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ABSTRACT

We analyze the global structure of 34 late-type, edge-on, undisturbed, disk galaxies spanning a wide range of mass.
We measure structural parameters for the galaxies using two-dimensional least-squares fitting to our R-band pho-
tometry. The fits require both a thick and a thin disk to adequately fit the data. The thick disks have larger scale heights
and longer scale lengths than the embedded thin disks by factors of ~2 and ~1.25, respectively. The observed
structural parameters agree well with the properties of thick and thin disks derived from star counts in the Milky Way
and from resolved stellar populations in nearby galaxies. We find that massive galaxies’ luminosities are dominated
by the thin disk. However, in low-mass galaxies (¥, <120 km s~!) thick disk stars contribute nearly half the luminos-
ity and dominate the stellar mass. Thus, although low-mass dwarf galaxies appear blue, the majority of their stars are
probably quite old.

Our data are most easily explained by a formation scenario in which the thick disk is assembled through direct
accretion of stellar material from merging satellites while the thin disk is formed from accreted gas. The baryonic
fraction in the thin disk therefore constrains the gas richness of the merging pregalactic fragments. If we include the
mass in H 1 as part of the thin disk, the thick disk contains <10% of the baryons in high-mass galaxies and ~25%-—
30% of the baryons in low-mass galaxies. Our data, therefore, indicate that the fragments were quite gas rich at the
time of merging ( fgas = 75%—90%). However, because low-mass galaxies have a smaller fraction of baryons in their
thin disks, the pregalactic fragments from which they assembled must have been systematically more gas poor. We
believe this trend results from increased outflow due to supernova-driven winds in the lower mass pregalactic
fragments. We estimate that ~60% of the total baryonic mass in these systems was lost due to outflows. Pushing the
episode of significant winds to early times allows the mass-metallicity relationship for disks to be established early, be-
fore the main disk is assembled, and obviates the difficulty in driving winds from diffuse disks with low star formation
efficiencies. We discuss other implications of this scenario for solving the G dwarf problem, for predicting abundance
trends in thick disks, and for removing discrepancies between semianalytic galaxy formation models and the observed

colors of low-mass galaxies.
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1. INTRODUCTION

The structure of galactic disks provides strong constraints
on their formation and evolution. Spiral galaxies have long been
recognized to contain several distinct populations of stars (e.g.,
disks, bulges, and halos), each with distinct chemical and ki-
nematic properties that capture unique epochs in the formation
of the galaxy. Observations of the Milky Way (MW ) and a wide
range of other galaxies have revealed the need for yet another
component, namely, a thick stellar disk. Originally detected as an
excess of light at high Galactic latitudes in deep surface photom-
etry of early-type galaxies (Burstein 1979; Tsikoudi 1979), a thick
disk was later revealed in the MW using star counts (Gilmore &
Reid 1983).

The properties of the MW’s thick disk have revealed many
differences from the thin disk. Structurally, the MW’s thick disk
has a significantly larger scale height than the thin disk, as its
name implies (for reviews see Reid & Majewski 1993; Buser
etal. 1999; Norris 1999, and references therein). It also may have
a somewhat longer scale length (Robin et al. 1996; Ojha 2001;
Chen et al. 2001; Larsen & Humphreys 2003). Thick disk stars
are older and more metal-poor than stars in the thin disk (e.g.,
Reid & Majewski 1993; Chiba & Beers 2000). They are also
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significantly enhanced in o -elements compared to thin disk stars
of comparable iron abundance (Fuhrmann 1998; Prochaska
etal. 2000; TautvaiSiené et al. 2001; Bensby et al. 2003; Feltzing
et al. 2003; Mishenina et al. 2004; Brewer & Carney 2004;
Bensby et al. 2005). Kinematically, MW thick disk stars have
both larger velocity dispersions and slower net rotation than stars
in the thin disk (Nissen 1995; Chiba & Beers 2000; Gilmore
et al. 2002; Soubiran et al. 2003; Parker et al. 2004).

For many years, however, it remained unclear whether the
thick disk was a truly distinct component of the MW or only an
older, metal-poor extension of the thin disk, as might be created
by steady vertical heating over the lifetime of the Galaxy (e.g.,
Dove & Thronson 1993). Over the past five years, conclusive
evidence that the thick disk is indeed distinct from the thin disk
has come from a series of detailed chemical abundance studies.
Stars with thick disk kinematics show significant «.-enhancement
compared to thin disk stars with identical iron abundances, thus
forming a separate parallel sequence in a plot of [«/H] versus
[Fe/H] (see the recent review by Feltzing et al. [2004]). Studies
of resolved stars in nearby galaxies also find a thick disk of old
red giant branch (RGB) stars whose lack of a metallicity gradient
cannot be explained by steady vertical heating (Seth et al. 2005b;
Mould 2005).

Three general classes of formation mechanisms have been
proposed to explain the properties of the MW thick disk. In the
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first, a previously thin disk is dynamically heated to form a thick
disk, after which a new thin disk forms (Quinn et al. 1993;
Velazquez & White 1999; Robin et al. 1996; Chen etal. 2001). In
the second, the thick disk forms directly from gas at a large scale
height, possibly during a largely monolithic proto-Galactic col-
lapse (Eggen et al. 1962; Gilmore & Wyse 1986; Norris & Ryan
1991; Burkert et al. 1992; Kroupa 2002; Fuhrmann 2004; Brook
et al. 2004). In the third, the thick disk forms from a series of
minor merger events that directly deposit stars at large scale heights
(Statler 1988; Abadi etal. 2003). Recent cosmological simulations
have suggested a more complicated origin. Disk galaxy simula-
tions by Abadi et al. (2003) find a thick disk that is composed pri-
marily of tidal debris from disrupted satellites, while comparable
simulations by Brook et al. (2004) find that thick disk stars form
during a period of chaotic mergers of gas-rich building blocks.
Recent kinematic measurements favor scenarios in which mergers
play a significant role in thick disk formation (Gilmore et al. 2002;
Yoachim & Dalcanton 2005).

While all of the above scenarios are viable explanations for
the origin of the MW, the structural parameters of thin and thick
disk components in a wide range of galaxies can help distinguish
among these formation scenarios. Unfortunately, the measure-
ments required to characterize thick disks are difficult to make out-
side the MW. The MW thick disk provides less than 10% of the
local stellar density (Buser et al. 1999), and this faintness hampers
detailed study of comparable extragalactic thick disks. To date,
thick disk structural properties have been measured only in a small
number of galaxies (Seth et al. 2005b; Pohlen et al. 2004; van
Dokkum et al. 1994; Morrison et al. 1997; Neeser et al. 2002;
Abeetal. 1999; Wu et al. 2002; de Grijs & van der Kruit 1996; de
Grijs & Peletier 1997; see Table 5). These studies analyze galax-
ies in the edge-on orientation, which allows clear delineation be-
tween regions where thin and thick disk stars dominate the flux.
The edge-on orientation also allows line-of-sight integrations of
faint stellar populations to reach detectable levels.

In this paper, we analyze a large sample of edge-on galax-
ies and decompose them into thick and thin disk components.
Analysis of B, R, and K, photometry and color maps has pre-
viously revealed that these galaxies are surrounded by a flattened
faint red envelope, with properties very similar to the MW thick
disk (Dalcanton & Bernstein 2002, hereafter Paper I11). We now
use a full two-dimensional fitting procedure capable of simul-
taneously fitting the thick and thin disk light distributions to
derive their full structural parameters.

1.1. Galaxy Sample

The sample used in this paper was drawn from the optical and
infrared imaging found in Dalcanton & Bernstein (2000, here-
after Paper I). Briefly, our sample of edge-on bulgeless galaxies
was initially selected from the flat galaxy catalog (FGC) of
Karachentsev et al. (1993), a catalog of 4455 edge-on galaxies
with axial ratios greater than 7 and major axis lengths greater
than 0/6. The color maps and initial detections of the thick disks
in 47 galaxies were presented in Paper II.

Not all galaxies from Paper I have been included in the anal-
ysis presented here. We have excluded several of the more massive
galaxies with sizable bulge components that could not be ade-
quately masked or modeled. We likewise eliminated several low-
mass galaxies with bright central star clusters for similar reasons.
We have also removed any galaxies that have either significant
warps or visible spiral arms (i.e., that were not viewed perfectly
edge-on), as these systems are poorly modeled by our fitting pro-
cedure. Finally, we eliminated galaxies whose surface bright-
ness profiles would be severely affected by atmospheric seeing.

TABLE 1
GaLAxIES REJECTED FROM THE Two-Disk R-Banp FiTTING

FGC(E) Reason for Rejection

Large central knot

Spiral arms visible

Bright central star-forming region

Spiral arms visible

Thin disk below seeing limit, fits did not converge
Large warp, bright foreground stars

Fits did not converge, possibly spiral arms

Polar ring galaxy

Large bulge component

Spiral arms visible

Fits did not converge, scattered light problem
Thin disk below seeing limit, bright foreground stars
Asymmetric disk

No velocity data

Large bulge component

A full list of the 15 excluded galaxies is in Table 1, leaving a
sample of 34 galaxies suitable for decomposing into thick and
thin components. When possible, we have used distances listed
in Karachentsev et al. (2000) derived from a local flow model.
Otherwise we use the galaxy’s redshift corrected for the motion
of the Local Group (Yahil et al. 1977), assuming a Hubble con-
stant of Hy = 70 km s~ Mpc~".

2. TWO-DIMENSIONAL FITTING
2.1. Galaxy Models

The distinctive vertical color gradients identified in Paper II
suggest that the stellar population above the galaxies’ midplanes
is different from that within it. We assume that this change is due
to the existence of two distinct stellar populations analogous to
the Milky Way’s thick and thin disks. Our two-dimensional fit-
ting procedure attempts to decouple these two populations to
measure their scale heights, scale lengths, and luminosities.

‘We model the surface brightness of each disk component as a
radially exponential disk. We adopt the luminosity density L of
each disk component to be

L(R, 2) = Loe */Mf(z), (1)

where (R, z) are cylindrical coordinates, L is the central lumi-
nosity density, /4y is the radial scale length, and f(z) is a func-
tion describing the vertical distribution of stars.

Throughout, we adopt a generalized vertical distribution

f(2) = sech?™ (Nz/zy), (2)

where z is the vertical scale height and N is a parameter con-
trolling the shape of the profile near the midplane. For appro-
priate choices of N, this equation can reproduce many popular
choices for the vertical distribution of star light. With N =1
equation (2) becomes the expected form for a self-gravitating
isothermal sheet (Spitzer 1942; van der Kruit & Searle 1981a,
1981b, 1982). When N — oo, equation (2) reduces to f(z) o
e 7" where h, = zy/2. Previous fits to the vertical distribution
suggest that an intermediate value of N = 2 is a better model of
galaxy disks (van der Kruit 1988), as expected for the super-
position of several populations with a range of vertical velocity
dispersions (de Grijs & van der Kruit 1996). However, different
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values of N only produce differences near the galaxy midplane,
and all share exponentially declining profiles at large radii.

When fitting a thick plus thin disk model, we preferentially
use N = 1 for both components because of its physical moti-
vation. We note that since our main goal is not to model galaxies
near their midplane where these functions have their largest dif-
ferences, our results are not particularly sensitive to the choice of
model. To permit comparisons to previous work, we also derive
single-disk fits to our sample using equation (2) without a fixed
N, allowing the shape of the vertical profile to vary to best fit the
data.

To translate the adopted luminosity density into the observed
surface brightness distribution, we assume that the disks are viewed
perfectly edge-on. Other authors have demonstrated that slight
deviations from i = 90° have minimal impact on the derived struc-
tural parameters (e.g., van der Kruit & Searle 1981b; de Grijs et al.
1997). We also assume that scale heights are independent of pro-
jected radius for late-type galaxies, as found by van der Kruit &
Searle (1981b), Bizyaev & Mitronova (2002), de Grijs & Peletier
(1997), and Shaw & Gilmore (1990). With the above assump-
tions, the model edge-on disk surface brightness is given by

SR, 2) = Zoo(R/hr)Ki(R/hr) [ (2), (3)

where K is a modified Bessel function of the first order, 3y is
the edge-on peak surface brightness (X0 = 2/hgLo), and R is
now the projected radius along the major axis. The face-on sur-
face brightness of such a disk is X(R) = Sge *", with ¥y =
2z¢Lgy. Throughout, we convert our edge-on peak surface bright-
nesses to magnitudes using 40, 0) = m,, — 2.5 log (X¢,), where
m,, is the photometric zero point from Paper 1. The face-on cen-
tral surface brightness can then be calculated as i, = (0, 0) —
2.5 log (zo/hg). The conversion between the edge-on and face-on
orientation assumes that disks are optically thin at any orien-
tation, an assumption that is obviously not true for massive
galaxies with dust lanes. However, we correct for this effect in
§ 4.3. We do not model any possible disk truncation, as this is a
small effect seen only in the region R > 3/ (van der Kruit &
Searle 1981b; Kregel & van der Kruit 2004; Pohlen et al. 2000).

