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ABSTRACT

Using photometry and spectroscopy of 183,487 galaxies from the Sloan Digital Sky Survey, we present
bivariate distributions of pairs of seven galaxy properties: four optical colors, surface brightness, radial
profile shape as measured by the Sérsic index, and absolute magnitude. In addition, we present the
dependence of local galaxy density (smoothed on 8 h�1 Mpc scales) on all of these properties. Several classic,
well-known relations among galaxy properties are evident at extremely high signal-to-noise ratio: the color-
color relations of galaxies, the color-magnitude relations, the magnitude-surface brightness relation, and the
dependence of density on color and absolute magnitude. We show that most of the i-band luminosity density
in the universe is in the absolute magnitude and surface brightness ranges used: �23:5 < M0:1i < �17:0 mag
and 17 < l0:1i < 24 mag in 1 arcsec2 [the notation zb represents the b band shifted blueward by a factor
ð1þ zÞ]. Some of the relationships between parameters, in particular the color-magnitude relations, show
stronger correlations for exponential galaxies and concentrated galaxies taken separately than for all galaxies
taken together. We provide a simple set of fits of the dependence of galaxy properties on luminosity for these
two sets of galaxies and other quantitative details of our results.

Subject headings: galaxies: fundamental parameters — galaxies: photometry — galaxies: statistics

On-line material:ASCII parameter files, color figure, FITS files

1. MOTIVATION

There are strong correlations among the measurable
physical properties of galaxies. The classification of galaxies
along the visual morphological sequence described by
Hubble (1936) correlates well with the dominance of their
central bulge, their surface brightnesses, and their colors.
These properties also correlate with other properties, such
as metallicity, emission-line strength, luminosity in visual
bands, neutral gas content, and the winding angle of the
spiral structure (for a review, see Roberts & Haynes 1994).

The surface brightnesses of giant galaxies classified morpho-
logically as elliptical are known to be strongly correlated
with their sizes (Kormendy 1977; Kormendy & Djorgovski
1989). Galaxy colors (at least of morphologically elliptical
galaxies) are known to be strongly correlated with galaxy
luminosity (Baum 1959; Faber 1973; Visvanathan &
Sandage 1977; Terlevich et al. 2001). The gravitational mass
of a galaxy is closely related to the luminosity and other
galaxy properties. These galaxy relations manifest them-
selves in the Tully-Fisher relation for spiral galaxies (Tully
& Fisher 1977; Burstein et al. 1997) and the fundamental
plane for morphologically elliptical galaxies (Faber &
Jackson 1976; Djorgovski & Davis 1987; Dressler et al.
1987; Burstein et al. 1997); Strauss & Willick (1995) review
these dynamical relations. Furthermore, the environment of
a galaxy is related to its type, in the sense that early-type gal-
axies are found in denser regions than late-type galaxies, as
first noted by Hubble (1936) and as found by numerous sub-
sequent investigators (Oemler 1974; Dressler 1980; Davis &
Geller 1976; Giovanelli et al. 1986; Santiago & Strauss 1992;
Guzzo et al. 1997; Hashimoto & Oemler 1999; Blanton
2000). In short, different physical properties of galaxies are
closely related to each other.

In order to understand theoretically how galaxies formed
and acquired their current properties, it is first necessary to
characterize the observed distribution of galaxy properties
in a comprehensive manner. Such a characterization is a
primary goal of the Sloan Digital Sky Survey (SDSS; York
et al. 2000). The SDSS has already created the largest well-
defined sample to date (183,487 galaxies) of luminous
galaxies with well-measured photometric and spectroscopic
properties. As a first step in understanding the joint distri-
bution of galaxy properties, we present here a study of the
number density and luminosity density distributions of
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galaxy colors, profiles, luminosities, surface brightnesses,
and local densities. Our purpose is to measure properties
related to quantities that cosmological gasdynamical simu-
lations (Nagamine et al. 2001; Pearce et al. 2001; Steinmetz
& Navarro 2002) or semianalytic models (Somerville et al.
2001; Mathis et al. 2002) can predict or will soon be able to
predict, such as galaxy ages, sizes, stellar masses, and
degrees of concentration.

The paper is organized as follows. Section 2 briefly
describes the spectroscopic sample of the SDSS. Section 3
describes how we measure the set of properties studied here.
Section 4 shows the number density and luminosity density
distributions of these properties of galaxies and provides
simple fits for the dependence on luminosity of the proper-
ties of galaxies with nearly exponential radial profiles and
those with more concentrated radial profiles. Section 5
describes fits to the median properties of exponential and
concentrated galaxies as a function of luminosity. Section 6
describes how to access the data plotted in the diagrams
here. Section 7 summarizes and outlines future lines of
research.

2. DATA

2.1. Description of the Survey

The SDSS (York et al. 2000) is producing imaging
and spectroscopic surveys over � steradians in the north-
ern Galactic cap. A dedicated wide-field 2.5 m telescope
(W. Siegmund et al., in preparation) at Apache Point
Observatory, Sunspot, New Mexico, images the sky in five
bands between 3000 and 10000 Å (u, g, r, i, z; Smith et al.
2002) using a drift-scanning, mosaic CCD camera (Gunn
et al. 1998), detecting objects to a flux limit of r � 22:5 mag.
The photometric quality of the observations is tracked using
an automatic photometricity monitor (Hogg et al. 2001).
An automatic image-processing pipeline known as photo

(R. H. Lupton et al., in preparation) processes the images
and produces a catalog. The astrometric calibration is also
performed by an automatic pipeline (Pier et al. 2003). One
of the goals is to spectroscopically observe 900,000 galaxies
(down to rlim � 17:77 mag), 100,000 luminous red galaxies
(Eisenstein et al. 2001), and 100,000 quasars (Fan 1999;
Richards et al. 2002). This spectroscopic follow up uses two
digital spectrographs on the same telescope as the imaging
camera. Many of the details of the galaxy survey are
described in the galaxy target selection paper (Strauss et al.
2002). Other aspects of the survey are described in the Early
Data Release paper (Stoughton et al. 2002). The survey has
begun in earnest and to date has obtained about 30% of its
intended data.

The SDSS images are reduced and catalogs are produced
by the SDSS pipeline photo, which measures the sky back-
ground and the seeing conditions and detects and measures
objects. The magnitudes are calibrated to a standard star
network (Smith et al. 2002) approximately in the AB
system. There are small differences between the system
output by the SDSS pipelines and our best estimate of
the true AB system, amounting to Dm ¼ mAB �mSDSS ¼
�0:042; 0:036; 0:015; 0:013; �0:002 in the u, g, r, i, and z
bands. Because these were discovered at a relatively late
date in the preparation of this manuscript, we have not self-
consistently included these shifts in our results (that is, by
recalculating K-corrections on the basis of the revised

colors). Instead we have applied them a posteriori to our
results.

Object fluxes are determined several different ways by
photo, as described in Stoughton et al. (2002). The primary
measure of flux used for galaxies is the SDSS Petrosian
magnitude, a modified version of the quantity proposed by
Petrosian (1976). The essential feature of Petrosian magni-
tudes is that in the absence of seeing they measure a constant
fraction of a galaxy’s light regardless of distance (or size).
They are described in greater detail below (and also by
Blanton et al. 2001 and Strauss et al. 2002). As measures of
the galaxy profile shape, photo also calculates the radius
containing half the Petrosian flux (r50) and that containing
90% of the Petrosian flux (r90).

As described in Strauss et al. (2002), the bulk of the fibers
in the SDSS are allocated to three samples: the main sample
galaxies, the luminous red galaxies, and quasars. Here we
will concern ourselves solely with the main sample galaxies.
There are three main criteria for their selection:

rPSF � rmodel > slimit ; ð1Þ
rpetro < rlimit ; ð2Þ
l50 < l50;limit : ð3Þ

Here, rPSF is an estimate of the magnitude using the local
point-spread function as a weighted aperture, rmodel is an esti-
mate of the magnitude using the better of a de Vaucouleurs
and an exponential fit to the image (accounting for seeing),
rpetro is a modified form of the magnitude described by
Petrosian (1976), and l50 is the half-light surface brightness,
defined as the average surface brightness within the radius
which contains half of the Petrosian flux. All of these quanti-
ties are reddening-corrected using the dust maps of Schlegel
et al. (1998). In practice, the values of the target selection
parameters vary across the survey in a well-understood way,
but for the bulk of the area, they are slimit ¼ 0:3, rlimit ¼ 17:77
mag, and l50;limit ¼ 24:5 mag in 1 arcsec2. Objects near the
spectroscopic flux limit are nearly 5 mag brighter than the
photometric limit; that is, the fluxes are measured at signal-
to-noise ratio (S/N) of a few hundred.

