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Supplementary Information: Stellar population synthesis modeling

The stellar population model used in the present analysis was constructed specifically for this
project. We therefore describe it in some detail below.

Construction of the model:

The IRTF spectral library13,31 constitutes the core of our model. This spectral library is novel
in its near-IR coverage of a large sample of cool stars at a resolving power of R ∼ 2000. 65
stars were selected from this library with luminosity classes III and V (giants and dwarfs). Pe-
culiar stars were removed, including stars with non-solar Fe abundance and/or other peculiar
abundance patterns (mainly Ca, CN, CH, and Ba), as well as known pulsating M giants. Stars
with significant reddening were also removed. The IRTF library includes 2MASS JHK and
literature V band photometry for each star.

We estimated effective temperatures for these stars based on empirical V − K vs. Teff rela-
tions that have been separately determined for giants32–34 and dwarfs.35,36 The adopted dwarf
relations agree to within 100K with a recently updated temperature scale.37,38

The IRTF library is absolute-flux calibrated against 2MASS photometry. We adopt paral-
lax values obtained from SIMBAD in order to derive absolute luminosities. In order to derive
bolometric luminosities, which we will use to assign stellar masses, we must extrapolate the
IRTF library beyond the observed range. We perform the extrapolation by utilizing the latest
version of the PHOENIX model spectra. The model spectra are normalized to the IRTF library
at the blue and red ends of the observed wavelength range so that the extrapolation is contin-
uous across the transition region. The model spectrum used to extrapolate each IRTF stellar
spectrum was chosen from the estimated Teff for each IRTF star and an estimate of the surface
gravity of the star based on its luminosity class. We note that the extrapolation does not lead
to large uncertainties as the IRTF wavelength range (0.8− 2.5µm) encompasses the majority of
the bolometric flux, especially for K and M stars. As an example, 80% of the flux from M-type
stars is emitted within the IRTF spectral range.

The resulting Teff and Lbol for each IRTF star is plotted in Supp. Fig. 1. Also shown in this
Figure are model isochrones (described below). The agreement between the data and models
is remarkable, and provides a valuable consistency check on both the estimated Teff and Lbol

values.
We adopt a combination of isochrones in order to utilize the most accurate stellar models

for each range in stellar mass. At the lowest masses we adopt the Baraffe stellar evolution
calculations,39 which are unique in their use of realistic atmospheric boundary conditions. Be-
tween 0.2M� and the tip of the RGB we use the Dartmouth evolutionary calculations,40 which
have been shown to produce accurate fits to photometry of open and globular clusters of a
variety of ages and metallicities.41 The Padova evolutionary tracks42 are used to extend the
isochrones through the horizontal branch and asymptoptic giant branch evolutionary phases.
This combined isochrone set is shown in Supp. Fig. 1.

The isochrones are used to assign masses to each IRTF spectrum, based on the measured
Lbol for each star. We note that the stellar Teff values are used only to choose the appropri-
ate PHOENIX model spectra to extrapolate the observed spectra. Our conclusions remain
unchanged if we instead assign masses based on the estimated Teff for each star. Alpha-
enhancements of 0.2 dex have a very minor effect on the Lbol − M and Teff − M relations,
when [Fe/H] is held constant. As a final test of our procedure we compare the masses to those



SUPPLEMENTARY INFORMATION

2  |  WWW  . NATURE      . COM   / NATURE    

RESEARCH

2 van Dokkum & Conroy

predicted from empirical relations between mass and K−band luminosity derived for stars
in binary systems.43,44 Such relations are completely independent of stellar evolution calcula-
tions because the masses are derived from dynamical modeling. The stellar mass – K−band
luminosity relation for our IRTF stars agrees very well with the relations based on dynamical
masses in the range 0.08 < M < 0.6M�. The agreement is particularly strong when bolometric
luminosities are used to assign masses, which motivates the use of bolometric luminosities as
our default method. Based on these comparisons, we conclude that our mass estimates are
reliable.