Our sample of galaxies was initially selected to comprise
“pure disk” systems, and thus there are very few galaxies that
possess a prominent bulge component. We therefore do not at-
tempt to decompose a bulge component from the surface bright-
ness distribution and simply reject galaxies with significant bulges
from the sample (Table 1).

We have tested whether the profiles described by equation (2)
could be significantly affected by seeing. We convolved model
images with a two-dimensional circular Gaussian kernel to sim-
ulate the atmosphere’s effect. We found that this step, in general,
was unnecessary. Unconvolved fits differed from convolved fits
only for the most distant galaxies. Several of these galaxies have
been eliminated from the sample, as listed in Table 1.

2.2. Fitting Method

We use Levenberg-Marquardt least-squares fitting of the gal-
axy images to find the best parameters for the models described
in § 2.1. Before fitting, the images of the galaxies are sky sub-
tracted, and foreground stars and background galaxies are gen-
erously masked (see Paper II). The images are cropped at R ~
4hp to speed computation time. Our tests have shown that the fits
are insensitive to the exact cropping, causing variations in in-
dividual parameters of only a few percent. The cropping also
reduces the chance that our fits could be biased by warps or
flaring of the disks at large radii.
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Following the technique of Kregel et al. (2002), we weight
each pixel by the inverse of the model surface brightness dis-
tribution at that pixel. By using the model rather than the data to
determine the weighting, we eliminate the bias of overweighting
positive noise spikes. This weighting scheme places large amounts
of weight on the lowest signal-to-noise ratio (S/N) pixels, en-
suring that regions of low surface brightness (i.e., where a faint
thick disk could be detected ) receive adequate weighting. To pre-
vent the fit from being overwhelmed by regions with low S/N,
we set the weight to zero beyond the 1 o noise contour, defined as
where the model falls below the standard deviation of the back-
ground. Due to the low S/N in the K-band data, these images were
clipped at the % o level to ensure that an adequate number of pix-
els were included in the fit. Each fit was iterated 4 times to ensure
convergence of the model parameters and weighting scheme. Fits
were performed using pixel coordinates and counts and then con-
verted to arcseconds and magnitudes using the calibrations in
Paper L.

It is common practice when fitting models to edge-on galaxies
to crop out regions near the midplane of the disk (e.g., Kregel
et al. 2002; de Jong 1996; Bizyaev & Mitronova 2002). Crop-
ping avoids the hard to model effects of dust lanes, bulges, and
star-forming regions. The color maps of our galaxies imply that
galaxies rotating at speeds less than 120 km s~! do not contain
concentrated central dust lanes ( Dalcanton et al. 2004). For more
massive galaxies, our weighting procedure ensures that any mid-
plane structure receives a minimal amount of weighting when
calculating the goodness of fit 2. We chose to fit models both
with and without the midplane cropping to quantify the system-
atic uncertainties introduced by midplane structure.

We begin by fitting single-disk models to all three B, R,
and K images, holding the galaxy position and rotation fixed. We
then fit two-component models to the images, allowing the offsets
and rotation to vary but constraining all components to have the
same center and orientation. For this second step, we use only the
R-band images due to their high S/N. Ideally, we would perform
the two-disk decomposition in the K band, which best repre-
sents the smooth stellar distribution and is least affected by dust.
However, due to the bright infrared sky, the near-infrared images
are of lower S/N and cannot reach to faint regions where a thick
disk would dominate. The R band therefore represents the best
compromise between reaching faint regions of the galaxies and
minimizing the effects of dust extinction and bright star-forming
regions.

When fitting a single disk with only three free parameters, our
procedure converges to the same x> minima given any reason-
able initial guesses. However, for multiple-component models,
which have up to 10 free parameters, we find that fits often con-
verge to local minima rather than to the global minimum. To ensure
we find the global minimum when fitting multiple components, we
fit each galaxy using up to 50 unique initial parameter guesses, fol-
lowing Wu et al. (2002). The initial parameters for each galaxy
model were randomly varied up to 50% to ensure that we cast a
large net in parameter space.

The formal parameter uncertainties that result from our fits
are not meaningful because we used a weighting scheme that is
not based on the actual pixel uncertainties. Even if we did min-
imize x? using formal pixel errors, our returned uncertainties
would be much too low. The x? formalism requires residuals to
be Gaussian, which is rarely the case when fitting nearby galax-
ies. The situation is comparable to trying to model Mount Rainier
as a cone—you can do it, but the residuals will be dominated by
real physical structures and not random Gaussian measurement
errors. In the case of spiral galaxies, real substructure exists in
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TABLE 2

VERTICAL LIGHT PROFILES FOR THE Two-Disk MobpELs USED
IN FITTING R-BAND STRUCTURAL PARAMETERS

Thin-Disk Thick-Disk
Model Model Notes

sech?(z/2g) ceuveveeenn. sech®(z/z)) ~ Convolved with 1”7 FWHM Gaussian
sech?(z/2g) c.vvvveran sech?(z/zy) Midplane masked
sech?(z/zg) sech?(z/zg)
sech(z/zp) ...... sech?(z/zg)
sech?(z/zy) sech(z/zg)
sech(z/zp) ...... sech(z/zg)

the form of spiral arms, dust lanes, regions of active star for-
mation, warps, flares, H 1 regions, etc. As an alternative as-
sessment of the systematic errors that are likely to dominate our
uncertainties, we fit a series of models using a variety of dif-
ferent weighting and masking schemes (Table 2) and quote the
median result for each parameter. We then adopt the full range
of convergent models for each parameter as a measure of the
inherent systematic uncertainties. The resulting uncertainties are
2-100 times greater than our formal x? uncertainties, confirming
that systematic errors dominate our uncertainties.

2.3. Tests on Artificial Images

To assess the reliability of the two-disk decompositions,
we created a set of 100 artificial galaxies. We adopted the sur-
face brightness profile in equation (2) withan N = 1 vertical dis-
tribution for both a thick and thin component and varied the
structural parameters of the disks within ranges similar to our sam-
ple galaxies (for the thin disk: 20.7 mag arcsec ™2 < (0, 0) <
22.7 magarcsec 2,275 < hg < 1974,076 < z; < 376;and forthe
thick disk: 21.4 mag arcsec™2 < (0, 0) < 24.2 mag arcsec2,
175 < hp < 5172, 1”4 < zy < 20”). The model galaxies were
convolved with a circular Gaussian with 1” FWHM, typical of
the seeing for the observations. We then added read noise, sky
noise, and Poisson noise to the simulated galaxies, with ampli-
tudes chosen to mimic our R-band data. The galaxy images were
rotated up to 2° and offset up to 2 pixels (0”5) from the image
center. We then fitted the galaxies with the two-disk models, with
and without seeing corrections. We assumed NV = 1 and used the
same spread of initial parameter guesses described in § 2.2.

Ofthe 100 simulated galaxies, only three fits failed to converge.
Ninety percent of the scale lengths are recovered to within +2%
of the input value, with all the results converging within £10%.
Ninety percent of the scale heights are recovered within +3%
of the input value, with all results within +12%. Ninety percent of
the central surface brightnesses converge to within 0.09 mag of
the correct result. The orientations were always correct to within
0°1, with a median error less than 1%. All the spatial offsets were
within 1 pixel of the correct position. There were no systematic
trends in the size of the errors versus galaxy properties. The high
accuracy of these fits indicates that we are not limited by pixel
noise in our fits. However, since our model was a perfect match to
the input data, this correspondence is not surprising.

We tested models that did not make a seeing correction con-
volution and found that the fits still returned scale lengths and
heights that were accurate to <072, as long as zy > 1". The ma-
jority of our observed galaxies do have zy > 1", and thus we do
not account for seeing in our fits. This result is consistent with the
analysis of de Grijs et al. (1997), who find that for an exponential
vertical profile, convolution is unnecessary when the seeing
FWHM < 0.64..
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In addition to testing our ability to recover the parameters of a
known model, we also tested our ability to correctly measure the
structural parameters when using an incorrect function for the
vertical light distribution. Specifically, we fitted an N = 2 model
instead of the correct N = 1 vertical profile to each disk. These
fits returned results similar to the fits using the correct model, and
the resulting scale heights and lengths fell within ~5% of the
correct values. This indicates that the galaxy sizes are constrained
primarily by light well away from the midplane. The luminosi-
ties were more divergent, however, due to the large differences
between these models at their midplanes. The N = 2 model was
slightly biased toward having overluminous thick disks (with a
few outliers as well), but the majority (70%) of fits were within
a factor of 2 of the correct Lyicic/Linin, despite being fitted with
the wrong function.

Finally, we also tested our two-disk fitting code on artificial
galaxies that had no second thick disk component. In these cases,
the fits always converged to extremely faint thick disks (<1% of
the thin disk flux) and usually converged to either very large or
very small thick disk scale lengths, mimicking either a uniform
sky background or a small point source. Overall, these results
encourage us to believe that if there are no thick disk components
in our data, our fitted parameters will diverge to unphysical
values.

3. SINGLE-DISK FITS

Before discussing the results of decomposing the galaxies into
two disk components (§ 4), we discuss the results for fitting
single disks to the light distributions. These fits are useful sim-
ple descriptions of the galaxies, and the resulting parameters can
be directly compared to previous fits of edge-on and face-on
galaxies.

As discussed in § 2.2, we quantify our systematic uncertainties
using equation (3) with an N = 1 vertical profile and a variety
of weighting and masking techniques resulting in five different
fits for each galaxy image. The five fits are (1) the full galaxy
with inverse model weighting as described in § 2.2, (2) the full
galaxy with uniform weighting to more heavily weight the high-
S/N regions, (3) inverse weighting with the midplane region (z =
+2¢) masked, (4) inverse weighting with the outer region R >
3hg masked to eliminate regions where our fit may be affected by
unmodeled stellar truncation, and (5) inverse weighting with the
high-latitude region z > 2z, masked to minimize the effect of thick
disks. The results of the fits are given in Table 3 for all three band
passes. The columns show the median edge-on peak surface bright-
nesses [1(0, 0)], radial scale lengths (4y), and vertical scale pa-
rameters (zo) along with their uncertainties. We emphasize again
that these are not the formal statistical uncertainties (which are
deceptively small) but instead are the full range of values to which
the five different fits converged.

In addition to quantifying our uncertainties, the five different
fits provide insight into how variations in fitting methods and
weighting schemes affect our results. The systematic effects of
the different methods are plotted in Figure 1. The most notable
features in Figure 1 are the large systematic shifts in the values
of z, for the single-disk fits. Models that are weighted to fit the
midplane (e.g., the uniform weighting model) return thinner
disks, while models that mask the midplane return larger values
of zy. This effect is present in all three filters and is exactly what
one would expect if disk galaxies were dominated by thin disks
at their midplanes and by thick disks with larger scale heights in
the fainter regions. The radially cropped and midplane cropped
models result in fits that have fainter central regions and slightly
larger scale heights. This is a strong indication that most of our
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* These fits use eqgs. (2) and (3) with N = 1 (i.e., a sech? vertical profile). Peak edge-on surface brightnesses have not been corrected for inclination. When
available, distances are taken from Karachentsev et al. (2000). Otherwise, we have used the recessional velocity corrected for Local Group infall to the Virgo Cluster
(from LEDA; http:/leda.univ-lyon1.fr). Throughout, we assume Hy = 70 km s~! Mpc~!

Cumulative Fraction of Fits

1.0

0.8

0.6

0.4

0.2

0.0

T T T M T T T T T T :
1/ uniform weight
/[ | midplane mask -----cceee-
B / R>3hg mask — — — — T — .
/
1
I B
- | 1 N ]
|
1
I
- | 1 N ]
1 1 ﬂl 1 1 1 L 1 /-// 1 1
-06 -04 -02 00 02 04 0.6 0.2 -02 -0.1 0.0 0.1 0.2
Ho=Mo,model Az,

Fig. 1.—Cumulative distributions showing the systematic effects of fitting our galaxies with varying models. All models are compared to a fit using inverse
weighting and no masked regions. Fits for all three filters have been combined. The solid curve shows the model that used uniform pixel weighting, while the dotted

curve shows the midplane masked model, and the dashed curve shows the |R| > 3/ radially masked model.



STRUCTURE OF THIN AND THICK DISKS 231

2.0 T T T 4} T
[[ e This Study . C ]
[| © Kregel 2002 R ]
1.5 L. b -
£ L . . il
o | T o%«) ]
“ 1ok ) X b ﬁ .
é—‘ L o <(DD $ o d
= I S N ]
N r L ¢ b
0.5F i L .
00l v v v ]
0 50 100 150 200 250

Circular Velocity (km s
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diamonds. [See the electronic edition of the Journal for a color version of this

figure.]

galaxies do not have dust lanes that need to be masked. Cropping
regions at high z has a minimal (<5% change) effect on the fit
parameters.

