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ABSTRACT

We have used a suite of simplified spectrophotometric sgakxy evolution models to argue that there are
substantial variations in stellar mass-to-light ratibk/[s) within and among galaxies, amounting to factors of
between 3 and 7 in the optical, and factors of 2 in the neaadiafl. Our models show a strong correlation between
stellarM /L and the optical colors of the integrated stellar populaidsnder the assumption of a universal spiral
galaxy IMF, relative trends in model stellst/L with color are robust to uncertainties in stellar populatmd
galaxy evolution modeling, including the effects of modaststs of star formation. Errors in the dust reddening
estimates do not strongly affect the final derived stellassea of a stellar population. We examine the observed
maximum disk stellaM/Ls of a sample of spiral galaxies with accurate rotation cuiased optical and near-
infrared luminosity profiles. From these observed maximusk M /Ls we conclude that a Salpeter Initial Mass
Function (IMF) has too many low-mass stars per unit lumitypbiut that an IMF similar to the Salpeter IMF at
the high-mass end with less low-mass stars (giving sthlldrs 30% lower than the Salpeter value) is consistent
with the maximum disk constraints. Trends in observed marindisk stellatM /Ls with color provide a good
match to the predicted model relation, suggesting thatghalsgyalaxy stellar IMF is universal and that a fraction
of (particularly high surface brightness) spiral galaxieay be close to maximum disk. We apply the model
trends in stellaM /L with color to the Tully-Fisher (TF) relation. We find that tstellar mass TF relation is
relatively steep and has modest scatter, and is indepentiém passband and color used to derive the stellar
masses, again lending support for a universal IMF. The réiffee in slope between the optical (especially blue)
and near-infrared TF relations is due to the combined effettust attenuation and stellist/L variations with
galaxy mass. Assuming the HST Key Project distance to tha Migor Cluster and neglecting the (uncertain)

molecular gas fraction, we find that the baryonic TF relatiakes the formMparyon o V35 (with random and
systematic & slope errors ofv 0.2 each) when using a bisector fit and rotation velocities/edd from the flat
part of the rotation curve. Since we have normalized théestél/Ls to be as high as can possibly be allowed by
maximum disk constraints, the slope of the baryonic TF i@tatill be somewhat shallower than 3.5 if all disks

are substantially sub-maximal.

Subject headingsgalaxies : spiral — galaxies : stellar content — galaxiesol@ion — galaxies : fundamental

parameters

1. INTRODUCTION

The stellar mass-to-light ratid{/L) is an important param-
eter in astrophysics as it allows translation between pheto
etry and dynamics. The stelld /L has a direct bearing on
two hotly debated areas in spiral galaxy research: the gpipro
ate stellaM /Ls to be used for spiral galaxy rotation curve de-
compositions, and the passband-dependent slope of theygala
magnitude-rotation velocity relation (Tully & Fisher 1971/
relation hereafter). In this paper, we address the stMlérs
of spiral galaxies, briefly explore the implications of oesults
for rotation curve decompositions and investigate in mexgtiol
the slope of the TF relation.

There is presently much interestin decomposing spirakgala
rotation curves into contributions from the gaseous, atelhd
dark matter contents (e.g. Verheijen 1997; de Blok & McGaugh
1998). The primary motivation for this interest is that, inp
ciple, the structure of dark matter halos can be determirced f
spiral galaxy rotation curvei$ the contribution from gas and
stars can be properly understood. In turn, the structureu d
matter halos is a strong constraint on dark matter halo fooma
models (e.g. Moore et al. 1998; Navarro & Steinmetz 2000a).
The main challenge in determining the dark matter contribu-
tion to a given rotation curve is our ignorance regardingipila
ble values of the stelldvl/L: the gas contribution is typically
well-understood and relatively small (Verheijen 1997; S,

Madore & Trewhella 2000). The situation is degenerate ehoug
that many rotation curves can be equally well-fit by models in
which the central parts of the rotation curve are dominated e
tirely by stellar mass or by dark matter (e.g. van Albada et al
1985; Swaters 1999). In order to resolve this degeneranyeso
independent constraints on stelld/Ls, and their variations
with radius and galaxy properties, are required.

The implications of the stellavl /L for the TF relation are
no less important. The TF relation relates the integrated-lu
nosity in a given passbhand to the global dynamics of the galax
and its dark matter halo. The dust-corrected TF relationshas
slope which steepens towards redder passbands (goingdretwe
L oc V2 or shallower in the optical tb o V4 in the near-infrared,;
Verheijen 1997; Tully et al. 1998) indicating that there tseand
in color and stellaM /L with galaxy mass. This change in slope
with passband can considerably weaken the power of the TF re-
lation as a test of galaxy formation and evolution modelstisu
as those by Cole et al. 2000; Navarro & Steinmetz 2000b; van
den Bosch 2000): it is possible to reproduce the TF relation
in one passband easily without reproducing the TF relation i
other passbhands (for a multi-waveband comparison of models
with the TF relation see e.g. Heavens & Jimenez 1999).

One way around this confusion is to explore the total bary-
onic mass TF relation. An estimate of the baryonic TF refatio
can be obtained by adding the gas mass to a crude estimate
of stellar mass implied by the luminosity (usually assuméng
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constantM/L). This has been attempted the most thoroughly evolution modeling uncertainties.
by McGaugh et al. (2000) using a constdhfL in B, |, H, and To construct radially-resolved stellar population cojdte
K bands, although e.g. Milgrom & Braun (1988) and Matthews, stellar populations synthesis (SPS) models of Bruzual &Cha
van Driel & Gallagher (1998) discussed aspects of this gmbl lot (2001), as described in Liu, Charlot & Graham (2000) are
Because the stelldv /L is likely to vary along the TF relation  used, adopting a Salpeter (1955) IMF, which we modify by
in all passbands, their composite baryonic TF relationélle globally scaling down its stellaM/L by a factor of 0.7 (cf.
a larger scatter and different slope than the true baryoRieT Fukugita, Hogan, & Peebles 1998). We adopt lower and up-
lation. A deeper and firmer understanding of the baryonic TF per mass limits of 0.1M and 125M, respectively. In Bell &
relation is only possible once variations in stelMyL along Bower (2000) we adopted a pure Salpeter (1955) IMF: in this
the TF relation are understood and incorporated in the aisaly  paper, we have been forced to adopt an IMF with loMéLs to

In this paper, we use simplified spiral galaxy evolution mod- agree with observational maximum dikk/L constraints (see
els similar to the ones presented by Bell & Bower (2000) to in- 8§5). This global reduction in stelld /L is essentially the same
vestigate plausible trends in stelMr/L with galaxy properties,  as adopting an IMF with with fewer low-mass stars, as the low
assuming a universal IMF. We discuss these models briefly in mass stars contribute only to the mass, but not the luminosit
§2. In 83 we investigate trends in spiral galaxy stelfgfL for or color, of the stellar population. It is interesting to edhat
a number of plausible models, finding that there are sysiemat there is increasing empirical evidence for a universal IMtaw
variations in stellaM /L as a function of many galaxy param- a Salpeter slope for stars more massive than the Sun, anf a sha
eters, and that stellavl /Ls correlate most tightly with galaxy  lower slope for stars less massive than the Sun (Kroupa 2000)

color. In 84 we investigate the physical basis of the calbf: This IMF has stellaM /Ls comparable to or slightly lower than
relation and we discuss uncertainties in the steMiglLs, in- the maximum disk-scaled IMF we adopt in this paper. Itis im-
cluding the effects of using different stellar populationdsls, portant to note that neither the slope nor the scatter oftéikas
different IMFs, different galaxy evolution prescriptignand M/Ls, nor the trends in color with galaxy properties are affécte

dust. In 85 we discuss the implications of these variations i by our adoption of a scaled-down Salpeter IMF: the only éffec
stellarM /L for rotation curve decompositions, and put the stel- on the following analysis is to modify the overall normatina
lar M/Ls onto an observationally-determined maximum-disk of the stellatM /Ls.
scale. In 86 we then discuss at length the implications afehe For our models, we follow the evolution of an exponential
variations in stellaM /L for the stellar mass and baryonic TF gaseous disk using either a Schmidt (1959) local gas density
relation. Finally, in 87, we present our conclusions. Resde dependent star formation law or a gas density- and dynamical
not interested in the details of the models and a detailelyana time-dependent star formation law (Kennicutt 1998). Model
sis of the uncertainties in model stelldr/Ls can skip 882 and  galaxies with a wide range of masses and central surface den-
4. Note that we state all stelldi/Ls in solar units. We adopt  sities are generated, as we do not attempatpriori pre-
the HST Key Project distance scale in this paper, correspgnd  dict the mass and central surface density distributionpivk
to Ho =71 kms* Mpc™ (Sakai et al. 2000). galaxies. To avoid comparing the observed galaxies to model
2 THE GALAXY EVOLUTION MODELS galaxies without any observed_ analogue fron_1 Bell & de Jong
) ) (2000), we select model galaxies to have a similar rang€ in
To construct the modéMl/Ls for spiral galaxies, we use mod-  pand absolute magnitudes and central surface brightnasses
els similar to those presented by Bell & Bower (2000). They their observed galaxies (including an observed modestiatieso
presented a suite of simple spectrophotometric disk ewmlut  magnitude—central surface brightness correlation). & nesd-
models designed to reproduce many of the trends between theys are tuned to reproduce observed trends in color-basatl lo
radially-resolved colors of spiral galaxies and their stiwal age and metallicity as a function of lodélband surface bright-
parameters, as observed by Bell & de Jong (2000). These modness, in conjunction with the observed correlation betvgsen
els were not designed to address the evolution of bulges orfraction andk band central surface brightness (Bell & de Jong
dwarf Spheroidal galaxies: the star formation laws usedésé 2000; Bell & Bower 2000).

models (parameterized using surface density) are valig onl  we present a total of six models in this paper. i) We first
for disk-dominated galaxies. These models describe thieevo yse a closed box model, with no gas infall or outflow, a galaxy
tion of a gaseous disk, according to a prescribed star feomat  age of 12 Gyr and a Schmidt star formation law. The main
law and chemical evolution prescription (assuming theamist-  disadvantages of this model is the lack of a strong metfici
neous recycling approximation; IRA). Relaxing the IRAwtbul  magnitude correlation and weaker age—magnitude comelati
have two effects: it would allow non-solar abundance ratios and the underprediction of the age gradients. We then allow
to develop, and it would slightly modify the time evolutioh o i) gas infall (whose timescale depends on galaxy mass and
the metallicity of galaxies. Most stellar population madlate  radius)or iii) metal-enriched outflow, both of which alleviate
incapable of dealing adequately with non-solar abundaace 1 the above shortcomings of the closed-box model. iv) We then
tios: however, it looks likely that the effects of non-soddaun-  adopt a dynamical time-dependent star formation law (with-
dance ratios on integrated colors are modest (as they mimic t oyt infall or outflow), which we find produces a ‘backwards’
effects of modest change_s in metaI_I|C|ty; e.g. Salasnical.et metallicity—magnitude correlation, and is therefore weat-
2000). Furthermore, the time evolution of spiral galaxyahet  aple, in isolation. v) We then explore the use of a mass-
licity (which is dominated, by mass, by the Typesupernova  dependent galaxy formation epoch without infall or outflow,
product oxygen) is described fairly accurately by the IRA ex  which imprints metallicity—magnitude and age—magnituaie ¢
cept at late stages of galactic evolution near gas exhau@ig. relations. A mass-dependent formation epoch is a commen fea
Tinsley 1980; Pagel 1998; Portinari & Chiosi 1999; Prantzos tyre of many cosmologically-motivated galaxy formationdno

& Boissier 2000). Thus, our use of the IRA is a reasonable g|s (e.g. Somerville & Primack 1999; Cole et al. 2000). vi) Fi

approximation, bearing in mind the modest effects caused bynally, we explore a ‘burst’ model with a mass-dependentbgala
adopting it, and the considerable stellar population adaxya
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formation epoch and no infall or outflow, where the star forma
tion rate is varied on 0.5 Gyr timescales with a log-normsi di
tribution with a factor-of-two width. None of these modetsp
fectly describe the trends in spiral galaxy colors with gglpa-
rameters observed in Bell & de Jong (2000); however, the mod- <
els taken as a suite encompass the range of behaviors seen i
the observed galaxy sample. We adopt the mass-dependent for
mation epoch model with bursts, with a scaled-down Salpeter

IMF, as the default model. This model reproduces the tremds i
local spiral galaxy age and metallicity with loddl band sur-
face brightness with acceptable scatter, while simultasko
reproducing the age—magnitude and metallicity—magnitotde
relations with acceptable scatter. However, as we lateogem

strate (see e.g. 84.3 and Fig. A10), the choice of model does

not significantly affect any of our conclusions. For more mlod
details, see Bell & Bower (2000).

