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ABSTRACT

We explore the relation between the dynamical mass-to-light ratio (M /L) and rest-frame color of massive quiescent
galaxies out to z~2. We use a galaxy sample with measured stellar velocity dispersions in combination with
Hubble Space Telescope and ground-based multi-band photometry. Our sample spans a large range in log Mgy,/L,
(of 1.6dex) and log Myyn/Lk (of 1.3 dex). There is a strong, approximately linear correlation between the M /L
for different wavebands and rest-frame color. The root-mean-square scatter in log Mgy, /L residuals implies that
it is possible to estimate the M /L with an accuracy of ~0.25 dex from a single rest-frame optical color. Stellar
population synthesis (SPS) models with a Salpeter stellar initial mass function (IMF) cannot simultaneously match
Mgyn/ L versus (g — Z)rest—frame and Mgy /L versus (g — K )rest—frame- By changing the slope of the IMF we are still
unable to explain the M/L of the bluest and reddest galaxies. We find that an IMF with a slope between o = 2.35
and o = 1.35 provides the best match. We also explore a broken IMF with a Salpeter slope at M < 1 Mg and
M > 4 M and a slope « in the intermediate region. The data favor a slope of « = 1.35 over @ = 2.35. Nonetheless,
our results show that variations between different SPS models are comparable to the IMF variations. In our analysis
we assume that the variation in M /L and color is driven by differences in age, and that other contributions (e.g.,
metallicity evolution, dark matter) are small. These assumptions may be an important source of uncertainty as
galaxies evolve in more complex ways.
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1. INTRODUCTION

For a good understanding of galaxy evolution, accurate stellar
mass estimates are crucial (for a recent review see Courteau et al.
2014). Nearly all galaxy properties, among which structure, star
formation activity, and the chemical enrichment history, are
strongly correlated with the stellar mass (e.g., Kauffmann et al.
2003; Tremonti et al. 2004; Gallazzi et al. 2005). Furthermore,
the evolution of the stellar mass function (e.g., Bundy et al.
2006; Marchesini et al. 2009; Muzzin et al. 2013b; Ilbert et al.
2013) provides strong constraints on galaxy formation models
(see, e.g., De Lucia & Blaizot 2007).

In contrast to the luminosity, the stellar mass of a galaxy is
not a direct observable quantity. Most techniques for estimating
the stellar mass rely on a determination of a mass-to-light ratio
(M/L). The M/L of a galaxy strongly depends on the age,
metallicity, and the stellar initial mass function (IMF) of its
stellar population. M /L are typically estimated by comparing
the observed colors, multi-wavelength broadband photometry
or spectra to stellar population synthesis (SPS) models (for a
review see Conroy 2013).

In this paper, we focus on the relation between the M /L
and color, as was first explored by Bell & de Jong (2001). They
used SPS models and derived a tight relation between rest-frame
B — R color and M/Lg, from which it is possible to estimate
the M /L of a galaxy to an accuracy of ~(.2 dex. Because their
results were based on SPS models, they suffer from uncertainties
due to assumptions regarding the star formation history (SFH),
metallicity, IMF, and SPS code. More recent work indeed
suggests that the uncertainties are larger (0.2-0.4 dex; Bell et al.

2003; Zibetti et al. 2009; Taylor et al. 2011), in particular when
using rest-frame NIR colors.

Direct stellar kinematic mass measurements yield dynamical
M /L, which do not rely on any assumptions regarding the SPS
models, metallicity, and IMF. At low-redshift, dynamical mass
measurements of galaxies have proven to be extremely useful for
studying the M /L (e.g., Cappellari et al. 2006; de Jong & Bell
2007; Taylor et al. 2010). For example, Cappellari et al. (2006)
find that the stellar M /L is tightly correlated with o,, and Taylor
et al. (2010) find that the stellar M /L is a good predictor of the
dynamical M /L if the Sérsic index is taken into account when
calculating dynamical masses (i.e., Mayn o< K (n)reoez). Van der
Wel et al. (2006) studied the relation between the dynamical
M /Lg and rest-frame B — K color of early-type galaxies out
to z~ 1, and found that there are large discrepancies between
different SPS models in the NIR. However, one of the major
limitations in this measurement was the low number of galaxies,
and the small dynamic range in M/Lg (~0.4 dex).

In order to accurately constrain the relation between the
dynamical M/L and color, we need a sample of early-type
galaxies with a large range in age. This study requires kinematic
measurements from z ~ 0 to z~2, such that we measure
the M /L and color in early-type galaxies with both the oldest
(z ~0) and youngest (z ~ 2) stellar populations.

However, due to observational challenges very few such mea-
surements exist. At high-redshift, kinematic studies of quiescent
galaxies become much more difficult as the bulk of the stellar
light, and stellar absorption features used to measure veloc-
ity dispersions, shift into the near-infrared (NIR; e.g., Kriek
et al. 2009). With the advent of fully depleted, high-resistivity
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Figure 1. Rest-frame U — V color vs. V — J color. Panel (a) shows massive (M, > 10'! M) galaxies in the SDSS at z ~ 0.06, and panel (b) shows massive galaxies at
z > 0.5. Different symbols for the intermediate to high-redshift samples are indicated in the legend and described in Section 2. The dashed lines shows our separation
of star-forming and quiescent galaxies, where quiescent galaxies are selected to have U — V > (V — J) x 0.88 + 0.59. We only use the quiescent galaxies in the

remainder of the paper.

CCDs (e.g., Keck-LRIS) and new NIR spectrographs, such as
VLT-X-SHOOTER (Vernet et al. 2011), and Keck-MOSFIRE
(McLean et al. 2012), it is now possible to obtain rest-frame
optical spectra of quiescent galaxies out to z ~ 2. For example,
Bezanson et al. (2013b) measured accurate dynamical masses
for eight galaxies at 1.2 < z < 1.6. Furthermore, in van de
Sande et al. (2011, 2013) we obtained stellar kinematic mea-
surements for five massive quiescent galaxies up to redshift
z = 2.1 (see also Toft et al. 2012; Belli et al. 2014b). Combined
with high-resolution imaging and multi-wavelength catalogs,
these recently acquired kinematic measurements increase the
dynamic range of the M /L and rest-frame color.

In this paper, we use a sample of massive quiescent galaxies
from z~2 to z~0 with kinematic measurements and multi-
band photometry with the aim of exploring the relation between
the M /L and rest-frame color, assessing SPS models, and con-
straining the IMF. The paper is organized as follows. In Section 2
we present our sample of 0.05 < z < 2.1 galaxies, discuss the
photometric and spectroscopic data, and describe the derived
galaxy properties such as effective radii, rest-frame fluxes, and
stellar population parameters. In Section 3 we explore the re-
lation between the M /L and the rest-frame color over a large
dynamic range for several pass-bands. We compare our M/L
versus rest-frame color to predictions from stellar population
models in Section 4. In Section 5 we use the M /L versus color
and stellar population models to constrain the IMF in massive
galaxies, as first proposed by Tinsley (1972, 1980; see also van
Dokkum 2008 who first applied this technique to measure the
IMF out to z ~ 1). In Section 6 we compare our results with pre-
vious measurements and discus several uncertainties. Finally, in
Section 7 we summarize our results and conclusions. Through-
out the paper we assume a ACDM cosmology with Q;, =0.3,
Q) =0.7,and Hy = 70 km s~! Mpc~!. All broadband data are
given in the AB-based photometric system.

2. DATA
2.1. Low and High-redshift Sample

One of the primary goals of this paper is to explore the relation
between the M /L and rest-frame color over a large dynamic
range. Early-type galaxies are ideal candidates for such a
measurement, as they have homogeneous stellar populations. At
z ~ 0 their spectral energy distributions (SEDs) are dominated

by old stellar populations (e.g., Kuntschner et al. 2010), and they
have experienced very little to no star formation since z ~2 (e.g.,
Kriek et al. 2008).

Here, we use a variety of data sets, which all contain
stellar kinematic measurements of individual galaxies and multi-
wavelength medium and broad-band photometric catalogs. We
adopt a mass limit of M, > 10'' M to homogenize the final
sample. Our mass-selected sample contains 76 massive galaxies
at 0.5 < z < 2.2. We note, however, that our sample remains
relatively heterogeneous relative to mass-complete photometric
samples and in particular the higher redshift samples are biased
toward the brightest galaxies.