The parameters for the single-disk fits listed in Table 3 are
plotted in Figures 2—6 as a function of the galaxies’ circular ve-
locity. In Figure 2, we see the expected trends that more massive
galaxies have larger scale heights. We also plot scale heights from
the edge-on sample of Kregel et al. (2002) and find that both
studies give consistent results for the scale height as a function of
galaxy circular velocity. In Figure 3 we compare our single-disk
R- and B-band fitted scale lengths with the edge-on sample of
Kregel et al. (2002) and the face-on measurements of MacArthur
etal. (2003), de Jong (1996), and Swaters & Balcells (2002). Over-
all, we find that lower mass galaxies in the range 50 km s~! <
V. < 120 km s~! have scale lengths wholly consistent with mea-
surements made in comparable face-on systems. However, the
highest mass galaxies in our sample have scale lengths that are
slightly larger than the average found in previous studies, al-
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though they are still within the full range of the comparison data.
This offset is worse in the B band than in the R band and almost
certainly reflects the presence of strong dust lanes in the more mas-
sive systems. The higher attenuation toward the central regions of
the galaxies will suppress the surface brightness at small radii,
leading to apparently larger scale lengths. This offset may also ex-
plain why studies of edge-on disks suggest that disks truncate at
only (3—4)hg, whereas face-on studies see no obvious signature
of truncation at these radii (Barton & Thompson 1997; Weiner
et al. 2001, but see also Pohlen et al. 2002).

In Figure 4 we compare the structural parameters derived in
different bandpasses. We confirm that redder filters converge to
shorter scale lengths (Fig. 4), a result of the strong radial color
gradients seen in both our sample and in face-on galaxies (e.g.,
Bell & de Jong 2001; MacArthur et al. 2004).

We also find that for galaxies without dust lanes the B-band
scale heights are predominantly thinner than those in the R band.
This offset is consistent with the detection of strong vertical color
gradients in Paper I, in which we found that the midplanes of
late-type galaxies were typically bluer than the light above the
plane. Somewhat unexpectedly, our K-band scale heights are also
significantly thinner than those in the R band. We believe that this
is due to three effects. First, the K-band data do not reach as deep
as the other filters, making it insensitive to the extended thick com-
ponent. Second, the thinner K-band scale height may indicate the
presence of dust that blocks light from the midplane in optical fil-
ters. Finally, there is some indication from studies of resolved stars
in nearby galaxies that the K-band light is not completely domi-
nated by old red giant stars but instead has a significant contribu-
tion from young stars with small scale heights (Seth et al. 2005b).

In Figure 5 we plot the axial ratios of our sample galaxies.
Overall, our axial ratios are consistent with the work of Bizyaev
& Mitronova (2002), who measure flatness parameters for 153
edge-on galaxies imaged in the the Two Micron All Sky Survey
(2MASS) survey and find values of 4,./z; ranging from ~2 to ~10.
Our results are also consistent with the axial ratios from Kregel
et al. (2002). We see a slight trend for more massive galaxies to
be flatter than less massive galaxies. Other studies have also sug-
gested that low-mass, low surface brightness dwarf galaxies are
thicker than regular spiral galaxies. Estimates of the intrinsic ax-
ial ratios of dwarf irregular galaxies range from b/a ~ 0.3 (Hodge
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Fic. 3.—Single-disk scale lengths for the R-band (/eff) and B-band (right) fits. Galaxies with prominent dust lanes are plotted with open circles. For comparison,
we show other single-disk fits gathered from the literature. The de Jong (1996) and MacArthur et al. (2003) data are face-on or moderately inclined galaxy samples
with the scale lengths measured in the R and B bands (squares, left, and triangles, respectively). The Swaters & Balcells (2002) sample consists of late-type spiral
and irregular galaxies with scale lengths measured in the R and B bands (diamonds). The Kregel et al. (2002) data were measured from edge-on galaxies in the
R band (squares, left). [See the electronic edition of the Journal for a color version of this figure.]
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Fic. 6.—Edge-on peak surface brightnesses for the single-disk fits. Open symbols are used for galaxies with prominent dust lanes. Points have not been corrected

for internal extinction.

& Hitchcock 1966; Binggeli & Popescu 1995) to b/a ~ 0.6 (Sung
et al. 1998; Staveley-Smith et al. 1992), all of which are rounder
than typical spiral galaxies (e.g., Kudrya et al. 1994). We have dis-
cussed possible explanations for this behavior in Dalcanton et al.
(2004).

Figure 6 shows the edge-on peak surface brightnesses for the
one-disk fits. The peak surface brightness of the B-band data is
roughly constant, showing little trend with galaxy mass. How-
ever, because the FGC sample was initially selected from the
POSS-II survey plates, we would not expect the B-band surface
brightnesses to be below /. ~ 23 mag arcsec 2. On the brighter end,
the Freeman law (Freeman 1970) suggests a maximum surface
brightness for edge-on disks. Thus, the B-band peak surface
brightnesses must be confined to a limited range. In contrast, we
do see increasingly strong trends of surface brightness with mass
in the redder filters, and particularly in K. Because the selection
criteria for the FGC limited the range of B surface brightness, the
observed trends in R and K are due to variations in galaxy color
with mass. As we discuss in § 4.3, extinction from dust prevents
us from being able to reliably convert the edge-on brightnesses to
comparable face-on values.

4. TWO-DISK FITS
4.1. Need for a Second Component

The traditional signature of thick disks is the presence of
excess light at high latitudes after subtracting a single-disk compo-
nent. To demonstrate the expected excess, we subtract the single-
disk models from the data and sum the residuals (inside the 1 ¢
noise contour) along the major axis. The resulting residuals are
plotted in Figure 7 and demonstrate that the single-disk fits from
§ 3 systematically leave excess flux at high latitudes for all masses
of galaxies. We also average the vertical profile residuals across
different galaxy mass ranges and find the two-disk model is supe-
rior to the single-disk model in all cases. For a single-disk model,
we can slightly improve the fit at high z by allowing the index N
to vary. However, on average, the absolute value of the two-disk
model residuals are smaller than the variable N model at every
height. By collapsing along the radial direction, we are assuming
that any disk components have a nearly constant scale height with
radius, as has been found for late-type disks in many studies (van
der Kruit & Searle 1981b; Bizyaev & Mitronova 2002; de Grijs
& Peletier 1997).

These tests show that (1) our galaxies are poorly fit at large z
by the simple sech? model; (2) by leaving the index N free, we
can either fit low-z or high-z regions of the disk well, but not both
regions simultaneously; and (3) the two-disk model is superior at
fitting the vertical profile at all latitudes. We conclude that our
galaxies are best modeled by the superposition of two distinct
components with unique scale heights.

While we already suspected the galaxies were composed of
multiple stellar components based on the observed vertical color
gradients and the analogous structures present in the MW, we have
now shown that this conclusion can be derived from R-band im-
ages alone. This analysis does not preclude the existence of addi-
tional components beyond the two disks considered here, however,
although our data do not obviously require them. Our fits also do
not demand that the two components trace kinematically and
chemically distinct stellar populations that are directly analogous
to the thick and thin disks of the MW. On the other hand, when
combined with the color gradients observed in Paper II, the data
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Fic. 7—Residuals collapsed along the radial direction and averaged over
galaxies binned by mass. The single-disk models (top three lines at right) are
very poor fits, leaving large amounts of excess flux at high latitudes. The two-
disk models (bottom three lines at right) do a much better job fitting the ver-
tical light distribution at a// latitudes and show only a small systematic trend to
oversubtract at high z. [See the electronic edition of the Journal for a color
version of this figure.]
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are fairly suggestive of the presence of two genuinely distinct
components. We revisit this issue further in § 4.4.1.

Ideally, we could use a statistical goodness-of-fit test to show
that a second disk component is required when modeling edge-
on galaxies. To establish the need for a thick disk in UGC 7321,
Matthews (2000) used an F-test defined by

D) =)/ (p — k)
e @

where x%(1) characterizes the single-disk model with k free
parameters, while x?(2) characterizes the more complex model
with p free parameters and » total data points. Comparing our
two-disk models to single-disk models with fixed N, the F-test
favors two disks at the 95% level or higher confidence for 32
ofthe 34 galaxies, confirming that the two-disk model is a better
fit than a single disk, as seen in Figure 7. Even if the index N
is allowed to vary, the two-disk model is still favored in 31 of
the 34 galaxies. Although the F-test works well for Matthews
(2000) when fitting one-dimensional profiles, there are several
caveats we must note for our sample. First, our models do not
necessarily minimize the formal x2 value because of our inverse
weighting system. Second, the F-test relies on the x> formalism
and thus assumes that all errors are random and Gaussian. As
we noted in § 2.2, our residuals are definitely non-Gaussian, and
therefore the results of any F-test should be viewed as sug-
gestive but far from conclusive.

4.2. Why Not a Halo?

In addition to modeling the galaxies as a superposition of
thick and thin disks, we investigated models composed of a
single disk and a “stellar halo” component, as advocated by
Zibetti et al. (2004). For our halo model, we used a generalized
Hubble density distribution (Wu et al. 2002) with the luminosity
density

LO,halo (5)

Lao y24) = "
halo (¥, Z) {1+[r2+(z/q)2]/r§}//2

Viewed edge-on, this density distribution projects to the sur-
face brightness profile

Ll(y = 1)/2]
L'(v/2)
x 7y [rg +R*+ (z/q)z](liﬂ'l)/z7 (6)

Ehalo(Ra z) = LO,haloﬁ

where I is the standard gamma function.

We find that our data strongly prefers a second disk compo-
nent to a halo. Over half our halo fits converged on very flattened
halos (¢ < 0.45), essentially reproducing the properties of a
thick disk, although one with a radial gradient in scale height. In
addition, 40% of the fits converged to halo luminosities that are
less than 1% of the disk luminosity, implying that the fitting
procedure cannot actually use the new component to improve on
the single-disk fits. When unconstrained, the halo exponential
parameter y ran away to very large or small values (producing a
uniform background or a compact point source), again implying
that a power-law halo is not the appropriate model for the light
distribution at high z.
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Using the F-test defined in § 4.1 to compare the two disk fits to
nine free parameters with the disk plus halo fits with 10 free
parameters, we found that only 11 of the galaxies were better fit
with a halo than the second disk. Even when y? suggested that
the halo model was a better fit, the flattening parameter con-
verged to extreme values (less than 0.4 or greater than 1) in 7 of
the 11 cases, thus flattening the halo into a more disklike structure.
In those cases, the preference of a halo component may indicate
the presence of a radial gradient in disk scale height. In the few
cases when a preferred halo fit remained roughly circular, it was
because the halo collapsed to fit a small central bulge or star-
forming region. Because these regions are bright, they can greatly
affect the formal value of x?, and the F-test will prefer the halo
model despite no real improvement in fitting the flux at large
scale heights.

The poor results of our attempted halo fitting do not explic-
itly rule out the presence of a halo at lower surface brightnesses
than we can detect in our images. Indeed, a stellar halo like the
MW?’s would only start to dominate the thick disk component at
pig ~ 27.5 mag arcsec ™2 (Morrison et al. 1997) around z ~ 10z,
[our fits extend to only z ~ (3—4)zp]. In M31 the stellar halo pop-
ulation dominates at a projected radius of ~30 kpc and a surface
brightness level of y1;, ~ 31 mag arcsec™? (Guhathakurta et al.
2005) and thus comprises <5% of the total stellar luminosity.
As before, if a comparable halo component was present in our
sample, it would be much too faint to be detected in our data.

Zibetti et al. (2004) fitted a composite galaxy created by
stacking over 1000 edge-on spirals from the Sloan Digital Sky
Survey. Using equation (6), they found a slightly flattened halo
withg = 0.501n g, 0.60 in 7 and i, and 0.70 in z. There are several
reasons why we believe the excess light we detect at high lat-
itudes is not equivalent to the halo component discussed by
Zibetti et al. (2004): (1) Our R band is close to r and i, yet when
we try to fit a halo component, our values of ¢ are much lower
with a median value of 0.4. (2) The Zibetti et al. (2004) halos
only begin to dominate the surface brightness at very large heights
(z = 16zp) beyond our 1 ¢ cropping limit. (3) Zibetti et al. (2004)
find that their stellar halo becomes prominent at a surface bright-
ness of 1, ~ 27 mag arcsec 2, fainter than what we can detect in
our individual images.

4.3. Dust Effects

We have previously found that galaxies in our sample with
rotational velocities greater than 120 km s~! host concentrated
dust lanes (Dalcanton et al. 2004). We therefore need to consider
the effect that dust extinction will have on our fitted parameters.
To quantify the amount of extinction in our edge-on sample,
we compare the total luminosities of our best-fit models to the
Hubble Key Project Tully-Fisher (TF) relation (Sakai et al.
2000) in Figure 8. We find that all our galaxies, even those
without recognizable dust lanes, lie significantly below the TF re-
lation for face-on spiral galaxies. If we apply the extinction cor-
rection of Tully et al. (1998), however, our extinction-corrected
total luminosities move nicely onto the face-on TF relation.

