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ABSTRACT

We investigate the overall continuum and emission-line properties of quasars as a function of their optical/
UV spectral energy distributions. Our sample consists of 4576 quasars from the Sloan Digital Sky Survey
(SDSS) that were chosen using homogeneous selection criteria. Expanding on our previous work, which
demonstrated that the optical/UV color distribution of quasars is roughly Gaussian but with a red tail, here we
distinguish between (1) quasars that have intrinsically blue (optically flat) power-law continua, (2) quasars that
have intrinsically red (optically steep) power-law continua, and (3) quasars whose colors are inconsistent with a
single power-law continuum. We find that 273 (6.0%) of the quasars in our sample fall into the latter category
and appear to be redder because of SMC-like dust extinction and reddening rather than because of synchrotron
emission. Even though the SDSS quasar survey is optically selected and flux-limited, we demonstrate that it is
sensitive to dust reddened quasars with E(B�V ) d 0.5, assuming a classical SMC extinction curve. The color
distribution of our SDSS quasar sample suggests that the population of moderately dust reddened, but
otherwise normal (i.e., type 1) quasars is smaller than the population of unobscured quasars: we estimate that a
further 10% of the quasar population withMi < �25.61 ismissing from the SDSS sample because of extinction,
bringing the total fraction of dust-reddened quasars to 15% of broad-line quasars. We also investigate the
emission- and absorption-line properties of these quasars as a function of color and comment on how some of
these results relate to Boroson-Green–type eigenvectors. Quasars with intrinsically red (optically steep) power-
law continua tend to have narrower Balmer lines and weaker C iv, C iii], He ii, and 3000 Å bump emission as
compared with bluer (optically flatter) quasars. The change in strength of the 3000 Å bump appears to be domi-
nated by the Balmer continuum and not by Fe ii emission. The dust-reddened quasars have even narrower
Balmer lines and weaker 3000 Å bumps, in addition to having considerably larger equivalent widths of [O ii]
and [O iii] emission. The fraction of broad absorption line quasars (BALQSOs) increases from �3.4% for the
bluest quasars to perhaps as large as 20% for the dust-reddened quasars, but the intrinsic color distribution will
be much bluer if all BALQSOs are affected by dust reddening.

Key words: quasars: absorption lines — quasars: emission lines — quasars: general

1. INTRODUCTION

The existence of a significant population of red quasars
has been the subject of debate for a number of years. The
color distribution of quasars (Webster et al. 1995; Francis,
Whiting, & Webster 2000; Brotherton et al. 2001; Richards
et al. 2001) and the discovery of a few examples of highly
reddened radio-selected quasars (Gregg et al. 2002; White et
al. 2003) strongly suggest that a sizeable population of such

objects does indeed exist. Nevertheless, it is still unclear how
often different mechanisms (e.g., dust extinction, a synchro-
tron emission turnover, or simply intrinsic continuum differ-
ences) are at work, whether this class of objects is a
significant fraction of the total quasar population, and
whether moderately dust reddened type 1 quasars are signif-
icant contributors to the X-ray background (Mushotzky et
al. 2000; Brandt et al. 2000)—independent of the contribu-
tion of type 2 quasars with completely obscured broad
emission line regions (BELRs).

Part of the reason that these issues are not better under-
stood may be the heterogeneous definitions that have been
used to classify quasars as ‘‘ red.’’ This paper suggests that
traditional samples of red quasars that impose cuts on
observed colors or spectral index (e.g., Webster et al. 1995;
Francis et al. 2001; Wilkes et al. 2002; Gregg et al. 2002) are
too heterogeneous with redshift to yield physically homoge-
neous samples of red quasars. Spectral indexes are sensitive
to the choice of continuum windows, and simple color cuts
necessarily ignore the significant contribution that emission
and absorption lines make to the colors of quasars as a
function of redshift. That is not to say that such red quasar
criteria are not reasonable, but rather that care must be
taken in the interpretation of such samples after the fact.
Herein we address these issues with a sample of quasars
from the Sloan Digital Sky Survey (SDSS; York et al. 2000).
Using this sample, we present a more redshift-independent
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Católica de Chile, Casilla 306, Santiago 22, Chile.
4 Department of Physics and Astronomy, University of Pittsburgh, 3941

O’Hara Street, Pittsburgh, PA 15260.
5 Department of Astronomy and Astrophysics, University of Chicago,

5640 South Ellis Avenue, Chicago, IL 60637.
6 Enrico Fermi Institute, University of Chicago, 5640 South Ellis

Avenue, Chicago, IL 60637.
7 Steward Observatory, University of Arizona, 933 North Cherry

Avenue, Tucson, AZ 85721.
8 Apache Point Observatory, P.O. Box 59, Sunspot, NM 88349.
9 Department of Physics of Complex Systems, Eötvös Loránd
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selection criterion for red quasars that allows for better
classification of the types (and causes) of red quasars, which,
in turn, will lead to a better census of the quasar population
in the future.

We demonstrate that the distribution of optical colors of
normal quasars is resolved by the SDSS, and we isolate
quasars as a function of optical color. The majority of our
quasars are consistent with a roughly Gaussian distribution
in color that can be characterized by aGaussian distribution
in spectral index. For these quasars, which have colors that
are roughly consistent with a single power-law continuum,
the fact that our photometric errors are smaller than the
width of the distribution allows us to differentiate between
those quasars that have bluer than average colors (hereafter
referred to as ‘‘ optically flat ’’ quasars) and quasars that
have slightly redder than average color—but still blue in an
absolute sense—hereafter referred to as ‘‘ optically steep ’’
quasars. In addition, there is a red tail to the distribution
beyond that which can be explained by a Gaussian distribu-
tion in spectral index. These quasars have continua with
curvature that cannot be explained by a single power-law
slope; they appear reddened as a result of a decrement of
blue flux, such as might result from dust extinction, and are
referred to hereafter as ‘‘ dust reddened ’’ quasars. Quasars
can also appear redder than average as a result of an excess
of red flux, such as might result from the presence of a
synchrotron source with a high-frequency turnover in the
rest-frame UV or optical (such quasars are referred to here-
after as ‘‘ red synchrotron ’’ quasars; Serjeant & Rawlings
1997; Francis et al. 2000). See xx 3.2 and 4.1 for figures
that help with visual clarification of our flat/steep/dusty
nomenclature.

Our analysis of reddened quasars discusses whether the
heavily reddened quasars in the literature are just the tail of
a population dominated by less reddened quasars or if there
is an equal distribution of extreme, moderate, and mild red-
dening or if the distribution is bimodal with reddening. We
demonstrate that the SDSS quasar survey is sensitive to
moderately dust reddened quasars [0.1 d E(B�V ) d 0.5]
and that this sensitivity allows us to comment on the popu-
lation of even more heavily reddened, but otherwise normal
type 1 quasars. We cannot, however, comment on the extent
of the heavily obscured type 2 quasar population using this
data set.

Further analysis of the color distribution of quasars and
the relationship of the emission- and absorption-line prop-
erties to optical/UV color may prove useful in determining
the underlying physics of active galactic nuclei (AGNs). For
example, it has become popular to probe the physical
characteristics of quasars such as the black hole mass, lumi-
nosity, and accretion rate through eigenvector-type analyses
(Boroson & Green 1992; Wills et al. 1999; Sulentic et al.
2002). Such analyses attempt to relate different quasar
observables to each other and to determine which physical
mechanisms might cause such correlations. In this paper, we
specifically examine the relationship of optical/UV color to
some of those emission- and absorption-line properties that
are used in eigenvector analysis, especially since optical/UV
color has not been one of the primary properties used in
such analyses (Brotherton & Francis 1999).

In x 2, we describe the data set used herein and discuss the
ability of the SDSS to find red quasars. Section 3 presents
the method by which we divide quasars into color samples
and also presents our definition of an apparently dust

reddened quasar. Section 4 presents and examines compo-
site quasar spectra as a function of color. A discussion is
presented in x 5, and conclusions are given in x 6.