We use the U — V versus V — J rest-frame color selection
to distinguish quiescent galaxies from (dusty) star-forming
galaxies. (e.g., Wuyts et al. 2007; Williams et al. 2009). Figure 1
shows the mass-selected sample in the UVJ diagram, in which
quiescent galaxies have U — V > (V — J) x 0.88 + 0.59. Out of
the 76 galaxies in the mass-selected sample, 13 galaxies are not
identified as quiescent galaxies and excluded from our sample.
This criterion is slightly different from previous work, as we
do not require that U — V > 1.3 or V — J < 1.5. The latter
criteria remove post-starburst galaxies and very old galaxies,
respectively. As we benefit from a large range in age in this
paper, we omit the latter criteria and thereby keep the youngest
and oldest galaxies in our sample.

Photometry for the high-redshift sample is adopted from
the 3D-HST catalogs version 4.1 (Brammer et al. 2012; Skel-
ton et al. 2014) where possible, which cover the following
CANDELS fields: AEGIS, COSMOS, GOODS-N, GOODS-
S, and UKIDSS-UDS. We list the references for all kinematic
studies, photometric catalogs, and structural parameters for the
final sample in Table 1.

2.2. Derived Galaxy Properties

All velocity dispersions were measured from stellar absorp-
tion features in the rest-frame near-UV and/or optical. We apply
an aperture correction to the velocity dispersion measurements
as if they were observed within a circular aperture radius of one
re, following the method as described in van de Sande et al.
(2013). This method includes a correction for the radial depen-
dence of the velocity dispersion (e.g., Cappellari et al. 20006),
and takes into account the effects of the non-circular aperture,
seeing, and optimal extraction of the one-dimensional spectrum.
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Table 1
Data References Sample

VAN DE SANDE ET AL.

Survey and Field Ngal z Spectroscopy Telescope and Photometric Catalog Structural Parameters
Instrument

SDSS DR7 4621 0.05 <z <0.07 Abazajian et al. (2009) SDSS Blanton et al. (2005) Simard et al. (2011)
NMBS-COSMOS 3 0.7<z<09 Bezanson et al. (2013a) Keck-DEIMOS Skelton et al. (2014) Bezanson et al. (2011)

10 Whitaker et al. (2011)
UKIDSS-UDS 3 0.6 <z<0.7 Bezanson et al. (2013a) Keck-DEIMOS Skelton et al. (2014) van der Wel et al. (2012)

1 Williams et al. (2009)
MS 1054-0321 8 z=10.83 Wauyts et al. (2004) Keck-LRIS Forster Schreiber et al. Blakeslee et al. (2006)

2006

GOODS-S 7 09<z<1.2 van der Wel et al. (2005) VLT-FORS2 Skelton et al. (2014) van der Wel et al. (2012)
GOODS-N 1 z=1.315 Newman et al. (2010) Keck-LRIS Skelton et al. (2014) van der Wel et al. (2012)
EGS 8 1.0<z<13 Belli et al. (2014a) Keck-LRIS Skelton et al. (2014) van der Wel et al. (2012)
COSMOS 6 l.1<z<1.3 Belli et al. (2014a) Keck-LRIS Skelton et al. (2014) van der Wel et al. (2012)
GOODS-S 1 z=1419 Belli et al. (2014a) Keck-LRIS Skelton et al. (2014) van der Wel et al. (2012)
NMBS-COSMOS 4 12<z<1.5 Bezanson et al. (2013b) Keck-LRIS Whitaker et al. (2011) Bezanson et al. (2013b)
NMBS-AEGIS 2 ld<z<1.6 Bezanson et al. (2013b) Keck-LRIS Whitaker et al. (2011) Bezanson et al. (2013b)
NMBS-COSMOS 2 16 <z<2.1 van de Sande et al. (2013) VLT-XShooter Skelton et al. (2014) van de Sande et al. (2013)

1 Whitaker et al. (2011)
UKIDSS-UDS 1 14<z<21 van de Sande et al. (2013) VLT-XShooter Skelton et al. (2014) van de Sande et al. (2013)

1 Williams et al. (2009)
COSMOS 1 z=1.823 Onodera et al. (2012) Subaru-MOIRCS Muzzin et al. (2013a) Onodera et al. (2012)
MUSYC 1255 1 z = 2.286 van Dokkum et al. (2009) Gemini-GNIRS Blanc et al. (2008) van Dokkum et al. (2009)
COSMOS 2 2.1<z<23 Belli et al. (2014b) Keck-MOSFIRE Skelton et al. (2014) Belli et al. (2014b)

Table 2
Absolute Magnitudes of the Sun in Different Filters
Mou Mo Mov Mor Mor Mouw Mog Mor Moi Mo: Moy Mouw Mok

6.34 5.33 4.81 4.65 4.55 6.45 5.14

4.65 4.54 4.52 4.57 4.71 5.19

For the intermediate to high-redshift sample, effective radii
and other structural parameters, such as Sérsic index and axis
ratio, are determined using 2D Sérsic fits with GALFIT (Peng
et al. 2010). For galaxies in the Sloan Digital Sky Survey
(SDSS), we use the structural parameters from Simard et al.
(2011), who determined 2D Sérsic fits with GIMD2D (Simard
1998) on the SDSS g band imaging data. All effective radii are
circularized, i.e., ro = Jab. All sizes are measured from rest-
frame optical data, i.e., redward of 4000 10%, with the exception
of COSMOS-13412 (z = 1.24) from Bezanson et al. (2013b),
and COSMOS-254025 (z = 1.82) from Onodera et al. (2012)
for which the HST-F775W band is used. For massive galaxies at
z > 1, the median color gradient is re y/re¢ = 1.12 (Szomoru
et al. 2013). Thus the M/L for these two galaxies may be
overestimated by ~0.05 dex.

All rest-frame fluxes, including those for the SDSS sample,
are calculated using the photometric redshift code EAZY (v46;
Brammer et al. 2008). We use the same set of templates that were
used for the ULTRAVISTA catalog by Muzzin et al. (2013a).
Stellar masses for the high-redshift sample are derived using
the stellar population fitting code FAST (Kriek et al. 2009).
We use the Bruzual & Charlot (2003) SPS models and assume
an exponentially declining SFH, solar metallicity (Z = 0.02),
the Calzetti et al. (2000) dust attenuation law, and the Chabrier
(2003) IMF. For galaxies in the SDSS, stellar masses are from
the MPA-JHU DR7’ release which are based on Brinchmann
et al. (2004), assuming a Chabrier (2003) IMF. The photometry
and thus also the stellar mass are corrected for missing flux
using the best-fit Sérsic luminosity (Taylor et al. 2010).

3 http://www.mpa-garching.mpg.de/SDSS/DR7/

Dynamical masses are estimated from the size and velocity
dispersion measurements using the following expression:

Bm)agr,
Mayn = T"e ey
Here B(n) is an analytic expression as a function of the Sérsic
index, as described by Cappellari et al. (2006):

B(n) = 8.87 — 0.831 1 +0.0241 n>. )

We note that if we use a fixed virial constant of 8 = 5 for all
galaxies our conclusion would not change.

We derive M/Ls (M/L,) using the dynamical mass from
Equation (1) divided by the total luminosity, in units of M, La.lk.
The total luminosities for different wave bands (1) are calculated
from rest-frame fluxes, as derived using EAZY. We normalize
the total luminosity using the absolute magnitude of the Sun
in that particular filter, which is measured from the solar spec-
trum taken from the CALSPEC database.® The solar absolute
magnitudes for all filters are listed in Table 2.