Fibers are assigned to a set of circular tiles with a field of
view 1=49 in radius by an automatic tiling pipeline (Blanton
et al. 2003b). The targets are observed by a multifiber spec-
trograph capable of taking 640 spectra simultaneously (48
of the fibers are, in normal SDSS operations, devoted to sky
fibers and spectrophotometric standards). An automatic
data processing pipeline idlspec2d wavelength- and flux-
calibrates the spectra and outputs a one-dimensional spec-
trum for each object (D. Schlegel et al., in preparation). The
resulting spectra have a resolution of R � 2000, cover
roughly 3800–9000 Å, and typically have S/N per pixel
around 10. This spectrum is then analyzed by another pipe-
line (spectro1d; M. SubbaRao et al., in preparation) that
classifies the spectrum and determines the redshift of the
object. The redshifts used in the current analysis are deter-
mined independently using a separate pipeline originally
designed specifically for bright stars (specBS; D. Schlegel
et al., in preparation) whose results are nearly identical
for the main galaxy sample to the ‘‘ official ’’ SDSS red-
shift determination (over 99% of the objects are assigned
essentially identical redshifts by the two pipelines).

As of 2002 July, the SDSS had imaged and targeted 2873
deg2 of sky and taken approximately 440,000 spectra
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(including sky and calibration spectra) over �2479 deg2 of
that area. The completeness over this area is roughly 91%;
most of the missing galaxies (7% of the total) are lost on
account of the fact that two fibers on the same tile cannot be
placedmore closely than 5500, about 1% are lost because they
are not able to be assigned a fiber, and about 1% have a
spectrum taken, but have S/N too low to determine a red-
shift. From these data, we created a well-defined sample for
calculating large-scale structure and galaxy property statis-
tics, known as large-scale structure sample12. sample12
consists of all of the photometry for all of the targets over
that area (as extracted from the internal SDSS operational
database), all of the spectroscopic results (as output from
specBS) and, most significantly, a description of the angular
window function of the survey and the flux and surface
brightness limits used for galaxies in each area of the sky.
For most of the area, the same version of the survey pipe-
lines used to create the target list was used in this sample.
However, for the area covered by the Early Data Release
(EDR; Stoughton et al. 2002) we used the version of the
analysis software used for that data release, since it was sub-
stantially better than the early versions of the software used
to target that area. For photo, the most important piece of
analysis software run on the data, the versions used for the
photometry range from v5_0 to v5_2. The region covered
by this sample is a superset of the region which will be
released in the SDSS Data Release 1 (DR1), scheduled for
2003 March (which will use photo v5_3, a newer version of
the software which among other things improves the
handling of large galaxies).

For the purposes of this paper, we further restrict
sample12 to galaxies in the redshift range 0:02 < z < 0:22,
the absolute magnitude range �23:5 < M0:1i < �17:0
(assuming a Hubble constant H0 ¼ 100 h km�1 s�1 Mpc�1

and h ¼ 1), and with r > 14:5. To calculate the distance
modulus and the comoving volume we assume a model with
�0 ¼ 0:3 and �� ¼ 0:7. These cuts restrict our sample to
183,487 galaxies. Figure 1 shows the distributions of i-band
apparent magnitude (corrected for Galactic extinction) and
Petrosian half-light radius for this sample of galaxies. The
rolloff at the brightest and faintest magnitudes occurs
because we have selected the sample in the r band.

3. GALAXY PROPERTIES

Here we describe the set of galaxy properties whose joint
distribution we intend to measure and how those properties
are measured by the SDSS. These properties are colors,
luminosities, profile shapes, surface brightnesses, and local
densities.

3.1. Galaxy Colors and Luminosities

To measure the galaxy fluxes, we rely on the SDSS
Petrosian magnitudes. The essential feature of Petrosian
magnitudes is that in the absence of seeing they measure a
constant fraction of a galaxy’s light regardless of distance (or
size). More specifically, we define the ‘‘ Petrosian ratio ’’ RP

at an angular radius h from the center of an object to be the
ratio of the local surface brightness averaged over an annulus
at h to the mean surface brightness within h:

RPð�Þ �
R �hi�
�lo�

d�02��0Ið�0Þ
�

�ð�2
hi � �2

loÞ�2
� �

R �
0 d�

02��0Ið�0Þ
�

ð��2Þ
; ð4Þ

where Ið�Þ is the azimuthally averaged surface brightness
profile and �lo < 1, �hi > 1 define the annulus. The SDSS
has adopted �lo ¼ 0:8 and �hi ¼ 1:25. The Petrosian radius
rP is the radius at which the ratio RP falls below a thresh-
hold valueRP;lim, set to 0.2 for the SDSS. The Petrosian flux
is defined as the flux within a circular aperture with a radius
equal to NPrP, where NP ¼ 2 for the SDSS. Petrosian mag-
nitudes are described in greater detail by Blanton et al.
(2001) and Strauss et al. (2002). While SDSS Petrosian mag-
nitudes contain over 99% of the flux within an exponential
profile, they contain only around 82% of the flux within a
de Vaucouleurs profile in the absence of seeing; the fraction
is higher in the presence of seeing, as shown by Blanton
et al. (2001). As the size of the galaxy becomes comparable
to the seeing, the fraction of light enclosed within a radius of
2rP becomes closer and closer to the corresponding fraction
for a star, which is about 95%; for exponential galaxies this
effect reduces the measured flux relative to the case of no
seeing, while for de Vaucouleurs galaxies this effect increases
the measure flux. For the SDSS, rP is defined in the r band
and used to set the aperture for all the bands, such that the
Petrosian colors represent a measure of spectral energy
distribution of the galaxy over a well-defined region of the
galaxy.

Here we constrain the spectral energy distribution of the
galaxies using the broadband colors between the u, g, r, i,
and z Petrosian magnitudes of the SDSS. A given set of
observer-frame galaxy colors does not correspond uniquely
to a particular SED, so we cannot infer with certainty the
colors in any other frame. However, we can use our
knowledge of the form of galaxy SEDs based on other data
to interpolate between the observed-frame colors to a differ-
ent frame by fitting a reasonable model SED to the galaxy

Fig. 1.—Distribution of reddening-corrected i-band Petrosian magni-
tude (top panel) and the observed i-band Petrosian half -light radius. The
rolloffs at faint and bright magnitudes are due to the explicit conditions in
our sample that 14:5 < r < 17:77 (which are accounted for in our 1=Vmax

weighting).
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colors. To do so, we use the routines in kcorrect v1_16,
described by Blanton et al. (2003a), which uses a similar
formalism to that of Csabai et al. (2000). This method is
demonstrably better than using the spectra (which suffer
from the aperture biases associated with small-fiber
spectroscopy, the inaccuracy of spectrophotometry, and the
fact that we do not take spectra in the u and z bands; cf.
Kochanek et al. 2000) and is better than simply inter-
polating the magnitudes between bands (which does not
account well for the 4000 Å break).

The essence of the method is that we fit each set of
observed magnitudes in the five bands using a linear combi-
nation of four spectroscopic templates, leaving 1 degree of
freedom. The extra degree of freedom per galaxy is used to
optimize the templates themselves. For each galaxy, we now
have a model for the SED. We use this SED to calculate the
correction from the observed band to fixed frame band-
passes with shapes corresponding to the rest-frame coverage
of galaxies at z ¼ 0:1, the median redshift of the sample.
The usual choice is to correct the colors to the z ¼ 0 frame;
however, this choice is not optimal, because most galaxies in
our sample are not at z ¼ 0. Figure 2 shows the responses of

the unshifted SDSS and the SDSS system shifted to 0.1. We
refer to bands in this system as 0:1u, 0:1g, 0:1r, 0:1i, and 0:1z,
following the nomenclature of Blanton et al. (2003a). We
note in passing that the K-correction for a galaxy at redshift
z ¼ 0:1 to this system is �2:5 log10ð1:1Þ for all bands
independent of galaxy SED.

As a test of the validity of the K-corrections, Figure 3
shows the distribution of K-corrected galaxy colors as a
function of redshift in a volume-limited sample in the
range �22 < M0:1r < �21 and 0:07 < z < 0:15. The gray
scale is the conditional distribution of color on redshift.
The middle line in each panel is the median and the outer
lines are the 10% and 90% quantiles. The distribution of
galaxy colors is nearly constant with redshift, indicating
that the K-corrections are sensible. Note that we expect
some change in these distributions given that galaxies
evolve; in fact there is a hint of such evolution in the
0.1(u�g) plot. The uncertainties in the K-corrections are
examined by Blanton et al. (2003a) and amount to the
precision of the photometry for r, i, and z; for g the
uncertainty might be as large as 5% and for u it might be
as large as 20%.