3. CONSTRUCTING MODEL MASS-TO-LIGHT RATIOS

We use the spiral galaxy evolution models (which reproduce
the trends in spiral galaxy color with structural paramsto
construct stellaM /Ls for integrated stellar populations. These
are converted into solar units assuming solar absolute imagn
tudes of 5.47, 4.82, 4.46, 4.14, and 3.33 in JohrBa@mdV,
Kron-CousinsR andl, and JohnsoiK passbands respectively
(Cox 2000; Bessel 1979). We also adopt JohnkandH band
solar absolute magnitudes of 3.70 and 3.37 respectivety fro
Worthey (1994) as Cox (2000) does not preskahdH band
magnitudes of the Sun: Worthey (1994) magnitudes in other

0.8 ‘ 0.8 N
a Q
L 8 [ Ps
o6 ggogzgo 0.6 §§$§
o0 0°% 6 osgggo
0.41 o 8oo'o 0.4 008898
— % ¢ — T ge
I 02 oo I 02 st0eg
o = 23 DoR
s 001 o” 0 s oot SR8
o g ’;',...g ®
0.2t ° —0.2t $1ike o0 @
TR LY AT AN
* O8e o de ‘eor £
S04 RN —0.4} RN
? o . °s,
—0.6} —0.6}
L ‘

. . . .
14 16 18 20 22 24
1 (mag arcsec™)

—16 —18 —20 -22 -24 -26 -28
My (mag)

logo(M/L)
log,o(M/L)

06 08 1.0 1.2 1.4 16
f B — R (mag)

FIG. 1.— Trends in model stellaM/Ls with galaxy parameters for the
formation epoch model with bursts. We show the trends in rstédar M /L
in the B band (open circles) ari§ band (filled circles) as a function &f band
absolute magnitude (ai band central surface brightness (b), gas fraction (c),
andB-R galaxy color (d). In panel d, we also show the fit to the vasiaif
model stellaM /L with B-R color for this model irB (dotted line) anK (solid

passbands are comparable to those presented by Cox (20000ine) and dust extinction vectors BiandK band (arrows) following Tully et al.
Instead of using the full gas mass loss histories from the SPS(1998). The dust extinction vectors represent the comedt face-on suffered

models, we used the IRA to construct the stellar masses. This

may lead to errors of 5 per centin stellaM /L (compared to
the exact value). Bearing in mind the size of variationMlifL
the model predicts (greater than a factor of two), and theroth
considerable uncertainties affecting the steNgfLs, such as
the stellar initial mass function (IMF) and dust, our useldf t
IRA is more than acceptable.

We show an example of the stelldr/Ls of our model galax-

by a Milky Way-type galaxy viewed at an inclination of 80 degs.

rather large as a consequence of the modeling assumptibas. T
SFH of our model galaxies depends primarily on their local su
face density, and only weakly on their total mass, as is eleser
(Bell & de Jong 2000). As galaxies come in a range of surface
brightnesses at a given magnitude (de Jong & Lacey 2000), our
models will have a range of SFHs and consequeitlys at a

ies for the mass-dependent formation epoch with bursts mode given magnitude. There is considerable scatter in StMIAL

in Fig.1. We show this particular model for two reasons.
Firstly, this model provides the best match to the overall ob
served galaxy properties. Secondly, and more importathiky,

with K band central surface brightness and with gas fraction;
however, this scatter is highly model dependent as there is n
scatter in these relations for the closed box models, ama-int

model shows the most scatter of any of our models, but hasmediate scatter for the outflow and infall models.

guantitatively the same overall behavior as all of our msdel
(see e.g. 84.3 and Fig. A10). We show the trends in stisljdr
in the B band (open circles) and band (filled circles) as a
function ofK band absolute magnitude (&) band central sur-
face brightness (b), gas fraction (c), aBeR galaxy color (d).
Results for other models are presented in Appendix A.

One obvious conclusion is that there are significant tremds i
model stellatM /L with all four depicted galaxy parameters
all passbands, even in the K band@lhe trends amount to fac-
tors of~ 7inB, ~ 3inl, and~ 2 in K for plausible ranges of
galaxy parameters. This firmly dispels the notion of a canista
stellarM /L for a spiral galaxy in any passband: this conclusion
is even true irk band, where there have been claims that the
stellarM /L will be robust to differences in star formation his-
tory (SFH; e.g. de Jong 1996; Verheijen 1997). Of course, we
find that the trends in stell&W /L are minimized irK band: this
suggests thaf band observations are important for any obser-
vations in which minimizing scatter iWl /L is important (e.g.
for rotation curve studies).

The scatter in model stelldvl/L at a given magnitude is

One important conclusion is that, for all the models investi
gated for this paper, the model stelldr/Ls in all optical and
near-infrared (near-IR) passbands correlate strongti, mvin-
imal scatter, with galaxy color (see also Bottema 1997).sThi
is expected: the star formation and chemical enrichment his
tory determine both the stellal/L and galaxy color. Later,
we demonstrate that the slope of the steNgfL—color corre-
lation is very robust, and we place a strong constraint on the
zero point of the correlation. This correlation is a powerfu
tool for understanding stellé /Ls of spiral galaxies for use in
e.g. rotation curve decompositions or in constructing ipaisd-
independent TF relations. We tabulate least-squares fitseto
maximum disk-scaled color—stellét/L relations in Table A3
of Appendix A for all models introduced in §2 and for a broad
range in color combinations.

Using our models we prediainder the assumption of a uni-
versal IMF, that workers determining the stell&t/Ls of spi-
ral galaxies (e.g. Bottema 1993, 1999; Swaters 1999; Weiner
et al. 2000) will, with sufficient sample size and control loé t
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systematic uncertainties, observe trends in stélldk which
correlate most tightly with galaxy color. In 85, we demoastr
that there are already indications from rotation curve istud
that the correlation betweevi /L and color has been observed
(see also Ratnam & Salucci 2000).

Another interesting implication of the tight correlatior-b
tween stellaM /L and color is that, because color gradients are
common in spiral galaxies, significant gradients in ste\iaiL
should be present in most spirals, in the sense that the oute
regions of galaxies will tend to have lower stelldr/L than
the inner regions of galaxies (assuming a universal IMF). Ob
viously this stellarM /L gradient will vary on a case-by-case
basis. For many galaxies the assumption of a constantrstella
M/L over the disk will not significantly affect mass decompo-
sitions using rotation curves, as in the outer regions (eliee
stellarM /L is lower) the stars contribute much less to the total
mass than the dark matter (e.g. Weiner et al. 2000). Neverthe
less, for accurate rotation curve studies, or studies basedy.

B band photometry where the stellsl/L varies strongly as a
function of color, the radial variation of stelld /L should not
be ignored lightly. A detailed study of spiral galaxy rogati
curves, using these model stelldr/Ls, will be presented in
our next paper.

4. HOW ROBUST ARE THE STELLAR MASS-TO-LIGHT RATIOS?

In the previous section, we made some strong claims about

the stellartM /Ls of spiral galaxies. However, there are a num-
ber of uncertainties which may affect the model stellbfis,
such as uncertainties in SPS and galaxy evolution modeds, du
and most importantly, the stellar IMF (and possible trends i
IMF with galaxy type and structure). In the next sections, we
discuss some of these uncertainties and the bearing of dmese
our results.
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FIG. 2.— Trends in simple exponential SFH model steNgfLs with color.
StellarM/Ls for a Salpeter IMF iB (panels a and b) anid (panels c and d)
of single metallicity exponentially declining star forrwat rate models from
Bruzual & Charlot (2001) are shown against the mdgielR (panels a and c)
andl —=K (panels b and d) broadband colors. Models of the safolging time
scaler have been connected by solid lines, models of the same roigyall
are connected by dashed lines.
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4.1. The origin of the color-ML correlation

Before we can assess the uncertainties in the model color—
M/L relations, we have to understand why the correlation be-
tween color and stella¥l /L exists in the first place. To this
end, we show in Fig. 2 color versus stelMy/L for a grid of
exponentially declining star formation rate models. To-con
struct model colors, we use SPS models with different metal-
}icities from Bruzual & Charlot (2001). We use exponentiall
declining star formation rates as models with this type dfiSF
can reproduce the optical-near-IR colors of spiral gakgigte
naturally (e.g. Bell & de Jong 2000). Furthermore, a slovdy d
clining or constant SFH is inferred for the solar neighbarho
(e.g. Rocha-Pinto et al. 2000). The exponential declingan s
formation rate is parametrized Ieyfolding timescaler and the
colors andVi/Ls are evaluated after a lifetime of 12 Gyr. Mod-
els with differentr but the same metallicity are connected by
solid lines, the sames but different metallicities are connected
by dashed lines.

When we consider the model grid fot/L in the B band ver-
susB-R color (Fig. 2, panel a), we can immediately see why
the B band stellaiM /L-color relation works so well. There is
a tight correlation betweeB —R color and stellatM /L inde-
pendent of metallicity or SFH. Similar results are obtaifed
M/Ls in other optical passbands in combination with optical-
optical colors.

The situation is slightly more complex when looking at trend
in the K band stellaM /L with optical color (Fig. 2, panel c).
The age (as parameterized byand metallicity effects are no
longer degenerate. However, realizing that chemical ¢vriu
caused by modest amounts of star formation raise the galaxy
metallicity rapidly to at least 1/10th solaZ € 0.002; in a closed
box, conversion 0f-20% of the gas mass into stars raises the
average stellar metallicity to over 0.1 solar), the rangectd-
vant metallicities becomes narrower, and the cdibfk corre-
lation becomes tighter. Still, we expect a bit more scattéhé
relations in theK band, in particular for very young galaxies
with nearly primordial metallicities (like SBS 141837 with
a metallicity of 0.05 solar it is one of the lowest metalljcit
galaxies known; Thuan, Izotov & Foltz 1999).