Their offset from the TF relation implies that our models do not
capture all the stellar flux from our galaxies. There are several
possible ways dust could influence our fitted parameters to yield
lower than expected total luminosities: (1) the peak surface bright-
nesses could be too low; (2) the scale lengths could be too short;
(3) the scale heights could be too small; (4) the vertical profile
could appear less peaked than it truly is (e.g., a sech? instead of
an exponential ); or (5) some combination of the above.

We can say with some certainty that the scale lengths do not
appear to be shortened by dust extinction. If anything, Figure 3



No. 1, 2006

STRUCTURE OF THIN AND THICK DISKS 235

20F

9

-19

= = =
218 E -19
20
-17 E -18
® 58 ® A -19
-16 O 3 17k o) E
1 1 1 1 1 1 1 1 1 -18 1 1 1 1 1
210 220 230 240 250 260 270 210 220 230 240 250 260 270 200 210 220 230 240 250 260

log(W,)

log(W,)

log(Ws)
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shows that our scale lengths are larger than those measured in
face-on systems. In a similar fashion, it is unlikely that our scale
heights are shortened greatly due to dust, as their bias is likely to
have the same sign as the scale lengths. Moreover, our weighting
scheme deemphasizes the midplane region, and our scale height
fit is therefore dominated by flux coming from high galactic lati-
tudes. Therefore, any dust distribution that is concentrated along
the midplane, or uniformly distributed through the galaxy, should
have little to no impact on our fitted value for the scale height.
Only a truly pathological dust distribution, such as one having
large amounts of dust at high z compared to the midplane, would
skew our scale height parameter to lower values.

Having eliminated biases in the scale height and scale length,
we find that dust extinction is most likely affecting our choice of
vertical profile and/or the fitted value of the peak surface bright-
ness. Unfortunately, there is a degeneracy between these two pa-
rameters that could only be broken if we knew the intrinsic dust
distributions in our galaxies. If the dust affects only the midplane
region, then the error could be confined to just the vertical distri-
bution, while a more diffuse and vertically uniform dust distribu-
tion would lower the central surface brightness but not affect the
vertical profile.

We conclude that while our galaxies display clear signs of inter-
nal extinction caused by dust, the lost flux will cause us to either
pick the wrong vertical profile (which is not of particular impor-
tance since we are not concerned with the midplane behavior)
and/or underestimate the overall flux normalization as parameter-
ized by the edge-on central surface brightness. However, since the
empirical extinction correction of Tully et al. (1998) does an ex-
cellent job moving our galaxies onto the TF relation (despite the
correction originally not being intended for use on galaxies with
extreme inclination angles), we chose to apply this correction to
the luminosity of our thin disk component. We do not assume any
correction for the extended thick component, since a much smaller
fraction of its projected area would be obscured by dust.

4.4. Results of Thick + Thin Disk Fits

We now discuss the results offitting two disk components. We
fit a total of six two-disk models, each with different combinations
of N =1 and 2 vertical profiles for the thick and thin compo-
nents. We also considered models convolved with a o = 1"
circular Gaussian (to model seeing) and models in which the

midplane (32, ingle) is masked (to avoid dust lane contamina-
tion). The properties of the models are described in Table 2. We
use the inverse-weighting scheme for all the fits, as we found that
one disk component always collapses to fit bright midplane struc-
tures if more conventional weighting is adopted. As discussed
above, we fit the two-disk models only to the R-band images. Our
K-band data do not go deep enough to reliably detect the thick
disk component, and the B band suffers from dust extinction, is
biased toward young stellar populations, and is a poor tracer of
the faint red light expected from an old thick disk.

The resulting parameters for the fits are listed in Table 4. For
the central value of each parameter we list the median value of
convergent N = 2 models. The uncertainties are the full range of
values to which the different models in Table 4 converged, as
discussed in § 2.2. We also list the ratio of total luminosities for
the model thick and thin disks. The range of luminosity ratios
include models with disks having N = 1 or 2. The luminosity
ratios are calculated only for flux that falls inside the 1 o noise
region (i.e., only the region that was included in the fit). The true
luminosity ratios could therefore be different from our quoted
values if the disks extend far beyond our detection limits. We
have measured the size of this correction by extrapolating the fits
and find it can change the luminosity ratios by only 10% at most.
The luminosity ratios in Table 4 do not include the extinction
corrections derived in § 4.3.

4.4.1. Scale Heights of the Thick and Thin Disks

The scale heights of our thick and thin disks are plotted in
physical units in Figure 9. The scale heights of both the thin and
thick disks increase systematically with circular velocity. Fit-
ting power laws to the relations, we find zp g = (610 pe)(V,./
100 km s~1)** and zg i = (1400 pe)(V./100 km s~1)10, with
rms scatters of 30% in both cases. In general, the scale heights
of'the two disks bracket the scale height derived for a single disk,
as expected.

For massive galaxies with large circular velocities (V.2
170 km s~ 1), our derived value for the scale height of the thin
disk is 2—3 times larger than the MW’s thin disk. However, these
galaxies have the most prominent dust lanes, which may substan-
tially obscure our view of the thin disk. It is therefore likely that
the scale heights of the thin disk may be significantly overesti-
mated in these cases. The plot of zy g/z g for the single-disk fits
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TABLE 4
Two-Disk Fits To R-Banp IMaGEs

TuiN Disk Tuick Disk
w0, 0) hy 2o w0, 0) hy Zo
FGC (mag arcsec™?) (arcsec) (arcsec) (mag arcsec™?) (arcsec) (arcsec) Lnick/Linin n CONVERGED
22.07549 8.0M%7 17799 23.8+07 11.8+01 29108 0.40+5:9 3
222505 6.8%0 1.0703 2145013 74409 1.9709 420757 4
2115958 8.6505 16703 241495 95510 39574 0255375 5
224758 9.5+0.1 1.5+ 04 2374599 12.2792 4.7+19 0.72733¢ 5
21.37516 10.3+99 1.4799 221408 12,1459 2.8709 0.23+0:23 3
213555 76153 21599 21.3%58 8.50% 3.8509 03905 3
213550 10.8+1% 1.8+53 2274197 10.1%52 3.9101 0.26+5:12 5
219509 8.0%07 L7507 23.5703 11.3%5% 45553 0.47%0:53 5
21.3750 8.4709 1.6799 22,5792 9.6102 2.9+ 0.0 0.557317 3
2125087 70505 14702 22.3%0%0 7.3%0% 24403 0.62*55 5
21.3502 110459 1.6799 24.8+0:38 11.2+09 6.4709 0.07+5:% 3
2117068 73557 L7507 23.0%493 9.9439 42503 0.40%0:59 5
20.897% 145500 2949 23.9%0% 16255 4.610% 0.14%093 4
2167067 134457 315, 22,6707 16,1553 8.4131 093033 5
21.27597 6.9 + 0.1 13793 2317924 8.810 29703 0.3979% 4
212505 7.8558 14704 2244051 9.170% 25501 052013 5
20.23070¢ 11.9%02 2353 21.75% 13.0%0¢ 51593 067045 5
20.8%0 19.3497 27507 223507 113557 6.9%03 0335057 5
223799 48 £0.1 0.870¢ 215799 7.310% 24709 691718 4
2124022 17.371$ 44407 222108 23.6118 10.1+5$ 1.087099 5
2221022 7.9+04 1497 2247933 9.0+ 0.3 33403 1.937182 5
20.95058 15.013¢ 28553 22,1506 20158 6.650% 0.95%023 5
20.6750 15.7794 23 +0.1 227911 17.2751 5.0101 0.387947 4
21.8+08 11.6 + 0.4 3.1+58 24,6106 19.5+%7 10.0+)3 0.19+8:33 5
22.579% 10.175% 1.6793 2247907 13.0753 3.6109 3.561322 4
213402 9.3+02 2.8701 2274088 10.5%)3 4.9+ 0.29+0:33 4
21.2%0% 6.5707 L1705 223455 8500 2.5550 08870 4
22203 8.3703 14459 23.3%04 9.353% 3.4703 0.75%05% 3
21.9750 9.9 4+ 0.1 1.4%92 22,6709 9.8 + 0.0 354+ 0.1 1.18+57¢ 4
21.8%058 8.4%453 26504 224505 10.1559 3.6550 0475457 4
2127550 8.6103 16704 22.9%04 73704 34709 0.27 004 5
21.6% 00 6.8703 13757 224703 92404 2250, 112758 4
20.97511 77183 1.2792 23.870% 83 4+ 0.2 3.810¢ 0.1973% 4
21.3%1 6.4+01 0.9792 22.51923 6.3 1.879¢ 0.53792 4

Nortes.—Fit parameters are the best values found for each disk having a sech? vertical profile. The listed values are medians, with uncertainties indicating the full
range of convergent fits.

(Fig. 4, bottom right) is also consistent with this interpretation.
Unfortunately, this limitation is unavoidable until sufficiently deep
K-band data are available.

Figure 10 shows the ratio of the thick to the thin disk scale
height zo thick/Zo min- We find a mean ratio of 2.5 with a scatter of
30%. In Figure 11 we show our data along with other thick and
thin disk scale heights derived from the literature. For the MW,
these scale heights are derived from star counts. For the other
literature values, the scale heights are derived either from fitting
double-exponential profiles to one-dimensional cuts through the
galaxies or from two-dimensional fitting similar to the procedure
used in this paper. We summarize these other results in Table 5.
Figure 11 indicates that our scale height ratios are slightly lower
than those measured in other systems (2o tnick/Zo.thin ~ 3), im-
plying that our derived thick disks may be ~25% thinner and/or
our thin disks are thicker than those derived in other galaxies
with other methods. However, our median z whick/Zo thin 1S Very
similar to the Neeser et al. (2002) measurement of the low sur-
face brightness galaxy ESO 342-017, the most comparable gal-
axy in the literature to galaxies in our sample. These differences
may indicate that the thick disks of early-type galaxies may be
proportionally thicker than those of late-type galaxies.

We also do not a priori know whether our thick and thin
components are strict analogs of any particular component in
the disk of the MW, which is usually broken into at least three
components: (1) the “young star-forming disk” (zo ~ 200 pc),
which is dominated by molecular clouds, dust, and massive OB
stars; (2) the “old thin disk” (zo ~ 600 pc); and (3) the “thick
disk” (zg ~ 2 kpc) (Bahcall & Soneira 1980; Reid & Majewski
1993; Buser et al. 1999; Larsen & Humphreys 2003; Ojha 2001;
Chen et al. 2001), which contains ~15% of the total disk light
(Buser et al. 1999; Chen et al. 2001; Larsen & Humphreys 2003).

One possibility is that our thin and thick disks might be anal-
ogous to the MW’s young star-forming disk and old thin disk,
respectively, with no detectable analog of the MW thick disk. How-
ever, we do not believe the second component we have fit is an old
thin disk. The scale heights of our thin disks are larger than what
has previously been measured for thin star-forming layers. Matthews
(2000) find UGC 7321 has a “young disk” with zy ~ 185 pc.
Similarly, IC 2531 has a young disk with zy ~ 134 pc (Wainscoat
etal. 1989), and the MW’s young disk has zy ~ 200 pc (Bahcall &
Soneira 1980; Reid & Majewski 1993) (using the conversion that
at large scale heights zy ~ 24.). All known young star-forming
disks thus have zy ~ 200 pc. The only galaxies in our sample that
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FiG. 9.—Scale heights of thin and thick disks. Values for the MW from Larsen & Humphreys (2003) are plotted for comparison using zy = 24, for an exponential
vertical profile. Open symbols are used f%r galaxies with prominent dust lanes. Dashed lines show power-law fits to the data [zo min = (610 pc)(V./100 km s~1)™
and zo miek = (1400 pc)(V./100 km s~!) " ]. In galaxies that have strong dust lanes, the scale height of the thin disk is likely to be biased toward larger values. [See

the electronic edition of the Journal for a color version of this figure.)

have thin disk scale heights approaching values this small are far
less massive than any of the galaxies in the previous studies.
Having ruled out an old thin disk, we now consider the pos-
sibility that our second thicker disk component is analogous to
the MW’s thick disk. We find strong support for this possibility
from studies of resolved stellar populations in similar systems
(e.g., Seth et al. 2005a; Mould 2005; Tikhonov et al. 2005).
In particular, a recent analysis of resolved stellar populations in
edge-on galaxies by Seth et al. (2005b) separates stars into young
main-sequence (MS), older asymptotic giant branch (AGB), and
still older RGB stars. Seth et al. (2005b) find that the younger
stellar populations have systematically smaller scale heights
than the ancient RGB population. In Figure 12, we compare our
thin and thick disk scale heights with the MS, AGB, and RGB
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Fic. 10.—Ratios of the scale heights for the thick and thin disks. Error bars
represent the full range of ratios to which different models converged. Gal-
axies with prominent dust lanes are plotted as open circles. The dotted line
shows the median value of z tick /zo thin = 2.35.