Fig. 2.—Demonstration of the differences between the unshifted SDSS filter system (0:0u, 0:0g, 0:0r, 0:0i, 0:0z) in the top panel and the SDSS filter system
shifted by 0.1 (0:1u, 0:1g, 0:1r, 0:1i, 0:1z) in the bottom panel. Shown for comparison is a 4 Gyr old instantaneous burst population from an update of the Bruzual
& Charlot (1993) stellar population synthesis models. TheK-corrections between the magnitudes of a galaxy in the unshifted SDSS system observed at redshift
z ¼ 0:1 and the magnitudes of that galaxy in the 0.1-shifted SDSS system observed at redshift z ¼ 0 are independent of the galaxy’s spectral energy distribution
(and for ABmagnitudes are equal to�2:5 log10ð1þ 0:1Þ for all bands; Blanton et al. 2003a). This independence on spectral type makes the 0.1-shifted system a
more appropriate system in which to express SDSS results, for which the median redshift is near redshift z ¼ 0:1. [See the electronic edition of the Journal for a
color version of this figure.]
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We use these estimated Petrosian 0.1(u�g), 0.1(g�r),
0.1(r�i), and 0.1(i�z) colors as our measures of the SED
shape for each galaxy. As a measure of luminosity, we use
the i-band flux converted to 0:1i-band luminosity using the
K-correction and the standard cosmological formulae for
the distance modulus, assuming �m ¼ 0:3 and �� ¼ 0:7
(Hogg 1999).

3.2. Galaxy Profile Shape and Surface Brightness

One measure of the morphology of galaxies is the radial
dependence of their surface brightness. For example, if one
expresses this radial dependence in the form (suggested by
Sérsic 1968):

IðrÞ ¼ A exp
�

� ðr=r0Þ1=n
�

; ð5Þ

galaxies with nearly exponential profiles (Sérsic index n � 1)

tend to be considered ‘‘ late type,’’ while galaxies with nearly
de Vaucouleurs profiles (Sérsic index n � 4) tend to be con-
sidered ‘‘ early type.’’ For this reason, we use measures of
the azimuthally averaged radial profiles of the galaxies in
our analysis.

Although Strateva et al. (2001) and Shimasaku et al.
(2001) have shown that the Petrosian inverse concentration
index 1=c � r50=r90 is reasonably well correlated with eye-
ball morphological classifications for nearby, large galaxies,
this parameter is too sensitive to the effects of seeing to be of
great use for the bulk of the SDSS Main Sample. The bot-
tom panel of Figure 4 shows the dependence of inverse
concentration parameter on seeing for a volume-limited
subsample, limited to galaxies with �21 < M0:1i < �20 and
0:04 < z < 0:11, demonstrating this dependence. This see-
ing dependence means that the same galaxy, observed under
different conditions, can have considerably different

Fig. 3.—Distribution of fixed-frame colors at z ¼ 0:1 as a function of redshift for a volume-limited sample in the ranges 0:07 < z < 0:15 and
�22 < M0:1r < �21. The gray scale is the conditional probability distribution of color on redshift, which is to say that each column is normalized separately.
The lines indicate the 10%, 50%, and 90% quantiles in each column. That the color distributions do not strongly evolve indicates that the K-corrections are
reasonable. Some of the evolution apparent in the plot—for example, the fact that the median 0.1(u�g) color becomes bluer with cosmic time—may well reflect
real galaxy evolution.
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measured concentrations. Even more importantly, it implies
that the same galaxy, observed at different distances, will
have different measured concentrations.

photo fits two-dimensional models to the galaxy images
which account for the effects of seeing, but they are limited
to the cases of n ¼ 1 and n ¼ 4, and in addition (because
they were designed to study faint galaxy colors) for the ver-
sions of photo used here (before v5_3) they only performed
the fit out to a relatively small radius compared to the size of
an SDSS spectroscopic target galaxy.16 Thus, for our work
here we have decided to fit the parameters in equation (5) to

the radial profile of each galaxy (accounting for the effects
of seeing).

We thus find the parameters A, r0, and n in equation (5)
that minimize �2 with respect to the observed i-band radial
profile and errors (as expressed by the profMean and prof-

Err parameters in the SDSS catalog). When performing the
fit, we convolve with the axisymmetric double Gaussian fit
to the point-spread function determined by photo (R. H.
Lupton et al., in preparation). The resulting distribution of
�2 per degree of freedom peaks at approximately unity but
has a much larger tail than expected for Gaussian errors;
this suggests that one could develop a more detailed model
(either for the seeing or for galaxy profiles) which better fits
the data. In any case, after performing the fit, we can calcu-
late the Petrosian inverse concentration parameter r50=r90
based on the Sérsic index n. The top panel of Figure 4 shows
this i-band inverse concentration parameter as a function of

Fig. 4.—Dependence of the inverse concentration index on seeing for a volume-limited sample in the ranges 0:04 < z < 0:11 and �21 < M0:1i < �20.
Each panel shows as a gray scale the conditional distribution of the 1=c � r50=r90 given the width of the seeing in arcseconds. (Because this is a conditional
distribution, the gray scale does not indicate the amount of data which exists at a given seeing.) As in Figure 3, the lines indicate the 10%, 50%, and 90%
quantiles in each column. The bottom panel shows the measured Petrosian 1=c as a function of seeing. There is a clear dependence of measured concentration
on seeing; the median changes from around 0.37 to 0.42 from the best to worst seeing, respectively. Remember that any dependence on seeing also implies a
dependence on apparent size, introducing a complicated interdependence of measured concentration with the actual concentration, the intrinsic size of the
galaxy, the distance, and the seeing conditions. The top panel shows the Petrosian 1=c that would be measured from the Sérsic profile fit in the absence of
seeing. This quantity shows almost no dependence on seeing conditions, indicating that this quantity eliminates, to some degree, the dependence of measured
profile shape on observing conditions and galaxy size.

16 Note that photo v5_3 and previous model magnitudes are also com-
promised by a problem in these pipelines, which has a strong effect on the
magnitudes, though not the colors, of bright galaxies such as those consid-
ered here. These problems will be documented where appropriate in the
DR1 data distribution.
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seeing for the volume-limited subsample. Our measure of
galaxy profile shape is less seeing-dependent than the raw
estimate r50=r90. We have fitted Sérsic profiles to the profiles
of the other bands as well; the results of the g, r, i, and z
profiles are all fairly consistent with one another, while the
u-band profile fits tend to be much less concentrated than
the others.

It is worth examining how our axisymmetric Sérsic fit is
affected by the nonaxisymmetry of galaxies and how it is
related to other measures of profile shape, such as the
Petrosian concentration parameter and the bulge-to-total
(B=T) ratio. In the top panels of Figure 5, we investigate how
our Sérsic fits behave for galaxies with Sérsic profiles and
galaxies that consist of a de Vaucouleurs bulge plus an
exponential disk. In each case we assume the galaxies are
comparable in half-light radius to SDSS main sample gal-
axies.We use three different axis ratios b=a (as listed in Figure
5) by which we distort the galaxy image.We then project that
image onto a grid of pixels of size 0>396, the size of SDSS pix-
els, apply single Gaussian seeing with a standard deviation of
1>2, and then extract radial profiles using a similar scheme as
used by photo (see Strauss et al. 2002, Appendix A). Using
the single Gaussian model for the seeing, we fit the Sérsic
models to the resulting galaxy profiles. We perfectly

reconstruct the case of b=a ¼ 1 for the Sérsic profiles; for
small axis ratios, we measure a higher concentration than we
would for a circular image with the same profile as along the
semimajor axis. For the bulge-plus-disk models, we find that
the Sérsic index n is monotonically related to theB=T ratio of
the bulge flux to the total flux.

The bottom panels of Figure 5 show the dependence of
the Petrosian inverse concentration parameter r50=r90 for
galaxies of the same shapes as, but larger radii than, the gal-
axies in the top panels. This situation is meant to be similar
to the conditions under which galaxies were observed by
Shimasaku et al. (2001) and Strateva et al. (2001), who
observed large, bright galaxies less affected by seeing than
those in the SDSS main sample. We find that r50=r90 is
closely related to the Sérsic index and B=T , as expected.

We define the i-band half-light surface brightness li to be
the average surface brightness within the Petrosian half-
light radius for the Sérsic profile fit in the 0:1i band, in
magnitudes in 1 arcsec2, K-corrected and corrected for
cosmological surface brightness dimming:

li � mS;0:1i þ 2:5 log10ð2�r2S;50Þ � 10 log10ð1þ zÞ � K0:1iðzÞ :
ð6Þ

Fig. 5.—Brief exploration of the meaning of the Sérsic fits performed in this paper. We produced noiseless simulations of galaxies, pixelized using 0>396
pixels (the size of the SDSS pixels), and applied Gaussian seeing with � ¼ 1>2.We then extract radial profiles using the same annuli as used by the SDSS photo
pipeline and apply our Sérsic fit to the radial profile (equally weighting all points in the profile). In the top row we show the resulting index n in the fit; in the
bottom row we show the Petrosian inverse concentration parameter 1=c ¼ r50=r90 for the best-fit Sérsic profile (just for comparison). We choose two sorts of
profiles: in the left column, we show results for Sérsic profiles with various choices of Sérsic index n but a fixed r50 (as labeled); in the right column, we show
results for a bulge plus disk galaxy, with r50 for each component chosen as shown and a varying ratio B=T of total bulge flux to total disk flux. In both cases we
choose three different axis ratios, assuming transparency. Deviations from axisymmetry under these conditions tends to increase the concentration of the
galaxy; on the other hand, one might expect different behavior for opaque objects.
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This measure of surface brightness is thus slightly different
(in general, higher) from the raw estimate calculated from
the Petrosian half-light radius output by the SDSS photo-
metric pipeline, because it is corrected for seeing. Note that
we have implicitly assumed that the K-correction of the
observation of surface brightness remains unaffected by
color gradients in the galaxy; because the K-correction from
the observed i band to the 0:1i band are expected to vary little
with redshift and color (< 0:2 mag) this approximation is
not bad.

