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ABSTRACT

A new approach to the classification of QSO rest-frame optical and ultraviolet spectra is presented. The
statistical technique of principal component analysis (PCA) is applied directly to a sample of QSO ultraviolet
spectra, rest-frame wavelengths A111150-2000, taken from the Large, Bright QSO Survey. A detailed discussion
of the application of the PCA technique to QSO spectra is given. The PCA approach provides new insights
into the relation between the continuum, emission-line, and broad-absorption-line properties of QSOs. The
QSO spectra can be described using a small number of principal components, and a quantitative classification
scheme for the rest-frame ultraviolet region has been devised. The major results of the analysis can be sum-

marized as follows:

1. The first three principal components obtained from the PCA account for ~75% of the QSO sample
intrinsic variance, and a quantitative classification scheme based on the contribution of the components to

each QSO spectrum can be developed.

2. One of the components describes the emission-line core strength, the second the continuum slope, and
the third the broad absorption features present in a subset of the spectra.

3. Broad-absorption-line QSOs are naturally identified as a subclass of the QSO population. They show
excess N v and Al 1 + C mr] emission relative to the QSO population as a whole.

4. The emission lines of the QSO sample show a spread of properties which can be arranged in a sequence
ranging from broad, low-equivalent-width lines to narrow, high-equivalent-width lines. Other properties of the
QSO spectra also vary along this sequence. For example, QSOs in the former category have higher N v/
Lyman o, N v/C 1v, and C 1v/Lyman-« line ratios than objects with lines characteristic of the latter category,
and the wavelength separation between the Lyman-o and C 1v emission lines is larger in spectra in the former

category than in the latter.

5. The continuum hardness correlates with the equivalent widths of C 1v and Lyman-a emission lines but
with a large scatter, and the equivalent width of the Al m/C mr] blend correlate with a smaller scatter.
6. A Baldwin Effect consistent with the results of other studies is present in the LBQS sample.

Subject headings: quasars: general — ultraviolet: galaxies

1. INTRODUCTION

The classification of data involves the attempt to distill some
subset of observed phenomena to a small number of common
characteristics. In so doing, some hitherto unrecognized
pattern may emerge that will provide a clue to the underlying
nature of a particular object or population of objects. In
astronomy, perhaps the best known example is the MK system
of stellar spectral classification which has provided a frame-
work for insight into the physical nature of stars. Nearly 8000
QSOs have now been identified since the discovery of QSOs
nearly 30 years ago, and they display a wide range of spectral
characteristics in both their continuum and emission-line
properties. Despite this wealth of information, no simple classi-
fication scheme has emerged to describe the rest-frame optical

! Observations reported here were obtained with the Multiple Mirror
Telescope, a facility operated jointly by the Smithsonian Institution and the
University of Arizona, and with the Las Campanas Observatory, a facility of
the Carnegie Institution of Washington.

2 Present address: Steward Observatory, University of Arizona, Tucson,
AZ 85721.

3 Senior Visiting Fellow, Institute of Astronomy, 1990 July 1-1991 August 1.
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and ultraviolet spectra of these important objects. Progress
toward a classification scheme has been confined to phenom-
enological description of certain characteristics of certain QSO
subclasses (e.g., Sulentic 1989).

The failure to identify unifying characteristics among QSO
spectra has meant the analyses of samples of QSOs have pro-
vided few quantitative constraints on theoretical models of the
QSO phenomenon. The Baldwin effect (Baldwin 1977), a weak
anticorrelation of the integrated flux of the C 1v emission line
with continuum luminosity, remains the principle statistical
relation to be established between spectroscopic properties
which may reflect a connection between aspects of theoretical
models, in- this case the continuum radiation source and the
broad-line region.

The slow progress toward identifying unifying character-
istics can be attributed to two factors: (1) the lack of a large
sample of QSOs containing the full range of spectral properties
exhibited by the population for which homogeneous spectro-
scopic observations to an adequate signal-to-noise ratio (S/N)
are available, and (2) the adoption of an analysis methodology
whereby many discrete features are identified in a sample of
QSO spectra prior to the examination of possible correlations
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and relationships between these features. The decomposition of
emission lines into a series of symmetric profiles with different
velocity widths, or the description of the continuum shape in
the rest-frame ultraviolet as some combination of power-law
and thermal components are common examples of such an
approach.