2. THE DATA

2.1. Sample Definition

The quasars were selected for SDSS spectroscopic follow-
up from the SDSS imaging survey, which uses a wide-field
multi-CCD camera (Gunn et al. 1998); quasar candidates
were identified using the SDSS Quasar Target Selection
Algorithm (Richards et al. 2002a). Objects were selected
based on their broadband SDSS colors (Fukugita et al.
1996; Lupton, Gunn, & Szalay 1999; Hogg et al. 2001;
Smith et al. 2002; Stoughton et al. 2002) and as optical
matches to radio-detected quasars from the VLA ‘‘ FIRST ’’
survey (Becker, White, & Helfand 1995), although the
objects are primarily radio-quiet (Ivezić et al. 2002). The
automated extraction of point-spread function magnitudes
from the images is discussed by Lupton et al. (2001), and
Pier et al. (2003) present the details of the SDSS astrometric
solution. Magnitudes (and therefore colors) in this paper
have been corrected for Galactic reddening using the red-
dening maps from Schlegel, Finkbeiner, & Davis (1998).
The quasar spectra cover 3800–9200 Å at a resolution of
1800 to 2000. The spectra are calibrated to spectrophoto-
metric standard F stars and are thus corrected for Galactic
reddening (at the scale of the separation to the nearest cali-
bration star, d1�) in the limit that these F stars are behind
the dust in the Galaxy. The spectrophotometric calibration
includes scaling by wider aperture ‘‘ smear ’’ exposures to
the photometry from the imaging data. See Stoughton et al.
(2002) for more details regarding the spectroscopic system
and analysis pipelines. A discussion of the spectroscopic
tiling algorithm can be found in Blanton et al. (2002).

The quasars used in this paper are the first SDSS quasars
to be selected in a homogeneous manner using the algorithm
described in detail by Richards et al. (2002a); most SDSS
quasars to date were selected with an older version of the
algorithm (see Stoughton et al. 2002). This sample is magni-
tude limited to i* = 19.1.12We supplement our main sample
by including quasars that were observed as part of the SDSS
southern survey (which is designed to go deeper than the
main survey) during the fall of 2001. These quasars were
also selected with the algorithm described by Richards et al.
(2002a), except that we relaxed some of the constraints.
Quasar candidates were selected to i* = 19.9 (for both color
and radio selection), and we did not bias against some high-
contamination regions of color space (e.g., where white
dwarfs are found). Between the two samples, there are 5803
quasars with Mi* < �23 (H0 = 50 km s�1 Mpc�1, � = 1,
� = 0, and �� = �0.5 [ f� / ��� ]) that had at least one emis-
sion line broader than 1000 km s�1 FWHM. These quasars
come from 147 spectroscopic plates (which are 3� in diame-
ter and hold 640 spectroscopic fibers) covering an area of
�600 deg 2. To define a sample that is as homogeneous as
possible and that is not contaminated by light from the host
galaxy or the absence of flux in the Ly� forest, we will
further restrict the sample to 0.3 � z � 2.2, leaving 4576

12 The data used herein use preliminary photometric calibrations, thus
we follow the convention of Stoughton et al. (2002) and use, for example,
i*, to refer to measuredmagnitudes and i to refer to the filters themselves.
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quasars in our sample (639 of which are fainter than
i* = 19.1).

2.2. The SDSS’s Sensitivity to Red/Reddened Quasars

Many previous (and current) optical surveys of quasars
are somewhat biased against red quasars—and especially
dust-reddened quasars—because they are magnitude-
limited at the blue end of the optical spectrum (e.g., the B
band at 4400 Å). The SDSS, on the other hand, is magni-
tude-limited in the i band (�eff � 7460 Å for a quasar with
optical spectral index �� = �0.5). As a result, the SDSS is
more sensitive to dust-reddened quasars, since their spectral
shapes are a strong function of wavelength. In addition, the
SDSS photometric errors are much smaller than the errors
of the photographic photometry used for other wide-area
optical surveys of quasars. These smaller errors mean that
there is less scatter in the stellar locus and thus less of quasar
parameter space is contaminated by stars. Second, to the
extent allowed by a limited number of spectroscopic fibers,
we consider objects outside of the stellar locus (in color
space) to be quasar candidates, thus we are sensitive to qua-
sars with ‘‘ nonstandard ’’ colors; see Richards et al. (2002a)
for details. Finally, the wide wavelength coverage and high
quality of the SDSS spectra allow us to identify quasars with
unusual spectral energy distributions.

Figure 11 of Richards et al. (2002a) showed the complete-
ness of the SDSS quasar target selection algorithm as a
function of redshift and absolute magnitude for 53,000
simulated quasars (Fan 1999) with a Gaussian distribution
of spectral indexes, �� = �0.5 � 0.3. We test the SDSS’s
sensitivity to optically steep quasars and dust-reddened qua-
sars by modifying the colors of this initial sample. To create
a test sample of optically steep quasars, we have simply
shifted the median of the power-law spectral index of the
53,000 simulated quasar colors to �� = �1.5. To simulate
dust-reddened quasars, we reddened and extincted the

colors using a SMC-like dust-reddening law (Prevot et al.
1984) with the formR� � A�/E(B�V ) = 1.39��1.2, where �
is in microns and the dust is located at the redshift of the
quasar.

The results of running these simulated optically steep and
dust-reddened quasars through the SDSS’s quasar target
selection algorithm (Richards et al. 2002a) are shown in
Figure 1. The contours show the likelihood of selecting a
quasar at a given redshift and Mi*; the shaded regions are
parts of the parameter space that are not explored by these
simulations. We find that even optically steep quasars with
�� = �1.5 and moderately dust-reddened quasars with
E(B�V ) = 0.1 (characteristic of our dust reddened quasar
criterion, see x 3.4) have high-selection probabilities in the
SDSS. For �� = �1.5, the detection probability is over 90%
for the entire redshift range considered in this paper
(0.3 < z < 2.2). Even for E(B�V ) = 0.1, the detection
probability is at least 90% for the z d 2 quasars studied
herein and also for z e 3.5 quasars. The sensitivity of the
SDSS for high-redshift quasars that are redder than average
is particularly good, since their red colors move them away
from the colors of stars.

Under certain circumstances, the SDSS is also sensitive to
more heavily dust-reddened quasars. The dynamic range of
the SDSS quasar target selection algorithm is approxi-
mately 4 mag (15.0 < i* < 19.1) for z d 3, so at z = 2, we
are sensitive to intrinsically luminous quasars with E(B�V )
at least as large as 0.54. In most cases, such heavily reddened
quasars will be extincted out of our sample, but they may
still be discovered by the SDSS if their unreddened magni-
tude is i* < 15 (the SDSS bright limit for spectroscopy) and
dust causes them to be extincted into our sample. Quasars as
intrinsically bright as i* < 15 are rare, but there will be
enough of them in the area of sky covered by the SDSS that
we can use them to comment on the extent of heavily
reddened, but otherwise normal, broad-lined quasars.

Fig. 1.—Left: Completeness for simulated red (optically steep) but unextincted quasars with �� = �1.5 � 0.3. Right: Completeness for simulated
dust-reddened and extincted quasars with E(B�V ) = 0.1 (assuming SMC dust extinction). In both panels, contours are drawn at 10%, 25%, 50%, 75%, and
90% completeness, with the 90% completeness contour shown as a dashed line. The shaded region is where there are no objects in the simulations; quasars
more luminous than the most luminous of our simulated quasars are clearly evenmore likely to be detected.
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Two examples probe the ability of the SDSS to detect
extremely reddened quasars that are extincted by
E(B�V ) � 0.5. PMN 0134�0931 (z = 2.2, i* = 19.65) is
a heavily reddened, E(B�V ) � 0.54, gravitationally
lensed quasar (Gregg et al. 2002; Winn et al. 2002)
recovered by the griz branch of the SDSS color selection
algorithm; see Hall et al. (2002b). Although this quasar
is magnified by lensing, it still demonstrates the ability
of the SDSS to find intrinsically luminous, dust-red-
dened quasars. Perhaps more noteworthy in the context
of this paper is the SDSS’s recovery of FIRST
J0738+2750 (Gregg et al. 2002), an unlensed z = 1.985
quasar that is internally reddened by E(B�V ) � 0.5.
Both quasars are fainter than the magnitude limit of the
main survey but are bright enough to be included in the
deeper extension of the spectroscopic survey in the
southern equatorial region. Even more heavily reddened
and/or obscured quasars, including broad absorption
line quasars (BALQSOs), such as those presented by
Hall et al. (2002a), may not always be classified as
quasars by the automated SDSS pipelines as a result of
their unusual spectra (see x 3.4).

