IoA Colloquium, June 2018

He II lines seem to be systematically underestimated

We currently fix the elemental abundance ratios at Solar – this will 

deviate at low metallicity

Caveats and Gotchas

- Needs new stellar models
- Needs new atmosphere models

- Stellar Winds at low metallicity
- X-ray binaries, PNe and CVs
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Abundances
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But remember: 
Stellar metallicity is not necessarily gas phase metallicity.
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Caveats and Gotchas

Inevitably all the uncertainties in stellar evolution will affect us 

too: - Stellar Winds and mass loss rates in the RGB and AGB
- Stellar atmosphere opacities
- Mixing lengths
- Reaction rates
- Accretion efficiencies
- Common envelope evolution
- WR-phase inflation
- SN kick distributions
- Rotation and effects of mixing
- 3D vs 1D approximations
- Stellar mergers
- Eccentricity and tidal effects
- Equations of state for compact objects
- Dynamical capture and interactions

Nonetheless BPASS models have been tested and successfully 
verified in many different scenarios

(Things we’re 
worrying about)

(Things we’re 
ignoring… so far)
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Prospects for the Future

• Line diagnostics can be measured from galaxies across a 
broad range of redshifts => JWST will do this easily!

• We should expect strong emission lines from young, low 
metallicity stellar pops – these will be detectable with 
NIRSPEC and effect NIRCAM colours.

• These will need careful modelling– local analogues may 
be useful for calibration but binary models are needed.

• Transient surveys such as LSST will also help to 
constrain the massive star population in galaxies.
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Conclusions

• Galaxy observations are finding evidence for intense, highly 
ionizing stellar populations across a wide redshift range.

• Incorporating binaries in stellar pop synth models can match 
observed properties of both stellar and galaxy populations 

• Our BPASS models include detailed binary models –
bpass.auckland.ac.nz. They typically match observed data 
over a broader range of ages and metallicities.

• These can be used to make predictions and interpret data –
but apply caution when extrapolating from the local Universe!