We see that the method definitely breaks down when using
| -K versusM /L (Fig. 2, panels b and d). This is because we are
now using a color that is mainly a metallicity tracer versy4.,
which is more sensitive to age effects. We therefore expect t
method to work best with optical-optical color combinagon
(which are unfortunately most affected by dust). Even thoug
the K bandM /L —color relations are less tight, because of its
much smaller dynamic range it is still the passband preftened
mass estimates, withband providing an useful alternative.

4.2. Stellar population model uncertainties and IMFs

In the above analysis we used the SPS models of Bruzual &
Charlot (2001) with a scaled-down Salpeter IMF, in conjunc-
tion with our own simple galaxy evolution models, to probe
trends in stellaM /L with galaxy properties. However, the SPS
models carry with them their own sets of uncertainties, isch
the prescriptions for post-main sequence evolution andehe
lationship between stellar properties and the observaiite<
For this reason, we compare the steNfLs from a wide range
of models here, to assess the robustness of our conclusions.

To test the consistency of the different SPS models (and
later, the effect of different IMFs), we constructed a setpae
of single-metallicity exponential SFH models with a rande o
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metallicities and exponentia-folding timescales. Then, for
each SPS model, we compare the correlation betvigeeRR
color and stellaM/L in a variety of passbands.

We show the effect of different SPS models in Fig. 3 and in
Table A4 in AppendixA. We adopt a Salpeter IMF, and show
the color-M /L relation for solar metallicity- models in theB
band (thin lines) an& band (thick lines). We show four SPS
models: Bruzual & Charlot (2001, solid) models, Kodama &

- L
Arimoto (1997, dotted) models, Schulz et al. (2001, dashed) . 0.5 |

models and the updateeEGASE models of Fioc & Rocca-
Volmerange (2001, long dashed).

For all models we find very similar slopes and zero points
for the color-M/L relation (to within 0.1 dex iM/L ; Fig. 3).
This also holds true for other passband combinations analmet
licities. The only exception to this result is the Schulz et a
(2001) model, which have an unusually bright asymptotiogia
branch which produces very red optical-near-IR colors ¢ar s
lar metallicity stellar populations. The solar metallcichulz
et al. (2001) model gives normBlband stellaM/Ls but very
low K band stellaM /Ls, compared to the other solar metallic-
ity models. Essentially, this means that the Schulz et 8012
solar metallicity modeB—-K colors are redder than the other
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SPS models we compare to (and, indeed, most of the luminous Fic. 3.— Comparison of the coloM;/L relation for a sequence of expo-

spiral galaxies in our observational sample). This posesia-p
lem, however, as at a given optical-optical color (Bg:R)

the optical-near-IR colors (e.@® —K) of the solar metallic-
ity Schulz et al. (2001) models are far too red to explain ob-

nentially declining star formation rate models of age 12 @sing a variety of
SPS models. The red end of the lines represent a short buststrdbrmation,
the blue end represents a constant star formation rate mdthel thin lines
are forM/Lg, the thicker lines are fokl/Lk. The different models used are:
Bruzual & Charlot (2001, solid), Kodama & Arimoto (1997, tt), Schulz et

served galaxy CO|OI'S, whereas the other models do reproducéll (2001, dashed) and updatedcAasemodels of Fioc & Rocca-Volmerange

the observed colors. In order to match observed spiral galax
optical-optical and optical-near-IR colors simultanépuk'3
solar metallicity Schulz et al. (2001) models must be adibpte
We plot these models in Fig. 3: these models have steljdrs
much closer to other models’ solar metallicity stelMy/Ls.
This slight model mismatch is actually quite useful: it demo
strates that even with substantial model differences, tilkas
M/L at a given optical-near-IR color is robust to model differ-
ences.

We now test the effect of different IMFs in Fig. 4. We try out
a wide range of IMFs for both the Bruzual & Charlot (2001)
and PEGASEmodels: Bruzual & Charlot (2001) models with
a Salpeter IMF (with a logarithmic slope= —1.35; solid), a
Salpeter IMF modified to have a flat= 0 slope below 0.6M

(2001, long dashed) all with a Salpeter IMF. All models havtaismetallicity
except for the Schulz et al. (2001) models which have 1/3 sotdallicity (see
text for more details).

synthesis model does not significantly affect our conchsio

in particular, theelativetrend in stellaM /L with color is pre-
served in all of the models which we examined. However, the
model IMF does make a significant difference: while the IMF
leaves the slope of the coldv/L correlation and the colors
relatively unaffected, the IMF strongly affects the overelr-
malization of the stellaM /L.

4.3. Galaxy evolution uncertainties
In this section, we examine the uncertainties stemming from

(dotted), and Scalo (1986) IMF (dashed); and the updateddifferences in galaxy evolution prescriptions. We haveady

PEGASEmodels of Fioc & Rocca-Volmerange (2001) with a
steepex =-1.85 IMF (long dashed) and a flatter —0.85 IMF
(dot-dashed). All models have solar metallicity. The skpé
the color-M/L correlations are independent of IMF: only the
zero-point is affected by the choice of IMF. The color range
is also slightly affected by the IMF choice (especially the u

examined the properties of six different galaxy evolutioodn

els in 83 and Appendix A. We found that there was little differ
ence between the behaviors of the closed box, infall, outflow
dynamical time, mass-dependent formation epoch and mass-
dependent formation epoch with bursts models. In particula
the trends in stellalwl /L with color, and their zero-points, were

per end of the IMF), as the range in models is from a single remarkably robust to a variety of different effects, inchagi
burst at the red end to constant star formation rate for 12 Gyrlow-level bursts in the SFH. In addition, we have tested the e

at the blue end. The sensitivity of the zero point of the celor

fects of changing the age of galaxies at the present day fém 1

M/L correlation to the IMF is due entirely to differences in the GYyr: age changes af3 Gyr produce changes in model stellar
numbers of low mass stars in each IMF. These low mass stardV/L at a given color of only-0.05 dex.

significantly change the total mass of the stellar poputatioit

One important issue is the effects of larger bursts: do galax

hardly change the overall color and luminosity of the system i€s with a recent or ongoing burst of star formation havdastel

(which is dominated by the more massive stars). This justifie

M/Ls which vary considerably from the stellsl/Ls of galax-

the scaling of the Salpeter IMF that we have done to bring the i€s With more quiescent star formation but the same colors? W

stellarM/Ls of the Salpeter IMF into line with the maximum
disk constraints in 85: this scaling has the same effect ag-a fl
tening of the low mass end of the IMF.

tested this case by adding a star burst with 0.5 Gyr duratian t
range of exponential SFH models with a mass fraction of 10%
of the total stellar mass formed over the lifetime of the ggala

We therefore conclude that our choice of stellar population We viewed these models at a range of times after the burst,

between 1 and 6 Gyr. A number of points are apparent from
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FIG. 5.— Color-M/L relations inB (a) andK (b) for a sequence of exponential declining star formatate solar metallicity models of age 12 Gyr with 10%
mass fraction added in 0.5 Gyr star bursts. The solid lineeots the exponential SFH models with differerfolding times scales. The dotted lines connect
models of the same value, but with added star bursts occuring 1, 2, 3, 4 or 6 Ggr ag
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FIG. 4.— Comparison of the colok/L relation for a sequence of expo-
nentially declining star formation rate models of age 12 @sing a variety of
IMFs. Again, the thin lines are fdvl /Lg, the thicker lines are fdvl /L. The
different models and IMFs used are: Bruzual & Charlot (20@bgels with a
Salpeterx = -1.35 IMF (solid), a Salpeter IMF witkk = 0 below 0.6M, (dot-
ted), and Scalo (1986) IMF (dashed); and the updatagasemodels of Fioc
& Rocca-Volmerange (2001) with a steeper —1.85 IMF (long dashed) and
a flatterx = -0.85 IMF (dot-dashed). All models have solar metallicity.

inspection of Fig. 5. Firstly, the effects of a 10% burst @frst
formation are much larger for red earlier-type galaxies thvat
blue, later-type galaxies. This stems from the larger foact
contribution of the young stars to the totaminosityin red-
der galaxies. Secondly, maximum offsets from the colottaste
M/L correlation are expected to be0.5 dex inB, and~0.3

M/L to lower values at a given color. Finally, large effects are
only visible for a period of~1 Gyr for bluer underlying stel-
lar populations, but are visible for much longerg Gyr) for
redder underlying stellar populations.

This at first sight seems discouraging: in particular, the se
sitivity of the stellarM /L of redder underlying populations to a
burst of star formation several Gyr ago implies significanaits
ter in the stellaM/Ls of redder galaxies. This is part of our
motivation for choosing a model with bursts of star formatio
as our default: with a model which incorporates bursts af sta
formation, we can account for the lower stelMy/Ls of red-
der galaxies with even modest amounts of bursty star foomati
several Gyr ago (compare panels ¢ and d of Fig. A10 in Ap-
pendix A). However, we can take some comfort from the fact
that our use of a 10% burst is very conservative: recent urst
of star formation that large are unlikely, and are likely tode-
lected against in sample selection (by e.g. selecting fdisun
turbed and symmetric galaxies). Indeed, even if morphokdgi
selection does not filter out these galaxies, galaxies witi s
large bursts are expected to lie off of the TF relation (beeau
their luminosities will have been considerably boosted ty t
starburst), and so may be selected against for this reason.

As a check, we have also examined the trends in steljdr
with color using disk-dominated non-satellite galaxiesrirthe
heirarchical models of Cole et al. (2000). These models in-
clude the effects of halo formation and merging, gas cooling
star formation, feedback and dust (but use the same SPS mod-
els as we adopt for this paper, with a Kennicutt (1983) IMF and
a 38% brown dwarf fraction), and therefore offer a compietel
independent assessment of the effects of galaxy evoluten p
scriptions on the stella¥ /Ls of galaxies. The trend in their
disk galaxy model stellavl /Ls with color is almost identical to
those of the simpler models (in particular to the mass-dépen
formation epoch with bursts model), albeit with more sagatte
due to the strongly irregular SFH (panel f of Fig. A10 of Ap-
pendix A). The key to the relatively modest scatter in model

dex inK band. Thirdly, bursts of star formation bias the stellar stellar M/L with color in their models can be linked to the
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morphological transformations which accompany large merg of IMFs presented in the literature causes uncertaintyerath
ers. Mergers large enough to produce large starburstsavige |  solute normalization of the stelldf/Ls of at least a factor of
decreases in stelldf /L, are large enough to transform a disk- two. We address this normalization in the next section.
dominated into a spheroidal galaxy: these galaxies woutd no
be included in any disk-dominated sample of galaxies.

We therefore conclude that choosing a different galaxy evo-
lution prescription would not significantly affect the tomin ~ We demonstrated that the model color—stelfgiL correla-
model stellarM /L with color presented in this paper. Large tion is robustin a relative sense, but has uncertain ovecad
bursts of recent star formation can lower the stellgil. at a ~ Malization. For many applications, this is perfectly acaepe.
given color by up to a factor of three, however galaxies with For example, it is quite possible to investigate siepeof the
a large amount of recent star formation are unlikely to fea- Stellar mass TF relation, or estimate the trend in steWdt

5. ROTATION CURVES AND THE NORMALIZATION OF THE
STELLAR M/L

ture heavily in a spiral galaxy sample. The lower-level burs
more typical of disk-dominated spiral galaxies add only esid
amounts of scatter to the color—stelMyL correlation and are
accounted for by our default model.