3. DEFINING QUASAR SAMPLES AS A FUNCTION
OF COLOR

3.1. Observed Color Selection and Redshift Heterogeneity

Red quasars are typically searched for using a simple color
cut in the observed frame, such as B�K e 5. In Figure 2
(top left), we illustrate such an observed frame color cut (spe-
cifically, u*�g* = 0.6). Although such a criterion does
indeed select quasars that are apparently red, it fails to distin-
guish between four possible cases: (1) that the quasar has an
intrinsically red power-law continuum (i.e., is intrinsically
optically steep), (2) that the quasar is reddened by dust
extinction, (3) that the quasar has excess synchrotron emis-
sion, and (4) that the redshift of the quasar is such that the
quasar appears to be redder than normal because of strong
emission or absorption in one of the bands (e.g., Ly�
emission, absorption by the Ly� forest, or BAL troughs). A
further example is that of Figure 5 of Barkhouse & Hall
(2001) in which they demonstrate that while using J�K > 2.0
as a color cut may well select dust-reddened quasars, it also
selects perfectly normal, if somewhat optically steep, quasars
with z < 0.5. Thus it is perhaps not unexpected that

Fig. 2.—Colors of all 5803 SDSS quasars in our initial sample (gray points). The black lines show the median colors as a function of redshift. The dashed
black line in the top left-hand panel is at u*�g* = 0.6, which might be used as a dividing line between ‘‘ red ’’ and normal quasars. Note how the use of such a
criterion produces a heterogeneous sample as a result of color changes as a function of redshift produced by emission and absorption features. A quasar with
u*�g* = 0.6 can be perfectly normal (if somewhat optically steep) at z = 0.6, dust reddened at z = 1.2, or appear red because of Ly� forest absorption at
z e 3.

1134 RICHARDS ET AL. Vol. 126



follow-up X-ray observations of such a sample of ‘‘ red ’’
quasars (Wilkes et al. 2002) finds heterogeneous X-ray
properties among red quasars selected in this manner.

There are similar problems with defining red quasars
according to spectral indexes. For example, Gregg et al.
(2002) suggest � < �1 ( f� / ��) as an appropriate defini-
tion of a red quasar. The problem with this approach is that
most spectra do not have enough wavelength coverage for
redshift-independent spectral index determination. Vanden
Berk et al. (2001) found that there were good continuum
windows only at �1450 and �4000 Å; most other com-
monly used windows are contaminated by Fe ii emission.
These wavelength regions are only seen simultaneously at
1.30 � z � 1.62 even in the SDSS spectra, which have
broader wavelength coverage than do most other optical
quasar studies. Furthermore, the optical spectral index of
quasars is a function of the continuum windows used and
therefore depends on redshift (see, e.g., Vanden Berk et al.
2001; Schneider et al. 2002; Pentericci et al. 2003). Finally,
using the spectral index can fail to distinguish between qua-
sars that are intrinsically optically steep and quasars that
are dust reddened. Dust-reddened quasars will have spectral
curvature that a simple power-law fit will be unable to
characterize.

Observed color selection is clearly necessary when initiat-
ing a follow-up campaign when the redshifts are not yet
known. However, interpretation of results from red quasar
samples requires the construction of good statistical sam-
ples that are independent of redshift. Thus, it is clear that it
would be very useful to have a definition for a ‘‘ red ’’ quasar
that takes redshift into account. In particular, we desire a
simple but effective selection criterion that depends only on
the SDSS photometry (given a redshift) yet correlates
strongly with the overall optical/UV spectral energy distri-
bution (SED) of quasars independent of the effect of emis-
sion lines. We will show that statistically significant
differences in the optical/UV continua of quasars are
reflected in their relative colors (the colors referenced to the
median color at a given redshift; see below).We also demon-
strate these relative colors can be used to distinguish
between intrinsically optically steep quasars and dust-
reddened quasars.

3.2. Rest-Frame Selection Using Relative Colors

Rather than determining the continuum color of our
quasars by measuring a spectral index from each spectrum,
we determine the underlying continuum color by subtract-
ing the median colors of quasars at the redshift of each
quasar from the measured colors of each quasar; we will
refer to this difference as a relative color (Richards et al.
2001).13 Figure 2 shows the measured and median colors as
a function of redshift in bins of Dz = 0.01 for the SDSS
quasars in our sample. As shown by Richards et al. (2001),
the features in the color-redshift diagrams can be under-
stood as being due to emission lines moving in and out of
the filters. For redshifts between z = 0.6 and z = 2.2, we
expect the colors of quasars to be dominated by their
power-law continua and emission lines (as opposed to light

from the host galaxy for z < 0.6 and Ly� forest absorption
for z > 2.2). We also chose to include quasars with
0.3 < z < 0.6 so that we sampled both H� and H� (in an
attempt to study the Balmer decrement); however, in the
end, the H� line was too poorly sampled to measure Balmer
decrements.

Figure 3 depicts the distributions of the relative colors.
The gray points give the individual relative colors as a func-
tion of redshift; see Richards et al. (2001) for similar plots as
a function of apparent and absolute magnitude. There are
no trends in D(g*�i*) with position on the sky or Schlegel et
al. (1998) Galactic reddening. Furthermore, these color dis-
tributions are not predominantly due to photometric errors;
the distributions are formally resolved. For example, the
FWHM of the D(r*�i*) distribution is �0.2 and even at
i* � 19 the photometric error in r*�i* is typically only
�0.025 (FWHM � 0.06). As a result, we can meaningfully
distinguish between blue (optically flat) and red (optically
steep) quasars.

As we shall discuss below, from Figure 3 it is quite clear
that there is a tail of red quasars which is particularly pro-
nounced in colors involving the u or g filters. (This tail was
previously seen in a smaller SDSS sample by Richards et al.
2001.) This tail indicates that the scatter in the colors of qua-
sars is not a simple Gaussian distribution around the
median color as can be seen in Figure 3 (bottom right), where
we show that a Gaussian distribution (dotted line) can be
made to match the blue extent of the distribution, but not
the red.

3.3. Photometric Spectral Indexes

To determine the overall optical/UV SEDs of our
quasars, we fitted a power law to the five SDSS photometric
data points in a manner similar to that described by Whit-
ing, Webster, & Francis (2001). Instead of using the
observed photometric data points, which will deviate from
the underlying power-law continuum because of emission
and absorption features, we make use of the relative colors.
First, we normalize all of the quasars to have the same
apparent i-band magnitude, since we are only interested in
the slope and shape of the continuum. Then we compute the
other relative magnitudes from the relative colors. In
essence, we have applied a k-correction for the emission
lines. To determine the spectral index from the relative mag-
nitudes,mrel, we used the error-weighted linear least-squares
fitting routine from Press et al. (1992) and solved for what
we refer to as the photometric spectral index, �p, according
to

�0:4mrel ¼ �p log�þ C ; ð1Þ

using the original magnitude errors as measured in each
band and effective wavelengths of 3541, 4653, 6147, 7461,
and 8904 Å in ugriz (appropriate for a power-law contin-
uum with �� = �1.5 and f� / ��). By subtracting the
median quasar color from all the observed colors, we have
essentially defined the relative magnitudes such that the
median quasar will now have f� / ��2 (i.e., �� � 0).

The solid line in Figure 4 (left) shows the resulting distri-
bution of photometric spectral indexes, while the dashed
line shows the spectral index distributions derived from fit-
ting a power law to the observed magnitudes in a manner
similar toWhiting et al. (2001). The mean offset between the
distributions is irrelevant; it merely arises because the

13 We choose not to call this difference a ‘‘ color excess,’’ since color
excesses are defined to be positive, whereas relative colors can be either
positive or negative (see Fig. 3). Note that previously, in Richards et al.
(2001), we referred to it as the normalized color.
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relative colors are defined to have amedian of �p = �2. Fig-
ure 4 (right) shows the difference between photometric spec-
tral indexes using relative magnitudes and observed
magnitudes as a function of redshift. Even though both
indexes recover the tail of red quasars, it is clear that failure
to correct for redshift-dependent color effects can lead to
erroneous photometric spectral indexes, where the errors
result from not accounting for emission and absorption
features (especially the small blue bump) and are systematic
with redshift.

3.4. Using Relative Colors to Define Color Samples

Having determined the broadband SEDs of our
quasars, we now ask if we can find a cut (or cuts) using
relative colors that can serve as a surrogate for the proce-
dure of finding the photometric spectral index. Surpris-
ingly, the relative u*�g* color, D(u*�g*), is not a very
good discriminator despite the large spread in that distri-
bution (see Fig. 5, bottom right inset). The observed col-
ors also do not serve as an adequate surrogate for
spectral index. Figure 5 (top left) shows that observed
g*�i* indeed is correlated with spectral index but is

broadened by redshift effects. For example, a z = 1.5
quasar with g*�i* = 0.2 predicts a much bluer (flatter)
spectral index than a z = 0.8 quasar with the same
observed color. On the other hand, both the relative col-
ors D(g*�r*) and D(r*�i*) correlate well with the photo-
metric spectral index and have much less scatter than the
observed colors. The combination of the two, D(g*�i*),
is an excellent redshift-independent surrogate for the pho-
tometric spectral index at z < 2.2, as can be seen in the
main panel of Figure 5.