3.3. Local Galaxy Density

For each object in the sample we estimate the local galaxy
density � as follows. First, we distribute a large number
(2� 106) of Poisson random points within the SDSS vol-
ume, distributed in redshift according to the selection func-
tion of the survey. The selection function is determined by
an evolving 0:1r-band Schechter function fit to the luminos-
ity function of the following form (following Lin et al.
1999):

�ðLÞdL ¼ ��
L

L�ðzÞ

� ��

exp � L

L�ðzÞ

� �

; ð7Þ

where

L�ðzÞ ¼ 100:4Qðz�0:1ÞL�ðz ¼ 0:1Þ : ð8Þ

Expressed in magnitudes, this implies M�ðzÞ ¼
M�ðz ¼ 0:1Þ �Qðz� 0:1Þ. If Q > 0, these formulae mean
galaxies are brighter in the past. We indeed find that in
order to explain the dependence of number counts on red-
shift in the survey, it is necessary to include the possibility
that galaxy luminosities evolve; an approximation of the
results of Blanton et al. (2003c) is

�� ¼ 2:86� 10�2 h3 Mpc�3 ; ð9Þ
M� ¼ �20:44 ; ð10Þ
� ¼ �1:05 ; ð11Þ
Q ¼ 1:60 : ð12Þ

That paper discusses the luminosity function and its evolu-
tion more fully. However, this fit is good enough to use to
estimate local density. Using this fit, the magnitude limits as
a function of position on the sky [mr;minð�; �Þ and
mr;maxð�; �Þ], and the spectroscopic sampling fraction as a
function of position on the sky [ f ð�; �Þ] we can calculate the
selection function at any point on the sky.

Given the galaxy catalog and the random catalog, we
count the number of galaxies Ng (including the galaxy in
question) and the number of random points Nr in a 8 h�1

Mpc radius comoving sphere around each galaxy. We
define

� � Ng=hNgi
Nr=hNri

; ð13Þ

where hNi is the average expected number of objects in the
sphere. We use this as an estimate of the local density rela-
tive to the mean. Because we use a spherical cell only 800 km
s�1 in radius, this measure of density is affected somewhat
by the velocity dispersions in the deep potential wells of
clusters, in the sense that it will slightly underestimate the
density in those regions. Also, since it is centered on a

galaxy, and galaxies are clustered on these scales, its mean is
greater than unity.

The local density is the only quantity considered here
which is measured with a large amounts of noise for each
object. The average ‘‘ expected ’’ number of objects for a
Poisson distribution in each cell is about 14; the average
actual number is about 37 (it is so much larger because
the variance of the overdensity on this scales is around
unity). This indicates that the average cell has errors of
�20%. In particular, distant galaxies (which only have
the most luminous galaxies at that redshift within 8 h�1

Mpc) tend to have a measurement of � noisier than do
nearby galaxies. One cannot really consider the joint dis-
tribution of the local density measured here and other
galaxy properties without accounting for the noise in the
measure of the local density (Blanton 2000). Because of
these effects, the galaxies which have the highest density
estimates are just the galaxies with the smallest expected
number of galaxies around them (and thus the highest
expected noise in the measurement). This introduces a
correlation between the luminosity of a galaxy and the
noise in our estimate of the density. This effect means
that one cannot determine (from our measurements) the
density dependence of luminosity (or any property
correlated with luminosity).

Nevertheless, one can still meaningfully consider the
median density within bins of other galaxy properties,
because the increased noise for galaxies with higher mean
distances does not affect the median density. As proof of this
assertion, Figure 6 shows the density distribution as a func-
tion of redshift for several small ranges of absolute magni-
tude. The lines are the 10%, 50%, and 90% quantiles of the
distribution. Although at large distances the distribution
widens (the 10% and 90% quantiles decrease and increase,
respectively), the median remains remarkably constant,
indicating that it measures the density around galaxies
consistently at high redshift and at low redshift. This consis-
tency means that even when we divide galaxies into different
groups which cover different redshift ranges (such as divid-
ing by luminosity), we can make a fair comparison among
the median local densities of the groups.

3.4. Contribution to Number Density

To compute the global number and luminosity densities,
it is necessary to compute the number-density contribution
1=Vmax for each galaxy, where Vmax is the volume covered
by the survey in which this galaxy could have been observed,
accounting for the flux, surface brightness, and redshift
limits as a function of angle (Schmidt 1968). This volume is
calculated as follows:

Vmax ¼
1

4�

Z

d�f ð�; �Þ
Z zmaxð�;�Þ

zminð�;�Þ
dz

dV

dz
; ð14Þ

where f ð�; �Þ is described above and zminð�; �Þ and
zmaxð�; �Þ are defined by

zminð�; �Þ ¼ maxðzm;minð�; �Þ; zl;minð�; �Þ; 0:02Þ ; ð15Þ
zmaxð�; �Þ ¼ minðzm;maxð�; �Þ; zl;maxð�; �Þ; 0:22Þ : ð16Þ

The flux limitsmr;minð�; �Þ (equal to 14.5 mag across the sur-
vey) and mr;maxð�; �Þ (approximately 17.77 mag) implicitly
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set zm; minmaxf gð�; �Þ by

mr; minmaxf gð�; �Þ ¼ M0:1r þDMðzm; minmaxf gð�; �ÞÞ ð17Þ
þ K0:1rðzm; minmaxf gð�; �ÞÞ : ð18Þ

The surface brightness limits lr;minð�; �Þ (which is much
higher than the highest observed surface brightness in the
sample) and lr;maxð�; �Þ (approximately 24.5 mag but vari-
able in a known way across the survey) implicitly set
zl; minmaxf gð�; �Þ by

lr; minmaxf gð�; �Þ ¼ l0:1r þ 10 log10ð1þ zl; minmaxf gð�; �ÞÞ ð19Þ
þ K0:1rðzl; minmaxf gð�; �ÞÞ : ð20Þ

Note that we have implicitly assumed that the K-correction

of the observation of surface brightness remains unaffected
by color gradients in the galaxy. In practice, the surface
brightness limits only rarely affect theVmax determination.

The function f ð�; �Þ is the SDSS sampling fraction of gal-
axies as a function of position on the sky. The total sampling
rate of galaxies is computed separately for each region cov-
ered by a unique set of spectroscopic survey tiles. We adopt
the nomenclature of the Two-Degree Field (2dF; Percival
et al. 2001): each such region is a ‘‘ sector ’’ (which corre-
sponds identically to the ‘‘ overlap regions ’’ defined in
Blanton et al. 2001). That is, in the case of two overlapping
tiles, the sampling is calculated separately in three sectors:
the sector covered only by the first tile, the sector covered
only by the second tile, and the sector covered by both. Each
position on the sky is thereby assigned a sampling rate

Fig. 6.—Estimate of the local density within 8 h�1 Mpc as a function of redshift, for a series of volume-limited samples with the absolute magnitude limits
shown. As in Figure 3, the gray scale is the conditional distribution of the local density given the redshift, and the lines are the 10%, 50%, and 90% quantiles.
The dependence of clustering on luminosity is evident. The impact of Poisson noise on the local density estimates becomes noticeable as the sample approaches
z � 0:2, as the distribution widens. However, the median local density appears nearly constant, indicating that it is a reliable estimator of local density. As
described in the text, the data associated with the gray scales in this and subsequent plots are available publicly.
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f ð�; �Þ equal to the number of redshifts of galaxy targets
obtained in the region divided by the number of galaxy
targets in the region. In regions covered by a single tile,
where incompleteness is defined by the 5500 lower limit on
the separation between fibers, typically 0:85 < f < 0:9; in
multiple plate regions, where a certain number of these fiber
collisions can be recovered, typically f > 0:95. These
completenesses average to 0.92.

With Vmax, we calculate the global number and
luminosity density contributions of any group of galaxies as
P

i 1=Vi;max and
P

i Li=Vi;max.