This paper explores a new application of principal com-
ponent analysis (PCA) in which the algorithm is applied
directly to QSO spectra rather than to quantities measured
from the spectra. The goal is to identify underlying spectral
characteristics responsible for the extensive variations in
properties observed in QSO spectra. The criterion by which
the technique will be judged is whether the rest-frame ultra-
violet spectra of a large sample of QSOs can be described by a
relatively small number of “ components.”

The investigation employs spectra from the Large, Bright
QSO Survey (LBQS), whose main properties are described in
§ 2. Section 3 contains a discussion of the PCA technique and
details of its application to the sample. The results follow in § 4
where the significant components resulting from the PCA
analysis are described and a simple classification scheme based
upon the strongest components is presented. Finally, § 5 sum-
marizes the main conclusions.

2. THE LARGE BRIGHT QSO SURVEY

The LBQS consists of data on 1018 QSOs, with redshifts
0.2 <z <34, and apparent magnitudes 16.0 < mz, < 18.85.
A description of the observing procedures and plots of all the
spectra can be found in Foltz et al. (1987, 1989), Hewett et al.
(1991), Chaffee et al. (1991), and Morris et al. (1991). The LBQS
candidate selection criteria were defined to be sensitive to all
objects that might reasonably be described as QSOs (detected
by any means), provided only that the observed flux in the B,
passband places the objects within the survey apparent magni-
tude limits. The sole exception to this QSOs whose spectra are
devoid of emission features, absorption features, and contin-
uum breaks, and have spectral energy distributions redder
than that of a power law of slope & ~ —2.0 in the observed-
frame wavelength range A43500-5200. Therefore, with the
exception of red, featureless BL Lac objects the LBQS is sensi-
tive to all types of confirmed “ QSOs” of which we are aware.

The calculation of the LBQS selection function—the prob-
ability of identifying a QSO of specific spectral properties—is
not yet complete, and the relative numbers of QSOs with a
specific type of spectrum making up the population as a whole
has not been determined. Nonetheless, the critical factor for the
development of a classification scheme is that the LBQS
sample contains QSOs representing the full range of spectro-
scopic properties present in the population.

The LBQS spectra were obtained using the Multiple Mirror
Telescope (MMT), whose data provide a spectral coverage of
243200-7400 at 6 A resolution, or with the Du Pont Telescope
of the Las Campanas Observatory (LCO) (143200-6800 at
10 A resolution). Each QSO was observed until a S/N of ~10
was obtained in the continuum region nearest to 4000 A in the
observed frame. This procedure ensured that the data are suffi-
ciently homogeneous that differences in S/N or resolution do
not significantly affect the analysis.

3. PRINCIPAL COMPONENT ANALYSIS AND QSO SPECTRA

3.1. Principal Component Analysis

PCA is a mathematical tool with the potential to simplify
multidimensional data sets. Its application to data described

by n variables results in a new description of the data consist-
ing of n new variables* each consisting of a linear combination
of the original variables. In cases where a smaller number of
the new variables can account for the bulk of the total variance
present in the data, the effective “dimensionality” has been -
reduced, and the first goal of any classification scheme
achieved. PCA is widely used in the social sciences (see Kendall
1975 for an overview and examples from many fields) and has
been applied several times in astronomy (see Murtagh & Heck
1987 and the many references cited therein, and Whitney
1983b). Recently Boroson & Green (1992) have applied PCA to
spectra of low-redshift QSOs from the Palomar Green survey.
Their approach was to use the technique to look for corre-
lations between measured properties of the spectra (e.g., line
strengths and line profiles). In the way it is employed here,
PCA has the advantage of elucidating potential correlations
without parameterizing the spectra by, for example, estab-
lishing a continuum level.

A description of the mathematical formalism together with a
number of technical aspects of PCA can also be found in
Whitney (1983a) and Mittaz, Penston, & Snijders (1990). In
this section a qualitative description of the procedure is pre-
sented, and only aspects directly related to the analysis of QSO
spectra are considered in detail.