4.4. Dust

Another potential concern is dust: dust simultaneously red
dens and dims a stellar population, changing both axes in th
correlation between color and stellgt/L. We address this
problem in panel d of Fig. 1, where we show dust extinction
vectors for the dust correction of Tully et al. (1998)Bnand
K band. Dust extinction vectors for screen and Triplex models
(Disney, Davies & Phillipps 1989) are similar in directiom t
this vector. The dust vector shown in Fig. 1 represents &larg
effect: it is the correction to face-on suffered by a Milky y¥a
type galaxy viewed at an inclination angle of 80 degrees. For
most galaxies the effects of extinction will be much smaller
is clear that dust is a second order effect for estimating ste
lar M/Ls in this way. Dust extinguishes light from the stellar
population, making it dimmer. However, dust also reddees th
stellar population, making it appear to have a somewhaetarg
stellar M/L. To first order, these effects cancel out, leaving
a dust-reddened galaxy on the same color—stMIa corre-
lation. There is a possibility of overpredicting (undeigicg-
ing) the stellaM /L (thus the stellar mass) if not enough (too
much) reddening correction is applied, as the reddenireceff
is larger than the extinction effect. However, even for trgé
extinction error illustrated here, the effect is of ordet-@.2
dex. This error is comparable to the errors from uncertain-
ties in stellar population synthesis modelling and galaxy-e
lution prescriptions. However, this may not apply on a pitel
pixel level: some small regions of spiral galaxies may bé-opt
cally thick in the optical, which completely obscures tighti
without producing any extra reddening (e.g. Witt, Thron&on
Capuano 1992). Therefore, smaller scale applicationsisf th
color-based stellaM /L technique must be wary of the effects
of dust.

4.5. Summary

The color—stellaM /L correlation is robust in a relative sense
(both within a passband and between passbarmisyided
there is no systematic change in IMF with galaxy typodel
uncertainties, galaxy evolution prescription unceriastsmall
bursts of star formation and dust uncertainties are all déor
0.1-0.2 dex or less. Large bursts of recent star formation ma

as a function of galaxy radius for rotation curve fitting, lwit
out knowing the absolute normalization of the overall stell
M/L. However, for some applications, e.g. for understanding
the slope of thebaryonic TF relation, or in constraining the
shape of dark matter haloes, it is important to understarid bo
the relative trend of stelldvl /L with color and the absolute nor-
malization. The previous section showed that the question o
the absolute normalization of the stelldr/L essentially boils

€down to one issue: the stellar IMF. To first order, the amount

of stellar light produced by observationally plausible 1815
rather similar; however, the slope of the IMF, especiallyhat
low-mass end, changes the overall stellar mass consigerabl

We cannot address this problem fully, short of counting all
of the stars in spiral galaxies directly. However, we carvjgt®
some constraints. The rotation curves of spiral galaxie® ha
contributions from the stellar mass, gas mass and dark matte
The relative contributions of each are difficult to estimdie
rectly. However, interesting constraints can be derived$y
suming that the mass of the stellar disk makes the maximum
possible contribution to the rotation velocity: this is tieaxi-
mum disk hypothesis (e.g. van Albada & Sancisi 1986). Kjttin
a maximal stellar disk to a rotation curve provides the maxi-
mum possible stella¥ /L, thus providing a firm upper limit to
the stellatM /Ls that we have constructed in the model.

We have examined thi€ band maximum disk stellavl /Ls
of the Ursa Major Cluster sample of Verheijen (1997, Chapter
6), rescaled to the HST Key Project distance of 20.7 Mpc (Baka
et al. 2000) to place constraints on the normalization otak
lar M/Ls. This value is consistent (bearing in migd0% sys-
tematic uncertainties) with the distance derived from fedint
analysis of the Cepheid-calibrated TF relation (18.6 MpdiyT
& Pierce 2000) and the brightness of a Type la supernova in
NGC 3992 which was consistent with a distance of:34Mpc
(Parodi et al. 2000)K band was adopted as we have shown
above that using th& band results in the most robust stellar
M/L estimation. We consider the maximum steMyL given
by either the pseudo-isothermal or Hernquist halo fit. In &ig
we plot thisk band maximum disk stelld /L against thd&8—-R
color of the galaxy, de-reddened assuming dust extinctibn f
lowing Tully et al. (1998, see also §6). These are the dynaimic
upper limits for the stellaM/Ls of these galaxies, hence the
upper limit signs.

NGC 4085 is highlighted: this nearly edge-on galaxy was ob-
served with a beam the size of its minor axis diameter, result
ing in the worst case scenario for beam smearing (e.g. van den
Bosch et al. 2000). Consequently, it has a poorly resolved ro

produce quite a large effect, depending on when they happentation curve, which biases the maximum didiKL downwards.

and on the properties of the underlying older stellar pdjaia
However, large bursts are unlikely to be common (at leas$teat t

We ignore the stella¥ /L estimate for NGC 4085 in the follow-
ing discussion, although clearly a better resolved rotatiorve

present day: at higher redshift this need not be the case; e.gwould be useful.

Brinchmann & Ellis 2000). The IMF remains the largest uncer-
tainty: assuming no trend in IMF with galaxy type, the range

The main point of this plot is that our SPS-based model stel-
lar M/Ls should be the same as or lower than all of the observed
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FIG. 6.— Observed band maximum disk stellav/Ls against de-reddened
B-Rcolor. The data are frod band imaging and Hotation curves from Ver-
heijen (1997, Chapter 6), rescaled to a distance of 20.7 Kakdi et al. 2000):
the effect on the maximum disM /Ls of a+15% Ursa Major Cluster distance
error is also shown. Overplotted is the least-squares fli¢acorrelation be-
tween color and stellavl /L for the formation epoch with bursts model assum-
ing a Salpeter (dashed line) and a scaled-down Salpeter ¥l (ine). We
also show the RMS spread of the formation epoch with bursidemaround
the color-M /L relation on the solid line as an error bar. NGC 4085 is high-
lighted: it has a poorly resolved rotation curve, which bathe maximum
disk M /L downwards. Symbol size is coded by inclination-corredtedand
central surface brightness.

responding to a 10% random and 10% systematic error added in
quadrature (Sakai et al. 2000). Indeed, the stélldts might
have to be even somewhat lower: all disks may be sub-maximal
(e.g. Bottema 1997; Courteau & Rix 1999), theband maxi-
mum disk stellatM /L has not been corrected for the effects of
dust extinction, and the mass locked up in molecular hydroge
has not been accounted for in these rotation curve decompo-
sitions. On the other hand, thel ifbtation curves are all to
some extent affected by at least small amounts of beam smear-
ing (which would work to lower the maximum disk stellslr/L
estimate): the upshot is that there is some scope for moking t
stellarM/Ls only slightly upwards, and there is much scope
for moving the stellaM /Ls substantially downwards, lending
credibility to the idea that our scaled Salpeter IMF is maadim
One remarkable pointis that, modulo the modest sample size,
the slope of the lower envelope of the observational maximum
disk stellarM /Ls is accurately described by the predicted trend
in K band stellarM/L with B—R color. The zero-point of
the model has been constrained to match the data; however,
there was na priori reason that the slope of the observational
color—stellarM /L relation needed to match the predictions of
the model. This is remarkable for a few reasons. Firstlyuisp
our proposition that the stellvi /L is primarily a function of
color, varying a factor of two in th& band between the reddest
and bluest galaxies, on a more empirical footing. Secoriidly,
suggests that galaxies close to maximum disk have very sim-
ilar IMFs, as strong IMF variations with galaxy color should
be easily visible in this plot. In fact, the scatter of the @bs
vational lower envelope around the predicted line is cdests
with the predicted model scatter due to differences in SFH at
a given color, leavingo freedom for random galaxy-to-galaxy
IMF variations. Finally, it implies that the galaxies clgs¢o
the observed limit (high surface brightness galaxies iregai,
are probably close to maximum disk, because the adopted IMF
already gives a reasonably loW/L zero-point, compared to

maximum disk stellaM/Ls. We make the explicit assumption other IMFs. At least thév/Ls must be scaled to a relatively
here that the lower envelope of the observed maximum disk well-defined maximum disk fraction (to better thgn0.1 dex,
stellar M/Ls is the meaningful constraint (again, we neglect or 25%), which carries with it strong implications for scena
NGC 4085 due to beam smearing). Galaxies with maximum of galaxy formation and evolution.

disk M/Ls significantly above this envelope are interpreted as

galaxies with significant dark matter within the opticaliteof
the galaxy: these galaxies are sub-maximal. This inteafioet

The above considerations have led to our preferred stellar
M/L model: we require that the model reproduces trends in
color-based stellar ages and metallicities (Bell & Bowed@,0

is supported by the surface brightnesses of the sub-maximaland §2), properly accounts for the decrease in the coldiaste

disks: they are all fairly low surface brightness. Low suefa

M/L slope caused by modest bursts of star formation (84), and

brightness galaxies are thought to have high maximum diskhas an IMF consistent with maximum disk constraints (this
stellarM/Ls because they are dark matter dominated even insection). These requirements are met by the mass-dependent

their inner regions (e.g. Verheijen 1997; de Blok & McGaugh
1998).

From Fig. 6, it is clear that applying our standard color—
stellar M/L relation assuming a Salpetgr= 1.35 IMF nor-
malization over-predicts the stell&t/L of many of the galax-

formation epoch with bursts model, adopting a scaled Saipet
IMF (Fig. 1). We present least-squares fits to the colorizstel
M/Ltrendin Table 1. These fits can be used to estimate a stellar
M/L for a spiral galaxy stellar population of a given color, cal-
ibrated to maximum disk. l&ll (even very high surface bright-

ies (dashed line). Motivated by recent IMF determinations ness) galaxy disks are sub-maximal, the model fits should be

which suggest a turn-over in the IMF at low stellar masses (e.
Kroupa, Tout & Gilmore 1993; Larson 1999; Kroupa 2000) we

scaled down by an appropriate, constant factor. The fits to ou
preferred model reproduce the colbt/L trends of the other

scale down the Salpeter IMF masses by a factor of 0.7. Thismodels with this IMF to better than 0.1 dex (Fig. A10 and Ta-

is equivalent to a Salpeter IM¥= 1.35 with a flatx = 0 slope
below 0.35M,, or a Kennicutt (1983) IMF with a brown dwarf
fraction of ~ 40%. This scaled IMF results in the solid line in
Fig. 6. This IMF is maximal: the stellavl /Ls can be no larger
than those predicted by a model adopting this IMF, module dis
tance uncertainties. The maximum digk/Ls scale inversely
with distance: a 15% error bar for the data points is shown, co

ble A3 in Appendix A). These fits are illustrated in panel d of
Fig. 1, and in Figs. A9 and A10 by the straight lines. The full
models, and fits of stella¥l /L against colors not considered
in this paper are available from the authors. In particdits,

of the stellatM /L with colors in the Sloan system will become
available when the final bandpasses are defined.