scale heights of Seth et al. (2005b). We find that our thin disk
components have scale heights very similar to the young and
intermediate-age stellar populations of Seth et al. (2005b), while
our thick disk components have scale heights similar to, or per-
haps slightly larger than, the old RGB populations. Figure 12
supports that what we have labeled the thin disk hosts a young
and intermediate-age stellar population akin to the thin disk of
the MW while what we have labeled as the thick disk traces a
different older and redder population, not an extension of the thin
disk. When coupled with our observation of strong vertical color
gradients (Paper II), and kinematic differences above and at
the midplane, we believe there is compelling evidence that the
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Fic. 11.—Comparison of our scale height ratios to values drawn from the
literature. We compare to early-type galaxies (Sb and earlier; diamonds), late-
type galaxies (Sc and Sd; triangles), the MW (square), and simulated galaxies
(asterisks). The range of values available for the Pohlen et al. (2004) sample of
early-type galaxies is plotted as the single point with error bars. [See the elec-
tronic edition of the Journal for a color version of this figure.]
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TABLE 5
Thick Disks FROM THE LITERATURE
v,
Galaxy Name Type Band Fitted (km s~ 20 thick/Z0,thin IR thick/ MR thin Lnick/Ltnin Reference
34 galaxies .....c.coeeveerennenennen Sd R 2-D 55-190 1.6-5.5 0.6-1.6 0.07-7 This study
Six galaxies.......ccocevvreereenene Sd Star counts 1-D 67-131 1.7-2.7 .. e Seth et al. (2005b)
ESO 342-017 oo Scd R 1-D 127 2.5 1 0.45 Neeser et al. (2002)
IC 5249 Sd R 1-D 110 3 0.6 Abe et al. (1999)
MW Lt Sbe Star counts 2-D 220 3 1.3 ~0.13 Larsen & Humphreys (2003)
NGC 6504......cooovviccennne Sb R 1-D 110* 3.9 ~0.4 van Dokkum et al. (1994)
NGC 891...... Sb R 1-D 224 35 0.12 Morrison et al. (1997)
NGC 4565........ Sb 6660 A 1-D 244 22 1.4 . Wau et al. (2002)
Five galaxies.... SO Rand V 2-D ~130° 2.6-5.3 1.7-1.9 0.33-1.0 Pohlen et al. (2004)
NGC 4710........ SO R 1-D 147 32 de Grijs & van der Kruit (1996)
NGC 4762.... SO R 1-D 110 4.6 . de Grijs & van der Kruit (1996)
Simulation ........cccoceveveeerennnne. . .. .. 240 4.7 . 0.35 Abadi et al. (2003)
Simulation ........cccccevevverrnenene. . ... .. 150 2.6 0.63 0.8 Brook et al. (2003)

? Estimated from TF relation.
° Dynamical information only available for two of the five galaxies.

second disk component required by our surface photometry
does represent a truly distinct stellar population.

4.4.2. Ratio of Scale Lengths

Physical values of the thick and thin disk scale lengths are
plotted in Figure 13. We see a systematic increase in the radial
scale lengths of both disk components with galaxy mass. The
data are well fit by Ag min = (3.4 kpe)(V./100 km s~')!2 and
hr tick = (3.9 kpe)(V./100 km s~1) 19, with rms scatters of 22%
and 29%, respectively.

In Figure 14 we plot the ratio of the thick to thin disk scale
lengths. We find that the thick disks have systematically larger
scale lengths for all but five galaxies. Thick disks with long scale
lengths are in excellent agreement with previous thick disk mea-
surements, as shown in Figure 15 where we include data from the
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literature (Table 5). In all but one measurement of physical (i.e.,
nonsimulated) thick disk scale lengths, the thick disk is found to
be slightly longer than the thin disk.

We were initially concerned that this result could be a sys-
tematic result of our weighting and masking scheme. For exam-
ple, if our galactic disks truncate at large radii as found in other
edge-on systems (Kregel et al. 2002; Kregel & van der Kruit
2004), then our model fits would converge to have the fainter
thick disk dominate at large R. However, we included a model
(Table 2) in which the midplane is masked (which also effec-
tively removes regions of the galaxy where disk truncation would
be detectable) and still found that the thick disks have longer scale
lengths.

We note that there are some limitations in interpreting our
scale lengths, particularly for the thin disk. First, the derived radial
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Fig. 12.—Comparison of our results with the scale heights of different stellar populations measured from resolved stars in six nearby galaxies (Seth et al. 2005b).
The component we have identified as the thin disk appears to be intermediate between the scale height of young MS stars and medium-age AGB stars, while our
thick disk component is similar to the old RGB populations. [See the electronic edition of the Journal for a color version of this figure.]
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Fic. 13.—Scale lengths of thick and thin disks from the two-disk fits. Open symbols are used for galaxies with prominent dust lanes. The lines show power-law
fits of hgmin = 3.40(V,./100 km s~1)!% kpc and /g gick = 3.9(V/100 km s~ )" kpc.

scale lengths do not necessarily reflect the stellar radial scale
length. The thin disk in particular shows a strong radial color gra-
dient, implying a mass-to-light ratio that decreases with increas-
ing radius (see color maps in Paper II). This trend suggests that
the radial scale length of the stellar mass should be even smaller
for the thin disk, further increasing the ratio Ag ick//R thin- We
may also have overestimated the scale length of the thin disk if it
is affected by dust in a manner similar to what is observed in our
single-disk fits (Fig. 3 and § 4.3). Both of these effects suggest
that /g wick/ir thin May be even larger than indicated by Fig-
ure 14. On the other hand, H 1is typically more extended than the
optical disk (Swaters et al. 2002; Begum et al. 2005), such that
the radial scale length of the baryons in the thin disk may be
longer than indicated by /g .
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Fic. 14.—Ratios of the scale lengths for the thick and thin disks. The hor-
izontal line indicates where the thin and thick disk components have equal scale
lengths. Error bars represent the full range of ratios to which different models
converged and are indicators of our systematic errors. Open symbols are used
for galaxies with prominent dust lanes.

4.4.3. Axial Ratios of the Thick and Thin Disks

The axial ratios (h/zg) for our thick and thin disks are plotted
in Figure 16, along with values for the MW thick and thin com-
ponents for comparison. We find our thick disks have a mean
hr/zo = 3.4 with an rms scatter of 1.7 while the thin disk has a
mean value of sp/zo = 4.7 and rms scatter of 1.8. Our thin disks
therefore tend to be comparable to the MW thin disk but are
slightly rounder at low masses, in agreement with other studies
(see § 3). The axial ratios of the thick disks show a large spread in
axial ratios and are in general comparable to, or slightly thicker
than, the MW thick disk. However, the radial scale length of the
MW is not well constrained, since it is determined primarily
from star counts near the solar circle. We also note that the thick
disk component is drastically rounder than the MW’s old thin
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Fic. 15.—Comparison of our scale height ratios to values drawn from the
literature. Comparison points are the same as in Fig. 11. [See the electronic
edition of the Journal for a color version of this figure.]



240 YOACHIM & DALCANTON

/B -
Q; A ¢
< 4r S T
2+ .-
A MW old thin
| | m MW old thick
O PR T | IR ST T [ SR ST ST W N T S S N |

0 50 100 150 200 250
Circular Velocity (km s1)

Vol. 131
T T N T T
8_ .
of ]
R YR
A} ‘T’%T .
O-nnn | I ST W T T SR T S T N S T S T |

0 50 100 150 200 250
Circular Velocity (km s™)

Fic. 16.—Axial ratio (hg/zg) vs. circular velocity for the thin (/eff) and thick (right) disks. Galaxies with prominent dust lanes are plotted as open circles. The axial
ratios of MW disk components are plotted for comparison ( Table 5). The axial ratios of our thin and thick disks agree well with the comparable components for the

MW. [See the electronic edition of the Journal for a color version of this figure.]

component, further ruling out the old thin disk as an explanation
for our second disk component.

4.4.4. Peak Surface Brightnesses

The edge-on peak surface brightnesses for our two disk com-
ponents are plotted in Figure 17. There is a trend for more mas-
sive thin disks to have brighter peaks, similar to the trend seen in
the single-disk fits (Fig. 6). The thick disk components show a
large amount of scatter in their peak values.
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Performing a naive transformation to convert to the face-on
orientation, the central surface brightness becomes i, = (0, 0) —
2.5 log (zo/hg). We find that the average central surface bright-
ness of the thick disk is 0.6 mag arcsec™2 fainter than the thin
disk, implying only ~35% of the stellar flux in the R band would
come from the thick disk if the galaxies were viewed face-on. In
the more massive galaxies, the face-on central surface brightness
of the thick disk can be up to 2 mag arcsec > fainter than the thin
disk. These values do not include corrections made for extinction.
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Fic. 17.—Edge-on peak surface brightnesses for the two-disk fits in the R band. Galaxies with prominent dust lanes are plotted as open circles.
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Fic. 18.—Ratio of the total R-band luminosity of the thick disk compared to
the thin disk for the sample galaxies. The thin disk luminosities have been
corrected for internal extinction. The dotted line indicates where the thick and
thin disks contribute equally to the total luminosity. Error bars show the full
range of values from different models and are indicative of our systematic errors.
Galaxies with prominent dust lanes are plotted as open circles. The solid line is a
fitted power law of the form Lyick/Lnin = 0.25(V./100 km s~ 1)~

Presumably, the thin disk would suffer less extinction when
viewed face on and would further dominate the observed stellar
flux. It is therefore not surprising that the thick disk is largely
undetected in face-on galaxies.

The total integrated colors of the galaxies will be biased toward
the thin disk population as well. After making the extinction cor-
rections in § 4.3, we find the total integrated colors of our low-mass
galaxies (¥, <100 km s~!) are in the range 0.5 < B—R < 1,
much bluer than the thick disk (see Fig. 20 below). Using the
Bruzual & Charlot (2003) stellar synthesis code, these colors
correspond to a stellar population burst with an age of ~1 Gyr
or a galaxy with a uniform star formation history. Thus, in spite
of the substantial thick disk population, the mean colors of the
galaxy reflect only the youngest disk population.

4.4.5. Ratio of Luminosities

We now compare the total luminosities of the thick and thin
disks (Fig. 18). In our raw fits, the luminosity of the thin disk is
almost certainly underestimated due to the effects of dust, as
shown in § 4.3. To correct for dust, we assume that all flux lost
from extinction (Fig. 8) should be assigned to the thin disk. This
correction will give us the most conservative estimate for the
contribution of the thick disk to the total stellar luminosity. Fig-
ure 18 shows a strong trend with mass (Spearman p = —0.70,
4.0 o). Thick disks of high-mass galaxies (¥, > 120 kms~") con-
tribute ~10% of the total luminosity of the galaxy, while in lower
mass systems the thick disk contributes up to 40% of the total
luminosity. This trend can be well represented by the relation
Linick/Linin = 0.25(V./100 km s~')=21 shown as a solid line in
Figure 18.

We compare our measurements to previous thick disk mea-
surements in Figure 19. Unfortunately, there are few measure-
ments of total disk luminosities in the literature. When possible,
we have taken other authors’ disk parameters and calculated the
resulting total luminosities (see Table 5). For the MW, the local
stellar density of thick disk stars has consistently been measured
as between 4% and 10% of the local thin disk density (e.g., Buser
et al. 1999; Chen et al. 2001), which corresponds to a total
luminosity ratio of ~13% for reasonable estimates of scale heights,
lengths, and mass-to-light ratios for the two disks. Because the val-

Circular Velocity (km s™)

Fic. 19.—Comparison of our luminosity ratios to others in the literature.
Comparison points are the same as Fig. 11. Unlike Fig. 18, we have made no cor-
rection of internal extinction to allow for easier comparison with previous studies.
[See the electronic edition of the Journal for a color version of this figure.]

ues of Linick/Linin from the literature do not include internal extinc-
tion corrections, we compare them to our uncorrected luminosity
ratios.

Figure 19 shows that our luminosities compare well with
other thick-thin disk systems in the literature. The higher mass
galaxies in our sample (¥, ~ 140—200 km s~!) tend to be thin
disk—dominated with Lick/Linin ~0.1-0.2 (corrected for ex-
tinction), like the MW and NGC 891. Intermediate-mass galax-
ies (70 km s~! < V. < 100 km s~ ') have slightly more luminous
disks, similar to measurements of ESO 342-017 (Neeser et al.
2002) and SOs (Pohlen et al. 2004). Unfortunately, we cannot
find any comparable measurements of thick disks in the low-
mass systems (50 km s~' < ¥, < 70 km s~') that are thick
disk—dominated in our sample.