The quantity D(g*�i*) can also be used to distinguish
between quasars in the red tail and optically steep quasars
(at least in a statistical sense). Figure 3 shows that the
distribution of relative r*�i* and i*�z* colors is roughly
Gaussian and symmetric. If the distribution of colors were
purely the result of a roughly Gaussian distribution of
power-law spectral indexes, the distributions would be simi-
larly Gaussian and symmetric for the other relative colors.
However, as we have already mentioned, the other colors,
including D(g*�i*), show a distinctive asymmetric tail to
the red (as highlighted by excess above that of a Gaussian
distribution [dotted line] in the bottom right-hand panel).
The objects in this tail are not consistent with an optically

Fig. 3.—Relative colors of the 4576 quasars with 0.3 � z � 2.2, i* < 19.9, andMi* < �23.0. The gray points are a scatter plot of the relative colors (x-axes)
vs. the redshift (left-hand y-axes). The black histogram is a histogram of the number of quasars as a function of relative color; the number in each bin is given
by the right-hand y-axes. The dashed histograms in the D(u*�g*) andD(i*�z*) panels show the relative color distribution of radio-detected quasars (binned at
half the resolution and multiplied by a factor of 5). The dotted line in the bottom right-hand panel shows a Gaussian color distribution as fitted to the peak
and blue wing; note the clear excess of quasars to the red. The top of the D(g*�i*) panel shows the progression of optically flat to optically steep to dust
reddened in our adopted nomenclature.
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steep power-law continuum. This behavior is characteristic
of dust reddening, which gives rise to a curved SED.

Based upon the above discussion, we group our sample of
quasars into color classes based upon the relative g*�i*
color. We begin by isolating the quasars in the red tail of the
color distribution, which we presume to be reddened by
dust. The definition of such quasars must address the fact
that although power laws are redshift invariant, dust-
reddened power laws are not (at least for typical dust extinc-
tion curves). Dust-reddened quasars at higher redshift will
have redder colors, since a given set of filters will sample
shorter rest wavelengths, which are more affected by
reddening.14 Therefore, since we believe dust reddening is
largely responsible for this population, we must use
redshift-dependent criteria to select them consistently.

Figure 3 shows no trend of D(g*�i*) with redshift. Part of
the reason why no trend is seen is that reddened quasars
with higher redshifts (which sample bluer rest wavelengths)
can be extincted enough that they drop out of the sample,
whereas lower redshift quasars with similarly large redden-
ings will not. If we impose a cut in absolute magnitude
(Mi* < �25.61) such that the least luminous quasars could
be seen at all redshifts in our sample, we do see such a red-
shift trend. This trend is shown in Figure 6, where the
D(g*�i*) colors of less luminous quasars are shown by
points and more luminous quasars by the open squares. The
dashed lines show the expected change in color as a function
of redshift for an SMC-type reddening law (Prevot et al.
1984; Pei 1992) with E(B�V ) = 0.04, 0.12, 0.20 (from left to
right, and shifted to the red by 0.20 mag; see caption and
next paragraph). In our volume-limited sample (open
squares), quasars at higher redshifts are redder, as expected

in a dust-reddening scenario. There are simply very few low-
redshift quasars in our sample area that are intrinsically
luminous enough to remain in our sample once they are
extincted by an amount corresponding to a reddening of
D(g*�i*) e 0.5 at z d 1.5.

As a result of this redshift dependence, we define a dust-
reddened quasar to be any quasar that is redder than
D(g*�i*) = 0.2 by the redshift-dependent correction for
E(B�V ) = 0.04 (using the SMC reddening law given above;
see Table 1). That is, all our putative dust-reddened quasars
have colors redder than a quasar whose intrinsic power-law
continuum slope gives it a color of D(g*�i*) = 0.2 and that
is also dust reddened by E(B�V ) = 0.04. Our choice of
E(B�V ) = 0.04 is somewhat arbitrary, but it is effective in
defining a sample of quasars with color distinct from the
general population. In practice, this yields a minimum value
of D(g*�i*) � 0.3 for the lowest redshift quasars in our
dust-reddened sample (see Fig. 6).

For the sake of our analysis, we construct a restricted
sample of dust-reddened quasars by imposing an upper
limit to how red they can be (see Table 1), since we are most
sensitive to redder quasars at lower redshifts, and we would
like our criterion to be consistent as a function of redshift.
We exclude objects that are redder than D(g*�i*) = 0.2 by
more than E(B�V ) = 0.12 (as a function of redshift), since
our completeness drops rapidly for even more heavily red-
dened quasars. This restriction means that our restricted
dust-reddened sample excludes the most heavily reddened
and absorbed quasars. We will also examine a subsample
that includes all of these quasars, but even this sample will
not include quasars of the type discussed in Hall et al.
(2002a), since those quasars were all identified by eye and
not by the automated algorithm on which we have relied for
our sample. Such quasars are also of significant interest and
will be discussed in future papers. Of the 4576 quasars in

14 Gray extinction curves are theoretically possible but have never been
conclusively observed.

Fig. 4.—Left: Histogram of photometric spectral indexes computed from the relative magnitudes of each quasar (solid line). The dashed line shows the
histogram of spectral indexes computed using the observed instead of relative magnitudes. Right:Difference between redshift-corrected photometric spectral
index and uncorrected photometric spectral index as a function of redshift. The expected difference is �0.5; larger values indicate that the uncorrected
photometric spectral index is too red.
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Fig. 5.—Relative g*�i* colors vs. photometric spectral index, �p. Top left inset:Observed g*�i* colors vs. �p. The correlation between g*�i* and �p is not
nearly as tight as for D(g*�i*) because of redshift effects. Bottom right inset:Relative u*�g* colors vs. �p, which shows that the relative u*�g* colors are not a
good surrogate for �p.

TABLE 1

Sample Definitions

Sample NQSOs D(g*�i*)min D(g*�i*)max � Radioa

1........................ 770 �0.461 �0.109 �0.25 18/3.0

2........................ 770 �0.109 �0.032 �0.41 32/5.5

3........................ 770 �0.031 +0.066 �0.54 26/4.4

4........................ 770 +0.066 +0.299 �0.76 51/8.7

5........................ 211 +0.200 +0.200 . . . . . .
+E(B�V ) � 0.04 +E(B�V ) � 0.12 . . . . . .

6........................ 62 +0.200 . . . . . . . . .

+E(B�V ) � 0.12 . . . . . . . . .

1n...................... 185 �0.461 �0.109 . . . 0/0.0

2n...................... 185 �0.109 �0.032 . . . 7/4.8

3n...................... 185 �0.031 +0.066 . . . 6/3.9

4n...................... 185 +0.066 +0.299 . . . 9/6.0

5n...................... 185 +0.200 +0.200 . . . 16/10.2

+E(B�V ) � 0.04 +E(B�V ) � 0.12 . . . . . .

a Number and percentage of FIRST-detected radio sources. Not all of the quasars lie in an
area covered by FIRST.



our sample, 273 (6.0% � 0.4%) are redder than the
E(B�V ) = 0.04 cut and can be considered to be dust red-
dened;15 211 (4.6% � 0.3%) also meet the E(B�V ) = 0.12
upper limit condition that we impose for the sake of uni-
formity and will constitute our restricted dust-reddened
sample in the following sections. (The uncertainties on the
percentages above are statistical only and neglect the effects
of systematic errors.)

Our redshift-dependent definition of a dust-reddened
quasar technically introduces a bias into the sample in that
we have defined the cut with the explicit assumption of dust
reddening. Clearly, it would be better to define dust-
reddened quasars in terms of their rest-frame colors, but we
cannot do so without interpolating (and extrapolating) our
data. It could be argued that our definition weakens our
hypothesis that the sample is indeed dust reddened. For
example, the non-LTE accretion disk models of Hubeny et
al. (2000) predict quasi-thermal spectra with significant
intrinsic curvature in the rest-frame UV; such objects could
fall within our dust-reddened definition. In their model,
lower luminosity objects also tend to have greater curvature
(their Fig. 13). This could explain why the Mi* � �25.61
objects in our Figure 6 extend to redder colors at z d 1.5
than do the Mi* � �25.61 objects. However, their model
does not explain why the Mi* � �25.61 objects extend to
redder colors at z e 1.5 than at z d 1.5. Furthermore, we

would argue that the photometric properties of the sample
(Fig. 3) support our conclusion that the reddest quasars in
our sample are likely to be dust reddened—independent of
our choice of definition.