Consider each QSO rest-frame spectrum as a point in a
multidimensional vector space, the axes of which represent the
fluxes in the individual wavelength bins. (All of the analysis is
carried out with spectra normalized to have a unit mean flux
over the wavelength range of interest. This ensures that the
analysis is sensitive only to variations in the shape of the
spectra.) The number of dimensions is determined by the
number of resolution elements within the wavelength range
under investigation. For the rest-frame wavelength region and
instrumental resolution employed here, 284 resolution ele-
ments, each 3 A wide, are used. The data form a cloud of points
within this multidimensional space. The greater the range of
fluxes from QSO to QSO in a given rest-wavelength bin, the
more extended the points will be along the corresponding axis.
Thus, a bin situated at the peak of an emission line is likely to
show a greater range of values than one situated in a contin-
uum region. If the fluxes in two or more bins are correlated, the
cloud points will be elongated along some direction in the
plane defined by their two axes, and the cloud extension will be
roughly proportional to the square root of the number of cor-
relating bins. The directions along which the cloud of points
are most elongated are of interest as they represent the domi-
nant sources of variation among QSO spectra. Large exten-
sions can arise when one, or a few correlated, wavelength bins
exhibit a large range of values, or when smaller correlated
variations occur over a substantial number of wavelength bins.

PCA identifies these directions and uses them as a set of axes
for a new parameterization of the multidimensional space. Fol-
lowing the analysis each QSO spectrum can be represented by
its coordinates in this new parameterization. The new axes are
identified sequentially; PCA first finds the most extended
direction in the original n-dimensional space by choosing that
from which the sum of the squared deviations of the points
is a minimum. This direction forms the “first principal
component” and accounts for the largest single linear varia-
tion from one QSO spectrum to another. All the points are
then collapsed down to the (n — 1)-dimensional space perpen-

4 If the number of objects m for which data are available is less than n, only
m new variables will be found.
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dicular to this axis, thus removing this largest source of varia-
tion. The process is repeated, identifying higher-order principal
components at each step, until the number of points (QSO
spectra) or dimensions (wavelength bins) is exhausted.

The mean QSO spectrum is subtracted from each individual
spectrum prior to performing the PCA. This is equivalent to
moving the origin of the multidimensional space to the center
of the cloud of points.

While the application of PCA to n-dimensional data pro-
duces a description of the data in terms of n new dimensions, it
does not itself necessarily lead to a simplified description of the
data or offer any physical insight. If each QSO spectrum
exhibited no correlations as a function of wavelength, and
QSO spectra showed no correlations among themselves, then
the spectra would be scattered along every direction in the
multidimensional space, and PCA would require all n com-
ponents to describe all the spectra, so little or nothing would
be gained. If, however, there is some correlation within individ-
ual QSO spectra or between QSO spectra, large parts of this
space may be empty, and fewer principal components might
adequately describe any spectrum. Finally, where linear corre-
lations are present, a relatively small number of new variables
may account for a large fraction of the total sample variance,
and a much more compact characterization of the data set has
been achieved.

It is conventional to order the principal components accord-
ing to the fraction of the total sample variance for which they
account—with the first principal component accounting for
the largest fraction, the second principal component the
second largest, and so on. The fraction of the total sample
variance accounted for by the first m components is a good
measure of the utility of PCA. For example, a successful appli-
cation of PCA to a sample of spectra could show that the
majority of the sample variance is accounted for by the first few
principal components—a dramatic reduction in the dimen-
sionality of the data. Using PCA to classify QSO spectra thus
offers the advantage of providing a description of the QSO
population that employs only those principal components that
contribute significantly to the variation in spectral properties.

Ideally the number of important principal components
should be small, allowing QSOs to be parameterized (or
classified) using a small number of variables. In the optimum
case it should further be possible to interpret the form of each
principal component and its varying strength from QSO to
QSO in terms of characteristics of the QSOs themselves. In the
remainder of this section several technical aspects of the PCA
analysis are considered.

3.2. Scaling the Spectra

One of the problems in the application of PCA concerns the
scaling of the input variables. A standard technique is to scale
each variable to unit variance prior to the analysis. Such
scaling ensures the analysis is not dominated by variables that
exhibit the greatest absolute ranges. The concomitant dis-
advantage is that variables containing the majority of informa-
tion are given the same weight as variables dominated by
noise. The problem does not have an obvious solution because
itis not known a priori which are the important variables.