We believe our measurements of the total luminosities are
more robust than the measures of the peak surface brightnesses.
Central surface brightnesses depend strongly on the vertical pro-
file and can vary greatly from author to author. On the other
hand, our fits of the total luminosity are good matches to the data
(|Mmodel — Mobserved| ~ 0.2 mag) and fall on the TF relation (Fig. 8).

4.4.6. Mass Ratios

Figure 18 indicates that thick disk stars provide a signifi-
cant fraction of a galaxy’s total luminosity. However, as seen in
Paper II, the thick disk tends to have a redder color than the thin
disk, especially in low-mass galaxies, and thus will have larger
stellar mass-to-light ratios than the thin disk. Therefore, the thick
disk may well dominate the stellar mass in many of our galaxies.
We estimated the stellar disks’ masses using the luminosities of
the two disk components, along with color information from our
single-disk fits. Specifically we used the spectrophotometric gal-
axy evolution analysis of Bell & de Jong (2001) to convert our
B—R color maps into stellar mass-to-light ratios for each disk
and then convert our luminosity ratios into mass ratios for the
thick and thin components.

The initial analysis of vertical color gradients in our sample
(Paper II) suggested that the colors of thin disks vary system-
atically with galaxy mass but that the colors of thick disks are
fairly uniform. We therefore assumed that the thick disks have
uniform colors and mass-to-light ratios in each galaxy. To con-
vert disk colors to masses, we first analyzed our R-band two-disk
fits to find regions where the thick disk contributes more than 75%
of the total flux inside the 1 o noise contour. Out of 34 galaxies,
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Fic. 20.—Extracted colors for the thick and thin disks. The thin disk colors
show the full range of B—R values for the midplane between sz < R < 3hp.
The thin disk has been corrected for internal extinction, but we assume no
correction for the thick disk. Open circles show galaxies with dust lanes.

27 have a clearly thick disk—dominated region. We created a
model B—R color map of each galaxy using our two-disk R-band
model and single-disk B-band fits. Using the model images
allowed us to avoid dust lanes, H 1 regions, and foreground
objects that would complicate an analysis on the real images. We
then used this color map to find the average B—R value in the
thick disk—dominated regions and took that as the approximate
color for all the thick disk stars. We assumed that the thick disk
has a constant color, thereby guaranteeing that its structural pa-
rameters will be the same in both the B and R bands. With the
B—R thick disk color from the model color map and the thick
disk structural parameters from the two-disk fit, we then made a
model B—R color map for the thin disk by subtracting off the
thick disk component from both the B-band and R-band models.

We applied internal extinction and reddening corrections to
our models using the results of § 4.3 and assumed that dust had a
uniform effect on the thin disk colors but a negligible effect on
the thick disk. Using this approximation, we found E(B — R) ~
0.1 for low-mass galaxies and ~0.4 for higher mass galaxies.
Although it is only a rough approximation, our reddening cor-
rection is in good agreement with the radiative transfer model of
Matthews & Wood (2001) who find that most disk light in their
modeled edge-on galaxies suffer reddening of order E(B — R) ~
0.1 and that the reddening saturates at £(B — R) = 0.31.

The resulting colors for thick and thin disks are plotted in
Figure 20. The thick disks tend to be red with .0S B — R<1.7,
while the thin disks are blue in low-mass galaxies and become
nearly as red as the thick disks in the higher mass galaxies. This
trend is also seen in Figure 21, where we directly compare the
colors of each component.

Using the colors shown in Figure 20 and the color-dependent
stellar mass-to-light ratios from Bell & de Jong (2001), we
converted the thick and thin disk luminosities to stellar masses us-
ing M = (M/L)yLg, where L is the extinction-corrected R-band
luminosity from § 4.4.5. For the thin disk, we calculated (M/L)p
using the Bell & de Jong (2001) model that assumes a Salpeter
initial mass function and metallicity of Z = 0.02; for the thick
disk we use the same model with Z = 0.08. Overall, our results
were insensitive to the stellar evolution and metallicity differ-
ences covered in the Bell & de Jong (2001) models.

Vol. 131
2.0 T T T
I ° ]
- . . L] -
15F © -
L o o ]
r . o..°. © s 1
Q r [ ] L4 7
2 L ® e} ]
=
= 1.0 . o —
o L ]
oA L ]
05F -
0.0l . ! . ]
0.0 0.5 1.0 1.5 2.0
B-R (Thin)

Fig. 21.—Comparison of thin and thick disk colors. The diagonal line in-
dicates where the two components have equal color. Thin disk colors have been
corrected for internal extinction. Open circles show galaxies with dust lanes.

The resulting mass ratios of the thick and thin disks are plotted
in Figure 22. As expected, Figure 22 confirms the features from
our luminosity analysis. First, there is a strong trend for lower
mass galaxies to have a larger fraction of their stellar mass in a
thick component. The trend has a Spearman correlation of p =
—0.86 (4.1 o) and can be well fit with the relation Mipicic/Mipin =
0.53(V./100 km s’l)_”. Second, in low-mass galaxies, N% to
more than % of the stellar mass is in the thick disk. Thus, the
stellar mass of very low mass galaxies are dominated by thick
disk stars.

Part of the trend in Figure 22 may be due to low star forma-
tion efficiency in lower mass disks. These systems have high gas
mass fractions and thus may not yet have built up a significant
stellar mass in the thin disk. To investigate this possibility, we
calculated the baryonic mass fraction of the thick and thin disks,
assuming that all gas in the galaxies is associated with the thin
disk and that the thick disk is entirely stellar. We calculate the gas
mass as My, /M., = 236d? | S dV,where dis the distance to the
source in megaparsecs and S is the flux density in millijanskys
over the profile width dV in kilometers per second (Zwaan et al.
1997). To account for He and metals, we make the standard
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Fig. 22.—Stellar mass ratios of the thick and thin disks. The thin disks’
luminosities and corresponding masses have been increased to account for dust
extinction. Galaxies with prominent dust lanes are plotted as open circles. The
solid line is a power-law fit (Minick/Minin)siars = 0-53(V/100 km s~1)723,
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FiG. 23.—Baryonic mass ratios of the thick and thin disks. The thin disks’
luminosities, and corresponding masses, have been increased to account for
extinction effects and include the estimated thin disk mass stored in gas. Gal-
axies with prominent dust lanes are plotted as open circles. The solid line is a
power-law fit Mhick.stars/Mhin,baryons = 019( Ve/100 km 571)71'4-

correction Mg,s = 1.4My,. We do not include a correction for
molecular gas.

Figure 23 shows the resulting baryonic mass ratio of thick and
thin disks with the mass of H 1 gas added to the thin disk com-
ponent. When the gas is included in the thin disk component, we
find that none of the galaxies remain thick disk—dominated, al-
though the baryon mass fraction in the thick disk does remain
substantial for low-mass galaxies. Eleven of our galaxies had no
H 1 data, and their gas fraction was estimated by fitting a simple
power law to the gas fraction of our galaxies with H 1 mea-
surements. Figure 24 shows the final calculated baryon fractions
for all of the stellar and gaseous components and clearly indi-
cates the increasing importance of the thick disk in lower mass
galaxies.

5. THE FORMATION OF THE THICK DISK

Given evidence from the MW and from nearby resolved
galaxies, we assume in the following discussion that thick disks
have a formation mechanism distinct from that which forms thin
disks. We also assume that the properties of “thick’ and “thin”
components from our two-dimensional fits roughly approximate
the properties of the chemically and kinematically distinct thick
and thin disk analogs of the MW. As we have argued above in
§ 4.4.1, the structural properties of the fits are consistent with
those of the corresponding components of the MW and with the
results of detailed stellar population studies in nearby galaxies
(e.g., Fig. 12). We therefore simply assume a perfect correspon-
dence between our fits and distinct thick and thin components for
the rest of this discussion. While this assumption is not ideal, it
is unavoidable, given that a full kinematic and chemical analysis
of'the stellar components is essentially impossible far outside the
Local Group.

5.1. The Merger Origin of Thick Disks

As discussed above in § 1, there are three general classes of
thick disk formation scenarios: one in which the thick disks stars
form in situ, one in which the thick disk stars form in a thin disk
but are then impulsively “heated” to large scale heights, and one
in which thick disk stars form first in other galaxies but are then
directly accreted. In the last decade there has been a growing body
of evidence in favor of the latter two scenarios. This evidence
includes the detection of strong kinematic differences between
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Fic. 24.—Final baryon fractions of the thick and thin components as a
function of maximum velocity. The thin disk has been corrected for internal dust
extinction. The baryonic mass fraction of the thick disk clearly increases toward
lower galaxy mass.

thick and thin disks in other galaxies ('Yoachim & Dalcanton 2005)
and in the MW (Gilmore et al. 2002), as well as evidence from
chemical abundance studies for extended star formation histories
of MW thick disk stars (e.g., Bensby et al. 2005). These latter
two scenarios are also naturally accommodated in current theories
of hierarchical structure formation, in which mergers and accre-
tion are common.

Of the two merger-driven scenarios, we believe that the data
favor an accretion origin for thick disk stars. The strongest ev-
idence comes from our previous measurements of thick and thin
disk kinematics in two late-type disks. We found that thick disk
stars are rotating with only a small fraction of the rotational ve-
locity of thin disk stars and are indeed counterrotating in one of
the two cases studied. In contrast to the observed behavior, simu-
lations show that disks heated by satellites would have nearly the
same angular momentum as the initial thin disk. Therefore, bar-
ring the unlikely possibility that the thin disk reforms from sub-
sequent accretion of gas with angular momentum opposite to the
original disk, creating counterrotating or slowly rotating thick disks
via vertical heating alone is problematic. Additional supporting ev-
idence comes from recent Hubble Space Telescope studies of re-
solved stars in nearby edge-on galaxies (Seth et al. 2005b; Mould
2005). While Seth et al. (2005b) finds evidence for some steady
vertical heating, the oldest population of RGB stars shows no ev-
idence of the vertical metallicity gradient expected if they were
dominated by stars that had participated in the steady heating. In-
stead, the thick population of RGB stars must have been estab-
lished early, when the merger rate was still extremely high. At
these early times, the hypothetical picture of a well-defined stable
thin disk impulsively heated by a single merging event seems in-
appropriate. In summary, while the evidence does not yet con-
clusively rule out a single, thin disk heating merger event as the
origin of thick disk stars, we consider it to be sufficiently unlikely
that we focus on interpreting the results in this paper in terms of
the accretion scenario.

The idea that stars well above the Galaxy’s midplane may
have been directly accreted from satellites was first discussed by
Statler (1988),? and then codified as a distinct formation mech-
anism for the thick disk shortly thereafter in the review article
by Gilmore et al. (1989) and as “Model 7" in the review by

2 Statler’s work refers to explaining the kinematics of “halo” stars, but given
the current understanding of Galactic structure, the specific kinematic data he was
trying to explain were measurements of what we would now call thick disk stars.
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Majewski (1993). Recent detailed studies of stellar structures in
the MW and M31 find evidence that stars are regularly accreted
by massive galaxies. For example, Martin et al. (2004) find asym-
metries in the distribution of M giant stars (e.g., the Galactic
“Ring”’; Newberg et al. 2002; Yanny et al. 2003) that are well
explained by a single dwarf galaxy accretion event. Martin et al.
(2004) also note that their modeled accretion event results in
accreted stars having orbits similar to thick disk stars and that
the thick disk may be continually growing through in-plane ac-
cretion of dwarf galaxies. M31 also appears to also be actively
disrupting dwarf galaxies with an observable stellar stream (Ibata
et al. 2004) and a large extended disk (Ibata et al. 2005).

Direct accretion as the dominant origin of thick disk stars has
recently been revived by several numerical studies of disk gal-
axy formation. Analyzing an N-body simulation of a moder-
ately low mass spiral galaxy formed in a cosmological context,
Abadi et al. (2003) found a well-populated thick disk, more
than half of which was made up of stars originally formed in
accreted satellite galaxies. Although by no means definitive due
to the simulated galaxy’s unrealistically large bulge, the work of
Abadi et al. (2003) leads to a revival of the notion that thick disk
stars may have formed outside their host galaxies. Subsequent
simulations of a collapsing sphere seeded with perturbations by
Brook et al. (2004, 2005) generated thick disks associated with
an early episode of chaotic merging. Unlike Abadi et al. (2003),
Brook et al. (2004) argued that the thick disk stars formed in situ
from large velocity dispersion gas deposited by the satellites as
they merged together to the final disk structure. Both simulations
have significant limitations, making it impossible to decide in fa-
vor of either scenario at this time, but both stress the importance
of merging and accretion in setting properties of the thick disk.