Once we have isolated quasars that are probably dust red-
dened, it is easy to divide the remainder of the objects into
further color classes. Quasars with D(g*�i*) colors that are
not in the red tail of the distribution, D(g*�i*) e 0.3, are
considered to be ‘‘ normal ’’—their range of colors is
consistent with that caused by a distribution of power-law
continua. We do not impose a redshift-dependent criterion
to break the normal quasars into color subclasses; we
merely subdivide them into color classes along lines of con-
stant D(g*�i*). See Table 1 and below for the definition of
the four normal color quasar samples that we will use in our
analysis.

4. COMPOSITE SPECTRA

4.1. Composite Spectra Construction

We now create composite spectra as a function of relative
color (optical continuum slope) to study the dependence of
spectral properties on color in the ensemble average. The
composites are constructed in the same fashion as the Van-
den Berk et al. (2001) SDSS quasar composite, using the
same code. In detail, the quasars are sorted by their cata-
loged redshifts, shifted to their rest-frame wavelengths,
rebinned to a common wavelength scale, scaled by the over-
lap of the preceding average spectrum, and weighted by the
inverse of the variance. The geometric mean of the spectra is
used, which preserves input power-law slopes [and E(B�V )
values, if the extinction curve is the same in all objects].

Four samples of ‘‘ normal ’’ color quasars are created
as a function of color by separating all quasars with
D(g*�i*) � 0.3 into quartiles in D(g*�i*) (see Table 1).
Each quartile contains 1053 quasars. Next, we examine the
redshift and absolute magnitude distributions of each
quartile in bins of DMi = 0.5 and Dz = 0.2. We restrict the
number of quasars in each redshift-magnitude bin to the
smallest number in that bin for any of the four quartiles.
Each quartile then has only 770 quasars, but now the quar-
tiles have roughly the same redshift and absolute magnitude
distribution, which allows us to compare differences
between the samples without having to worry that they are
caused by redshift or luminosity effects. Table 1 gives the
number of quasars in each of the subsamples, the D(g*�i*)
color limits, the spectral index of the composite spectra (see
below), and the number and percentage of FIRST-detected
radio sources.

We create composite spectra for each of these four
samples (hereafter ‘‘ composites 1–4 ’’); these are shown
in blue, cyan, green, and magenta in Figure 7. The spec-
tral indexes (as measured from 1450 to 4040 Å) are
�� = �0.25, �0.41, �0.54, and �0.76, respectively. These
values are less reliable with increasing redness due to the
presence of broad absorption line troughs in the reddest
samples (see the C iv emission-line regions in Figs. 8 and
9, top left) and any possible curvature induced by dust
extinction. That our photometrically defined color sam-
ples yield composite spectra with power-law continua in
the same sense as their input colors testifies to the quality
of the SDSS’s spectrophotometry.

We also create a composite dust-reddened quasar
spectrum (hereafter ‘‘ composite 5 ’’) by combining all 211

Fig. 6.—Redshift vs. relative g*�i* color for quasars withMi* < �25.61
(open squares) and Mi* � �25.61 (small points). The dotted line shows the
effect of SMC-type reddening as a function of redshift with E(B�V ) =
0.04. The dashed lines are for E(B�V ) = 0.04, 0.12, and 0.2, respectively,
but are shifted redward by 0.2 to match our dust-reddened quasar defini-
tion. The two thicker dashed lines at E(B�V ) = 0.04 and 0.12 outline the
part of the dust-reddened quasar region that we use to create our primary
dust-reddened composite spectrum.

15 If we restrict our sample to those areas of the sky where the selection
limit was i � 19.1, the fraction drops to 4.5% � 0.4% (170/3810). Thus the
dust-reddened fraction among the i > 19.1 quasars is higher than 6%, as
might be expected.
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spectra that meet the restricted definition given above. The
dust-reddened spectrum is shown in red in Figure 7. A single
power law is a poor fit to this spectrum, as can be seen by
examining the spectrum at � � 2200 Å and � e 5000 Å. In
addition, we present a composite spectrum of the 62 quasars
that are redder than the upper limit on the dust-reddened
composite that we imposed above; this composite (hereafter
‘‘ composite 6 ’’) is shown in gray in Figure 7. The quasars
that contribute to the dust-reddened composite (composite
5) have a different distribution inMi versus z space than the
quasars in the normal color composites that we defined
above: on average, the spectra are 0.55 mag fainter. Thus,
we have also created subsamples of the four normal quasar
samples and the dust-reddened sample such that the four
new normal color samples and the new dust-reddened sam-
ple all have the same distribution in Mi versus z space (see
Table 1). These five new composite spectra (hereafter ‘‘ com-
posites 1n–5n ’’) have 185 quasars each and are similar to
the original composites but have lower signal-to-noise ratio,
so we have not shown them in full (but see Fig. 9).

4.2. Composite Spectra Analysis

In addition to the change in the power-law spectral index
with D(g*�i*), some interesting changes occur to the emis-
sion-line features. Here we point out some of the more
obvious trends that will be important for our later discus-
sion. The major emission-line regions of interest are shown
in Figures 8 and 9. These spectra have been normalized
using local continuumwindows at the edges of the plots. See
Table 2 for the equivalent widths of the major emission lines
in the color composite spectra. Below we comment on each
of the panels in these figures. We begin by examining the
four normal color composite spectra (composites 1–4; Fig.
8) that are normalized to have the same redshift and
absolute magnitude distribution.16

Fig. 7.—Composite spectra as a function of D(g*�i*), normalized at 4040 Å. The blue, cyan, green, and magenta spectra are the four normal quasar
composite spectra that have similar absolute magnitude and redshift distributions (composites 1–4). The red spectrum is the dust-reddened composite
(composite 5); it has a different absolute magnitude and redshift distribution from the other four spectra. Composite 5 has significant curvature. It is not well
fitted by a power law at 2200 Å or for � e 5000 Å. The gray spectrum is a composite (number 6) of all of the dust-reddened quasars that were too red to be
included in the primary dust-reddened composite (see text).

16 As we will discuss further in the next section, it is important to realize
that any trends among the normal quasar composites that are seen here will
be distorted if quasars that are intrinsically bluer than they appear are
pushed into a redder sample by dust reddening.
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C iv.—There is no clear systematic trend in C iv height or
width with color, although the redder spectra do seem to
have higher peaks and slightly wider profiles. There is, how-
ever, a clear trend in the existence of BAL-like absorption
blueward of the C iv emission line; the reddest quasars
(composite 4) clearly have more absorption on average,
although the absorption feature is diluted because of

averaging with non-BALQSOs in the composite. There also
appears to be a slight blueshift of the line (as seen in the red
wing of the line) with bluer colors (see also Richards et al.
2002b).

He ii.—The strength of He ii �1640 Å grows with increas-
ing redness. The same is true for the O iii]/Al ii/Fe ii blend
just redward of the He ii line.

Fig. 8.—Expanded emission-line regions from Fig. 7 (composites 1–4). ‘‘ SBB ’’ refers to the 3000 Å (or small blue) bump. The color scheme is the same as
for Fig. 7. The spectra are normalized such that their continua agree at the edges of the panels.

TABLE 2

Color Composite Emission-Line EquivalentWidths

Spectrum Si iv 1400 C iv 1550 He ii 1640 C iii] 1909 Mg ii 2800 [O ii] 3727 H� 4340 H� 4862 [O iii] 4959 [O iii] 5007

1................ 8.44 23.80 0.46 19.12 32.48 0.88 19.15 37.82 3.34 11.57

2................ 8.20 25.80 0.44 20.09 31.61 0.97 18.34 34.64 3.11 11.31

3................ 8.15 27.36 0.57 20.43 30.14 1.26 15.47 33.52 3.68 15.51

4................ 9.15 26.86 0.91 21.45 30.44 1.30 14.99 29.93 3.70 13.43

5................ 9.19 19.03 0.54 21.49 28.97 2.95 15.50 26.15 5.52 18.97

1n.............. 6.85 24.00 0.21 17.76 33.11 1.54 19.86 39.73 4.42 15.30

2n.............. 6.57 24.64 0.63 20.51 31.73 1.20 17.99 37.82 3.27 12.98

3n.............. 9.58 24.87 0.43 18.64 31.43 1.46 18.59 34.84 3.67 14.16

4n.............. 8.75 25.50 0.67 23.37 30.62 1.37 15.05 29.23 5.09 14.17

Notes.—The wavelengths and equivalent widths are given in angstroms and are measured in the rest frame.
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Ciii].—There is a very clear systematic trend of increasing
C iii] �1909 Å height with increasing redness. The nearby
Al iii �1857 Å and Si iii] �1892 Å lines do not seem to show
any change with color. The Fe iii��1895,1914,1926 Å
complex also affects this wavelength region, but the
profile change cannot be explained entirely by changes in
the Fe iii strength, since the four composites agree well
redward of the C iii] peak.