6. THE TULLY-FISHER RELATION
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TABLE 1
STELLAR M/L AS A FUNCTION OF COLOR FOR THE FORMATION EPOCH MODEL WITH BURISS, ADOPTING A SCALED SALPETERIMF

Color as bs av bv ar br a by a b; ay bn aK bk

B-V  -0994 1.804 -0.734 1.404 -0.660 1.222 -0.627 1.0/5 -0.621 0./794 -0.663 0./04 -0.692 0.652
B-R -1.224 1.251 -0.916 0976 -0.820 0.851 -0.768 0.748 -0.724 0.552 -0.754 0.489 -0.776 0.452
V-l -1.919 2.214 -1.476 1747 -1.314 1528 -1.204 1.347 -1.040 0.987 -1.030 0.870 -1.027 0.800
V-J -1.903 1.138 -1.477 0905 -1.319 0.794 -1.209 0.700 -1.029 0.505 -1.014 0.442 -1.005 0.402
V-H -2181 0.978 -1.700 0.779 -1515 0.684 -1.383 0.603 -1.151 0.434 -1.120 0.379 -1.100 0.345
V-K -2.156 0.895 -1.683 0.714 -1501 0.627 -1.370 0553 -1.139 0.396 -1.108 0.346 -1.087 0.314

Note. — log ,(M/L) = a, +b, Color

Note that the stellaM /L values can be estimated for any combination of the aboveblpa simple linear combination of the above fits. Note aiso if all (even
very high surface brightness) disks are sub-maximal theeabero points should be modified by subtracting a constant the above relations.

Having established that galaxy evolution models make robus
predictions of a correlation between optical colors andlaste
M/Ls, we will now investigate the implications for the TF re-
lation. The TF relation relates the dynamical mass of a galax
to its luminosity, thus providing a stringent test of thesrof
galaxy formation and evolution (e.g. Cole et al. 2000; Newar
& Steinmetz 2000b; van den Bosch 2000). However, its power
as a test of theories is limited by its passband dependegm slo
(this assumes linearity of the TF relation, which seems saea
able assumption over much of the TF relation, although the TF
relation may be nonlinear at low galaxy masses: e.g. Mathew
van Driel & Gallagher 1998; McGaugh et al. 2000). The slope
of the TF relation varies from arouridoc V2 in the blue to
L o< V4 in the near-IR. Depending on which passband a theory
compares its TF relation to, it is possible to have a favarabl
comparison with one particular TF relation but provide ampoo
match to a TF relation at a different wavelength. There are,
of course, more complex models which include realistidatel
population prescriptions and may be able to reproduce the TF

relations at many wavelengths (e.g. Heavens & Jimenez 1999;

Cole et al. 2000); however, it would clearly be useful to bkeab
to compare the models with one, unique, passband-independe
TF relation.

In this section, we apply the trends in stelMyL with spi-
ral galaxy color described in Table 1 to the TF relation ddta o
Verheijen (1997) with a dual aim. Firstly, we wish to test the
stellarM/Ls derived in § 3 to check if the stellar masses derived
from different passbands give consistent results. Segpvwe!
wish to find out if there is a single, passband-independent TF
relation, and if so, what is its slope (assuming a linear Té-re
tion)? The identification of a single, passband-indepeh@En
relation will allow even simplistic models to compare mewyi
fully with observations without having to construct a comypl
and realistic SFH model.

6.1. The data

Here, we use the TF data obtained by Verheijen (1997) of the
Ursa Major Cluster. The Ursa Major Cluster is a nearby (HST
Key Project distanc® = 20.7 Mpc; Sakai et al. 2000), poor
cluster rich in spiral galaxies. The Verheijen data set is pa
ticularly suitable for our purposes because it providesigate
magnitudes irB, R, | andK’ and has accurate rotation veloc-
ities from well-resolved Haperture synthesis rotation curves.
We here consider only the rotation velocity at the flat part of
the rotation curvega): Verheijen (1997) concludes that use of
this rotation velocity minimizes the scatter of the TF riglat
Furthermore, the rotation velocity at the flat part of thearot
tion curve is a ‘clean’ observational quantity at a reastnab
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FIG. 7.— The Tully-Fisher relation if8 andK passbands. Solid and open
circles denote the data of Verheijen (1997KirandB bands respectively, cor-
rected using Tully et al’s (1998) mass-dependent dusections. The lines
denote the least squares bisector fits (Isobe et al. 1996 tmass-dependent
dust corrected TF relations.

well-defined radial range. ThelHinewidth is a much more
ill-defined quantity, resulting from the interplay of thetaton
curve and global Hdistribution (even neglecting the influence
of warps, asymmetries, kinematic irregularities, and gase
velocity dispersion). Thus, while the use of linewidth-bés
TF relations for distance estimation purposes is perfeetlig,
the use of linewidths for constructing tiv@rinsic TF relation
as atest of galaxy evolution models is far from ideal. Usifg
is much fairer, and better reflects the true relationship/ben
the rotation velocity of a galaxy and the stellar populagiam
that galaxy.

We correct for foreground galactic extinction assuming a
band extinction of 0.08 mag (Schlegel, Finkbeiner & Davis
1998). We further correct for extinction internal to theayal
following Tully et al. (1998), who determined a galaxy linieith
dependent extinction correction by minimizing scatteruaid
the color—-magnitude and TF relation for a sample of 87 galax-
ies (although the Ursa Major Cluster galaxies form part ef th
dataset defining the dust correction, meaning that the dust ¢
rection we use was partially derived from the TF relatioradat
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we analyze here). According to this recipe, high mass galax-

ies have a significant extinction correction, whereas lovgsna
galaxies have a negligible extinction correction. We adbgpt
linewidth-dependent version of this correction. Indepsntd
support for a mass-dependent extinction correction conoes f

Bell & de Jong

the distance, as we scale to maximum diskHE6% distance
uncertainty translates into240.06 dex zero point shift in the
stellar mass TF relation).

The scatter in the stellar mass TF relation is somewhat less
than 0.5 mag, which is slightly larger than the scatter irréve

de Jong & Lacey (2000), who use a sample of nearly 1000 spiraloptical and near-IR TF relations. This is an unavoidabladhs

galaxies to find that high surface brightness (usually luug)
galaxies have optical depths of the order of 1 in their center
but that low surface brightness (usually less luminousgugal

vantage of this technique: not only are we making the TF rela-
tion steeper (which increases the magnitude scatter if sfime
the scatter is caused by velocity or distance errors), budnee

ies behave in a nearly transparent manner. For reference, wdolding in uncertainties from at least two different pagsis

also tried the mass-independent extinction correctioriegp
by Verheijen (1997) based on the method of Tully & Fouqué
(1985).

The TF relations irB andK bands are shown in Fig. 7, as
are the best fit least-squares bisectors (see also Tableed¥t L
squares bisectors (Isobe et al. 1990) are the average dbthe *
wards’ and ‘backwards’ fits to the TF relation (which havelsha
lower and steeper slopes than this fit, respectively), angar
ticularly suitable for probing the intrinsic correlatioetveen
two variables. From Table 2 and Fig. 7, it is immediately ap-
parent that the TF relation is shallower in the bluer pasdban
than in the near-IR, even accounting for magnitude-depgnde
dust corrections (e.g. Verheijen 1997; Tully et al. 1998)r-F
thermore, the TF relation constructed using mass-indep@nd
dust corrections is shallower than the TF relation constdic
using Tully et al.'s (1998) mass-dependent dust correstitire

data into the stellar TF relation. However, a slightly erdexh

scatter is a relatively modest price to pay: the true stienft

this type of analysis is in the recovery of a stellar and/ayba
onic mass TF relation which is passband independent.

An interesting test is to consider the effects of the dust cor
rection on the recovered stellar mass TF relation. For el@amp
even assuming that Tully et al.'s (1998) dust correctiopjsra-
priate statistically, the dust correction is unlikely todeeurate
on a case-by-case basis. Thus it is important to test thetgffe
of choosing a different attenuation for the galaxy. We ds byi
repeating the above analysis using the mass-independstit du
corrected TF relation (Verheijen 1997), the results of \uldce
shown in panel b of Fig.8 and Table 2. Comparing the re-
sults in Table 2, we confirm the conclusion drawn about red-
dening in 84.4: the stellar mass TF estimated using a mass-
independent dust prescription is almost exactly the santieeas

discrepancy worsens as the passband becomes bluer. The fachass-dependent dust case. A modest offset@13 dex is

that the TF relation steepens at longer wavelengths, even wh
accounting for mass-dependent dust corrections, is a itlear
dication that the stellai /L varies with mass in just the way
implied by Fig. 1.

6.2. The stellar mass TF relation

To test this possibility in more detail, we adopt the least-
squares fit to the variation of stelld /L with B—R color in
B, R, I, andK passbands for the preferred model (formation

epoch model with bursts, with a scaled Salpeter IMF). These
model relations are used to convert the magnitude-depénden

dust-corrected magnitudes into stellar masses, usingube d
correctedB—-R color as input. The use of these model relations
is suitable: the TF relation from Verheijen (1997) is amoimg t
tighest in the literature, implying a minimal contributifnom
large starbursts. The results are shown in Fig. 8, paneled: St
lar masses derived froB andR passbands are shown as open
circles (the masses are identical as BheR color was used to
construct theM/Ls), thel band by crosses, and tKeband by
filled circles. Least-squares bisector fits of the TF refatiare
also shown, and given in Table 2.

From panel a of Fig.8 and Table 2, it is clear that by ac-
counting for the variation in stellavl /L with galaxy color we
have demonstrated that there is one passband-indepetalent s
lar mass TF relation. The stellar masses determined BeR,

I andK band data for the individual galaxies are consistent to
within ~ 10% RMS, powerfully demonstrating the utility of

found, which stems from a larger blue optical depth in Tully &
Fouqué (1985) compared to Tully et al. (1998): this produces
bluer de-reddeneB - R colors which lead to an overall offset
in stellar mass TF relation without a change in slope. One in-
teresting implication of this finding is that we cannot sayho
much of the decreasing slope of the TF relation with decnegsi
wavelength is due to dust and how much is due to stMIiAL
differences. We expect the effects to be roughly compayable
as Tully et al.’s (1998) corrections seem, at least in asticdil
sense, quite appropriate.