Once masses are assigned, a synthesized spectrum is created by integrating the observed
spectra over an initial mass function.

Metallicity and α-enhancement:

The empirical spectral library that we use has important advantages over libraries of model
atmospheres. Model atmospheres do not reproduce molecular features such as TiO very well,
whichmakes it difficult to interpret fits of thesemodels to our spectra. We note here that Kurucz
models — which are used in most existing stellar population synthesis models at λ > 8000 Å
— also prefer IMFs that are more “bottom-heavy” than the Kroupa IMF, but give much poorer
fits than the IRTF empirical library to the spectral regions away from Na I and the Wing-Ford
band.

A disadvantage of the empirical library is that it is not straightforward to assess the ef-
fects of abundance variations. We know that the iron abundance in the eight Coma and Virgo
ellipticals is approximately Solar,45,46 and so the value of [Fe/H] of the Milky Way stars is
appropriate for the galaxies that we study here. However, the abundance of α-elements (and
the overall mass-weightedmetallicity [Z/H]) is higher in massive elliptical galaxies than in the
Milky Way stars. Although sodium (responsible for the Na I line) and iron (responsible for the
Wing-Ford band) are themselves not α-elements, both lines and their sidebands overlap with
TiO lines that are present in M giants.

We empirically determined to what extent enhanced TiO absorption could influence the
results by creating models with artifically enhanced late M giant light. The model shown in
Supp. Fig. 2 has a Kroupa IMF and an additional contribution of late M giants amounting to
40% of the light at 0.9µm. This is an extreme model as these stars should contribute only
a few percent to the light, but we use it here to assess the effects of enhancing TiO features.
This model fits the observed strength of the Wing-Ford band quite well as it coincides with the
δ(2 − 3) band of TiO. However, it also predicts that other TiO features are nearly as strong as
the absorption at 0.99µm, which is clearly not the case. Moreover, the fit to the Na I line is not
improved as the only relevant TiO feature is slightly redward of Na I, and the fit to the rest
of the spectrum in the wavelength range 0.815 − 0.860µm is unacceptable. We note that the
apparently limited enhancement of TiO with respect to the Milky Way giants is consistent with
the weak response of TiO to either metallicity or α-enhancement in the PHOENIX library and
in stellar population synthesis models which explicitly include non-Solar abundance ratios.47

We infer that the Wing-Ford band should be interpreted with caution but that the combina-
tion of the Wing-Ford band with TiO features at other wavelengths and (particularly) the Na I
line should be a robust indicator of the presence of low mass stars. This is fully consistent with
previous theoretical work.3
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Supplementary Figure 1 | The IRTF stellar library. Hertzprung-Russell diagram of IRTF
stars and theoretical stellar evolution calculations. IRTF stellar Lbol and Teff have been esti-
mated as described in the text. Theoretical models assume [Fe/H]= 0.0 and an age of 13.7 Gyr.
The models encompass all phases of stellar evolution from main sequence hydrogen burning
through the end of the asymptotic giant branch, and extend down to the hydrogen burning
limit of 0.08M�.

Supplementary Figure 2 | Effect of enhancing M giant features. a Spectra and models
around the Na I doublet. Our favored model with a steep IMF (x = −3.0) is compared to a
model that assumes a Kroupa IMF with the addition of a 40% light contribution from an M6
giant star. Since late M giants have very strong TiO features this exercise is meant to mimic
the effects of increasing α-enhancement in the models. Clearly the addition of a substantial
amount of M giant light provides a poor fit to the absorption line at ≈ 0.82µm as the central
wavelength is not matched. This demonstrates that this feature is due to Na I and not TiO. The
fit is also very poor to the rest of the spectrum in this wavelength range. b Spectra and models
around the Wing-Ford band. Here the addition of M giant light adequately reproduces the
strong observed Wing-Ford absorption due to the TiO absorption feature that coincides with
the FeH absorption. However, this fit also predicts unacceptably large absorption at 0.983µm,
1.001µm, and 1.006µm as these TiO features are nearly as strong as the one at 0.992µm.
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