Mg ii.—Mg ii shows a weak, but clear trend toward
weaker lines with increasing redness. There is also a
slight (�150 km s� 1) but systematic shift of the line
peak to the blue with increasing redness. Interestingly,
this shift has a color trend that is opposite to that of
C iv.

[O ii].—The two reddest composites have somewhat
stronger [O ii] 3727 than the two bluest composites (see
Table 2); however, the differences are relatively small.

H�.—The H� line (which is blended with [O iii] �4363) is
somewhat narrower in the reddest composite spectrum.

H�.—A systematic narrowing of the H� line is seen with
increasing redness. No systematic trend is seen for the [O iii]
lines.

3000 Å bump.—There exists a very clear trend toward a
weaker 3000 Å (small blue) bump with increasing redness.
This trend is consistent with that seen by Baker & Hunstead
(1995) for a sample of radio-selected quasars, where both
trends were a function of increasing radio core-to-lobe flux
density ratio R—that is, orientation. This issue is discussed
further in the next section.

Unfortunately, we are not able to investigate H� (or the
Balmer decrement), since there are not enough quasars in
each sample at this wavelength.

The above trends are all with respect to the normal color
composite spectra. Also of interest is how the dust-reddened
composite spectrum fits into these trends. Figure 9 depicts
the absolute magnitude and redshift-normalized dust-
reddened composite (5n) along with composites 1n and 4n.
For these composites, we find the following trends. C iv is
quite weak in the dust-reddened spectrum; both the emis-
sion line and the continuum just blueward of the emission
line are absorbed. The C iii] emission line appears
intermediate in strength between the bluest and reddest
composites. TheMg ii emission line is weaker than the other
color composites and shows signs of intrinsic absorption

Fig. 9.—Expanded emission-line regions of the bluest and reddest absolute magnitude and redshift normalized composite spectra (composites 1n and 4n,
cyan and magenta, respectively), and the absolute magnitude and redshift-normalized dust-reddened composite spectrum (composite 5n, black). The spectra
are normalized such that their continua agree at the edges of the panels.
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with zabs � zem. The [O ii] 3727 emission is much stronger in
the dust-reddened spectrum than in all of the other color
composites. Both H� and H� are noticeably narrower in the
dust-reddened composite spectrum. The [O iii] emission is
considerably stronger in the dust-reddened spectrum. The
3000 Å bump in the dust-reddened spectrum is the weakest
of all of the composites, continuing the trend of a weaker
feature with increased redness.

5. DISCUSSION

5.1. Red versus Reddened

The shape of our putative dust-reddened composite
spectrum reveals something fundamental about its nature.
The two primary causes of red continua in the optical were
discussed in detail by Francis et al. (2000). In their investiga-
tion of a sample of radio-detected quasars, they showed that
if quasars are redder because of the addition of a synchro-
tron turnover, then we expect them to be redder at red
wavelengths than at blue wavelengths (i.e., they will have
u-shaped continua). On the other hand, if the quasars are
redder at blue wavelengths, then they are reddened by dust
extinction (i.e., they will have n-shaped continua). Figures
3 and 7 show that our (mostly radio-quiet) quasars are
clearly redder at blue wavelengths than at red wave-
lengths—n-shaped—and we conclude that these red
quasars are redder in a way that is consistent with dust
extinction and inconsistent with synchrotron emission. We
have not fully investigated the nature of red radio-loud qua-
sars separately, since they are few in our sample, but their
color distribution (see the two dashed histograms in Fig. 3)
suggests that dust reddening is at work in radio-detected
quasars, as well as radio-undetected ones.

We can then ask how red our dust-reddened composite is
relative to the normal color composites. Using an SMC-like
reddening law with dust local to the quasar, we find that the
normal color composites (1n to 4n) need to be reddened by
approximately E(B�V ) = 0.135, 0.11, 0.10, and 0.07,
respectively, from blue to red to fit the dust-reddened com-
posite spectrum (5n). A composite spectrum that includes
all of the quasars in samples 1n, 2n, 3n, and 4n requires
E(B�V ) ’ 0.11 to fit composite 5n. These results are not
surprising given our dust-reddened quasar definition, but
the relative values are still of interest.

Figure 10 displays the ratios of composites 1n to 5n; the
average of 1n, 2n, 3n, and 4n to 5n; 4n to 5n; and 1n to 4n,
respectively, from top to bottom. Overplotted in gray
dashed lines are SMC reddening curves with E(B�V ) values
of 0.135, 0.11, 0.07, and 0.035, respectively. These reddening
values result in good matches to the dust-reddened compo-
site (5n) at both 1700 and 4040 Å, but they overpredict the
flux between these wavelengths and underpredict the flux
shortward of C iv. This discrepancy between these wave-
lengths is most likely the result of differences in the strength
of the Balmer continuum between the composites. If we
modeled these Balmer continuum differences, the resulting
SMC reddening curves would trace the overall continuum
differences much more closely. Similar results are found
when using a simple 1/� reddening law as given by Francis
et al. (2000). Reddening the normal color composites with
the shallower LMC reddening curve produces only margin-
ally better fits to the dust-reddened composite spectrum.

The issue of the color differences between the normal
composites is somewhat more complicated. To help
address this question, in Figure 10 (bottom), we overplot
a curve (dotted gray line) showing a difference in spectral
index of D� = 0.45 on the ratio of the bluest to the red-
dest of the power-law composites. Comparing this curve
to the curve produced by pure SMC reddening (dashed
gray line) suggests that it is likely that dust reddening
plays some role in the color differences between compo-
sites 1–4, since the ratio spectrum has slightly more cur-
vature than the spectral index difference curve. Indeed,
we will argue in x 5.3 that the C iv emission-line shape as
a function of color suggests that some intrinsically blue
(optically flat) quasars are being reddened by dust into
the redder (steeper) color bins. At the same time, redden-
ing alone cannot be the cause of the significant trends in
emission-line properties from composite 1 to composite 4.
Either the emission lines are responding directly to differ-
ences in the ionizing continuum, or both the optical SED
and the emission lines are changing as a function of some
other property (such as orientation or accretion rate). As
a result, we suggest that the color changes between com-
posites 1 through 4 are dominated by changes in the
intrinsic continuum rather than by dust reddening (see
x 5.3).

Finally, these ratio spectra in Figure 10 also highlight
some of the changes in the emission-line regions that we
discussed earlier. One new result from this presentation is
that the narrow component of H� seems to be relatively
constant, while the broad component is changing (as can be
seen by the inflection in the H� residual profile).

Fig. 10.—Composite spectra ratios (black lines). The bottom ratio
spectrum is normalized to unity at 4040 Å; the top three spectra are each
shifted upward from the preceding spectrum by one unit in the flux density
ratio. For each ratio, we overplot an SMC reddening curve (gray dashed
lines) with E(B�V ) = 0.135, 0.11, 0.07, and 0.035 from top to bottom,
respectively. For the ratio of the bluest to reddest (optically flattest and
steepest; bottom) power-law composites we also overplot a curve (dotted
gray line) showing a change in spectral index of D� = 0.45.
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5.2. BALQSOs and Reddening

It has been noted by numerous authors that BALQSOs,
especially low-ionization BALs (LoBALs), are redder than
the average quasar (Sprayberry & Foltz 1992; Yamamoto &
Vansevičius 1999; Becker et al. 2000; Najita, Dey, &
Brotherton 2000; Brotherton et al. 2001; Hall et al. 2002a;
Reichard et al. 2003b), likely as a result of extinction by dust.
The reddest of our four color composites and the dust-
reddened composite spectrum show considerable absorption
blueward of C iv, in agreement with this result.