4. RESULTS

4.1. Results for All Galaxies

4.1.1. Overview

Our primary results on the distributions of colors, surface
brightnesses, profile shapes, luminosities, and local densities
of galaxies are shown in Figures 7–9. Each of these plots is a
multipanel figure showing some form of the bivariate distri-
bution of every pair of galaxy properties in the off-diagonal
plots. The plots on the diagonal show the univariate
distribution of each quantity.

Fig. 7.—Projection of the number density of galaxies in our seven-dimensional space onto each pair of dimensions. All images have a square root stretch
applied to increase the dynamic range of the plot. Contours indicate the regions containing 68% and 95% of the total number density of galaxies in this sample.
The top and bottom triangles are identical mirror images. The histograms along the diagonal show the distribution of galaxies in each dimension. The data
corresponding to Fig. 7 are available in a tar file in the electronic edition of theAstrophysical Journal.
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Figure 7 shows the projected number density distribu-
tion for all pairs of seven of our parameters, excluding
local overdensity (for reasons described above). The Vmax

values calculated above are used to calculate the contri-
bution of each galaxy to the total number density. The
panels above and below the diagonal are mirror images
of each other. The gray scale is proportional to the
square root of the projected density in that plane.
Contours in the plot represent loci of constant projected
density enclosing 68% and 95% of the density. Figure 8
shows the bivariate 0:1i-band luminosity density distribu-
tion between all of our parameters. This figure is similar

to Figure 7, only now each object contributes L=Vmax

rather than 1=Vmax to the density.
Figure 9 shows the conditional number density distri-

bution of all eight of our parameters relative to seven of
them (only excluding density as an independent variable).
That is, the gray scale represents the probability of a par-
ticular value of the quantity on the vertical axis, given
the value of the quantity on the horizontal axis. This is
equivalent to taking Figure 7 and for each vertical col-
umn of pixels renormalizing by the total density in that
column. This plot is useful when the dependence of one
quantity on another is strong in the regime where there

Fig. 8.—Same as Fig. 7, but plotting luminosity density rather than number density. It is clear from these plots that the luminosity density contribution from
galaxies below the absolute magnitude and surface brightness limits of this sample is small. The data corresponding to Fig. 8 are available in a tar file in the
electronic edition of theAstrophysical Journal.
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are few galaxies (such as at high density or high luminos-
ity). The histograms along the diagonal are the number
density distributions of each quantity and are identical to
the histograms in Figure 7.

Some basic results are visible in these plots, which we
review in the following subsections. Many of these results
have been noted in the literature in the past. We will concen-

trate mostly on Figure 9, in which many of the relationships
are easiest to see.

4.1.2. Dependence on Luminosity

The first simple result to point out from Figure 9 is the
histogram in the right column and the second row from the
top, which shows the luminosity function in the 0.1i band.

Fig. 9.—Similar to Fig. 7, but showing the conditional distribution of each quantity on the vertical axis with respect to the quantity on the horizontal axis.
Thus, the upper left panel shows the conditional distribution Pðlog10 �jM0:1i Þ while the lower right panel shows the conditional distribution
Pð0:1ðu� gÞjM0:1i Þ. In other words, these plots are equivalent to normalizing separately each column of each panel in Fig. 7. The lines shown are quartiles of
the conditional number density distribution. While we left out local density in Figs. 7 and 8 because it is a noisy quantity and to calculate its distribution
requires accounting for this noise, we include it here since (as concluded in the text) it is reasonable to look at the dependence of the median local density on
other galaxy properties.

No. 1, 2003 GALAXY PROPERTIES 197



The function is close to a Schechter function, although
because the vertical scale is linear, it may not appear famil-
iar. Now consider the same panel in Figure 8, which shows
the luminosity density as a function of absolute magnitude.
It is clear from this plot that the luminosity density is almost
entirely contained within the range of absolute magnitudes
shown (�23:5 < M0:1i < �17:0). We may further ask
whether the surface brightness limits (around l0:1i � 24:5)
greatly affect any estimate of the luminosity density from
this sample. The histogram in Figure 8 showing the lumi-
nosity density as a function of surface brightness demon-
strates that the luminosity density falls off long before the
surface brightness limit becomes important. An even clearer
demonstration of this fact is the panel showing the luminos-
ity density versusM0:1i and l0:1i . This panel shows that even
at the lowest luminosities in the sample, the surface bright-
ness limit excludes very little luminosity density. These
results are in agreement with Blanton et al. (2001) (using
early SDSS data) and Cross et al. (2001) (using early
2dFGRS data). A more careful analysis of the luminosity
function and its evolution from this sample was carried out
by Blanton et al. (2003c).

Next, let us follow the right column of Figure 9 down
from the top. Each panel below the top panel shows the con-
ditional dependence of a galaxy parameter on luminosity.
These panels show many of the familiar relationships of
galaxy properties to luminosity from previous observations.
In sequence from top to bottom:

1. Local density is a strong function of luminosity. The
most luminous galaxies exist preferentially in the densest
regions of the universe. Density increases with luminosity
for all absolute magnitudes above M0:1i ¼ �18. At lower
luminosities, the local density starts to increase again, which
is potentially related to the existence of dwarf spheroidal
galaxies in clusters. This result agrees with results from the
CfA (Hamilton 1988), the Optical Redshift Survey (Hermit
et al. 1996), as well as the recent results of Zehavi et al.
(2002) in the SDSS andNorberg et al. (2002) in the 2dFGRS
on the dependence of the correlation function amplitude on
galaxy luminosity. It turns out that the dependence on
luminosity is not independent of galaxy color; in fact, the
interrelationship of density, color, and luminosity appears
complex, as Hogg et al. (2003) demonstrates.
2. Highly luminous galaxies are more concentrated, and

thus have higher Sérsic indices, than lower luminosity gal-
axies. This trend is consistent with high-luminosity galaxies
being preferentially ‘‘ early type,’’ as is commonly under-
stood to be the case. However, even for the highest luminos-
ity galaxies, 75% of the galaxies are less concentrated than a
de Vaucouleurs profile (n � 4). The fractional number den-
sity of galaxies with n > 3 in our absolute magnitude range
is �5%. Thus, either the number density fraction of ‘‘ true
ellipticals ’’ is small in this absolute magnitude range or
many ‘‘ true ellipticals ’’ are not de Vaucouleurs profile gal-
axies. Several groups have previously shown that the pre-
ferred Sérsic indices of morphologically classified elliptical
galaxies in most cases are n < 4 (Prugniel & Simien 1997;
Caon et al. 1993). We can try to compare to such results by
dividing our sample by color. Figure 10 shows the depend-
ence of n on absolute magnitude for three ranges of 0.1(g�r).
The Sérsic index n is clearly independent of luminosity for
very blue galaxies (which are close to exponential, n ¼ 1).
For very red galaxies the Sérsic index is a strong function of

luminosity. Prugniel & Simien (1997) and Caon et al. (1993)
found a similar dependence of n on luminosity for galaxies
they classified as morphologically elliptical.
3. Luminosity and surface brightness are positively cor-

related at low luminosities, while at extremely high luminos-
ity, surface brightness declines with luminosity. This trend is
similar to that found for elliptical galaxies alone by Binggeli
et al. (1984). As we will see below, this occurs because the
surface brightnesses of highly concentrated galaxies, which
tend to be highly luminous, decline with luminosity, while
the surface brightnesses of exponential galaxies, which tend
to be low luminosity, increase with luminosity. Note that
constant size as a function of surface brightness would be a
45� line on the luminosity–surface brightness plot. At all
luminosities, the surface brightness increases more slowly
than luminosity, indicating that the median size of galaxies
increases strongly with luminosity, especially for the most
luminous galaxies.
4. The colors of galaxies depend strongly on luminosity,

in the sense that more luminous galaxies are redder. The
color-magnitude relation is most obvious in 0.1(g�r), where
separate red and blue populations are evident. This bimo-
dality has also been noted in the observed-frame u�r colors
by Strateva et al. (2001) and in the D4000 spectroscopic
measurements of Kauffmann et al. (2003).

In short, there are strong dependencies of all parameters on
luminosity.

4.1.3. Dependence on Profile Shape

The number density distribution of n, the Sérsic index,
shows a strong peak at n ¼ 1 in Figures 7 and 9, indicating
that exponential galaxies are common in the universe. Note
that there is no peak in the number density at n ¼ 4, which
corresponds to a de Vaucouleurs profile, indicating that
de Vaucouleurs galaxies lie along a continuum of galaxy
concentration. Naturally, this result is subject to the limita-
tions of our fit—which is based on an azimuthally averaged
profile and uses a double Gaussian approximation to the
seeing. On the other hand, Figure 5 suggests that the effects
of inclination are more likely to increase the observed Sérsic
indices. To test the effects of inclination more empirically,
we examined the distribution of n for galaxies which are
nearly face on (axis ratio greater than 0.8), according to the
photo pipeline’s ab_exp and ab_dev measurements of the
axis ratios assuming an exponential or de Vaucouleurs
model, respectively. We found no peak in the distribution of
n even for the nearly circular images. Similarly, we examined
the distribution of n for galaxies with �2 less thanNd þ

ffiffiffiffiffiffi

Nd

p
(where Nd is the number of degrees of freedom in the fit).
Again, we found no sign of a peak at n ¼ 4 or any significant
difference with the full distribution using this restricted sam-
ple. The only subset of galaxies which we have found in our
parameter space whose Sérsic index even close to ‘‘ typi-
cally ’’ n ¼ 4 are the very rare, very red [0.1(g�r) > 0. 8] and
very luminous (M0:1i < �22:5) galaxies, as one can see in
Figure 10.