3. EMPIRICAL RELATION BETWEEN
THE M /L AND COLOR

3.1. Color and the M /L Evolution

In Figures 2(a) and (c) we show the rest-frame g — z color
and Mgyn/Lg as a function of redshift. We find a large range
in g — z color (~ mag) and log;y Mayn/Ly (~1.6dex). At
z > 1, massive galaxies are bluer and have lower M/L as
compared to low-redshift. In van de Sande et al. (2014) we

6 http://www.stsci.edu/hst/observatory/cdbs/calspec.html
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Figure 2. Panel (a): rest-frame g — z color vs. redshift. Massive quiescent galaxies in the SDSS at z ~0.06 are represented by gray squares. Different symbols are
the different intermediate to high-redshift samples as indicated in the legend and described in Section 2. Galaxies are color coded by redshift, from low (blue) to high
redshift (red). We find that the complete sample has a large range in colors. Panel (b): rest-frame g — z color vs. dynamical mass. Panel (c): Mayn/Lg in the rest-frame
g band vs. redshift. We find that the complete sample has a large dynamic range with a factor of ~25 in Mqyn/Lg. Panel (d): Mayn/Lg vs. dynamical mass. Similar to
panel (b), we color code by redshift. From panels (a)—(d) we conclude that, within the sample at fixed dynamical mass, the highest-redshift galaxies have the bluest

colors with the lowest M /L.

showed that our high-redshift spectroscopic sample is biased
toward young quiescent galaxies. While this bias complicated
the analysis of the fundamental plane as presented in that work,
here we take advantage of that same bias, as it enables us to
study massive quiescent galaxies with a large range in stellar
population properties.

We show (g — Z)rest—frame Versus the dynamical mass in
Figure 2(b). We find a weak trend between dynamical mass
and color for low-redshift galaxies. At z > 1.5 the lowest mass
galaxies have the bluest colors. Figure 2(d) shows the Mgy, /L,
versus the dynamical mass. For galaxies in the SDSS, there
is a positive correlation such that low mass galaxies also have
lower M /L as compared to more massive galaxies. In the mass
range of 10" < Myyn/ Mg < 102, the Myy,/ L, for galaxies in
the SDSS increases by about ~0.2 dex. For galaxies at z > 0.5
in our sample, we find that galaxies with high M /L are on
average more massive as compared to galaxies with low M /L.

3.2. Empirical Relation Between the M /L and Color

Next, we examine empirical relations between the M/L
and color, as first predicted by Tinsley (1972, 1980).
In Figures 3(a)—(d) we show the dynamical M /L versus rest-
frame g — z color in the following filters: u, g, z, and K.
Figures 3(e) and (f) show the rest-frame g — K colors versus

the M /L, and M /Lx. Symbols are similar to Figure 2. Massive
quiescent galaxies (>10'' M) from the SDSS are shown by the
gray contour, which encloses 68% of all galaxies. We find that
the log,, M /L, varies most, from ~—0.7 to ~1.1. The range in
log,, M/L slowly decreases with increasing wavelength from
1.8 dex in the u band, to 1.6 dex in the g band, and 1.3 dex in the
z and K band.

As expected, we find a strong positive correlation between
the M/L in all passbands and rest-frame colors. Following Bell
& de Jong (2001), we fit the simple relation:

logy Mgyn/Lj = a, * color + b;,. 3)

We use the IDL routine LINMIX_ERR which is a Bayesian
method to measure the linear regression, with regression
coefficients a, and b,. The advantage of using a Bayesian ap-
proach over a routine that minimizes x?2, is that the Bayesian
approach incorporates the intrinsic scatter as a fit parameter. In
the fit we give equal weight to the SDSS galaxy sample and our
sample of galaxies at intermediate to high redshift, instead of
anchoring the fit to the median of the SDSS galaxies. In practice
this means that we add 63 galaxies to the intermediate- and high-
z sample, which have an M /L and color equal to the median of
all SDSS galaxies. We note that when we use the IDL routine
FITEXY, which minimizes the x 2 in the fit for both x (rest-frame
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Figure 3. M /L vs. rest-frame color for massive galaxies between z = 0 and z = 2 for different luminosity bands and rest-frame colors. Symbols are similar as in
Figure 1, and color coded by redshift. From the rest-frame u to the K band, there is a large range in the M /L: 1.8 dex in rest-frame M /Ly, 1.6 dex in M/Lg, and 1.3 dex
in M/Lg. We find a strong correlation between the M /L for different luminosity bands and the rest-frame g — z color. The Mayn/Lu VS. (§ — Z)rest—frame Show the
least amount of scatter. We use a linear fit to the data to describe the relation between the M /L and rest-frame color, in which galaxies from the SDSS (gray contour)
are given equal weight as the high-redshift data. The best-fit values are summarized in Tables 3 and 4. For each fit we furthermore give the rms scatter orthogonal to
the best-fitting line. Overall, the Mgy /Lg vs. g — z color gives little scatter (rms, ~ 0.12 dex), whereas the scatter is higher when we use the rest-frame g — K color

(rms, ~ 0.17 dex).

color) and y (M/L), we find on average ~5% higher values
for a,. The results are summarized in Table 3 using the SDSS
filters and in Table 4 where we use the Johnson—Cousin Filters.

Besides the coefficients, we also report the root-mean-square
(rms,) scatter, which is a good indicator for the significance of
each relation. The scatter around the linear relation increases
from 0.12 to 0.16 when going from rest-frame optical M /L, to

rest-frame near-infrared M /Lg. Furthermore, we find that for
the Myyn/L, the scatter is lower when we use the rest-frame
g — z color as compared to the rest-frame g — K color.

For the color (g — Z)rest—frame» W€ find that the slope of
the relation becomes flatter from the UV to the near-infrared.
To investigate this trend in more detail, we plot the slope a, as
a function of wavelength from the M /L, versus (g — Z)rest—frame



Empirical Relations for the M /L versus Rest-frame Color using SDSS filters

Table 3

Color ay by rmsy ag by rmsg a, b, rms; ai b; rms; a, b, rms, ay by rmsy ayg by rmsy ag bk rmsg
u—g 502 =735 008 477 —-695 0.08 431 —-621 0.09 408 -—-585 009 410 -591 0.09 407 -589 0.09 419 -6.08 0.10 404 -581 0.10
u—r 193 -392 0.12 172 —-342 013 148 -286 0.14 136 —-258 0.15 129 -245 0.15 126 -238 0.16 122 =229 0.16 116 -2.14 0.16
u—i 147 -331 033 131 -287 031 113 -239 030 104 -—-2.15 030 098 —-2.03 029 096 -—-199 028 093 —-192 028 089 —-178 0.28
u—z 128 —-3.18 066 1.14 -276 061 099 -229 058 091 -205 056 08 —-193 055 083 -187 053 081 —-1.82 053 077 -—-1.68 053
wu—J 1.09 -3.00 108 097 -—-258 1.02 083 —-211 097 076 —-1.88 094 071 —-175 092 067 —-1.65 090 065 —-1.60 090 0.62 —147 0.89
u—H 104 -304 130 093 -262 123 080 -2.17 116 073 -193 113 069 -1.81 1.11 065 -1.70 1.09 063 —-1.64 108 060 —1.51 1.07
u—K 099 -261 09 088 —-226 092 076 —-185 0.88 070 —-1.65 086 066 —1.55 0.84 063 —-148 0.83 061 —142 083 057 —-128 02382
g—r 406 -—-247 007 373 -—-222 008 346 -—-201 009 324 —-183 009 324 -—-18 009 330 -193 010 322 -187 0.10 3.14 —-1.80 0.10
g—1i 262 —-222 010 241 -—-199 011 192 -146 0.12 175 -127 013 165 -1.19 0.13 161 -1.16 0.14 156 —1.12 0.14 147 -1.00 0.14
g—2z 1.89 —-197 0.12 169 -1.69 013 145 -136 0.14 132 -1.18 0.15 125 -—1.11 0.15 121 -108 0.16 1.18 —-1.04 0.16 1.12 —-094 0.16
g—J 154 -203 016 137 -174 0.16 118 -—-140 0.17 107 -121 018 100 -—-1.12 0.19 095 -1.05 020 092 -—-1.01 020 0.87 -091 0.20
g—H 146 -218 016 131 -188 0.17 113 -—-152 0.18 103 -134 018 097 -124 0.19 092 -1.17 020 089 —-1.12 020 084 —1.01 0.20
g—-K 131 -157 017 118 -135 0.17 102 -1.07 018 093 -093 0.18 088 —0.87 0.19 0.84 —-083 020 082 -—-079 020 0.76 —-0.68 0.21
r—i 733 —-171 004 705 -—-1.63 0.04 666 —150 0.05 642 —-142 005 641 —-144 005 591 —-129 005 6.18 —-140 0.05 6.11 —136 0.05
r—z 487 —-234 0.06 452 =211 007 430 -196 007 400 -—-180 008 395 -1.80 0.08 4.13 -—-191 009 412 -191 009 387 -—-174 0.09
r—J 257 -185 013 228 -156 0.13 193 -122 0.4 175 -105 015 160 -093 0.16 148 -0.83 0.17 143 -0.79 0.17 135 -0.69 0.18
r—H 234 =206 013 207 -174 014 175 -137 0.5 159 -1.19 0.15 148 -1.10 0.16 135 -097 0.17 130 -091 0.18 123 -081 0.18
r—K 199 -1.19 014 177 -099 0.15 153 -076 0.15 139 -0.64 0.16 129 -0.57 0.17 120 -051 0.18 1.16 —-048 0.18 1.06 -037 0.19
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Table 4
Empirical Relations for the M /L versus Rest-frame Color using Johnson—Cousin Filters