An interesting issue is the BALQSO fraction as a function
of optical color; we explore this question using a well-defined
BALQSO catalog (Reichard et al. 2003a) from the SDSS
Early Data Release (EDR; Stoughton et al. 2002). First, we
consider only those quasars that would have been selected by
the Richards et al. (2002a) algorithm, since the EDR quasar
sample was not selected with one uniform algorithm. Second,
we consider only quasars with 1.7 � z � 2.2, so that the sam-
ple is restricted to those quasars for which a BALQSO classi-
fication was made using spectra of the C iv absorption
region. Finally, we divide the quasars into four equal bins of
normal color quasars (with 434 quasars in each bin) in the
same manner as for our primary sample, and we also define
an EDR dust-reddened sample with 96 quasars. We find that
from bluest to reddest (optically flattest to steepest), the
BALQSO fractions are 3.4% � 1.5%, 6.3% � 2.3%,
10.3% � 2.7%, and 18.1% � 3.5%. The BALQSO fraction
among EDR dust-reddened quasars is 20.0% � 8.9%, after
restricting the samples such that they have the same absolute
magnitude and redshift distributions.

Thus, in agreement with the work cited above, we find
that the presence of BAL troughs and reddening are highly
correlated. It is unclear to us whether the BAL material
always reddens the intrinsic quasar spectrum, or if reddened
quasars are more likely to be BALQSOs, but there is little
doubt that BALQSOs are indeed reddened in a manner that
is consistent with dust extinction. If BALQSOs suffer from
dust extinction, then the fractions as a function of color
given above are not the intrinsic fractions. That is, BAL
troughs may be just as common in intrinsically blue (opti-
cally flat) quasars as in intrinsically red (optically steep)
quasars if dust extinction skews the observed distribution of
colors to the red.

In this analysis, we also must be careful about how any
broad absorption troughs affect the colors of BALQSOs,
since the C iv trough will often fall within the g band. For
the majority of BALQSOs, the change in color due to red-
dening in the g-band will dominate over the change in color
due to an absorption trough in the g-band, as can be seen
from the following argument. The standard measure of C iv

BAL strength is the ‘‘ BALnicity ’’ index, which is sensitive
to flux decrements of 10% or more over a span of 25,000 km
s� 1 (from the peak of Si iv to the peak of C iv, or roughly
450 Å at z = 2) (Weymann et al. 1991). On the other hand, a
z = 2 quasar with E(B�V ) of only 0.03 has a flux decrement
across the entire g-band of 14% (relative to the i band and
assuming SMC-like intrinsic reddening). Since the g band
has an effective width that is more than twice the wavelength
range considered when calculating balnicities and since
BAL troughs rarely span as much as 25,000 km s� 1

(Reichard et al. 2003a), the effective absorption due to red-
dening completely dominates that caused by absorption
troughs. Our use of relative g*�i* colors as a tracer of

continuum color thus is valid for the vast majority of
BALQSOs, failing only for iron LoBALs and for LoBALs
with very extensive absorption (Hall et al. 2002a).

5.3. Emission-Line Trends with Color

Many of the emission-line trends with color discussed in
x 4.2 can be related to the principal component analysis
(PCA) of quasars, which has become popular in recent years
(Boroson &Green 1992; Sulentic et al. 2002). The basic idea
of PCA is to describe the data by orthogonal eigenvectors
and to study the resulting distribution of eigenvalues to
learn something about the underlying physics of quasars. Of
particular interest are the correlations with the first
eigenvector as found by Boroson & Green (1992) and
summarized by Brotherton & Francis (1999).

One of the key emission lines used in eigenvector analysis
is [O iii] (see Brotherton & Francis 1999, and references
therein). In our sample, little difference is seen in [O ii] and
[O iii] among the normal color composites; however, both
of these lines are significantly stronger in the dust-reddened
composite. This result suggests that optically steep quasars
are not produced exclusively by dust reddening, but that the
dust-reddened spectrum is affected, since the increase in line
strength is larger at [O ii] �3727 Å than at [O iii] �5007 Å—
as expected in a simple dust-reddening scenario where dust
affects the continuum and BELR, but not the narrow
emission line region.17

We can test the consistency of this scenario by comparing
the [O ii] and [O iii] EWs predicted for a reddened normal
quasar with the observed EWs of the dust-reddened compo-
site. The [O iii]�5007 EW for the dust-reddened quasars is
18.97 Å, while the average for normal quasars (composites
1n–4n) is 14.15 Å. Assuming the continuum is extincted but
the narrow-line region is not, to match this difference
requires E(B�V ) = 0.10 with the SMC extinction curve, in
good agreement with the extinction required to best match
the normal quasar composite to the dust-reddened
composite. However, the [O ii]�3727 EW for dust-reddened
quasars is 2.81 Å (after correcting for the 5% weaker Balmer
decrement in the dust-reddened composite at 3727 Å), while
the average for normal quasars is 1.39 Å, and to match this
difference requires E(B�V ) = 0.17.

This discrepancy could be explained if dust-reddened
quasars have stronger [O ii] emission than normal quasars.
Croom et al. (2002) suggest that a significant portion of the
[O ii] flux in quasars arises from the host galaxy. If true,
stronger [O ii] in dust-reddened quasars might be expected,
since galaxies with significant dust content are also likely to
have significant star formation. Another possibility is that
[O iii] emission is less isotropic (or more anisotropic) than
that of [O ii]. Such anisotropy could occur if the higher ion-
ization [O iii]-emitting region extended to small enough
radii to be partially obscured by the dust which reddens the
quasars (e.g., a dusty torus viewed at high inclination). This
latter geometry has been suggested for radio-loud quasars
(Hes, Barthel, & Fosbury 1996), although it may not apply
to radio-quiet quasars (Kuraszkiewicz et al. 2000). Note
that in this latter case there would have to be a range of

17 An even simpler scenario where the dust affects the narrow-line region
as well is ruled out because it predicts identical equivalent widths for the
narrow lines in all composites.
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reddenings across the sightline(s) to the continuum source
(Hines & Wills 1995) to explain why the continuum
appears reddened by only E(B�V ) = 0.1, instead of
E(B�V ) = 0.17.

Boroson & Green (1992) also noted that there is an anti-
correlation between the strengths of [O iii] and Fe ii. If the
small blue bump is dominated by Fe ii emission, the small
blue bump being weak in dust-reddened quasars when
[O iii] is strong would be consistent with this anti-correla-
tion. However, as can be seen in the ratio spectra in Figure
10, the difference between composite 1n and the dust red-
dened composite (5n) has a minimum near 3500–3700 Å,
rises steadily toward the blue, and rises more rapidly to the
red. This behavior is consistent with this color-dependent
component of the small blue bump being dominated by the
Balmer continuum as opposed to Fe ii and Fe iii emission
(Wills, Netzer, &Wills 1985).

Although Boroson & Green (1992) argue that their
‘‘ Eigenvector 1 ’’ is independent of orientation, it is interest-
ing to examine these results from an orientation perspective
by comparing our results with the results of investigations
of radio-loud quasars. Baker & Hunstead (1995) and Baker
(1997) argue that radio-loud quasars (RLQs) of increasing
lobe dominance are seen through increasing amounts of
dust (i.e., RLQs are redder the closer they are to edge-on)
and are observed to have weaker small blue bumps. The
weaker small blue bump, stronger oxygen lines, and greater
EW increase in [O ii] than in [O iii] seen in our dust-reddened
composite could be consistent with their argument (but see
Kuraszkiewicz et al. 2000). It has also been suggested that
an orientation effect would result if H� were emitted from a
disklike structure (Wills & Browne 1986; Vestergaard,
Wilkes, & Barthel 2000) with broader lines coming from
quasars seen more edge-on. Curiously, however, if the
change in the width of the Balmer lines is a function of ori-
entation, then our results—narrower lines in objects that
are presumably closer to edge-on (optically steep and dust
reddened quasars)—conflict with Wills & Browne (1986).
These conflicting results may indicate a real difference
between the BELRs of radio-loud and radio-quiet quasars.
Another possible explanation for the change in width of H�
with color is a correlation with black hole mass
(Vestergaard 2002); perhaps the bluer (flatter) quasars
simply have more massive black holes.