6.3. The baryonic mass TF relation

When we account for the Iyas fraction to calculate the to-
tal known baryon mass (panel ¢ of Fig. 8), we fimghyon o
Vv35+02 (ysing an unweighted least-squares bisector fit). Since
the baryonic TF relation is of significant astrophysical anp
tance, it is worth discussing the uncertainties in the slope
determine above. We have used an unweighted least-squares
bisector: the slope of forwards and backwards fits-ar@.15
shallower and steeper repectively. There is an uncertahty
+0.2 or so depending on which model is used as the preferred
model. Furthermore, we have not accounted for the (fairly un
constrained) molecular hydrogen mass fraction: if molacul
hydrogen were included it would probably steepen the bary-
onic TF relation slightly (Young & Knezek 1989). On the other
hand, the absolute normalization of the stel&rL is maxi-
mal, which implies that the slope stated above is as steep as i

this technique and confirming that the trends suggested by ou allowed by maximum disk: for reference, adopting a 63% ve-

models are indeed consistent with observations. Furthermo
the stellar mass TF relatioh (x V#4+02) s steeper than even
the K band TF relationl( < V4+%2). These errors represent
only fitting error: errors in IMF and distance scale do no¢eff
the slope of the stellar mass TF relation, and slope errors fr
adopting fits for different SFH models are0.2. In addition,
the zero point of the stellar mass TF relation is proportitma

locity (40% mass) maximal disk following Bottema (1997) or
Courteau & Rix (1999) would make the baryonic TF relation
slope shallower by 0.5. Also, we have assumed the HST Key
Project distance to the Ursa Major Cluster (Sakai et al. 2000
The stellar masses are proportional to distance becausealee s
to maximum disk; however, thelHnasses are affected by the
distanceD?. Sakai et al. (2000) estimate around 10% random
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TABLE 2
INTERCEPTS AND SLOPES OF THEF RELATIONS: L = L300V AND M = MzooV®

Luminosities B R I K

Case |Ogo L]_oo/L@ o Ioglo LlOO/'—@ o Ioglo L]_oo/L@ (67 Ioglo L]_oo/L@ o
Mass-dep dust 9.6% 0.03 3.27+£0.17 9.60+ 0.03 3.54+0.16 9.62+ 0.03 3.77+0.17 9.89+ 0.03 4.06+ 0.20
Mass-indep dust 9.84 0.03 2.76+ 0.15 9.694+ 0.03 3.18+ 0.15 9.68+ 0.03 3.46+ 0.17 9.88+ 0.03 3.98+ 0.20
M asses B R ] K

Case |0g0 MlOO/MG) « |Oglo MlOO/MG) « |0910 MlOO/M® « |0910 MlOO/M® «
Stellar mass (MD) 9.5% 0.04 4.34+ 0.22 9.51+ 0.04 4.34+0.22 9.49+ 0.04 4.49+ 0.23 9.49+ 0.04 4.51+ 0.26
Stellar mass (M) 9.38& 0.04 4.33+0.23 9.38+ 0.04 4.33+0.23 9.35+ 0.04 4.49+ 0.24 9.37+£ 0.04 4.62+ 0.25

Baryonic mass (MD) 9.7% 0.04 3.45+0.18 9.79+ 0.04 3.45+0.18 9.784+ 0.04 3.55+ 0.19 9.794+ 0.04 3.51+0.19

Note. —L100/Le andMigo/Mg are luminosities and masses in solar units for a galaxy ofiEheslation with avga; of 100 km s1. Case (MI) uses Tully & Fouqué
(1985) mass-independent dust corrections, and Case (Mi3)Tudly et al. (1998) mass-dependent dust correctionar&denote the uncertainty in the formal fit to
the TF relations.

11.5 11.5 11.5
a
11.01 1 1.0 1 11.0
~ 1051 1 ~5 1051 1 ;5105
= = <
~ ™~ §
gW0.0* 1 \EJEWO.O* 1 EEWO.O
o o O%
2 95¢ N 2 95 N 3 95
9.0 1 9.0 1 9.0
gstA oo 8.5 850 v 1 v v
1.8 2.0 2.2 2.4 1.8 2.0 2.2 2.4
10g10(Vrat) 10 10(Vrat) 10910(Vriat)

FiG. 8.— TF relations: stellar mass with mass-dependent didimcorrection (a), stellar mass with mass-independetim&ion correction (b) and baryonic TF
relation with mass-dependent extinction correction (casbes derived frofd andR data are shown as open circles (the masses are identiBaRamlors are used
to construct the stellavl/Ls ),| band data by crosses, akdand data by solid circles. Least squares bisector fits to passband’s TF relations are presented for
the B andR data (dotted lines), data (dashed lines) atdband (solid lines).

and 10% systematic distance uncertainties: the corregppnd agree with their result for the slope by around(@ven includ-
+15% total distance error bars lead to slope changes of someing systematic error): adopting our slope of 3t50.2 (ran-
what less tharr0.1. This suggests that the random and system- dom)+ 0.2 (systematic), the case against the basic relationship
atic errors for the baryonic TF relation slope should-b@®.2 moc Vi3, predicted by simple CDM models is much weaker
each. (e.g. van den Bosch 2000; Navarro & Steinmetz 2000b).

It should be noted that the scatter in the baryonic and stella  This disagreement is at first sight somewhat surprisingsas a
mass TF relations can place tight constraints on the allowedcounting for the larger stella /Ls and dust extinctions of red-
variations in IMF at a given rotation velocity. The scatter i  der galaxies would steepen the baryonic TF relation, xelati
the baryonic TF relation is a modest 0.1 dex, and in the stella one constructed assuming color-independent st®lldrs and
mass TF relation, a slightly larger 0.13 dex. Assuming #lat  dust correction. However, the difference can be traced tora ¢
of the error is due to IMF variations, a FWHM spread of stellar bination of three effects. Firstly, and most importantlyc-M
M/Ls of somewhat less than a factor of two is allowed at a given Gaugh et al. (2000) use values of steN&fL which are around
rotation velocity. This is a firm upper limit as we do notacabu  30-40% larger than ours (at a typical color for a luminous spi
for measurement errors in the luminosity, rotation velgdhe ral galaxy), and assume a distance 25% shorter than the one we
intrinsic depth of the cluster, non-circular potentialsaifix & adopt. This accounts for most of the difference in baryorkic T
de Zeeuw 1992), or the intrinsic spread in steN&fLs from relation slope. Secondly, McGaugh et al. (2000) use lintgid
SFH variations. Taken together with the suggestive tighgtne to construct their baryonic TF relation. For a variety ofsas
of the lower envelope of observational maximum disk stellar outlined earlier, we chose to use the more physically-ratdig
M/Ls in Fig. 6 which argues against large IMF variations at a rotation velocities at the flat part of the rotation curves thads
given color, there is little evidence against a universa@asp  to a shallower TF relation by perhaps as much as 0.2 in terms
galaxy IMF. of the slope (Verheijen 1997, Chapter 5, his Table 7). Fnall

One interesting comparison that we can perform is with the we lack galaxies with rotation velocities much lower than 80
baryonic TF relation of McGaugh et al. (2000). They use a con- kms™: at present, there is no sample of low mass galaxies with
stant stellaM/L in each passband to construct a baryonic TF sufficiently accurate rotation velocities and photometrgadn-
relation with a slope which is indistinguishable from 4. Yhe struct accuratgs,; and stellar mass estimates. The inclusion of
claim that this strongly rules out CDM-like models. We dis- low mass galaxies may steepen the TF relation, or indicate th
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at low masses the TF relation is non-linear (e.g. Matthewas, v
Driel & Gallagher 1998).

7. CONCLUSIONS

Under the assumption of a universal spiral galaxy IMF, we
have used stellar population synthesis models in conjomcti
with simplified spiral galaxy evolution models to argue that
there are substantial variations in steldyL in optical and
near-IR passbands, and that th&A_ variations are strongly
correlated with stellar population colors. The variationstel-
lar M /L also correlate with other galaxy properties (albeit with

Bell & de Jong
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more scatter) such that, on average, low surface brightness Tpjs research has made use of NASA's Astrophysics Data

high gas fraction and low luminosity galaxies have lowel-ste
lar M/Ls than high surface brightness, low gas fraction, bright
galaxies. The changes in stelldy/Ls over a plausible range of
galaxy parameters amount to a factor of aboutB,i8 inl, and

2 in K band. In addition, because the central regions of galax-
ies are often redder than their outer regions, the inneonsgi

of galaxies are likely to have larger stelldr/Ls than the outer
regions of galaxies.

This strong correlation between color and steNgfL is ro-
bust to uncertainties in stellar population and galaxy etoh
modeling, including the effects of modest bursts of recéat s
formation. Larger bursts, which are correspondingly mare r
and are typically selected against in spiral galaxy stuhess
evidenced by the modest scatter in our TF relation), may de-
press the stella /L from our expectations by up to 0.5 dex,
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APPENDIX

MODEL TABLES

In this appendix we present plots of the stel&fLs of the
preferred model (the mass-dependent formation epoch model
with bursts, with a scaled Salpeter IMF) against six col&ig.(

A9) and plots of the stellad¥ /L againstB - R color for six dif-
ferent models (Fig. A10). We also present least-squaretofits
the variation of stellaM /L of a variety of different galaxy evo-
lution and SPS models with a wide range of colors (Tables A3
and A4 respectively). Further discussion of these tables an
figures are presented in the text.
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FiG. A9.— Trends in stellar M/L for the formation epoch modelitursts inK (filled circles) andB band (open circles) witB-V (a),B-R (b),V-R(c),V -1
(d), V=K (e), andl =K (f) color. We also show the least-squares fit to the variatioistellarM /L with color for theB (dotted line) and band stellaM /L (solid

line).
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FiG. A10.— Trends in stellar M/L witHB — R color for six different galaxy evolution models K (filled circles) andB band (open circles) for the closed box
model (a), outflow model (b), mass-dependent formation lepocdel (c), mass-dependent formation epoch model withtd (@, infall model (e), and Cole et al.
(2000) heirarchical model (f). We also show the least-semufit to the variations of stellf /L with B—R color of the mass-dependent formation epoch with bursts
model for theB (dotted line) andK band (solid line). The Cole et al. (2000) model adopts a Karth(1983) IMF and a 38% brown dwarf fraction, which results

in a similar zero point to the scaled-down Salpeter IMF wepado
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TABLE A3
STELLAR M/L AS A FUNCTION OF COLOR FOR THE SCALEISALPETERIMF
Model ag bs av by ar br a by Q b; ay by aK bk
B-V
Closed box -1.019 1.937 -0.759 1537 -0.681 1.346 -0.631 1.170 -0.540 0.767/ -0.553 0.632 -0.554 0.540
Infall -1.113 2.065 -0.853 1.665 -0.772 1.468 -0.723 1.290 -0.658 0.907 -0.679 0.777 -0.692 0.699
Outflow -1.026 1.954 -0.766 1554 -0.685 1.357 -0.634 1.179 -0.527 0.741 -0.536 0.600 -0.534 0.500
Dynamical time -0.990 1.883 -0.730 1.483 -0.650 1.289 -0.601 1.114 -0.514 0.704 -0.528 0.569 -0.531 0.476

Formation epoch -1.110 2.018 -0.850 1.618 -0.770 1.425 -0.724 1.257 -0.659 0.878 -0.683 0.757 -0.694 0.676
Form. epoch: bursts -0.994 1.804 -0.734 1404 -0.660 1.222 -0.627 1.075 -0.621 0.794 -0.663 0.704 -0.692 0.652
Cole et al. (2000) -0.888 1.758 -0.628 1.358 -0.565 1.132 -0.525 0.981 -0.550 0.801 -0.618 0.718 -0.654 0.696

B-R
Closed box -1.236 1.312 -0.932 1042 -0.832 0.912 -0.762 0.793 -0.626 0.519 -0.623 0.427 -0.613 0.364
Infall -1.334 1386 -1.032 1119 -0.930 0.986 -0.861 0.867 -0.754 0.608 -0.760 0.520 -0.764 0.467
Outflow -1.236 1.313 -0.933 1.045 -0.832 0.913 -0.761 0.793 -0.604 0.496 -0.598 0.400 -0.583 0.332
Dynamical time -1.195 1270 -0.892 1.001 -0.791 0.870 -0.723 0.752 -0.590 0.474 -0.589 0.382 -0.581 0.319

Formation epoch -1.333 1365 -1.030 1.095 -0.929 0.965 -0.865 0.851 -0.757 0.594 -0.767 0.512 -0.769 0.457
Form. epoch: bursts -1.224 1.251 -0.916 0.976 -0.820 0.851 -0.768 0.748 -0.724 0.552 -0.754 0.489 -0.776 0.452
Cole et al. (2000) -1.121 1130 -0.811 0.875 -0.717 0.730 -0.657 0.633 -0.657 0.516 -0.713 0.461 -0.746 0.447