In the context of hierarchical galaxy assembly, the above
simulations point to a straightforward picture of disk formation
that necessarily leads to the formation of thick disks. At high
redshift, galaxies exist largely as a collection of subgalactic frag-
ments. These fragments consist of gravitationally bound dark mat-
ter “minihalos,” many of which presumably host some amount of
baryonic material. Because these systems are high in the merging
hierarchy, they would be expected to be relatively dense, and thus
some of the gas hosted by these subunits is likely to form stars.
Early on, the merging rate will be very high, and as these fragments
come together, their orbits will tend to circularize, align, and decay
due to dynamical friction, as in Statler (1988) and early simula-
tions by Quinn & Goodman (1986) and Walker et al. (1996). The
merged subunits will form a rotating flattened structure, provided
that the net angular momenta of the satellites is sufficiently high.
When the merging rate declines sharply (z ~ 3; Zhao et al. 2003),
the disk will be left in place as a long-lived structure relatively un-
perturbed by significant accretion events. Any dense gas asso-
ciated with the pregalactic fragments must then either form stars
in a burst during the final merger of the fragments, as in the Brook
et al. (2004) simulations, or cool into a thin disk that later con-
verts into stars.

Within this scenario, any stars that formed in the subunits and
were not tidally stripped at large radii must necessarily wind up
in a thickened disk structure, with a vertical velocity dispersion
equal to or greater than the velocity dispersion of the typical pre-
galactic fragment. Because they are effectively collisionless, the
accreted stars cannot lose energy and cool into a thinner disk, and
must retain a large fraction of the initial velocity dispersion and
angular momentum of the satellite in which they formed. With this
in mind, it seems impossible to imagine not forming a thick disk
(unless star formation was completely suppressed at early times,
for example by reionization, e.g., Bullock et al. [2000]; Gnedin
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[2000]). The only other possible destination for the accreted stars
would be the bulge or stellar halo. However, the sample consid-
ered here is essentially bulgeless. We also find no evidence for a
luminous stellar halo down to our limiting surface brightness.
Taking a conservative estimate for the surface brightness of the
brightest stellar halo that could be present, but undetected in our
data, we find that any stellar halo must be less than 15% of the lu-
minosity of the thick disk. This estimate suggests that the major-
ity of directly accreted stars settle into the thick disk.

In addition to the theoretical arguments for forming thick
disks via direct accretion of stars, there is a slowly growing body
of observational evidence for this process seen in situ at high
redshift. First is the analysis of high-redshift “clump-cluster”
galaxies by Elmegreen & Elmegreen (2005). Morphologically,
these galaxies appear to consist of many distinct, high surface
brightness clumps merging together. Elmegreen & Elmegreen
(2005) argue persuasively that these systems will wind up in a
thickened disk with high velocity dispersion and are thus likely
precursors to thick disks. The colors of the clumps suggest that
they already contain some stars and are not pure gas systems.
Elmegreen & Elmegreen (2005) also find field counterparts of
the clumps, suggesting that some of the stars may have formed
before being accreted into the galaxy. The second piece of evi-
dence is the kinematic study of Erb et al. (2004), who find that
lumpy disklike structures at z ~ 2 show little net rotation. If their
sample consists primarily of the edge-on counterparts of the gal-
axies in the Elmegreen & Elmegreen (2005) study, then the lack
of strong rotation would be consistent with what is expected for
material that forms a thick disk. Although this study traces Ha
kinematics only and thus leaves the kinematic state of any associ-
ated stars unconstrained, it would be peculiar if any stars associated
with the accreting gas did not show similarly perturbed kinematics.

5.2. Constraints from the Structures of Thick and Thin Disks

In the above accretion scenario, the properties of the thick disk
are fixed primarily by the stellar content and orbital properties of
the pregalactic fragments that merge to form the final stable disk.
The properties of the thin and thick disks are then set by the
kinematics and gas mass fractions of the pregalactic fragments
when they merge.

Within this scenario, we now discuss the implications of three
significant properties of thick disks uncovered by our data: first,
that thick disks are a ubiquitous and necessary component in mod-
eling late-type edge-on galaxies; second, that the stellar mass of
the thick disk is increasingly dominant in lower mass galaxies;
and third, that thick disks have systematically larger radial scale
lengths than thin disks.

5.2.1. The Ubiquity of Thick Disks

The two-dimensional fits of our sample confirm the initial
suggestion of Paper II that thick disks are a ubiquitous compo-
nent of disk galaxies. Essentially all (32 of 34) of the galaxies
that were suitable for fitting were statistically significantly better
fit by a second disk component (e.g., Fig. 7). This result adds
to the published detections of thick disks in earlier type systems
(summarized in Table 5). Thick disks are now routinely discov-
ered in every galaxy that has been searched for them.3

3 The one exception is NGC 4244, which Fry et al. (1999) analyzed using fits
to one-dimensional cuts of the vertical R-band light distribution. Based on the
lack of a clear break in the vertical surface brightness profile, Fry et al. (1999)
claimed there was no thick disk in this galaxy. However, subsequent analyses of
the resolved stellar population in NGC 4244 by Seth et al. (2005b) and Tikhonov
etal. (2005) revealed the presence of a clear extraplanar population dominated by
old RGB stars, whose global distribution was characteristic of a thick disk.
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The evidence therefore supports the idea that thick disks are
a generic property of all galaxies with disks, from SOs to Sms,
from high masses (V. ~ 250 km s~!) to low (¥, ~ 50 km s~ ).
Thick disks must therefore be a natural by-product of disk galaxy
formation, independent of the formation of a bulge. The ubiquity
of thick disks can be easily explained if most thick disk stars are
directly accreted from pregalactic fragments. As we argue above,
if any star formation has taken place in the fragments, some
fraction of those stars must wind up in a thick disk. The only way
to avoid depositing the stars in a thick disk would be if the frag-
ments were completely tidally disrupted at large distances from
the central galaxies. However, at large distances the matter den-
sity should be much lower than in the dense cores of the low-
mass galactic fragments, making it unlikely that every merging
satellite would experience complete disruption.

The existence of widespread thick disks also suggests that
there has been ample star formation in the very low mass halos
that merge together to form larger galaxies. Most subunits must
have established stellar populations before merging. If instead the
subunits were entirely gaseous, disk galaxies would have only a
thin disk component. Thus, there cannot have been total suppres-
sion of star formation by reionization up until the epoch of thick
disk formation.

Finally, the pervasiveness of thick disks also presents an ad-
ditional problem for merger heating scenarios. It seems unlikely
that every galaxy in our sample would have had both a merger
that created a thick disk and accretion that reformed a thin disk.
If merger heating was the primary driver of thick disk formation,
we would expect to find some galaxies that were able to avoid a
destructive merger or that subsequently failed to re-form a thin
disk. Instead, all our galaxies require both thin and thick disk
components.

5.2.2. The Increasing Importance of Thick Disks
in Lower Mass Galaxies

In the merging picture we have adopted, subgalactic frag-
ments contribute both stars and gas to the final galaxy. The stars
wind up in the thick disk, and the gas settles into the thin disk,
where it gradually converts into stars. From Figure 24 we see that
low-mass disk galaxies have roughly 25% of their baryonic mass
locked up into thick disk stars, while massive galaxies have only
10%. Figure 24 therefore implies a systematic variation in the gas
richness of subgalactic fragments at the time disks coalesce. In
massive late-type galaxies, 90% of the baryonic mass must have
remained gaseous during disk assembly, while in low-mass gal-
axies only 75% had not yet converted to stars.

Note that while we are stressing the accretion of stellar mate-
rial to form the thick disk, our results prove that the vast majority
(75%—-90%) of baryonic accretion must have been gaseous. If
some fraction of thick disk stars did form in situ as suggested by
Brook et al. (2004), then the fraction of gaseous accretion must
have been even higher.

There are several ways that lower gas mass fractions in the
precursors of low-mass galaxies may be achieved. One possi-
bility is that the transformation of gas into stars proceeded fur-
ther by the time the low-mass disk galaxies coalesced. This more
complete transformation in low-mass disks could be due either
to a later epoch of assembly or to higher gas densities and thus
higher star formation rates in the precursor clumps. However,
in a closed-box model, the resulting thick disk stars would have
higher metallicities. In contrast, the estimates of the metallicities
of extraplanar, RGB stars in Seth et al. (2005b) suggest that the
metallicities of the thick disk stars are systematically lower in
lower mass galaxies, compared to the MW. We therefore rule out
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the possibility that star formation was more “complete” in the
precursors of lower mass galaxies.

Supernova (SN) feedback is an alternative pathway to the
preponderance of less gas rich subunits in low-mass galaxies.
Much of the disk material was initially in several subunits that
were necessarily of lower mass than the final galaxy. Thus, the
merging fragments must have had lower escape velocities, allow-
ing SN-driven winds to more effectively drive gas and metals from
the galaxy at this early stage. The increased efficiency of SN winds
in the subunits would simultaneously decrease the gas mass
fractions and maintain low metallicities in thick disk stars in low-
mass galaxies.*

We can estimate the amount of gas loss needed to produce the
observed trends as follows. First, we assume that the observed
baryon fraction in the stellar thin disk and gas component of
massive galaxies (~90%, Fig. 24) is indicative of the gas to
stellar mass fraction in subgalactic fragments that are too mas-
sive to experience significant SN blowout. We then assume that
the precursors of lower mass galaxies lose enough gas to bring
their gas to stellar mass fraction down to ~75% at the time of
disk assembly. These simple assumptions imply that the sub-
units of low-mass galaxies must have lost 60% of their initial
baryonic mass.

Because we have ignored possible tidal stripping of stars during
galaxy assembly, the actual amount of gas lost from the precursors
of low-mass disks may be different from what we have estimated
above. However, assuming that tidally stripped stars wind up in a
stellar halo, we expect the total stellar mass lost to stripping to be
small. The MW’s thick disk contains a factor of ~10 times more
stars than its stellar halo, and thus, any correction due to tidal strip-
ping is likely to be negligible.

‘While our mass-dependent blowout scenario explains our data
well, it is not clear that pregalactic fragments actually suffer
~60% baryon losses due to SN winds. There are a wide range of
results on how effective SN winds should be at driving baryon out-
flow. At the one extreme, several groups argue that large SN-driven
outflows exist in all galaxies with 7, < 100 km s~! (Dekel &
Silk 1986; Dekel & Woo 2003). At the other extreme, simulations
find that galaxies with M > 10° M, experience almost no outflow
(Mac Low & Ferrara 1999). Similarly, observational constraints
on the extent of outflow vary. Mayer & Moore (2004) use the
baryonic TF relation to claim that dwarf galaxies do not suffer
large removal of baryons, while Strickland et al. (2004) observe
X-ray halos around massive star-forming galaxies (M ~ 10'°—
10'" M) that suggest they must have ejected at least some ma-
terial. Because we are considering the role of blowout in low-
mass progenitors of our galaxy sample, we claim that the current
knowledge of gas blowout is moderately consistent with our sce-
nario, and we await a more definitive cosmological simulation
that incorporates star formation and feedback for detailed com-
parison to our model (G. Stinson et al. 2006, in preparation).

There are several limitations with the simplified analysis we
have presented above. First, we have ignored the difficult ques-
tion of how much material is accreted in continuous cold flows
rather than bound in halos (Birnboim & Dekel 2003; Keres et al.
2005). Cold accretion of gas will tend to increase the baryonic
fraction of the thin disk. Neglecting steady gas accretion there-
fore leads us to overestimate the gas richness of the merging

4 Note, however, that the overall gas mass fraction of low-mass galaxies can
remain high to the present day. The disks of lower mass galaxies have system-
atically lower baryon surface densities (e.g., Swaters et al. 2002; Hunter &
Elmegreen 2004) and thus are inefficient at converting gas into stars. Their low
star formation rate thus allows them to have higher gas mass fractions today, even
though they were comparatively gas poor at the time their disks were assembled.
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pregalactic fragments. Second, we have not explicitly considered
how bulges are formed in the scenario discussed in § 5.1, but we
presume it involves either repeated mergers of gas-rich subunits
with little net angular momentum or a higher frequency of ma-
jor mergers in higher mass galaxies. Within the sample we have
studies here, this omission is acceptable. However, more theo-
retical and observational work must be done to understand the
thick disk population in earlier type galaxies.

Finally, we find it difficult to reconcile the Brook et al. (2004)
formation scenario with the increasing fraction of thick disk stars
in lower mass galaxies. Brook et al. (2004) suggest that thick
disk stars form in situ from high velocity dispersion gas during
the coalescence of subgalactic fragments into a final disk. How-
ever, we see no obvious mechanism that could lead this scenario
to produce a larger fraction of thick disk stars in low-mass gal-
axies. One would need to invoke a mechanism to increase the
efficiency of star formation at lower galaxy masses during merg-
ers, while keeping star formation inefficient at later times. An
alternative solution would be if steady cold flow gas accretion is
more important in massive galaxies. However, massive galaxies
are more likely to have established a hot shock-heated halo that
would block cold flow (e.g., Dekel & Birnboim 2004). Thus, the
likely behavior of cold flow accretion has the opposite sign from
what is needed to explain the high baryonic fraction of thick
disks in low-mass galaxies. Further simulations will help con-
strain this and other possible solutions.