The scaling of the input variables has no effect on the funda-
mentals of the PCA ; the original n variables are always trans-
formed into n principal components. Changing the scaling of
the input variables simply produces principal components that
are different linear combinations of the input variables—any
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correlations between variables are preserved independent of
scaling, but the distribution of information among the prin-
cipal components can change. In QSO spectra the range of
fluxes at wavelengths corresponding to strong emission lines
exceeds the range typical of the continuum regions, and scaling
the fluxes to unit variance reduces the importance of the varia-
tion in the emission lines relative to variations in the contin-
uum. As the continuum extends over many wavelength bins
the strongest components resulting from PCA applied to unit-
variance-scaled data are dominated by changes in the shape of
the continuum among QSOs.

In order to investigate the effects of scaling, PCA was per-
formed using three different weighting schemes: (1) no scaling,
(2) flux values in each wavelength bin were scaled to unit
variance, and (3) flux values for the sample in each wavelength
bin were sorted by amplitude and the flux value in each spec-
trum replaced by its rank, eliminating the effect of any non-
Gaussian distribution of values.

These experiments showed that, irrespective of the method
of scaling, the bulk of the sample variance can be accounted for
by the first 10 principal components, thus achieving the hoped-
for reduction in the dimensionality of the data. Furthermore,
the same 10 components are present in each case although the
fraction of the total sample variance accounted for by each
component differs depending on the weighting scheme. As the
results of the PCA are insensitive to scaling, scheme (1) was
adopted on grounds of simplicity and ease of interpretation,
that is, fluxes are unscaled.

3.3. Application of PCA to the QSO Spectra

PCA was applied to a sample of 232 QSO spectra, selected
such that their redshifts (1.8 <z <22 for LCO spectra,
18 <z < 2.7 for MMT spectra) place the rest-frame wave-
length region 141150-2000, which contains the high-ionization
lines of Lyman-a, N v, Si v + O 1v], C 1v, and Alm + C ur],
in the observed optical window. The application is carried out
in six steps:

1. The redshift of each QSO is determined by cross-
correlation with an high S/N composite spectrum, produced as
described by Francis et al. (1991). The spectra are then
rebinned to a linear wavelength scale in the QSO rest frame.
The wavelength increment, 3 A, is chosen to match the instru-
mental resolution, but the results of the PCA are not sensitive
to the exact choice of wavelength increment.

2. Each spectrum is normalized to unit mean flux over the
rest-frame wavelength range to be analyzed. The normalized
spectra are averaged to produce the mean QSO spectrum.

3. The QSO spectra are reduced to zero mean by subtract-
ing the mean QSO spectrum.

4. PCA is applied using the singular-valued decomposition
technique described by Mittaz et al. (1990). An analysis of 300
spectra each consisting of 200 wavelength bins takes approx-
imately 30 CPU seconds on a VAX 3800.

5. PCA produces a series of principal components ordered
by the fraction of the sample variance for which each accounts.
The principal components are simple linear combinations of
the input fluxes, and they may be illustrated graphically as
“spectra.”

6. Each observed QSO spectrum can now be reconstructed
as a linear combination of a small number of principal com-
ponents, the amplitude of each forming the basis for the classi-
fication scheme described in § 4.4.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...398..476F

No. 2, 1992
3.4. The Effects of Noise

Two aspects of noise associated with the survey spectra can
alter the principal components and their weights: shot noise
due to the finite number of spectra, and the finite S/N of each
spectrum.

The shot noise associated with the finite number of spectra is
important because one is trying to define a multidimensional
volume using a finite number of points (spectra), and structure
smaller than the typical differences between neighboring
survey spectra in the spectrum space cannot be measured. In
addition, rare or extended subpopulations of QSOs may be
poorly represented or be absent altogether. Two-hundred-and-
thirty-two spectra are used to define the principal components
presented in § 3.5, so QSO subpopulations which comprise
<1% of the parent population of LBQS QSO spectra may be
poorly represented.