V-1
Closed box -1.771 2104 -1.359 1.674 -1.207 1.466 -1.087 1.274 -0.835 0.830 -0.791 0.679 -0.755 0.578
Infall -1.882 2191 -1.478 1.772 -1.323 1.563 -1.206 1.372 -0.988 0.954 -0.955 0.810 -0.935 0.723
Outflow -1.743 2.072 -1.341 1653 -1.188 1445 -1.069 1.253 -0.786 0.772 -0.737 0.615 -0.692 0.503
Dynamical time -1.714 2.035 -1.304 1607 -1.150 1.398 -1.032 1.207 -0.781 0.757 -0.739 0.606 -0.703 0.503

Formation epoch -1.931 2.234 -1513 1797 -1.356 1584 -1.241 1.397 -1.017 0.972 -0.989 0.835 -0.965 0.744
Form. epoch: bursts -1.919 2.214 -1.476 1.747 -1.314 1528 -1.204 1.347 -1.040 0.987 -1.030 0.870 -1.027 0.800
Cole et al. (2000) -1.674 1865 -1.249 1456 -1.088 1.220 -0.977 1.056 -0.901 0.843 -0.924 0.745 -0.943 0.714

V-]
Closed box -1.574 0.993 -1.204 0.791 -1.071 0.693 -0.969 0.602 -0.756 0.391 -0.725 0.319 -0.698 0.271
Infall -1.740 1.054 -1.365 0.854 -1.224 0.753 -1.117 0.660 -0.917 0.454 -0.889 0.382 -0.872 0.338
Outflow -1.453 0.920 -1.113 0.735 -0.989 0.643 -0.895 0.557 -0.665 0.335 -0.633 0.263 -0.599 0.211
Dynamical time -1.524 0.952 -1.156 0.753 -1.022 0.655 -0.921 0.566 -0.708 0.353 -0.679 0.281 -0.651 0.232

Formation epoch -1.780 1.072 -1.392 0.863 -1.250 0.761 -1.146 0.670 -0.944 0.463 -0.923 0.396 -0.903 0.350
Form. epoch: bursts -1.903 1.138 -1.477 0.905 -1.319 0.794 -1.209 0.700 -1.029 0.505 -1.014 0.442 -1.005 0.402
Cole et al. (2000) -1.854 1141 -1.397 0.896 -1.215 0.752 -1.080 0.647 -0.949 0.496 -0.948 0.427 -0.953 0.402

V-H
Closed box —1.782 0840 -1371 0669 -1.217 0586 -1.096 0509 -0.838 0330 -0.791 0269 -0.753 0.228
Infall -1.962 0.889 -1546 0721 -1.384 0636 -1.257 0557 -1.011 0.382 -0.966 0.321 -0.939 0.284
Outflow -1.641 0776 -1.264 0621 -1.121 0543 -1.009 0470 -0.731 0.282 -0.684 0.221 -0.639 0.176
Dynamical time -1.725 0.805 -1.317 0638 -1.161 0555 -1.042 0479 -0.783 0.298 -0.737 0.238 -0.699 0.196

Formation epoch -2.027 0.916 -1592 0.737 -1.425 0.650 -1.300 0.572 -1.050 0.395 -1.012 0.337 -0.981 0.298
Form. epoch: bursts -2.181 0.978 -1.700 0.779 -1.515 0.684 -1.383 0.603 -1.151 0.434 -1.120 0.379 -1.100 0.345
Cole et al. (2000) -2.142 0961 -1.627 0.756 -1.410 0.635 -1.246 0.546 -1.070 0.415 -1.047 0.356 -1.043 0.333

V-K
Closed box -1.738 0.761 -1.336 0.607 -1.187 0.531 -1.069 0.462 -0.820 0.299 -0.776 0.244 -0.740 0.207
Infall -1.931 0.811 -1.522 0.658 -1.363 0.580 -1.238 0.508 -0.996 0.348 -0.953 0.292 -0.926 0.258
Outflow -1.583 0.696 -1.218 0.557 -1.081 0.487 -0.974 0.421 -0.708 0.252 -0.664 0.197 -0.622 0.157
Dynamical time -1.682 0.728 -1.283 0577 -1.132 0502 -1.016 0.433 -0.766 0.270 -0.723 0.215 -0.687 0.177

Formation epoch -1.990 0.832 -1.562 0.670 -1.399 0.590 -1.277 0.520 -1.032 0.358 -0.996 0.305 -0.966 0.270
Form. epoch: bursts -2.156 0.895 -1.683 0.714 -1.501 0.627 -1.370 0.553 -1.139 0.396 -1.108 0.346 -1.087 0.314
Cole et al. (2000) -2.125 0.891 -1615 0.701 -1.400 0.590 -1.235 0.506 -1.051 0.380 -1.026 0.324 -1.019 0.301

log;o(M/L) = a, +byColor
The Cole et al. (2000) model adopts a Kennicutt (1983) IMF@aB8% brown dwarf fraction, which results in a similar zeranpt¢o the scaled-down Salpeter IMF
we adopt. Note that the stellsf/L values can be estimated for any combination of the abovescbipa simple linear combination of the above fits.
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TABLE A4
STELLAR M/L AS A FUNCTION OF COLOR FOR DIFFERENSPSMODELS
Model ag bg ay by ar br a by ay by an by aK bk
B-V Z=0.008
Bruzual & Charlot, Salpeter IMF -063 154 -037 114 -030 097 -027 083 -033 068 -039 0.62 -0.43 0.60
Bruzual & Charlot, Scaled Salpeter IMF  -0.78 154 -0.52 1.14 -0.46 097 -043 083 -048 0.68 -054 0.62 -0.59 0.60
Bruzual & Charlot, Modified Salpeter IMF -0.91 153 -0.65 1.13 -0.58 097 -056 084 -061 0.68 -0.67 0.61 -0.71 0.60
Bruzual & Charlot 96, Scalo IMF -085 148 -059 1.08 -052 091 -049 079 -056 064 -0.63 057 -0.65 0.56
Kodama & Arimoto, Salpeter IMF -056 146 -030 1.06 -024 091 -022 076 -026 061 -036 055 -0.38 0.53
Schulz et al., Salpeter IMF -059 155 -033 115 -0.26 098 -0.29 086 -060 0.76 -051 0.75 -0.65 0.77
PEGASE Salpeter IMF -0.57 151 -031 111 -0.24 09 -0.19 0.76 -0.25 065 -0.33 060 -0.38 0.59
PEGASE x=-1.85 IMF -025 140 001 100 009 082 011 065 0.05 055003 049 -0.07 048
PEGASE X =-0.85 IMF -0.87 175 -061 135 -056 120 -042 090 -047 079 -053 070 -059 0.71
B-V Z=0.02
Bruzual & Charlot, Salpeter IMF -051 145 -025 105 -019 0.88 -0.17 0.76 -028 058 -0.36 053 -042 052
Bruzual & Charlot, Scaled Salpeter IMF  -0.66 145 -040 105 -034 088 -033 0.76 -043 058 -051 053 -057 0.52
Bruzual & Charlot, Modified Salpeter IMF -0.79 143 -0.53 1.03 -0.47 087 -046 075 -055 058 -0.63 053 -0.69 0.51
Bruzual & Charlot 96, Scalo IMF -0.74 140 -048 100 -042 084 -040 073 -049 051 -058 045 -0.61 043
Kodama & Arimoto, Salpeter IMF -0.44 140 -0.18 100 -0.12 0.84 -0.12 0.70 -0.19 053 -0.30 048 -0.33 045
Schulz et al., Salpeter IMF -049 146 -0.23 106 -0.16 089 -0.20 0.77 -059 061 -048 061 -0.64 0.62
PEGASE Salpeter IMF -047 145 -021 105 -0.15 0.89 -0.12 0.71 -023 059 -034 055 -0.39 054
PEGASE x=-1.85 IMF -015 136 011 096 018 079 019 062 0.09 049002 044 -0.07 044
PEGASE X =-0.85 IMF -0.77 165 -051 125 -047 111 -035 085 -046 0.72 -055 065 -0.62 0.65
B-R Z=0.008
Bruzual & Charlot, Salpeter IMF -0.84 108 -052 080 -043 068 -039 059 -042 048 -047 043 -051 042
Bruzual & Charlot, Scaled Salpeter IMF  -0.99 1.08 -068 080 -059 0.68 -054 059 -057 048 -0.63 043 -0.67 0.42
Bruzual & Charlot, Modified Salpeter IMF -1.12 1.08 -0.81 080 -0.72 0.68 -0.68 059 -0.70 048 -0.75 044 -0.80 0.42
Bruzual & Charlot 96, Scalo IMF -1.05 104 -074 0.76 -065 0.64 -060 056 -064 045 -0.70 040 -0.73 0.39
Kodama & Arimoto, Salpeter IMF -0.77 105 -045 076 -036 065 -033 055 -035 044 -044 040 -045 0.38
Schulz et al., Salpeter IMF -0.79 108 -048 080 -039 068 -040 060 -0.70 053 -061 052 -0.75 0.54
PEGASE Salpeter IMF -0.78 108 -047 0.79 -038 068 -030 054 -035 046 -042 042 -047 042
PEGASE X =-1.85 IMF -0.42 097 -0.11 0.70 -0.02 0.57 0.02 0.46 -0.02 0.38 -0.09 034 -0.13 0.33
PEGASE X =-0.85 IMF -1.18 129 -085 099 -0.77 089 -058 066 -061 058 -065 052 -0.72 0.52
B-R Z=0.02
Bruzual & Charlot, Salpeter IMF -0.73 103 -041 0.74 -032 063 -029 054 -036 041 -044 038 -049 0.37
Bruzual & Charlot, Scaled Salpeter IMF  -0.88 1.03 -0.56 0.74 -0.48 0.63 -044 054 -052 041 -059 0.38 -0.65 0.37
Bruzual & Charlot, Modified Salpeter IMF -1.01 1.02 -0.69 0.74 -060 0.62 -0.57 054 -064 041 -071 038 -0.77 0.37
Bruzual & Charlot 96, Scalo IMF -095 100 -063 071 -054 060 -050 052 -056 037 -065 032 -0.67 0.31
Kodama & Arimoto, Salpeter IMF -0.65 100 -0.33 0.72 -0.25 0.60 -0.22 050 -0.27 0.38 -0.38 0.35 -0.40 0.32
Schulz et al., Salpeter IMF -069 102 -038 0.74 -029 062 -031 054 -067 043 -057 043 -0.73 044
PEGASE Salpeter IMF -0.70 104 -038 0.75 -029 0.64 -023 051 -032 043 -042 039 -048 0.39
PEGASE X =-1.85 IMF -0.33 0.95 -0.02 0.67 0.07 0.55 0.10 0.44 0.02 0.34-0.08 0.31 -0.13 0.31
PEGASE X =-0.85 IMF -1.08 122 -0.74 092 -067 082 -051 062 -059 053 -067 048 -0.74 048
V-1 Z =0.008
Bruzual & Charlot, Salpeter IMF -1.53 201 -104 149 -087 127 -077 109 -0.73 088 -0.75 080 -0.78 0.78
Bruzual & Charlot, Scaled Salpeter IMF  -1.69 2.01 -1.19 149 -103 127 -092 109 -088 088 -091 080 -094 0.78
Bruzual & Charlot, Modified Salpeter IMF -1.85 2.07 -1.34 153 -1.18 131 -1.07 113 -102 092 -105 0.83 -1.08 0.81
Bruzual & Charlot 96, Scalo IMF -1.76 210 -125 153 -108 129 -098 113 -095 091 -098 081 -1.00 0.79
Kodama & Arimoto, Salpeter IMF -1.49 195 -098 142 -081 121 -0.71 102 -065 081 -0.71 0.74 -0.71 0.70
Schulz et al., Salpeter IMF -1.82 215 -125 160 -104 136 -098 120 -120 1.05 -1.10 1.03 -126 1.07
PEGASE Salpeter IMF -1.25 170 -0.81 125 -0.67 107 -054 085 -055 0.74 -0.60 0.67 -0.65 0.67
PEGASE Xx=-1.85 IMF -098 162 -051 116 -034 096 -024 0.76 -0.23 063 -0.29 057 -0.32 0.56
PEGASE x=-0.85 IMF -1.18 157 -085 122 -0.78 109 -058 082 -061 071 -0.66 064 -0.72 0.64
V-1 Z =002
Bruzual & Charlot, Salpeter IMF -1.50 199 -097 144 -080 121 -0.70 104 -068 080 -0.72 0.73 -0.77 0.71
Bruzual & Charlot, Scaled Salpeter IMF  -1.65 199 -1.12 144 -095 121 -085 104 -0.83 080 -0.88 0.73 -093 0.71
Bruzual & Charlot, Modified Salpeter IMF -1.81 2.04 -1.27 147 -1.09 124 -099 107 -097 083 -101 0.75 -1.06 0.73
Bruzual & Charlot 96, Scalo IMF -1.71 206 -1.17 147 -100 124 -090 107 -084 0.75 -089 067 -091 0.63
Kodama & Arimoto, Salpeter IMF -142 187 -0.88 134 -0.71 1.13 -0.61 094 -057 0.71 -0.64 0.65 -0.65 0.61
Schulz et al., Salpeter IMF -1.73 2,02 -113 147 -092 123 -0.86 1.07 -1.11 0.84 -1.01 0.85 -1.18 0.86
PEGASE Salpeter IMF -1.25 172 -0.78 125 -063 106 -050 085 -055 070 -0.63 0.65 -0.68 0.64
PEGASE X =-1.85 IMF -093 161 -044 114 -028 093 -0.17 0.74 -0.20 058 -0.27 053 -0.32 0.52
PEGASE x=-0.85 IMF -1.24 163 -087 124 -079 110 -060 0.84 -066 0.71 -0.74 065 -0.81 0.65
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TABLE A4
CONTINUED
Model ag bs av by aR br a by Q by ay by aK bk
vV-J Z=0.008
Bruzual & Charlot, Salpeter IMF -1.98 132 -1.37 098 -1.15 0.84 -1.01 0.72 -0.92 058 -0.93 053 -096 051