Color ay by rmsy  dp b rmsg  ay by rmsy  daR br rmsg ar by rmsy ay by rmsy;  ay by rmsy  dg bk rmsg
U-B 1016 —1042 0.06 986 —10.04 0.06 944 -—-9.62 006 932 -—-949 0.06 863 -873 0.06 1031 -10.63 007 939 -959 0.07 9.19 -938 0.07
u-v 244 —412 0.10 228 =377 011 197 -320 0.12 183 -294 0.13 168 -—-2.65 0.13 1.8 —-2.50 0.14 155 -—-244 0.14 147 -227 0.14
U-R 177 —-347 0.13 166 —3.18 013 144 -269 0.14 133 —-246 0.15 122 =222 0.16 1.15 -208 0.17 112 =201 0.17 1.06 -—-1.86 0.17
U-1 .39  -305 030 131 =279 029 113 -237 028 105 -2.15 028 09 -193 028 090 —1.81 027 088 —-175 027 084 —-1.62 027
u-1J 1.08 —284 094 101 —-258 091 087 -2.17 086 08 —-195 084 073 —-1.73 082 0.67 —-156 079 065 -150 079 0.61 —1.38 0.78
U—-H 104 -290 1.15 097 -263 1.12 084 -—-222 106 078 -2.01 1.03 071 -—-1.78 1.01 0.65 —161 097 063 —-155 097 059 -—-142 096
U—-K 098 —247 083 092 -—-225 081 080 -190 0.78 074 -172 076 0.68 —152 075 062 —-139 0.72 061 -133 072 057 -1.19 0.71
B—-V 395 -275 007 379 -259 007 344 -230 0.08 327 -2.17 0.09 311 -205 009 322 -217 0.10 3.13 -210 0.10 294 -191 0.10
B—R 255 -252 010 247 —-238 0.10 215 -201 0.1 183 —-1.63 0.12 166 —144 0.13 1.58 —136 014 154 -132 0.14 147 -121 0.14
B-1 172 -206 012 163 —-188 0.13 142 -157 0.14 130 -141 0.15 120 -125 0.15 114 -1.19 0.6 1.11 -1.15 0.16 1.05 -1.05 0.17
B—J 132 =216 0.17 124 -196 0.17 107 -—-1.64 0.18 099 -—-147 0.18 090 -129 0.19 08 -—-1.16 021 080 -1.12 021 076 -1.01 021
B-H 126 -227 0.17 119 -207 0.17 103 -175 0.18 095 -157 0.19 087 -138 019 080 —-126 021 0.77 -120 021 073 -1.09 021
B—-K 114 -173 017 108 -156 018 094 -131 0.18 087 -1.17 019 079 -1.02 0.19 074 -094 021 0.71 -090 0.21 067 -0.79 0.21
V—-R 786 —-231 0.04 800 -—-231 004 729 -208 004 696 —195 005 657 —184 0.05 6.87 —-198 005 673 —-191 005 635 -—-176 0.05
V-1 3.89 —-2.09 007 375 -—-195 007 345 -—-178 008 323 —1.63 0.08 315 —-1.59 0.09 323 —1.68 0.10 3.12 -1.59 0.10 3.02 -1.52 0.10
V-—J 1.97 —-18 014 18 —-166 015 159 -137 0.15 145 -121 0.16 131 —-104 0.17 1.15 -087 0.19 1.11 -083 0.19 1.05 -0.73 0.19
V—H 188 -209 014 176 —-188 015 152 -156 0.6 139 -139 0.16 127 -122 0.17 112 —-1.04 0.19 108 -098 0.19 1.02 -—-0.87 0.19
V—-K 163 -135 016 154 —-120 0.16 134 -099 0.16 123 -087 0.17 113 -075 0.17 1.02 -066 0.19 099 -0.62 0.19 091 -0.51 0.20
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Figure 4. Slope a; from the M /L; vs. (g —2)rest—frame elation vs. wavelength X.
For each luminosity band, we use the values from Table 3, and the errors are
derived from bootstrapping the data. In the rest-frame u band, we find a steep
slope of ~2.0. The slope a; decreases when we go from the u to i band.
Redward of the z band, we find that the relation between the M /L vs. g — z
color is approximately ~1.2.

relation in Figure 4. We find that the slope becomes flatter when
we go from the u to i waveband, while the slope is approximately
constant (~1.2) from z to K.

These results indicate that the M /L of an early-type galaxy
can be predicted by a singe rest-frame color g — z to an
accuracy of ~0.25 dex. In particular the rest-frame g — z color
in combination with the rest-frame g band luminosity provides a
good constraint for mass measurements of quiescent galaxies, as
it has a large dynamic range in M/L and color, in combination
with little scatter around the linear relation.

4. COMPARISONS WITH STELLAR POPULATION
SYNTHESIS MODELS

Here, we compare our dynamical M /L versus rest-frame
color to the predictions from SPS models. Our main aim is to test
whether the different SPS models can reproduce the relations in
the optical and NIR and to what accuracy. For the comparison
we use the SPS models by Bruzual & Charlot (2003, hereafter
BCO03), Maraston & Stromback (2011, hereafter Mall), and
Conroy & Gunn (2010; FSPS, v2.4).

For the BC0O3 models we use the simple stellar population
(SSP) models with the Padova stellar evolution tracks (Bertelli
et al. 1994) and the STELIB stellar library (Le Borgne et al.
2003). For the Mall models, which are based on Maraston
(2005, hereafter Ma05) with the Cassisi et al. (1997a, 1997b,
2000) stellar evolution tracks and isochrones, we use SSPs with
the red horizontal branch morphology and the MILES (Sanchez-
Blazquez et al. 20006) stellar library. For the FSPS models, which
use the latest Padova stellar evolution tracks (Marigo & Girardi
2007; Marigo et al. 2008), we use the standard program settings,
and the MILES stellar library.

For all models we use a Salpeter (1955) IMF and a truncated
SFH with a constant star formation rate for the first 0.5 Gyr.
However, different SFHs result in nearly identical tracks. For
example a longer star formation timescale will smooth out some
of the small timescale variations, but will not change any of
our conclusions. For all models we use the total stellar mass,
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Table 5
Scatter around SPS Models with Different Metallicities

SPS Model M/L Color Sub-solar Solar Super-solar
FSPS M/Lg g§—z2 0.32 0.14 0.15

M/Lx g—K 0.78 0.21 0.18
BCO03 M/Lg g§—z2 0.24 0.15 0.14

M/Lg g—kK 0.73 0.28 0.20
Mall M/Lg g§—z2 0.16 0.11 0.17

M/Lg g—kK 0.34 0.33 0.19

which is the sum of living stars and remnants. We note that our
dynamical mass estimates include both stellar mass and dark
matter mass. At this point we ignore the effect of dark matter,
but we come back to this issue in Section 6.5.

In Figure 5 we compare the Mgy, /Ly versus (g — Z)rest—frame
(left column) and Mgyn/Lx versus (8 — K)rest—frame (right
column) with the predictions from SPS models. A different
model is shown in each row from top to bottom: FSPS, BCO03,
and Mal 1. For each model, we show three different metallicities:
solar (green), sub-solar (blue), and super-solar (red). Metallicity
values for the specific models are indicated in each panel.
Furthermore, we indicate various model ages on the tracks
with different symbols: 0.1 Gyr (upside down triangle), 1.0 Gyr
(circle), 3.0 Gyr (diamond), 10 Gyr (triangle).