The finite S/N of the spectra can affect both the weights of
the components in individual spectra and the components
themselves. Since the S/N is not a very strong function of
wavelength, each spectrum has a roughly spherical error array
in the spectrum space, that is, its errors are of comparable sizes
in all directions (wavelength bins). The weights of the com-
ponents describing a spectrum (the spectrum’s position in a
classification scheme) define the nearest point on the classi-
fication hypersurface to the spectrum, that is, the projection of
the spectrum onto the plane defined by the major principal
components. Thus the error in the weight of each principal
component is roughly equal to the typical error in the flux of
each wavelength bin. For the LBQS spectra, the S/N per
resolution element is ~ 10, the mean flux is normalized to
unity, and hence the typical error in the weight of each prin-
cipal component is ~0.1. Alternatively, note that the principal
components are simply orthonormal linear combinations of
the fluxes and hence should have similar errors. The first
several principal components are, however, chosen for their
large range of weights among the spectra, and hence the noise
will be a smaller fraction of the total variance than it is for a
particular wavelength bin.

" The finite S/N also affects the form of the principal com-
ponents, possibly introducing spurious features. The presence
of noise can also alter the relation between two or more prin-
cipal components of comparable strength, their relative impor-
tance being sensitive to the random fluctuations caused by the
noise. In this case, information is being redistributed between
components, but spurious features are not introduced. The size
of artifacts introduced into the components by the finite S/N
may be estimated by considering a principal component with
rms weight [ calculated from n spectra with a noise amplitude
o. The principal component lies along the most elongated
direction of the cloud of points and can be approximated by a
line joining the mean of the two half-samples with the lowest
and highest component weights. Each of these means has a
position uncertain by o/,/2, and their separation is ~2l
Therefore, since the principal components, by definition, have
unit lengths, each bin in the principal component will have an
associated uncertainty of order o/(l ﬁ).

A related consideration is the importance of the information
contained in the higher-order principal components. It is
demonstrated in § 3.6 that the first few principal components
account for a large fraction of the sample variance. However,
while individual higher-order components are dominated by
noise, the possibility remains that the cumulative effect of prin-
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cipal components that are not used in any analysis may
“undo ” the results obtained using the first few principal com-
ponents. This problem is discussed in § 3.6.2.

3.5. Principal Components Derived for LBQS Spectra

Figure 1 shows the mean QSO spectrum and the first six
principal components derived as described in § 3.3.

The first component appears flat on the largest scales, but is
strongly modulated at the positions of the familiar QSO emis-
sion lines, and thus can be considered as primarily a measure
of emission-line strength. The second component reflects the
variation in the slope of the continuum, but there are also
modulations at the positions of the Lyman-a, N v, and C 1v
emission lines. The third component shows troughs to the blue
of Civ, Sitv+ O 1v], and N v, with emission at N v,
Siv+ O1v], Crv, and Al m1 + C u1]. This component is a
measure of the strength of the broad-absorption-line (BAL)
phenomenon. The components are discussed in more detail in
§ 4. Higher-order components become increasingly difficult to
characterize. They are nonetheless necessary to provide ade-
quate reconstructions of some QSO spectra as described in the
next section.
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Fi1G. 2—Reconstructions of three QSO spectra: (a) a randomly chosen
QSO, (b) the QSO with the largest rms deviation from the mean spectrum,
(c) the QSO with the largest rms deviation from a six-component reconstruc-
tion. The top panel of each figure shows the mean spectrum, and the next six
panels show 1-6 component reconstructions of the spectrum. In the bottom
panel the actual spectrum is shown (solid line) along with the six-component
reconstruction (dotted line).

3.6. Quantitative Assessment of the PCA

Any QSO spectrum in the sample can be reconstructed by
adding or subtracting suitably weighted principal components
to the mean spectrum. Figures 2a—2c illustrate the component-
by-component reconstruction of three QSO spectra. Figure 2a
shows a typical spectrum; Figure 2b, the spectrum with the
largest rms departure from the mean; and Figure 2c, the spec-
trum with the largest residual from a six component recon-
struction. In the top panel of each, the mean spectrum is
plotted. In the next six panels, the appropriately weighted com-
ponent is added to the previous sum and plotted. Finally, the
bottom panel presents the actual spectrum (solid line) along
with the six-component reconstruction. The figures demon-
strate how rapidly the reconstructions approach the observed
spectra. In all cases, the correspondence between the spectrum
and the four-component reconstruction is remarkably good.