Bruzual & Charlot, Scaled Salpeter MF  -2.13 1.32 -152 098 -131 084 -1.16 072 -1.08 058 -1.08 053 -1.11 051
Bruzual & Charlot, Modified Salpeter IMF -2.28 1.35 -1.66 100 -145 085 -1.31 074 -122 060 -122 054 -125 0.3

Bruzual & Charlot 96, Scalo IMF -224 135 -160 098 -138 0.83 -124 0.73 -115 058 -1.16 052 -1.18 0.51
Kodama & Arimoto, Salpeter IMF -187 129 -126 094 -105 080 -091 0.67 -0.81 054 -0.85 049 -0.85 0.46
Schulz et al., Salpeter IMF -340 158 -242 117 -204 100 -18 088 -197 0.77 -186 0.76 -2.05 0.79
PEGASE Salpeter IMF -186 131 -126 097 -106 083 -0.85 066 -0.82 057 -0.85 052 -0.89 051
PEGASE x=-1.85 IMF -152 123 -0.89 0.88 -0.66 0.73 -049 058 -0.45 0.48 -0.48 043 -051 0.42
PEGASE x=-0.85 IMF -1.82 124 -135 096 -123 086 -092 065 -090 056 -092 051 -099 0.1
V-J Z=0.02
Bruzual & Charlot, Salpeter IMF -199 124 -132 090 -109 0.76 -095 0.65 -0.87 050 -0.90 0.46 -0.95 0.45

Bruzual & Charlot, Scaled Salpeter IMF  -2.14 124 -148 090 -125 076 -1.11 065 -1.03 050 -1.06 046 -1.10 045
Bruzual & Charlot, Modified Salpeter IMF -2.29 1.27 -162 092 -139 0.77 -1.25 0.67 -1.17 052 -1.19 047 -1.23 0.46

Bruzual & Charlot 96, Scalo IMF -2.04 115 -141 082 -120 069 -1.08 060 -097 042 -1.00 037 -1.01 0.35
Kodama & Arimoto, Salpeter IMF -1.82 120 -117 0.86 -095 0.72 -0.81 0.60 -0.72 0.46 -0.78 0.41 -0.78 0.39
Schulz et al., Salpeter IMF -3.11 130 -213 094 -176 079 -159 068 -168 054 -159 055 -1.76 0.55
PEGASE Salpeter IMF -1.94 126 -128 092 -106 078 -085 0.62 -083 052 -0.89 048 -0.94 047
PEGASE X =-1.85 IMF -1.52 116 -086 082 -062 067 -044 053 -041 042 -046 038 -0.51 0.37
PEGASE x=-0.85 IMF -198 123 -144 094 -129 083 -098 064 -099 054 -104 049 -111 049
V-H Z=0.008
Bruzual & Charlot, Salpeter IMF -2.39 1.17 -167 0.87 -142 074 -123 064 -110 051 -1.09 0.47 -1.12 0.45

Bruzual & Charlot, Scaled Salpeter IMF  -2.54 117 -1.83 087 -157 074 -139 064 -126 051 -125 047 -127 045
Bruzual & Charlot, Modified Salpeter IMF -2.68 1.18 -196 088 -1.70 0.75 -153 065 -1.39 052 -1.38 048 -140 0.46

Bruzual & Charlot 96, Scalo IMF -264 116 -190 085 -163 0.72 -146 063 -133 050 -132 045 -133 044
Kodama & Arimoto, Salpeter IMF -2.38 1.14 -163 083 -136 0.71 -117 060 -1.02 0.48 -1.05 043 -1.03 041
Schulz et al., Salpeter IMF -3.48 153 -248 113 -208 096 -190 085 -201 075 -190 0.73 -2.08 0.76
PEGASE Salpeter IMF -234 117 -161 086 -136 074 -109 059 -102 051 -1.03 046 -1.08 0.46
PEGASE x=-1.85 IMF -196 110 -121 0.79 -093 0.65 -070 052 -062 043 -0.63 039 -0.66 0.38
PEGASE x=-0.85 IMF -223 108 -167 084 -151 075 -113 057 -109 049 -109 044 -115 045
V-H Z=0.02
Bruzual & Charlot, Salpeter IMF -244 112 -165 081 -137 069 -119 059 -1.06 045 -1.07 041 -1.11 0.40

Bruzual & Charlot, scaled Salpeter IMF  -259 112 -180 081 -153 069 -134 059 -121 045 -122 041 -1.26 0.40
Bruzual & Charlot, Modified Salpeter IMF -2.73 114 -193 082 -166 069 -148 060 -1.35 046 -135 042 -139 041

Bruzual & Charlot 96, Scalo IMF -248 103 -173 0.73 -147 062 -130 054 -112 038 -115 033 -1.15 0.32
Kodama & Arimoto, Salpeter IMF -2.34 1.08 -154 0.77 -126 065 -1.07 054 -092 041 -096 037 -0.95 0.35
Schulz et al., Salpeter IMF -3.22 131 -221 095 -183 080 -165 069 -1.73 055 -163 055 -1.81 0.56
PEGASE Salpeter IMF -2.48 114 -167 083 -140 0.71 -111 056 -1.06 047 -1.09 043 -1.14 043
PEGASE x=-1.85 IMF -202 106 -121 0.75 -091 061 -067 048 -059 038 -0.63 035 -0.67 0.34
PEGASE x=-0.85 IMF -247 110 -182 084 -163 0.74 -124 057 -121 048 -124 044 -131 044
V-K Z=0.008
Bruzual & Charlot, Salpeter IMF -250 1.13 -1.75 0.84 -148 0.71 -129 0.61 -1.15 050 -1.14 045 -116 0.44

Bruzual & Charlot, Scaled Salpeter IMF  -2.65 1.13 -191 084 -164 0.71 -145 061 -1.30 050 -129 045 -131 044
Bruzual & Charlot, Modified Salpeter IMF -2.79 1.14 -2.04 085 -177 0.72 -159 062 -1.44 051 -142 046 -145 045

Bruzual & Charlot 96, Scalo IMF -272 114 -195 083 -168 070 -150 061 -136 049 -135 044 -136 043
Kodama & Arimoto, Salpeter IMF -2.38 1.09 -163 0.79 -136 0.67 -117 057 -1.02 045 -1.05 041 -1.03 0.39
Schulz et al., Salpeter IMF -431 163 -3.09 121 -261 103 -236 091 -242 080 -230 0.79 -250 0.81
PEGASE Salpeter IMF -251 116 -174 085 -1.47 073 -117 058 -110 050 -110 046 -1.15 045
PEGASE x=-1.85 IMF -209 108 -130 0.77 -1.00 0.64 -076 050 -0.67 042 -0.68 0.38 -0.71 0.37
PEGASE X =-0.85 IMF -245 110 -184 085 -166 0.76 -1.25 057 -1.19 050 -1.18 045 -1.25 045
V-K Z=0.02
Bruzual & Charlot, Salpeter IMF -259 1.09 -176 0.79 -146 0.67 -127 057 -112 0.44 -112 040 -116 0.39

Bruzual & Charlot, Scaled Salpeter IMF  -2.74 109 -191 0.79 -162 0.67 -142 057 -1.27 044 -128 040 -132 0.39
Bruzual & Charlot, Modified Salpeter IMF -2.88 1.10 -2.04 080 -1.75 0.67 -156 058 -141 045 -141 041 -145 0.40

Bruzual & Charlot 96, Scalo IMF -253 098 -1.76 0.70 -149 059 -133 051 -114 036 -116 032 -1.16 0.30
Kodama & Arimoto, Salpeter IMF -235 1.02 -155 0.73 -127 062 -1.08 051 -0.92 0.39 -0.97 035 -0.96 0.33
Schulz et al., Salpeter IMF -3.87 134 -268 097 -223 081 -199 0.71 -2.00 056 -191 056 -2.09 0.57
PEGASE Salpeter IMF -267 113 -181 082 -151 070 -121 056 -1.13 046 -1.17 043 -122 0.42
PEGASE x=-1.85 IMF -2.17 104 -131 073 -099 060 -0.73 048 -064 038 -068 034 -0.72 0.33
PEGASE x=-0.85 IMF -2.71 110 -199 084 -178 0.75 -136 057 -131 048 -1.33 0.44 -140 0.44

log;o(M/L) = a, +by Color
Note that the stellaM /L values can be estimated for any combination of the abovesblpa simple linear combination of the above fits.