We indicate the effect of dust with the black arrow, assuming
a Calzetti et al. (2000) dust law and Ay = 0.5. For the Mgy, /L,
versus rest-frame g — z color, we find that the dust vector runs
parallel to the model. Dust has, however, almost no affect on
the rest-frame K band luminosity and therefore runs nearly
horizontal. To quantify how well the models match the data,
we calculate the scatter orthogonal to the model tracks (rms,).
For the three models with different metallicities this scatter is
given each panel in Figure 5 and in Table 5. Below we discuss
the comparison for SPS models individually.

4.1. FSPS Models

In Figure 5(a) we show the Myy,/Ly versus (& — Z)rest—frame
color in combination with the FSPS models. The difference
between the solar (Z = 0.02) and super-solar (Z = 0.03) tracks
is small, whereas the sub-solar model is at all times too blue at
fixed M /L. Both models with solar and super-solar metallicity
match the Myyn/Lg and (g — Z)rest—frame color for low-redshift
galaxies (z < 1), but are unable to reproduce the low Myy,/L,
for the bluest galaxies with (g — Z)rest—frame < 1. It is interesting
to note that the scatter around the solar metallicity model (0.14,
Table 5) is about similar to the scatter when assuming the linear
fit (0.13, Figure 3(b)).

In Figure 5(b) we show the Mgy,/Lg versus the (g —
K )rest—frame color. The FSPS model tracks show a clear transition
from a constant May,/ Lk for (g — K)rest—frame < 1.75 to a very
steep relation at (g — K)rest—frame > 1.75. The color difference
between the solar (Z = 0.02) and sub-solar (Z = 0.003) tracks
is large (A(g — Z)rest—frame ~ 0.8) and more distinct as compared
to the rest-frame g — z color. The difference between solar and
super-solar metallicity tracks is small for the FSPS models. The
scatter for the super-solar metallicity model (0.18) is similar
to the scatter for the linear fit (0.21, Figure 3(f)), even though
the FSPS model track is far from linear. As in Figure 5(a), we
find that both solar and super-solar tracks are able to match the
low-redshift galaxies (z < 1), but cannot simultaneously match
the bluest galaxies with (g — K )rest—frame < 1.5 colors, for which
the model M /L is too high.
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Figure 5. M/L vs. rest-frame color for the spectroscopic samples compared to the following SPS models: FSPS (top row), BC0O3 (middle row), and Mall
(bottom row). The left column shows the Mayn/Lg Vs. (§ — Z)rest—frame, While the right column shows the Mqyn/Lk vs. (§ — K)rest—frame. For each model we show
three different metallicities: solar metallicity (Z = 0.02, green), sub-solar metallicity (blue), and super-solar (red), and we indicate various model ages on the tracks
with different symbols: 0.1 Gyr (upside down triangle), 1.0 Gyr (circle), 3.0 Gyr (diamond), 10 Gyr (triangle). The effect of dust is indicated by the black arrow. We
find that none of the models are able to match both the rest-frame optical color and the rest-frame infrared color in combination with the M /L simultaneously.

4.2. BCO3 Models

For the BCO3 models, the solar-metallicity track matches
the low-redshift galaxies well for the rest-frame optical colors
(Figure 5(c)), but the M/L of the bluest galaxies is still
overestimated by ~0.2 dex. The difference between the solar
and super-solar metallicity tracks is larger than for the FSPS
models, but this is mainly due to the fact that the BCO3 super-
solar metallicity (Z = 0.05) track is significantly higher than

the FSPS models (Z = 0.03). For low-redshift galaxies in the
SDSS, the super-solar (Z = 0.05) model predicts an M /L thatis
too low by ~0.3 dex, while the scatter for the z > 0.5 data with
the super-solar model (0.14) is almost the same as the scatter for
the solar model (0.15). The sub-solar (Z = 0.004) model shows
colors that are too blue at fixed Mgyn/L, at all times.

In Figure 5(d), there is a larger color separation between the
three metallicity tracks as compared to Figure 5(c). At fixed
age the color difference in rest-frame g — K is approximately
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twice as large as the color difference in the rest-frame g — z
color, indicating that the first color provides a better constraint
for metallicity (see also Bell & de Jong 2001). Interestingly, the
slope of the BC0O3 models remain almost linear for the rest-frame
g — K color, in contrast with the other two models. Neither solar
nor super-solar tracks provide a good match to all the data, but
the super-solar metallicity track has significantly lower scatter
than the solar metallicity (super-solar = 0.20 versus solar =
0.28). While the solar metallicity model is unable to reproduce
the low M /L of the bluest galaxies, the super-solar metallicity
model is unable to reproduce the color and the M /L for SDSS
galaxies.

4.3. Mall Models

The Mal1 models are systematically different from the other
models (Figures 5(e) and (f)). The Mall models exhibit an
“S-shaped” relation between the M /L and rest-frame color, in
particular for the g — K colors. The trend in the Mall models
is such that for blue colors there is a small increase in the M /L,
whereas there is a steep nearly vertical upturn in the M /L at
late ages. It is interesting to note that the Mal 1 solar metallicity
track is able to match the M /L and rest-frame g — z color of all
galaxies. Furthermore, the Mal 1 model shows the lowest scatter
as compared to the other models: rms = 0.11.

However, for the (¢ — K)est_frame cOlor the sub-solar and
solar metallicity tracks provide a poor match (Figure 5(f)).
The Z = 0.02 model has a sharp increase in the M /L around
(8 — K)rest—frame ~ 1.4, after which it is too blue by ~0.5 mag
compared to the data. The super-solar metallicity model is able
to match all galaxies at z < 1, but around 1 Gyr the M/ L is too
low by ~0.2 dex.

4.4. Summary

All the models reproduce the general observed trend in
M /L versus rest-frame color. Even though certain models with
specific metallicity tracks match one M /L versus color, none of
the models are able to simultaneously match the data in both the
rest-frame g — z versus Mgy /Lg and g — K versus Mgyn/Lx. In
particular for FSPS and BC03, the models are unable to match
the low M /L for the bluest galaxies in combination with the
rest of the data. For the (g — 2)rest—frame COlor, the Mal 1 models
are able to predict the low M/L for the bluest galaxies at the
same time as the M /L for galaxies in the SDSS, with lower rms
scatter as compared to the other models. We furthermore find
that the SPS models exhibit different relations between the M /L
and rest-frame color, most prominently visible in the rest-frame
g — K color. The cause for the discrepancies between the models
and the data, but also among the different models, can be due to
several factors as there are a number of systematic differences in
the SPS models. It is beyond the scope of this paper to address
these differences, but we refer the reader to Conroy & Gunn
(2010) for a recent comparison of several popular models.

5. CONSTRAINTS ON THE IMF

In the previous section we found that the models reproduce
the general observed trend between M /L and color, but cannot
match all the data. Adapting a different IMF could provide a
solution to this problem. The IMF influences the evolution and
scaling of the M /L, while it has a smaller effect on the color
evolution (Tinsley 1972, 1980). Generally speaking, a bottom-
heavy IMF (¢ > 2.35) will give a flatter M/L versus color
relation as compared to a bottom-light IMF (o < 2.35). In this
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Table 6
Scatter Around SPS Models with Different Realizations of the IMF
SPS Model M/L Color x=1.35 x=235 x=335 Chabrier
FSPS M/Ly g—1z 0.15 0.14 0.67 0.12
M/Lx g—kK 0.21 0.21 0.85 0.15
BCO03 M/Ly g—1z 0.11 0.15 0.63 0.11
M/Lx g—kK 0.20 0.29 0.85 0.17

section, we explore the effect of the IMF on the different SPS
models in the M /L versus color plane.