Although Figure 2 provides a qualitative indication of how .
few principal components are required to achieve a satisfactory -
reconstruction of an arbitrary QSO spectrum, some quantita-
tive measure of this convergence is required. The mismatch
between a spectrum and its reconstruction arises from three
sources: (1) intrinsic variations in the QSO spectra which have
not been accounted for by the components employed, (2) differ-
ences in the spectral properties arising from factors unrelated
to QSOs, notably absorption lines caused by intevening
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systems, and (3) random fluctuations resulting from the limited
S/N of the observations.

Two distinct methods have been employed to assess the
success of the PCA : the y2 statistical and the residual intrinsic
variance.

3.6.1. y* Assessment

The number of principal components needed to reconstruct
the survey spectra to a level at which differences remaining
between the survey spectra and the reconstructions can be
accounted for by noise can be determined using the y? statistic.
The S/N of each spectrum is known for all wavelength bins,
and a measure of the match of the reconstruction to the spec-
trum can be calculated by reconstructing all the spectra using a
particular number of components and comparing the differ-
ences between the reconstructions and the spectra with the
spectrum error arrays. Ideally this process would be repeated
with increasing numbers of components, until the distribution
of 2 values was consistent with noise being the only cause of
spectrum-reconstruction differences.

Even using 20 components, the y? statistic indicates that a
substantial minority of QSOs are not reconstructed suc-
cessfully. On inspection, strong intervening absorption systems
were found in all such spectra. Since the absorption systems
occur at essentially random wavelengths, they cannot be ade-
quately reproduced using only a small number of components.

An attempt was made to exclude the intervening absorption
systems from the y? measurement, so as to determine the
number of components necessary to reconstruct the features of
the survey spectra excluding absorption lines. Lyman-a forest
absorption lines were excluded by computing the y* values
only at wavelengths longward of the peak of the Lyman-«
emission line. The effect of intervening absorption at random
wavelengths was removed by excluding wavelength regions
showing greater than 3 ¢ negative deviations from the recon-
structions. BAL QSOs were not used in the analysis.

The distribution of the significances of the y? statistic
between the spectra and 15 component reconstructions is
shown in Figure 3. If the differences were the result of noise, the
distribution should be uniform, as it is over most of the plot.
The peak at high probabilities shows that ~ 5% of the spectra

00—

30 H

20

Number of Spectra

0o oz o1 08 0.8
Probability of Residual Being Due to Noise

Fic. 3—Distribution of the y? significances of the difference between 15
component reconstructions and observed spectra.

© American Astronomical Society e

OBJECTIVE CLASSIFICATION SCHEME 481

are being over-fitted, that is, the spectra can be adequately
reconstructed using fewer than 15 components. The peak at
low probabilities results from the ~15% of spectra still not
adequately reconstructed. The spectra which required a large
number of components in their reconstruction were inspected
visually, and all showed intervening absorption systems which
had not been completely removed using the simple absorption-
line identification procedure.

Excluding the subset of QSOs with BAL features the intrinsic
continuum and emission-line spectra of all QSOs in the LBQS
subsample can be reconstructed with fewer than 16 components.

3.6.2. Residual Intrinsic Variance Assessment

While the y? statistic provides a measure of the number of
components necessary to reconstruct QSO spectra, it is less
suitable for comparing the importance of different com-
ponents, as the x> measure of the difference between a spec-
trum and a reconstruction depends strongly on the S/N of the
spectrum. In this section the relative contributions of the com-
ponents to the reconstructions are measured using the residual
intrinsic variance, which is not strongly dependent on the S/N.

The first step in the calculation of the residual intrinsic
variance is to measure the difference between each spectrum
and its reconstruction by summing the squares of the differ-
ences of all the wavelength bins. This residual variance com-
prises intrinsic differences between the reconstructions and the
spectra and noise. The contribution expected from noise is
calculated by summing the squares of the estimated flux errors
associated with the wavelength bins. As the intrinsic variation
of QSO spectra should be uncorrelated with the noise, the
residual intrinsic variance is the difference between the total
residual variance and the noise variance.