5.2.3. The Scale Lengths of Thick and Thin Disks

Our data contribute to a growing number of observations of
thick disks having larger scale lengths than their embedded thin
disks (Ojha 2001; Larsen & Humphreys 2003; Wu et al. 2002;
Pohlen et al. 2004; see Fig. 13 and Table 5). The large scale
lengths of thick disks argue against their being formed via ver-
tical heating of a thin disk. Previous N-body simulations find that
while minor mergers can vertically heat a disk, they do not in-
crease its scale length (Quinn et al. 1993). Such mergers also tend
to leave the galaxy looking like an earlier Hubble type (Walker
et al. 1996), while all of our galaxies have no prominent bulge
components. As an example, simulations by Aguerri et al. (2001)
find that minor mergers can extend the scale length of the thin
disk somewhat, by 10%—60%. However, the same simulations
also produce a large bulge, which is incompatible with our sample.

In contrast, in the accretion scenario one would expect the
scale length of the thin disk to be somewhat smaller than that of
the thick disk. If the thin disk forms later from gas that has
contracted further into halo than the thick disk stars, it should
have a smaller scale length. If angular momentum is largely con-
served, then the thin disk should also be rotating somewhat faster
than the thick disk because of its extra contraction.

The satellite accretion model therefore suggests that there may
be correlations between the radial scale lengths and the kinemat-
ics of the thick and thin disks. Results in § 4.4.2 and photometric
decompositions by others (Ojha 2001; Larsen & Humphreys
2003; Wu et al. 2002; Pohlen et al. 2004) suggest that scale
lengths of thick disks are roughly 30% longer than those of their
embedded thin disks, on average. Simple angular momentum
conservation would then suggest that the thick disk should rotate
with approximately 2/3 the speed of the thin disk, in rough agree-
ment with the MW and FGC 1415 ('Yoachim & Dalcanton 2005).
However, the inclusion of any counterrotating material in the
merger could easily break this correlation. For example, the ki-
nematics of FGC 227 indicate that the satellites that contributed
the majority of the baryons to the thin disk could not also have
deposited the majority of the thick disk stars. This particular for-
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mation pathway allows the scale lengths of the thick and thin
disks to sometimes decouple, and indeed, the scale lengths of
FGC 227’s thick disk is comparable to, not larger than, its thin
disk.

The structural parameters of the thick disks formed in the
Abadi et al. (2003) and Brook et al. (2004, 2005) simulations
are in moderate agreement with our results. However, direct
comparisons are difficult because the simulated galaxies tend to
be more massive than the galaxies in our sample and also host
large bulge components. The simulated thick disks do seem to
match the observed trends of scale height ratios (Fig. 11) and
luminosity ratios (Fig. 19). However, the scale length ratio found
in the Brook et al. (2005) simulation is fairly low (Fig. 15), pos-
sibly due to the fact that their thick disk stars are formed directly
from the gas during mergers, increasing the likelihood that the
thick and thin disk stars will share similar scale lengths and
kinematics. It is also difficult to compare our two-dimensional
decompositions with analysis of simulations that can separate
stellar populations based on kinematics.

5.3. Further Implications

Given the excellent fit to the body of data on thick disks, we
now begin to address other implications of the accretion scenario
developed above.

5.3.1. Old Low-Mass Galaxies

In hierarchical galaxy formation models, small-scale structure
collapses first, suggesting that low-mass galaxies should be old.
This expectation is in direct conflict with observations that low-
mass galaxies almost always have blue colors consistent with
young stellar populations. This difference is one of the most in-
tractable failings of the predictions of semianalytic models (e.g.,
Bell et al. 2003; van den Bosch 2002). The existence of thick
disks that dominate the stellar mass of low-mass galaxies (Fig. 22)
solves this conundrum. Our observations show that low-mass gal-
axies are indeed dominated by an old stellar population, but one
that is sufficiently old, faint, and diffuse that it has no significant
impact on the observed colors of the young, high surface bright-
ness, star-forming thin disk (§ 4.4.4). We believe that semiana-
lytic models could be brought into alignment with the data if they
were to include both the locking up of material into a diffuse thick
disk and the suppression of star formation efficiencies in low-mass
disks due to their lying entirely below the Kennicutt star forma-
tion threshold (e.g., Verde et al. 2002; Dalcanton et al. 2004).

5.3.2. Abundance Patterns and the Timing
of Thick and Thin Disk Formation

Studies of a:-element abundances of the MW have suggested
that star formation in the thick disk took place over several
gigayears (e.g., Bensby et al. 2004b). The abundances in thick
disk stars show a flat plateau at high [«/Fe] that extends to
[Fe/H] ~ —0.3, indicating that thick disk stars enriched quickly
to relatively high metallicity, before Type Ia SNe became prev-
alent. At larger iron abundances (—0.3 < [Fe/H] < 0), however,
the av-abundance declines linearly, suggesting that star forma-
tion in the thick disk was sufficiently extended (2 1-3 Gyr) that
enrichment from Type Ia SNe became important. The abundances
of thin disk stars show similar, parallel behavior, but the plateau
does not extend to equally high metallicities, indicating that early
star formation in the thin disk was not nearly as rapid as in the thick
disk. The abundance patterns of thick and thin disk stars there-
fore follow parallel, but distinct, sequences on the [«/Fe] versus
[Fe/H] plane, with significant overlap in [Fe/H] (most recently,
Bensby et al. 2004a; Mishenina et al. 2004; Gratton et al. 2003).
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The above sequence of events is typically taken as evidence
that the thick disk formed from violent heating of a previous
thinner disk. However, it may be possible to accommodate the
abundance data in the accretion scenario as well. First, the rapid
enrichment of future thick disk stars can easily occur in the pre-
galactic fragments. These minihalos should be dense, leading to
high gas densities and star formation rates, which would produce
the necessary fast enrichment. While we have hypothesized above
that SN-driven winds will truncate star formation in the lower
mass progenitors, some minihalos will have sufficient mass to re-
tain gas for longer periods of time, allowing stars to form over suf-
ficiently long timescales to produce both the drop in [«/Fe] and
the enrichment of some thick disk stars to near-solar metallicities.

The expected timescales for this scenario are compatible with
the observational constraints. Theory suggests that the epoch of
thick disk assembly should correspond to the period of rapid
mass accretion seen in simulations at z 2 3, or fjgokback = 11 Gyr
(e.g., Zhao et al. 2003). Observationally, the relative abundance
of [Eu/Ba] indicates that thick disk stars were formed on a time-
scale of 1-1.5 Gyr (Mashonkina et al. 2003), which makes the
theoretical expectation consistent with the age of the universe
determined from the Wilkinson Microwave Anistropy Probe
(WMAP).

In addition to the short star formation timescale for thick disk
stars, the accretion scenario can produce a long timescale for for-
mation of thin disk stars. After the pregalactic fragments merge
into a disk, the gas that forms the thin disk gradually converts
into stars. The timescale of this conversion is controlled primarily
by the gas surface density. In general, this timescale should be
much longer in the disk than in the pregalactic fragments, because
the gas is spread over much larger areas, leading to lower gas
densities and longer star formation timescales. The difference in
timescales for thick and thin disk star formation could lead to the
appearance of a ““delay” between the formation of the two com-
ponents. However, as accretion of both gas and stars would be
ongoing from early times until z ~ 3, some genuinely old thick
disk stars would be allowed to form (see discussion in Abadi
et al. 2003).

The accretion scenario also provides a mechanism for pro-
ducing thin disk stars with lower cc-abundances than thick disks
stars at the same metallicity. Because the thin disk assembles
from gas that had not been consumed by star formation in prega-
lactic fragments, it is possible for the gas to initially have lower
mean metallicity than the thick disk stars that were accreted. The
gas may come from larger radii within individual minihalos and
thus be less enriched. It may also come from fragments that have
never formed stars or directly from cold flow accretion. Thus,
accretion may allow the youngest thin disk stars to be sufficiently
metal-poor that they overlap the metallicities of thick disk stars.

The one significant trouble spot is the thinness of the observed
[a/Fe] versus [Fe/H] relation for thick disk stars. If the thick
disk formed from assembly of many different subunits of differ-
ent masses, lifetimes, and gas richnesses, then one might expect
large variations in the degree of a-enhancement in the accreted
stars. On the other hand, the potential discrepancy might not be
as severe as one might initially believe. If SN-driven winds trun-
cate star formation in low-mass subunits, then only the most mas-
sive minihalos contribute stars to the high-metallicity ([Fe/H] 2
—0.3) thick disk, since they are the only precursors that could
hold gas long enough to allow significant Type Ia enrichment.
Massive halos are rarer than low-mass halos, and thus a relatively
small number of halos may dominate the metal-rich end of the
thick disk population, much in the way that L, galaxies dominate
the luminosity density of the local universe. These disrupted sat-
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ellites may also segregate to different radii, as seen in the Abadi
et al. (2003) simulations, such that a sample at the solar circle is
dominated by an even smaller number of massive satellites. More
detailed simulations are needed to evaluate the size of this pos-
sible discrepancy.

5.3.3. Preenrichment of Thin Disks

Chemical abundance data on stars within the MW have led to
the conclusion that the thin disk may have been “preenriched”
(e.g., Caimmi 2000; Chiappini et al. 1997; Pagel & TautvaiSiené
1995). Such preenrichment naturally explains the lack of truly
metal-poor stars in the thin disk, as well as the underabundance
of more moderately metal-poor stars (i.e., the “G dwarf” prob-
lem). In the scenario we have explored here, the gas from which
thin disk stars form was originally associated with the thick disk
and thus will have been enriched while still in pregalactic
fragments. While this idea has been suggested before (e.g., Brook
et al. 2005), the universality of thick disks suggests that it is
probably a widespread phenomenon.

5.3.4. Producing the Mass-Metallicity Relationship in Disks

Another attractive feature of the satellite accretion model is
that it facilitates creating the mass-metallicity relationship in
disks. Many authors have argued that the lower metallicities and
effective yields seen in low-mass galaxies is due to the onset
of SN-driven winds at the mass scale at which the metallic-
ity begins to fall (V,~120 km s™' or Mparyon < 3x10'0 M;
e.g., Garnett 2002; Tremonti et al. 2004; Dekel & Woo 2003;
Kauffmann et al. 2003). However, simulations of gas outflow
find that it is quite difficult to drive coherent winds at these
masses (Ferrara & Tolstoy 2000), particularly given the low
star formation rates typical of low-mass disks (e.g., Hunter &
Elmegreen 2004).

As an alternative, the satellite accretion model suggests that
nonnegligible star formation took place in lower mass subunits.
These pregalactic fragments had much lower escape velocities
and probably had higher gas surface densities since they were
not yet being organized into a coherent rotating disk. Thus, the
subunits are a more natural environment for driving winds, given
their low escape velocities and likely high star formation rates.
The origin of the observed mass-metallicity relation may there-
fore lie not so much in the disks themselves but in the subunits
from which they assembled.

6. CONCLUSIONS

We fit thin and thick disk components to a sample of 34 late-
type edge-on spiral galaxies. Our thick disk components are very
similar to previously detected thick disk systems and the MW
thick disk, suggesting they are a remnant stellar population left
over from early stages of galaxy formation. In lower mass gal-
axies (V, < 100 km s~1), the thick disk is the dominant com-
ponent in both luminosity and stellar mass. For higher mass
galaxies, the thick disk is a minor component and is analogous to
the thick disks found in the MW and other higher mass galaxies.
In particular, we find:

1. thick disks have a scale height ~2 times larger than thin
disks;

2. thick disks have systematically larger scale lengths than
thin disks;

3. in low-mass galaxies, the thick disk can dominate the total
R-band luminosity; and

4. the thick disk comprises 5%—40% of the total baryonic
mass of our galaxies.
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We combine these results with the findings of other studies
of thick disks to analyze possible thick disk formation scenar-
ios. In particular, we include results from thick disk kinematics
(Yoachim & Dalcanton 2005), studies of resolved stellar popu-
lations in thick disks (Seth et al. 2005a; Mould 2005), and simu-
lations that form thick disks (Brook et al. 2004, 2005; Abadi
etal. 2003). Overall, we find that models in which the thick disk
forms from a kinematically heated thin disk is not supported by
the data. Instead, our results favor models in which thick disk
stars formed in galactic subunits before merging to create the
final galaxy.

We consider a hierarchical galaxy formation scenario in which
galaxies form through a series of mergers in which subunits
deposit both stars and gas. Any stellar component in the subunits
ends up in the thick disk, while gas cools and forms a thin disk.
We find that the low-mass galaxies in our sample must have
formed from subunits that had a higher stellar mass fraction than
those that formed higher mass galaxies. We can explain this
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result if low-mass subunits (which go on to form low-mass
galaxies) are more susceptible to SN-induced blowout, leaving
them with a higher stellar to gas mass fraction. A mass-dependent
blowout scenario is consistent with other general observations
of disk galaxies, such as the mass-metallicity relation and the
chemical preenrichment of the MW thin disk.
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