5.1. IMF Comparison

We show the FSPS (top row) and BCO3 (bottom row) models
with four different realizations of the IMF in Figure 6. We do
not further explore the Mal 1 models, because these models with
different IMFs were not available to us. In this section we use
solar metallicity models (FSPS, Z = 0.0198; BC03, Z = 0.02)
and a truncated SFH with a constant star formation rate for the
first 0.5 Gyr. The Salpeter IMF with slope o« = 2.35 is shown
in green and was the assumed IMF in Figure 5. A bottom-light
IMF with slope & = 1.35 is shown in blue, the bottom-heavy
a = 3.35 IMF in red, and the Chabrier IMF in pink. For the two
models with IMFs with different slopes, the rms scatter is given
in each panel in Figure 6 and in Table 6.

In Figure 6(a) we find that the FSPS model with the bottom-
heavy IMF («¢ = 3.35) has an M/L that is always too high
and does not match any of the data. The steepest M /L versus
color relation is predicted by the bottom-light IMF (o = 1.35).
For the Salpeter and the bottom-light IMF we measure a similar
rms scatter (0.14-0.15), but both IMFs have an M /L that is on
average too high by ~0.1-0.2 dex. The Chabrier IMF has a very
similar behavior in the M /L versus color plane as the Salpeter
IMF, but with a lower M /L by about ~0.2 dex. For the bluest
galaxies the Chabrier IMF reproduces the low M /L, but the
M /L is too low by 0.2 dex for galaxies in the SDSS. Out of all
four realizations of the IMF that we show in Figure 6(a), we
measure the least scatter for the Chabrier IMF (0.12 dex).

For the Mgyn/Lx versus (g8 — K)resi—trame (Figure 6(b)), we
find similar differences between the IMFs as for the Mgy, /Lx
versus (g — Z)rest—frame (Figure 6(a)). The bottom-heavy IMF
(o = 3.35) overpredicts the M /L by more than adex and does
not match any of the data. Compared to the Salpeter IMF, we
find that the bottom-light IMF has a steeper M /L versus color
relation, with a steep vertical upturn around 3 Gyr. Interestingly,
the Chabrier IMF is able to match all data with very little scatter
(0.15 dex).

In Figure 6(c), we show the BCO3 models with the four
different realizations of the IMF. Again, the bottom-heavy IMF
does not match any of the data. The bottom-light and Chabrier
IMF both provide an excellent match to the intermediate and
high-redshift data with the least rms scatter (0.11 dex). However,
the Chabrier IMF again predicts an M /L that is slightly too low
for the SDSS sample.

The bottom-light IMF which gave a perfect match for
the Mayn/Lg versus (g — Z)rest—frame» hOwever, does not pro-
vide a good match for the intermediate galaxies in the
Mgyn/Lx versus rest-frame g — K color plane (Figure 6(d)).
At (g — K)rest—frame > 1.4 the M /L of the bottom-light IMF
is on average too high by ~0.2 dex. The bottom-light IMF still
provides a better prediction than the Salpeter IMF with a respec-
tive rms of 0.20 versus 0.29. Again, we find that the Chabrier
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Figure 6. M /L vs. rest-frame color: comparing IMFs with different slopes. We use FSPS (top row) and BCO3 (bottom row) models with solar metallicity (Z = 0.02).
The IMF is defined as a single power-law with slope «. Different curves are IMFs with different realizations of «. While the FSPS do not favor an IMF with o = 1.35
(blue) over a = 2.35 (green), the BCO3 has less scatter for the IMF with @ = 1.35 as compared to o = 2.35. Whereas a Chabrier IMF is able to reproduce the low
M /L for the bluest galaxies, it does not match the M /L of low redshift SDSS galaxies in panels (a) and (c). It does shows an excellent match to the data in panels (b)

and (d) with very little scatter.

IMF best matches all the data based on the rms scatter (0.17),
but does not provide a perfect match either.

Overall, we find that the BCO3 model favors an IMF with a
slope of @ = 1.35 over an IMF with o = 2.35, while for the
FSPS models we find no statistical preference for one of the
two. We get an excellent match to the data with the FSPS model
when using a Chabrier IMF for the rest-frame g — K color, but
for the rest-frame g — z color this IMF underpredicts the M /L
for galaxies in the SDSS. As we still have not identified a model
that can simultaneously match the M /L versus (g — 2)rest—frame
and (g — K)rest—frame colors, we explore a more exotic IMF in
the next section.

5.2. Broken IMF

As the M /L versus color relation is mostly sensitive to the
IMF around the main sequence turnoff-point of stars in the
Hertzsprung—Russell diagram, we experiment with a broken
IMF, in which we only vary the slope between 1 M and 4 M:

dN

T M=% for [0.08<M,/Mg<1] 4)
dN
7 & M~ for [1<M,/Mg<4] (5)
dN
T M™% for [4<M,/Mg<100] (6)
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Table 7
Scatter Around SPS Models with Different Realizations of the Broken IMF
SPS Model M/L Color x=135 x=235 x=2335
FSPS M/Lg g—z 0.11 0.14 0.24
M/Lg g—K 0.15 0.21 0.35
BCO03 M/Lg g—z 0.12 0.15 0.28
M /L g—K 0.24 0.29 0.45

One advantage of this approach is that different realizations of
the IMF will cause the SPS tracks to naturally intersect at late
ages when most of the integrated light will come from low-mass
stars with M, < 1 M.

Figure 7 shows the three different realizations of the IMF
using Equation (5): « 1.35 (blue), « 2.35 (green,
normal Salpeter), and o = 3.35 (red). As before, we use solar
metallicity models (FSPS, Z = 0.0198; BC03, Z = 0.02), and
a truncated SFH with a constant star formation rate for the first
0.5 Gyr. For the two models with broken IMFs with different
slopes, the rms scatter is given in each panel in Figure 7 and in
Table 7.

As expected, in Figure 7(a) we find that the different tracks
now all match the oldest z ~ 0 SDSS galaxies. This figure
also clearly shows that the M /L versus color relation becomes
increasingly steep with decreasing slope of the IMF. We find
that the FSPS model with « = 1.35 IMF is able to reproduce
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Figure 7. M /L vs. rest-frame color for an IMF with different slopes between 1 M and 4 M. Below 1 M, and above 4 M, this IMF has a Salpeter slope, as defined
according to Equation (5). We use FSPS (top row) and BCO3 (bottom row) models with solar metallicity (Z = 0.02). Based on the rms scatter, the models favor an
IMF with a slope of « = 1.35 over « = 2.35. The FSPS model with a broken IMF of & = 1.35 is able to reproduce both the M /L vs. g — z and g — K rest-frame color.

the low M /L for the bluest galaxies and matches all the other
data as well, with very little scatter (rms = 0.11). Furthermore,
the broken IMF with ¢ = 1.35 provides a better match to the
data than the IMF with slope « 2.35. The bottom-heavy
a = 3.35 IMF matches the highest M /L galaxies, but for all
galaxies bluer than (g — Z)rest—frame < 1.2 the model M/L is
still too high. Most interestingly, in Figure 7(b) the FSPS model
with o = 1.35 IMF matches all the data for the Mgy, / Lk versus
(g — K)rest—frame With very little scatter (rms = 0.15).

In Figure 7(c) we show the BCO3 models with different
realizations of the broken IMF. The broken IMF with « = 1.35
matches all the data from z~2 to z~0. However, for the
Mgyn/Lx versus (g — K)rest—frame color this IMF overpredicts
the M /L by ~0.2 dex (Figure 7(d)).

Therefore, based on the rms scatter, we conclude that both
the FSPS and BC03 models favor a slope of the broken IMF of
o = 1.35 over @« = 2.35. We note that the FSPS model with a
broken IMF of o = 1.35 is the only model that can reproduce
both the M /L versus g — z and g — K rest-frame color.

6. DISCUSSION AND COMPARISON
TO PREVIOUS STUDIES

6.1. SED Derived M/L

To investigate the implication of the results, we first compare
our relation of Myy,/L versus rest-frame color to the relation
of (M, /L)sgp versus rest-frame color. The (M, /L)sgp has been
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determined by fitting solar metallicity BC0O3 models to the full
photometric broad-band data set (see Section 2.2). We show the
results for our sample in Figure 8. In Figure 8(a) we compare
the (M,./Lgy)sep versus rest-frame g — z color with our best-fit
dynamical relation from Section 3.2 (dashed line). As expected,
the galaxies lie along a tight sequence. We note, however, that
the best-fit dynamical relation is steeper. This difference in the
steepness of the relation is consistent with the fact that the
BCO03 model tracks do not quite track the trends of Figure 5(c).
Figure 8(b) shows the (M,/Lg)sgp versus (g — K )rest—frame-
The derived (M, /Lk)sgp show a rather complex trend with
(& — K)rest—frame color. This complex trend is similar to the
trends for the FSPS (Figure 5(b)) and Mall (Figure 5(f))
SPS models.