The second column from the right in Figure 9 shows the
dependence of each quantity on n, the Sérsic profile index.
From top to bottom:

1. Local density does not depend on Sérsic index as much
as it depends on luminosity, although exponential galaxies
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are in somewhat lower density regions than are
concentrated galaxies (about 25% less overdense).
2. Galaxies with n � 4 have a luminosity function peaked

at aboutM0:1i � �20:5. The peak luminosity declines as the
profile shape becomes closer and closer to exponential
(n ¼ 1); the peak of the luminosity function for pure expo-
nential galaxies is well below our absolute magnitude limit
of�17. Due to these trends, the luminosity density distribu-
tion of n in Figure 8 is far flatter than the number density
distribution, such that concentrated galaxies contribute a
much larger fraction of the luminosity density than they do
of the number density (for a more detailed analysis of this
phenomenon, see Hogg et al. 2002).
3. The half-light surface brightnesses of exponential

galaxies (n � 1) are distributed around l0:1i � 21, similar to
the mean value found by Freeman (1970). Meanwhile, the
surface brightnesses of concentrated galaxies are centered at
much higher surface brightness (l0:1i � 19).

4. The galaxies which are nearly exponential tend to be
very blue in all colors [0.1(g�r) � 0.4]. For n > 3, galaxies
are extremely homogeneous: constant and red colors,
constant and high surface brightness, and constant average
density.

4.1.4. Dependence on Surface Brightness

The third column from the right in Figure 9 shows the
dependence of each quantity on l0:1i :

1. Density is only a weak function of surface brightness
on scales of 8 h�1 Mpc. Note that Zehavi et al. (2002) inves-
tigate the dependence of the correlation function on surface
brightness; they find little dependence on these scales, but a
strong dependence on smaller scales.
2. Paralleling the results for the Sérsic index, the luminos-

ity function of high surface brightness objects is peaked at

Fig. 10.—Similar to Fig. 9, but restricting only to the dependence of Sérsic index n on absolute magnitude, for several ranges of 0.1(g�r) color, as labeled.
Blue galaxies are overwhelmingly exponential; red galaxies become more and more concentrated as they become more luminous. The data corresponding to
Fig. 10 are available in a tar file in the electronic edition of theAstrophysical Journal.
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high luminosity, while at low surface brightness the
luminosity function continues to increase until it passes our
low-luminosity limit. This result is similar to that found in
SDSS commissioning data by Blanton et al. (2001) and in
the 2dFGRS by Cross et al. (2001).
3. The profiles of high surface brightness galaxies are

concentrated, while the profiles of most galaxies at lower
surface brightness than l0:1i � 20 are consistent with
exponential.
4. The highest surface brightness objects are uniformly

red, while fainter than l0:1i � 20, surface brightness and
color are positively correlated—the lower surface brightness
a galaxy is, the bluer it tends to be.

4.1.5. Dependence on Color

The four left columns in Figures 7–9 show the relation
between the four optical colors of galaxies and the other
parameters. In Figure 7, two distinct peaks in the number
density distribution are visible, most notably in the relation
between 0.1(u�g) and 0.1(g�r). This result corresponds
closely to the work of Strateva et al. (2001), which found a
double peaked distribution of (observer-frame) u�r color.
The four left columns in Figure 9 show the dependence of
all properties on the colors:
1. Local overdensity is a strong function of all colors.

One expects this trend, on the basis of the separate correla-
tions of galaxy morphological classification with color
(Roberts & Haynes 1994 and references therein) and envi-
ronment (for example, Dressler 1980). As mentioned above,
the interrelationship between overdensity, color, and
luminosity is complex (Hogg et al. 2003).
2. The luminosity function of galaxies which have

0.1(g�r) � 1.0 and 0.1(r�i) � 0.45 is peaked at high luminos-
ity (M0:1i � �20:5). The luminosity function of bluer gal-
axies increases right up to our lower luminosity limit.
Redder than 0.1(g�r) � 1.0 or 0.1(r�i) � 0.45, the peak
luminosity declines as well. This trend indicates that the red-
dest galaxies are a different population than those right
around 0.1(g�r) � 1.0.
3. Blue galaxies have preferentially exponential profiles.

The concentration of galaxy profiles is highest for galaxies
with 0.1(g�r) � 1.0 or 0.1(r�i) � 0.45 (although, again, the
median never reaches n � 4) and declines at redder colors
again. Again, this trend suggests that the reddest galaxies
are a special population; in particular, the fact that they
tend to have profiles closer to exponential suggests that they
are edge-on spiral galaxies reddened by dust. This specula-
tion is supported by our examination by eye of the galaxy
images and by the fact that the axial ratios measured by
photo for these objects are low (�0.2–0.3). These objects
appear to be the same as the red, exponential, low axis ratio
galaxies found by Alam&Ryden (2002).
4. The half-light surface brightness increases for redder

galaxies, again until 0.1(g�r) � 1.0 or 0.1(r�i) � 0.45, at
which point the surface brightness declines again. This trend
may also be partly due to the fact that the reddest galaxies
are probably dusty spirals; however, it is also due to the
trend that at the higher luminosities, where galaxy colors
are redder, galaxy half-light surface brightnesses tend to get
lower with luminosity.

Furthermore, the colors are clearly highly correlated
among themselves. In particular, measuring 0.1(g�r)
constrains the other colors to very small ranges.

4.2. Dividing Galaxies by Sérsic Index

We have so far explored only two-dimensional projec-
tions of an eight-dimensional space of parameters. It is
interesting to explore a third dimension of this space. To do
so, we divide the galaxies into two groups according to their
Sérsic index. We choose an exponential group (n < 1:5) and
a concentrated group (n > 3). (The results for the intermedi-
ate group look like a combination of the contributions from
each group separately). Figures 11 and 12 show the condi-
tional distribution of all our galaxy properties on all of the
others for the exponential and concentrated groups, respec-
tively. It is easy to identify which group of galaxies is consid-
ered from the panels involving the Sérsic index—for
example, there are clearly no data for n > 1:5 in Figure 11.

The diagonal panels in each plot (which can be inferred
from Fig. 7) demonstrate that the Sérsic index does indeed
divide galaxies into red, high surface brightness, luminous
galaxies and blue, low surface brightness, lower luminosity
galaxies. In particular, the luminosity function of the expo-
nential group rises steeply through our low-luminosity limit,
while the luminosity function of the concentrated group is
peaked at high luminosity.

Comparing the conditional distributions of the exponen-
tial group in Figure 11 with those of the concentrated group
in Figure 12 reveals that the properties of these populations
have very different interrelationships. Most strikingly, the
color-magnitude diagrams of these two classes separate
extraordinarily well, into a tight red sequence (probably
corresponding closely to the color-magnitude relation for
morphologically elliptical galaxies; Baum 1959) and a less
tight, but undeniable, blue sequence.

Similarly, the dependence of surface brightness on lumi-
nosity differs markedly for the two classes. The surface
brightness of exponential galaxies increases with luminosity
(as does their size), while the surface brightness of concen-
trated galaxies decreases with their luminosity (while their
size increases even more strongly). Another way of looking
at the same issue is to consider the dependence of the
physical half-light radius on absolute magnitude; Figure 13
shows this relationship for three ranges of Sérsic index n.
Again, this figure shows that galaxy size closely correlates
with luminosity, with a stronger dependence for
de Vaucouleurs than for exponential galaxies. These results
are comparable to those in Figure 44 of Bernardi et al.
(2003); if one simply inverts the slope of the relationship
between r50 and L (which yields a correct result if the rela-
tionship between the two is sufficiently linear and determin-
istic) we find Li / r�1:67

i;50 , close to their result. These results
also hold for the dependence of surface brightness on color;
surface brightness correlates with color for exponential gal-
axies but peaks at around 0.1(g�r) � 1.0 for concentrated
galaxies. The results for concentrated galaxies are in good
agreement with the work of Binggeli et al. (1984) (based on
morphologically elliptical galaxies).

Some of the most interesting results from these figures are
the dependence of local density on galaxy properties for
each type of galaxy profile taken separately. For example,
the local density of exponential galaxies does not depend on
surface brightness; for de Vaucouleurs, local density
decreases slightly with surface brightness, a fact probably
related to the decrease of luminosity with surface brightness
for concentrated galaxies. It is only that higher surface
brightness galaxies are more concentrated, and that
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concentrated galaxies are on average in higher density
regions, which keeps the dependence of density on surface
brightness flat for all galaxies.