In an investigation of the X-ray properties of quasars,
Laor et al. (1997) found a correlation between the width
of H� and the X-ray spectral index, in the sense that nar-
row H� corresponds to a soft X-ray dominated spectrum
and higher L/LEdd (although it is unclear whether the
X-ray SED is due to a soft X-ray excess or an intrinsi-
cally steep X-ray spectrum). Given our own results, this
finding implies that redder quasars may have steeper
X-ray spectral indexes or larger soft X-ray excesses. Simi-
larly, we have weak evidence that redder quasars are
more likely to be radio sources than the bluer quasars
(see Table 1). This result is consistent with Richards
et al. (2002b) if redder quasars also have smaller C iv

blueshifts (which will require a larger sample to deter-
mine). On the other hand, Sulentic et al. (2002) found
that it was the radio-quiet quasars that tended to have
the narrowest H� emission lines and the largest soft
X-ray excesses. Clearly more work is needed to under-
stand the X-ray and radio properties as a function of
color.

Another particularly interesting dilemma with regard to
the emission lines as a function of color involves C iv, He ii,
and C iii], all of which are popular lines in eigenvector
analyses. Richards et al. (2002b) found that quasars with
large C iv blueshifts with respect to Mg ii tended to have
weaker C iv, He ii, and C iii] emission and also tended to be
bluer than quasars with small C iv blueshifts. Similarly, this
paper’s color-divided samples also show that the bluest qua-
sars have the weakest C iv, He ii, and C iii] emission.
Richards et al. (2002b) argued that the emission-line proper-
ties of such quasars were most similar to BALQSOs (or vice
versa), whereas in our present work, it is the reddest quasars
that are most likely to be BALQSOs. This trend with color
for these three emission lines does not seem to extend to the
dust-reddened sample, which contains the most BALQSOs
(see x 5.2). This discrepancy may be reconciled if dust red-
dened, but intrinsically blue quasars contaminate the redder
composites, including the dust-reddened composite, and if
BALQSOs are drawn from a bluer parent population
(Reichard et al. 2003b).

5.4. The Fraction ofMissing Quasars

We have not formally addressed the question of what
fraction of quasars are missed by normal optically selected
samples of quasars because of reddening or because they
would be classified as ‘‘ type 2 ’’ (narrow line only) quasars
(e.g., Norman et al. 2002). Estimates for the fraction of opti-
cally extincted quasars that are ‘‘ missing ’’ have ranged as
high as 80% for radio-quiet quasars, based on the existence
of red RLQs (Webster et al. 1995). In addition, X-ray sur-
veys estimate that a significant fraction of AGNs are
undetected in the optical if obscured AGNs (particularly
type 2 quasars) are the primary contributors to the X-ray
background (Mushotzky et al. 2000; Brandt et al. 2000).

Our red quasar sample can be used to reveal something
about the population of reddened quasars that might be
missed by blue-sensitive flux-limited surveys but that are
recovered by the SDSS. A full characterization of the
incompleteness of previous UV-excess quasar surveys to
dust-reddened quasars is beyond the scope of this paper.
We merely point out that the SDSS must, by definition, be
more sensitive to dust-reddened quasars simply because the
SDSS is flux-limited in the i band instead of the B band and
because dust extinction is stronger at bluer wavelengths
than red. Yet even our sample must be incomplete, since
despite the SDSS’s sensitivity to red quasars and its i-band
selection, most quasars that are heavily dust reddened
[E(B�V ) e 0.5] will be extincted below the limiting flux of
even the SDSS.

Furthermore, our sample is restricted to those objects that
were automatically classified as quasars by the SDSS’s spec-
troscopic pipeline. Quasars that have absent, weak, or very
narrow emission lines or that are extremely reddened or show
strong intrinsic absorption, such as those described byHall et
al. (2002a), are missing from this sample. Examples of
extremely reddened quasars are rare, but they carry consider-
able weight, since they are intrinsically luminous and are the
only representatives in the SDSS of the population of simi-
larly reddened but less luminous quasars. Thus, they must
also be considered when determining the fraction of missing
quasars. A full analysis of this issue is beyond the scope of
this paper (and data set), but with the data in hand, we can
perform some preliminary incompleteness calculations.
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We can make a rough estimate of the fraction of missing
quasars with E(B�V ) values within the limits of detect-
ability by the SDSS. We take E(B�V ) = 0.11 (see x 5.1) as
representative of the dust-reddened quasar population rela-
tive to normal quasars. At a representative z = 2, observed
g and i correspond to roughly 1550 and 2500 Å in the rest
frame. An SMC extinction law with E(B�V ) = 0.11 produ-
ces A1550 = 1.43 and A2500 = 0.81 and thus reddens the
observed g*�i* color by D(g*�i*) = 0.62. At a given
apparent magnitude, for this representative SDSS-detected
dust-reddened quasar, we are sampling the i-band luminos-
ity function 0.8 mag brighter than for normal quasars. In
the luminosity range of our quasar sample, the 2dF QSO
luminosity function (Boyle et al. 2000) shows an increase in
the number of quasars of about a factor of 3 per unit magni-
tude. We must thus correct the number of dust-reddened
quasars18 with D(g*�i*) = 0.6 by a factor of 2.5,
D(g*�i*) = 1.2 by a factor of 6.25, and so on. There are
only nine dust-reddened quasars with D(g*�i*) > 0.9 in our
sample that require this factor 6.25 correction (Fig. 6); the
remaining 264 dust-reddened quasars will have a factor 2.5
correction. Thus, in addition to the 273 dust-reddened qua-
sars detected in our SDSS sample, constituting 6% of that
sample (4.5% if we restrict the sample to i* < 19.1), we esti-
mate that there are a further 443 (a further 10%) that would
have been included in our SDSS sample if they had not been
reddened. This fraction, however, assumes that our quasars
have magnitudes near our flux limit and therefore somewhat
overestimates the actual fraction of dust-reddened quasars
that the SDSS might miss. Nevertheless, this estimate, while
crude, illustrates the importance of accounting for the
reddening of such quasars when studying the full extent of
the quasar population.

We can also make more general conclusions about the
total AGN population. Specifically, the distribution of
colors in our optical data suggests that the hidden X-ray
population cannot be due to a continuous distribution of
dust-reddened, but otherwise normal type 1 quasars. If the
fraction of missing dust-reddened type 1 quasars were near
50%, the D(r*�i*) and D(i*�z*) color distributions shown
in Figure 3 would be skewed to the red. Thus, if the X-ray
background is due to obscured AGN, there would either
have to be a class of broad-lined quasars whose reddening
distribution is disjoint from the distribution that we
observe, or the quasars would have to have their broad-line
region obscured and thus would be classified as type 2
quasars (as is generally suspected).19 In fact, another way of
viewing the problem is described by Ivezić et al. (2002), who
used FIRST-SDSS matches to show that the SDSS quasar
survey is at least 89% complete to broad-lined AGN.

6. CONCLUSIONS

We have presented a homogeneously selected sample of
4576 SDSS quasars with 0.3 � z � 2.2 and i* < 19.9. The
majority of these quasars are well fitted by a power-law con-
tinuum with spectral indexes ranging from �� = �0.25 to

�0.76 (optically flat to optically steep). There is also a popu-
lation of quasars that are red in comparison with even the
reddest power-law continuum (optically steep) quasars and
that are probably dust reddened. This population is ’6.0%
of the sample, a large fraction of which are likely to be
missed by blue-sensitive optical surveys for quasars. A
rough correction for incompleteness due to the extinction in
this population suggests that the true fraction of dust-
reddened red quasars to which the SDSS quasar survey
would otherwise be sensitive is’15%.

Among the power-law continuum quasars, optically steep
quasars are observed to have stronger emission at C iv,
C iii], and He ii. The strength of the 3000 Å bump is weaker
in optically steep quasars than in optically flat quasars. This
change in strength appears to be dominated by weakening
of Balmer emission rather than iron emission. In addition to
weaker Balmer continuum, redder quasars (including the
dust-reddened ones) have narrower Balmer lines. For the
dust-reddened quasar sample, we also find that [O ii] and
[O iii] emission have very large equivalent widths.

We also find that BALQSOs appear to be more common
among red quasars than among blue quasars and that this
color distribution cannot be caused by the absorption
troughs themselves. The BALQSO fraction is as high as
20% among the dust-reddened quasars and as low as 3.4%
in optically flat quasars. However, these fractions fail to
account for the possibility that BALQSOs may be system-
atically reddened by dust and may have an intrinsically
bluer parent population.

Further work on both the color distribution of quasars
and the population of dust-reddened quasars will benefit
considerably from the availability of much larger samples of
SDSS quasars in the near future and from the extension of
our technique to somewhat higher redshifts. In particular,
we will be able to study the very reddest quasars found by
the SDSS, which are much redder than those considered
herein. We will also be better able to explore the questions
of whether the reddening is always due to dust, how often
the dust is intervening rather than intrinsic, and what the
form of the average reddening law is in both cases.
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