The mismatch between the (M,/Lg)sep (using the BCO3
models which were used to fit the full photometric broad-
band data set) and the May,/L, is highlighted in Figure 9,
where we compare the two estimates directly. In the case where
dynamical M /L corresponds well to the SED based M/L, we
expect to see a one-to-one linear relation (dashed line) with
potentially a constant offset due to dark matter or low-mass stars.
However, Figure 9 shows a relation that has a shallower slope
than the dashed-line, such that galaxies with a lower M /L are
further offset from the one-to-one relation. This non-constant
offset is similar to the results by van de Sande et al. (2013),
in which we showed that M,/ Mgy, changes slightly as a function
of redshift, where the z ~ 2 galaxies had the highest M,/ Mgyy.
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Figure 9. M, /L, from SED fits vs. the Mayn/Ly. The M/L have been
determined by fitting solar metallicity BCO3 models to the full broad-band
data. We find a non-linear relation, which could be due to an evolving dark
matter fraction or IMF variations.

However, as redshift, color, and Mgy, /L are correlated in our
sample (see Figures 2(a) and (c)), the M,/Mgyy, trend with
redshift could also be caused by the non-constant offset in
(M,/Lg)sep versus Mgy,/Ly. Without additional information
(e.g., high signal-to-noise spectroscopy) it is hard to establish
whether the trend is driven by galaxy structure evolution/
dark matter fraction evolution, IMF variations (Section 5), or
discrepancies in SPS models.

6.2. Intrinsic Scatter

From the Myyn/Lg versus (g — Z)rest—frame Color relation, we
find that we can predict the M /L of a galaxy with an accuracy
of ~0.25 dex. However, our dynamical M /L estimates suffer
from large (systematic) uncertainties. To quantify the intrinsic
scatter in the relation, we calculate the fraction of the scatter
induced by uncertainties in the size, and velocity dispersion
measurements. As the formal errors on the rest-frame colors are
small (<0.01 mag), the scatter will be dominated by errors
in the dynamical mass. From Monte-Carlo simulations, we
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find that 0.11 dex of the 0.25 dex scatter can be explained by
measurement uncertainties. Thus our intrinsic scatter in the
Mayn/Lg versus (g — Z)rest—frame relation is 0.22 dex. However,
if the (systematic) errors on the rest-frame colors are larger,
for example ~0.1 mag, the intrinsic scatter would be 0.14 dex.
Furthermore, from the Bayesian linear fit we obtain an estimate
for the intrinsic scatter of 0.15 dex for the (g — 2)rest—frame VETSUS
Mayn/ L. The intrinsic scatter can be due to variations in the
SFHs, metallicities for galaxies at high and low redshift, or may
be due to unknown sources of measurement errors.

We also consider the fact that a single color might not provide
an accurate constraint and that the full broad-band SED fit yields
a tighter relation. We use the SED derived stellar M /L (see also
Section 6.1) to estimate the scatter when using the full broad-
band data set. We find a mean ratio of M, /Mgy, = —0.20 with
an rms scatter of 0.20 dex. This scatter of 0.20 dex suggests that
a single color (which had an M /L accuracy of 0.25 dex) only
provides a slightly worse M /L prediction as compared to full
broad-band SED fitting.

6.3. Comparison to Literature
6.3.1. Single-burst SPS Models

The evolution of the rest-frame K-band M /L out to z ~ 1 was
measured for the first time by van der Wel et al. (2006), for a
sample with a small dynamic range of approximately ~0.4 dex
in M/Lg. They concluded that single-burst BCO3 models with
a Salpeter IMF were offset with respect to the data and that
the Ma05 models with a Salpeter IMF provided the best match.
While we come to a similar conclusion for the BCO3 models, we
still find a large offset between the data and the Maraston models
with a Salpeter IMF, as the Maraston solar metallicity tracks are
too blue by 0.5 mag in rest-frame g — K . The different conclusion
can be explained by the fact that van der Wel et al. (2006) used
relative M /L and colors, while we only use absolute values. We
could not find other direct comparisons between Mgy, /L versus
color relations and SPS models in the literature.

6.3.2. Star-forming Galaxies and Extended SFH

The relation between M /L versus color was first explored
by Bell & de Jong (2001) for spiral galaxies. They used an
early version of the BCO3 models, and found that the rest-frame
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B — R color provided a good estimate of the M /L. Follow up
work by Bell et al. (2003) used the Pegase SPS models with
more extended SFHs to estimate SED-based M /L, which were
then used to derive observationally constrained M /L versus
color relations. They found that the optical M/L versus color
relations were in good agreement with Bell & de Jong (2001),
but they found a shallower slope in the NIR M /L versus color
relation due to unaccounted metallicity effects. Zibetti et al.
(2009) used the latest SPS models from S. Charlot & G. Bruzual
(in preparation) to directly derive the M /L versus color relation.
Similar to the results by Gallazzi & Bell (2009) they found a
steeper slope in the M/L; versus (g — i )rest—frame relation as
compared to Bell et al. (2003). Using BC03 models Taylor et al.
(2011) follow a similar method as Bell et al. (2003) and found
that slope for the M /L; versus (g — i) relation is steeper than
in Bell et al. (2003), but shallower than in Zibetti et al. (2009).
Into & Portinari (2013) use the latest Padova isochrones, with
detailed modeling of the thermally pulsing asymptotic giant
branch phase, to update the theoretical M /L—color relations.
They also find a steeper slope for their new relations as compared
to Bell et al. (2003).

In this paper, we found that the slope for the M/ L; versus rest-
frame (g — i) relation is considerably steeper than in previous
work (e.g., Bell et al. 2003; Zibetti et al. 2009; Taylor et al. 2011;
Into & Portinari 2013). The difference is easily explained as the
M /L versus color relations in previous studies were derived
from samples that include star-forming galaxies, with variable
(exponentially declining) SFHs, and dust. This naturally leads
to a shallower slope. In addition, we found in Section 4 that
most model tracks predict a shallower relation as compared to
our dynamical data. If this trend is indeed caused by stellar
population effects, it would imply that the masses of star
forming galaxies need recalibration, and may have systematic
uncertainties at a level of 0.2 dex.

6.4. Constraints on the IMF

Several authors have constrained the IMF’s using a differen-
tial analysis of color evolution against M /L evolution, inspired
by early work by Tinsley (1972, 1980). van Dokkum (2008)
used galaxies in clusters at 0 < z < 0.8 and found an IMF
slope around 1 Mg of o = 0.71%_47. Holden et al. (2010) used a
larger sample, and analyzed the evolution at fixed velocity dis-
persion, and found an IMF slope of ¢ = 1.9 £0.2. van Dokkum
& Conroy (2012) repeated this analysis with the latest popula-
tion models (Conroy & van Dokkum 2012) and found a slope of
o = 1.81£0.27. Although the techniques used by these authors
are quite different, the results are similar to those presented here.
However, with our larger range in M /L and rest-frame color,
we find that the variations between different models with the
same IMF are comparable to the variations due to the IMF with
the same model. Therefore, with the current models it is still
hard to put a robust constraint on the IMF.

6.5. Dark Matter

In this paper we use dynamical mass estimates for calculating
the M/L. The dynamical mass includes both stellar mass
and dark matter mass, but to this point we have ignored the
contribution of dark matter to the dynamical mass. At low-
redshift the dynamical to stellar mass fraction is approximately
a factor of 1.6 within one effective radius, due to the contribution
of dark matter to the total mass. If we include dark matter in
the M /L of the models, this fraction would shift all curves in
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Figures 5-7 vertically up by ~0.2 dex. This shift would not solve
the discrepancies between the models and the data, because the
discrepancies are in the slope and cannot be solved by a constant
offset (see Figure 9).