The dependence of the local density on luminosity has a
similar shape for concentrated galaxies and exponential gal-
axies, in the range of luminosities in which there is data for
both types (less luminous than about M0:1i � �22). How-
ever, concentrated galaxies are naturally in slightly denser
regions at any given luminosity. Meanwhile, for both con-
centrated and exponential galaxies, density depends
strongly on color.

5. FITTING MEDIAN PROPERTIES AS A
FUNCTION OF LUMINOSITY

Figures 11 and 12 show that exponential and concen-
trated galaxies have colors, surface brightnesses, and local
densities which are distinct from one another and which
depend on galaxy luminosity. To quantify these relations,
Figure 14 shows the 1=Vmax-weighted median properties of
both types as the boxes for exponential (thin lines) and con-
centrated (thick lines) galaxies (these lines are just the same
as the median lines in Figs. 11 and 12). The statistical

Fig. 11.—Similar to Fig. 9, but including only galaxies with n < 1:5 (the exponential galaxies). [The data corresponding to Fig. 11 are available in a tar file in
the electronic edition of theAstrophysical Journal.
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uncertainties in the median containing 68% of the prob-
ability are shown as vertical lines (the width of the
distribution is of course much larger).

We have fit these median relations in the following
manner. First, we add a minimum variance in quadrature to
the uncertainties on the points, which is (0.02)2 for the col-
ors and surface brightness and (0.1)2 for density. We do so
in order that our �2 minimization does not obsessively fit
the few points with extremely tiny statistical uncertainties
(that could easily be off by a small amount due to systematic

errors in the data and our processing). Next, we fit a cubic
polynomial to the resulting set of points and uncertainties.
To be explicit, for property pwe fit the function

p ¼ p0 þ p1ðM0:1i þ 21Þ þ p2ðM0:1i þ 21Þ2

þ p3ðM0:1i þ 21Þ3 ; ð21Þ
whereM0:1i is expressed in absolute magnitudes, the surface
brightness is in magnitudes in 1 arcsec2, the colors are in
magnitudes, and log10 � is unitless. We center the fit at

Fig. 12.—Similar to Fig. 9, but including only galaxies with n > 3:0 (the concentrated galaxies). The data corresponding to Fig. 12 are available in a tar
file in the electronic edition of theAstrophysical Journal.

202 BLANTON ET AL. Vol. 594



M0:1i ¼ �21 because that is near the center of our luminos-
ity range. The resulting curves are shown in Figure 14 as
continuous lines. They are all reasonable fits to the data
over the range we have fit. The parameters pi are listed in
Table 1 for each property and galaxy profile type. We also
list the standard deviations � defined by the distribution of
galaxies around the best-fit curves, both in Figure 14 and in
Table 1. However, as can be seen in Figures 11 and 12,
Gaussians of constant width are by no means adequate
descriptions of the distributions around the median.

These relations may be useful for comparison to theory
or to other observations. They allow one to predict the
median properties of an exponential or concentrated galaxy
given only the absolute magnitude. We caution that because
there is significant scatter in all of these relations, one can-
not reverse these fits to predict absolute magnitude from
other galaxy properties.

6. ACCESSING THE DATA

There are several forms in which we are releasing the
data from this paper. First, we are releasing a FITS file
manyd.sample12b30.fits that contains five columns

containing seven of the parameters plotted here, the 1=Vmax

values, and an index number that references its identity:
1. LSSINDX: reference number;
2. REDSHIFT: redshift z;
3. MM: 5 element array with 0:1u, 0:1g, 0:1r, 0:1i, and 0:1z

absolute magnitudes as used in this paper;
4. MU50_I: surface brightness in 0.1i as used in this paper;
5. SERSIC_N_I: Sersic index in 0.1i as used in this paper;
6. NUMWEIGHT: 1=Vmax weight;
For data in the public domain, we are releasing the FITS

file manyd-plus.sample12edr30.fits, which contains
similar data, but in addition has the SDSS parameters RUN,
RERUN, CAMCOL, FIELD, ID, PLATE, FIBER, MJD, RA, and DEC

(the coordinates are J2000 in degrees). Finally, it also
contains
1. SERSIC_N: five-element array with best-fit Sersic

profile shape n in each band;
2. SERSIC_R50: five-element array with best-fit Sersic

profile half-light size r50 in each band (in arcsec);
3. SERSIC_LUPS: five-element array with total asinh mag-

nitudes for the fit to each band (virtually identical to Pogson
magnitudes in most cases—see Stoughton et al. 2002 for
details);

Fig. 13.—Similar to Fig. 10, only showing the distribution of the Sérsic half-light radius r50 (in units of h�1 kpc) as a function of absolute magnitude for
several ranges of Sérsic index. The results here are simply another expression of the relationship between absolute magnitude and half-light surface brightness
shown in Figs. 9, 11, and 12. The data corresponding to Fig. 13 are available in a tar file in the electronic edition of theAstrophysical Journal.
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4. SERSIC_CANON_LUPS: five-element array with total
asinh magnitudes for each band, using the i-band fit for the
shape and size, fitting only the amplitude;
5. SERSIC_CHI2: five-element array with the �2 value for

the fit in each band.
In addition, we release the two-dimensional projections

of the number and luminosity density data used to create
Figures 7, 8, 10, 11, 12, and 13 are available in FITS format
from the electronic version of this paper. These files are
given in pairs of .par and .fits files. file.par contains a
list of the quantities used, the limiting values included, and
the number of pixels in the image. file.fits contains a
four-dimensional array with dimensions ðN;N;M;MÞ
whereM is the number of panels in each direction on the fig-
ure, and N is the number of pixels on a side of each panel.
Each N �N subarray contains the data values used to cre-
ate the gray scales in the corresponding figure of this paper.
The pixel values are given in units of number density per h�3

Mpc3 per unit ‘‘ quantity m1 ’’ per unit ‘‘ quantity m2,’’
where m1 and m2 represent the position in the ðM;MÞ sized

dimensions in the four-dimensional array. Please contact
the authors if there is any difficulty understanding this
format.

7. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented the number and luminos-
ity density distributions of photometric galaxy properties as
measured by the SDSS. Galaxy properties are highly
correlated. Here are our main conclusions:
1. The most luminous galaxies comprise a homogeneous

red, highly concentrated, high surface brightness popula-
tion, and reside in locally dense regions. Underluminous
galaxies are less homogeneous, but in general are bluer, less
concentrated, lower surface brightness, and reside in less
dense regions. These results are in qualitative agreement
with previous work.
2. The relations among galaxy luminosities, surface

brightnesses, and colors separate neatly for concentrated
and unconcentrated (exponential) galaxies. Some of these

Fig. 14.—Median galaxy properties for concentrated galaxies (n > 3; thick lines) and exponential galaxies (n < 1:5; thin lines). Themeasured data points are
the boxes, with uncertainties shown as vertical bars. The cubic polynomial fits of the form of eq. (21) are the continuous lines; the parameters of these fits are
listed in Table 1. The 1 � deviation around these fits are listed in each panel (and listed in Table 1). The separation between exponential and concentrated
galaxies is clear.
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relationships are well known (such as the color-magnitude
relation of concentrated galaxies; Baum 1959) while others
are less commonly discussed (such as the color-magnitude
relation for exponential galaxies).
3. Local density is a strong function of luminosity, at

least for the most luminous galaxies, and on color for gal-
axies of all colors. This dependence of clustering on galaxy
type has been quantified many times previously, early on in
the work of Oemler (1974), later in the cluster studies of
Dressler (1980), and also on larger scales by Davis & Geller
(1976), Giovanelli et al. (1986), Santiago & Strauss (1992),
Guzzo et al. (1997), Blanton (2000), and many others. The
dependence of density on n and li is considerably weaker.

In addition, we further make several minor observations
about the distribution of galaxy properties:
1. Optical galaxy colors all correlate very strongly with

0.1(g�r) color. The distribution of 0.1(g�r) is double-peaked.
2. Most of the luminosity density in the universe is con-

tained in galaxies within our range of galaxy luminosities
(�23:5 < M0:1i < �17:0), as long as there is not a strong
upturn in the faint-end slope below our luminosity limit, or
a very well separated population of low surface brightness,
high-luminosity galaxies.
3. In optical colors, the very reddest galaxies (which are

small in number) are exponential galaxies, not concentrated
galaxies.
4. For all types of galaxies, size increases with luminosity.

For concentrated galaxies, surface brightness decreases with
luminosity for the most luminous galaxies. For exponential
galaxies, surface brightness increases with luminosity.

We have noted throughout the text that many of the rela-
tionships described here have been found previously or
appear related to previously measured correlations. Our
goal here has to measure these relationships at high S/N
and to put them into a common context.