However, whether the dark matter fraction within one r. is
constant over time is still subject to debate. The size growth
of massive quiescent galaxies may result in an increase of the
dark matter to stellar mass fraction within one r., because the
dark matter profile is less steep than the stellar mass profile
(see also Hilz et al. 2013). Thus, the dark matter fraction within
one r, may increase over time. In van de Sande et al. (2013),
we indeed find a hint of an evolving dark matter fraction, i.e.,
the median M,/ Mgy, is higher by 50% at z > 1.5 compared
to massive SDSS galaxies (M, /Mgyn o (1 +2)%17+001) From
hydrodynamical simulations, Hopkins et al. (2009) find that
for galaxies with M, ~ 10'!, the stellar to dynamical mass
(M, /Mgyy,) at z~2 is lower by 0.1dex. Thus, if we correct
for an evolving dark matter fraction the M /L for high-redshift
galaxies would decrease by approximately 0.1 dex and for SDSS
galaxies by about 0.2 dex. As this correction decreases the slope
of the empirical M /L versus color relation, it would make the
slope of the data more consistent with a Chabrier (o« = 2.35)
IMF (see Figure 6).

6.6. Metallicity and Complex Star Formation Histories

In the comparison of the models with the data, we used model
tracks with single metallicities. As galaxies grow in size and
mass over time, for example through minor mergers, metallicity
may also evolve as the satellite galaxies have lower metallicities
(e.g., Gallazzi et al. 2005, 2014; Choi et al. 2014). The core
will likely keep the same metallicity, while the metallicity in
the outskirts may decrease (Greene et al. 2013; Montes et al.
2014). Also, due to our stellar mass selection limit of 10" M,
the descendent of the z = 2 galaxies will be more massive than
our z = 0 selected galaxies. Thus, the average metallicity of
z = 0 galaxies in our sample is likely lower than that of the
z = 2 galaxies.

We make two simple models for which the metallicity
is allowed to evolve as a function of time from supersolar
(Z = 0.05) to solar (Z = 0.02). In Figure 10 we show
the BC0O3 models, similar to Figures 5(c) and (d). In blue,
we show the model track with a metallicity transition timescale
of 13.8 Gyr. For the pink model track, we assume that the
metallicity evolution occurred within the first 7 Gyr after
the burst. In Figure 10(a) the metallicity evolution has very little
effect as the Z = 0.02 and Z = 0.05 metallicity tracks are close
together. The rms scatter is only slightly lower for the model
tracks with metallicity evolution (rms = 0.13) as compared to
normal metallicity tracks (rms = 0.14-0.15). In Figure 10(b),
both metallicity evolution tracks (blue and pink) show a steep
vertical upturn in the M /L around 3 Gyr, which improves the
match with the observed data. The rms scatter is significantly
lower for the models where the metallicity is allowed to evolve
(e.g., 0.15 versus 0.20).

While the BC0O3 models with metallicity evolution pro-
vide a better match for the Mgay,/Lx versus (& — K)rest—frame
(Figure 10(b)), these models do not provide a significant im-
provement for the Mgy, /Ly versus (g — Z)rest—frame, in particular
at blue colors and low M/L. Without additional data (e.g., re-
solved images and spectroscopy) we cannot further quantify the
effect of metallicity evolution.

Finally, we have assumed a single SFH for all galaxies. While
massive galaxies in general are thought to have simple SFHs,
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Figure 10. M /L vs. rest-frame color for evolving metallicities with BCO3 models. The green (Z = 0.02 and red (Z = 0.05) model track are the same as in Figures 5(c)
and (d). The blue track is a model where the metallicity evolves from Z = 0.05 to Z = 0.02 a function of time, over a period of 13.8 Gyr. The pink is similar to the
blue track, but for this model the metallicity evolves from Z = 0.05 to Z = 0.02 within the first 7 Gyr. The models with evolving metallicity show a slightly steeper

relation as compared to the models without evolution in the metallicity.

for individual galaxies the SFH could be far more complex
due to merging events. The fact that we find that none of
the SPS models with a Salpeter or Chabrier IMF are able to
simultaneously match all the data for both the rest-frame optical
and NIR data could imply that the effect of a complex SFH is
more important than assumed here.

6.7. Systematic Sample Variations

While the approach of using a mass-selected sample has
provided us with many insights it is clear that for comparing the
M /L of galaxies at different redshifts, this static mass selection
could introduce a bias. Recent studies find that several properties
of massive quiescent galaxies may change over time: they were
smaller than their present-day counterparts (e.g., Daddi et al.
2005; Trujillo et al. 2006; van Dokkum et al. 2008; Franx et al.
2008; van der Wel et al. 2008; and numerous others), their
stellar masses increase by a factor of ~2 from z~2 to z~0
(e.g., van Dokkum et al. 2010, Patel et al. 2013), and the effective
velocity dispersion may also decrease (e.g., Oser et al. 2012; van
de Sande et al. 2013). Thus, our samples and measurements at
different redshifts may not be directly comparable.

A possible additional complication is progenitor bias (e.g.,
van Dokkum & Franx 1996, 2001): the number density of
massive galaxies changes by a factor of ~10 fromz ~2toz~0
(Muzzin et al. 2013b). Thus, a substantial fraction of the current
day early-type galaxies were star-forming galaxies at z ~ 2 (see
also van der Wel et al. 2009). If the properties of the descendants
of these z ~ 2 star-forming galaxies are systematically different
from the descendants of the quiescent galaxies at z ~ 2, the
simple single burst SPS models which we used here may produce
a biased result.

7. CONCLUSIONS

In this paper, we have used a sample of massive galaxies
(M, > 10"' M) out to z ~ 2 with stellar kinematic, structural,
and photometric measurements. The primary goals of this paper
are to study the empirical relation between the dynamical
M /L and rest-frame color, assess the ability of SPS models
to reproduce this relation, and study the effect of the IMF on the
M /L versus color relation.
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We find that our sample spans a large range in M /L: 1.8 dex
in rest-frame log Mgy, /Ly, 1.6 dex in log Mgy, /L, and 1.3 dex
in log Mgy,/Lk. As expected for a passively evolving stellar
population, we find a strong correlation between the M /L for
different bands and rest-frame colors. For rest-frame optical
colors, the correlation is well approximated by a linear relation,
and we provide coefficients of the linear fits for a large number
of M /L versus color correlations. The root-mean-square scatter
in the log Mgy, /L residuals is ~0.25 dex. Thus, these relations
are ideal for estimating masses for quiescent galaxies with an
accuracy of ~0.25 dex.

We compare a combination of two M /L versus rest-frame
color relations with SPS models by Bruzual & Charlot (2003),
Maraston & Stromback (2011), and Conroy et al. (2009). Under
the assumption of a Salpeter IMF, none of the SPS models
are able to simultaneously match the data in Mgy, /L, versus
(& — 2rest—frame color and Mdyn/LK versus (g — K )rest—frame COlOT.

By changing the IMF, we test whether we can obtain a better
match between the models and the data. IMFs with different
slopes are still unable to simultaneously match the low M /L of
the bluest galaxies in combination with the other data. While a
Chabrier IMF underpredicts the M /L for z ~0 SDSS galaxies
in the Mayn/Lg versus (g — Z)rest—frame- it provides an excellent
match to all other data.

We also explore a broken IMF with a Salpeter slope at
M < 1Mgand M > 4 My, and we find that the models favor
a slope of @« = 1.35 over @ = 2.35 in the intermediate region,
based on the rms scatter. This time, the FSPS solar metallicity
model with an IMF slope of « = 1.35, is able to simultaneously
match both the M/L versus (g _Z)rest—frame and (g - K)rest—frame
relations.

The combination of the M /L and color is a powerful tool
for studying the shape of the IMF near 1 M. However, this
work shows that the variations between different SPS models
are comparable to the variations induced by changing the
IMF. There are several caveats which may change our data or
models tracks, among which an evolving dark matter fraction, an
evolving metallicity, complicated SFHs, and an evolving mass-
selection limit. More complete and higher resolution empirical
stellar libraries, improved stellar evolution models, and larger
spectroscopic samples at high-redshift, are needed to provide
more accurate constraints on the IMF.
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