Simple quantitative expressions of some of these results
are contained in the parametric fits to the conditional distri-

butions of Figure 14 and Table 1, as well as the two-
dimensional projections given in the associated electronic
files. However, in future work we plan to characterize
the distribution using a full seven-dimensional model of
the distribution of properties.

A potentially important effect to account for in future
analyses is the passive evolution of galaxy luminosities.
Measurements of this evolution in the SDSS suggest that
galaxy luminosities are brighter in the past (a trend of 4.2,
2.0, 1.6, 1.6, and 0.8 mag per unit redshift in the 0.1u, 0.1g,
0.1r, 0.1i, and 0.1z bands). While the difference in absolute
magnitude over the whole redshift range is quite small
(0.3 mag) compared to the dynamic range in 0:1i-band abso-
lute magnitude, some of the colors may be affected signifi-
cantly. Because the survey is flux limited, this effect can, in
principle, alter the slope of our measurement of the color-
magnitude relationship. For the trends quoted here,
accounting for evolution would make the measured slope
steeper, because the high-luminosity galaxies are observed
primarily at high redshift, and are observed to be bluer than
they would be at the lower redshifts of the lower luminosity
galaxies with which we are comparing them. For example,
Bernardi et al. (2003) have found such evolution of the g�r
color-magnitude diagram in their early-type galaxy SDSS
sample (their Fig. 24). We note that one can detect the effect
of not accounting for evolution by comparing the results of
M. R. Blanton et al. (in preparation) for the evolution-
corrected luminosity function at z ¼ 0:1 to the 1=Vmax-
based estimate of the 0:1i-band luminosity function pre-
sented here (our luminosity function extends to slightly
higher luminosities than that estimate).

The scope of this paper has not allowed us to delve into a
more detailed discussion of the individual relationships and
their relation to galaxy formation theory. We note that
Kauffmann et al. (2003) have performed a similar analysis
using fits to stellar population models. They also see
bimodality in the distribution of galaxy properties,

TABLE 1

Fits to Median Galaxy Properties as a Function of Luminosity

Property � p0 p1 p2 p3

de Vaucouleurs (n > 3:0)

0.1(u�g) (mag) ........................... 0.317 1.696 �0.0398 0.0017 �0.00973
0.1(g�r) (mag)............................ 0.068 0.937 �0.0246 �0.0041 �0.00415
0.1(r�i) (mag) ............................ 0.036 0.409 �0.0088 �0.0006 �0.00059
0.1(i�z) (mag) ............................ 0.075 0.322 0.0108 �0.0129 �0.00011

l0:1i (mag in 1 arcsec2) ............... 0.545 19.135 �0.1812 0.0782 0.00826

log10 � ....................................... 0.350 0.367 �0.0852 0.0203 �0.00095

log10½ri;50=ð1 h�1 kpcÞ� .............. 0.109 0.305 �0.2391 0.0160 0.00334

Exponential (n < 1:5)

0.1(u�g) (mag) ........................... 0.262 1.143 �0.0698 0.0070 �0.00026
0.1(g�r) (mag)............................ 0.143 0.623 �0.0597 �0.0076 0.00251
0.1(r�i) (mag) ............................ 0.063 0.352 �0.0212 �0.0002 0.00011
0.1(i�z) (mag) ............................ 0.132 0.211 �0.0161 �0.0198 0.00282

l0:1i (mag in 1 arcsec2) ............... 0.601 20.266 0.2527 0.0382 �0.00302

log10 � ....................................... 0.373 0.288 �0.0390 �0.0150 0.00543

log10½ri;50=ð1 h�1 kpcÞ� .............. 0.123 0.533 �0.1460 0.0060 �0.00033

Note.—The table lists fit parameters pi (see eq. [21] in the text) for galaxy properties as a
function of absolute magnitude M0:1i, for our exponential and de Vaucouleurs galaxies
separately. One can use these relations to predict the galaxy properties given the luminosity,
but not vice versa.
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particular in their measure of the 4000 Å break. In addition,
they find that because their estimated mass-to-light ratio (in
their case in the 0:1z band) is a strong (and increasing) func-
tion of mass or luminosity, the dependence of surface mass
density in a galaxy on total stellar mass is monotonic, even
though the dependence of surface brightness on luminosity
shows a maximum surface brightness at around an absolute
magnitude of M�. A particularly interesting application
along these lines would be to consider the dependence of
local density on stellar mass.

Two important photometric parameters missing from
this space are color gradients and axis ratios. As it turns out,
the color gradients of galaxies in our sample are usually
quite small, partly because the central bulges of our spiral
galaxies are blurred with the disks by seeing. Nevertheless,
using a restricted sample of nearby galaxies, one can charac-
terize this distribution. The distribution of axis ratios is
related to the three-dimensional shape of the galaxy, so
understanding the conditional distribution of this quantity
on other parameters will yield a better understanding of gal-
axy geometry. Preliminary tests have shown that the axis
ratios of our red, concentrated objects tend to be close to
unity, whereas the axis ratios of blue, unconcentrated
objects tend to differ significantly from unity, agreeing with
the common understanding of the nature of elliptical and
spiral galaxies. Including a characterization of the two-
dimensional shape of each galaxy would be an interesting
way to expand the results found here.

We began this paper by noting that many galaxy proper-
ties have been known for decades to be correlated, and in
particular to be correlated with position on the Hubble
sequence. Many readers will ask how galaxies of different
morphological classifications are distributed in this space, a
question we could address using a nearby subsample of the
galaxies studied here. We have not done so here because we
believe that morphological classification is not a sufficiently
specified measurement to be straightforwardly interpreted.
The position along the Hubble sequence is determined by
most galaxy classifiers from a consideration of a galaxy’s
surface brightness, smoothness, concentration, axis ratio,
the prominence of dust lanes, and spiral arm pitch angle.
However, astronomy has not standardized the weights to be
accorded by the classifier to each of these qualities of a gal-
axy image when placing each galaxy along the one-
dimensional Hubble sequence. In addition, the decision
about a galaxy’s classification is highly dependent on the
observing conditions, especially the distance of the galaxy
from the observer, the dynamic range of the image, the
passband of the observation, and the angle from which the
galaxy is observed. Even when considering a single image
and allowing only the classifier to vary, the repeatability of
classification appears to be low (� � 2 in units of revised
Hubble T type; Naim et al. 1995; Shimasaku et al. 2001).

Even this level of repeatability is not clearly due to the fact
that classifiers all weight the various Hubble type criteria
similarly, since the properties under consideration all
correlate.

Nevertheless, as reviewed by Roberts & Haynes (1994),
morphological classification is clearly important, since it
does correlate with many physical properties of galaxies.
Furthermore, we can specify certain aspects which deter-
mine morphological classification. For example, many
investigators have quantified measures of surface bright-
ness, concentration, smoothness/blobbiness (e.g., Naim
et al. 1997), lopsidedness (e.g., Rudnick et al. 2000), and bar
shape (e.g., Abraham & Merrifield 2000), among others,
and investigated the dependence of these measures on
observing conditions. These efforts, of which this paper is a
part, are forming a new approach to quantitative morphol-
ogy that we hope will have a more direct and better specified
connection to theoretical predictions.

The development and debugging of sample12would have
been impossible without Andreas Berlind, Chiaki Hikage,
Nikhil Padmanabhan, Adrian Pope, Shiyin Shen, Yasushi
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Roweis for interesting discussions on data modeling, to
anonymous referee, and to our energetic editor John
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Goddard distribution of utilities distributed by Wayne
Landsman. M. B. and D. W. H. acknowledge NASA
NAG5-11669 for partial support. M. B. is grateful for the
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the State University of New York at Stony Brook, who
kindly provided computing facilities on his frequent visits
there.
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Sérsic, J. L. 1968, Atlas de Galaxias Australes (Cordoba: Obs. Astron.)
Shimasaku, K., et al. 2001, AJ, 122, 1238
Smith, J. A., Tucker, D. L., et al. 2002, AJ, 123, 2121
Somerville, R. S., Lemson, G., Sigad, Y., Dekel, A., Kauffmann, G., &
White, S. D.M. 2001,MNRAS, 320, 289

Steinmetz,M., &Navarro, J. F. 2002, NewA, 7, 155
Stoughton, C., et al. 2002, AJ, 123, 485
Strateva, I., et al. 2001, AJ, 122, 1861
Strauss,M. A., &Willick, J. 1995, Phys. Rep., 261, 271
Strauss,M. A., et al. 2002, AJ, 124, 1810
Terlevich, A. I., Caldwell, N., & Bower, R. G. 2001,MNRAS, 326, 1547
Tully, R. B., & Fisher, J. R. 1977, A&A, 54, 661
Visvanathan, N., & Sandage, A. 1977, ApJ, 216, 214
York, D., et al. 2000, AJ, 120, 1579
Zehavi, I., et al. 2002, ApJ, 571, 172

No. 1, 2003 GALAXY PROPERTIES 207