Figure 4 shows the fraction of the residual intrinsic variance
accounted for by each of the first 10 principal components. The
first component alone reduces the residual variance by over a
half, but the reduction produced by each additional com-
ponent diminishes rapidly, and ~10% of the intrinsic residual
variance is not accounted for even with 10 components. The
distribution of intrinsic residual variances from 10 component
reconstructions shows a tail, corresponding to spectra which
are not adequately reproduced. Once again, visual inspection
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of the spectra with large residual intrinsic variance showed the
presence of strong intervening absorption systems.

The first few principal components thus account for the bulk
of the intrinsic diversity of QSO spectra, with the first three
components accounting for ~75% of the intrinsic sample
variance (Fig. 4).

3.7. Nonlinear Correlations

Applying PCA directly to the QSO spectra has the benefits
of simplicity and model independence, but it may exaggerate
the apparent complexity of the spectral sample. This occurs
when a change in a physical parameter produces a nonlinear
change in the fluxes as a function of wavelength. Stellar spec-
tral classification provides an illustration. The continua of
stars are characterized by Planck functions of different tem-
perature, and as the temperature changes, the peak of the flux
distribution migrates through the spectrum, causing the flux to
increase in some wavelength bins and decrease in others. It is
not possible to reproduce this behavior using a mean spectrum
and a single linear combination of fluxes as a function of wave-
length, that is, with one principal component.

For QSO spectra, a similar example is provided by the
change in the width of emission lines which results in a redistri-
bution of flux in the vicinity of the line. The wavelength range
affected is a function of the size of the width change, and the
effects of the flux redistribution cannot be reproduced using a
single linear combination of fluxes as a function of wavelength.
Consequently, PCA has to generate a series of Fourier-like
components, which combined with different weights can repro-
duce emission lines of all widths. Components 4-6 in Figure 1
are examples.

4. RESULTS AND DISCUSSION

In this section, the first three principal components are dis-
cussed in detail and then used as the basis of a classification
scheme. These principal components demonstrate the range of
properties exhibited by QSO spectra, not the average proper-
ties, which must be obtained from the mean spectrum (the first
panel in Fig. 1).

4.1. The First Component: Emission-Line Cores

Strong modulations at the wavelengths of Lyman-a and
C 1v dominated the first principal component (see Fig. 1),
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which by definition is the largest linear source of diversity in
the population of survey spectra. The velocity widths of the
modulations are substantially narrower than the widths of the
emission lines in the mean spectrum suggesting that much of
the variation in emission-line equivalent widths among QSOs
results from the changing contribution of “line cores.” As a
consequence, there is an anticorrelation between emission-line
equivalent width and emission-line velocity width in the sense
that emission lines with large equivalent widths tend to be
narrow and have large peak fluxes. Although it is not evident
in Figure 1, the first component does have a hard continuum
relative to the mean spectrum. Therefore, if this component is
added to the mean spectrum with a positive weight, the spec-
trum will be hardened. The first component thus contributes to
the diversity of the sample spectra both by changing the line
core strengths and the continuum slope, the former effect
having a ninefold greater contribution to the total sample
variance than the latter. The relatively small continuum contri-
bution is significant however, since the component weights are
large relative to those of subsequent components.

As a check of the conclusion that the line cores demonstrate
the most variability, we have quantified the relative contribu-
tions of the Lyman-a and C 1v line cores and line wings to the
diversity of the spectra in the sample by measuring the
variance of the line fluxes as a function of velocity from line
center (defined relative to the redshift of the QSO), using the
composite spectrum from Francis et al. (1991). The standard
deviation of the line flux in the central 2000 km s~ ! was ~70%
of the mean flux, while that in the wings was only ~ 30%.

The relative strengths of the features in the first component
are different from those of the corresponding emission lines in
the mean spectrum. Thus the ratios of different emission-line
fluxes are proportional to the line equivalent widths. This is
especially evident for the Lyman-« to N v ratio, which is much
greater than in the first component than in the mean spectrum.

The separation in wavelength between the centroids of C 1v
and Lyman-« is smaller in the mean spectrum than in the first
principal component (Fig. 5). Thus, in objects with weak lines
(small first-component weights), C 1v is blueshifted relative to
Lyman-a. As the line strengths in the QSO spectra change, so
does the ratio of Lyman-a to N v, and hence the centroid of the
blend shifts, raising the possibility of a systematic change in the
measured redshifts of QSOs with different line strengths. The
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F16. 5—Comparison of line profiles in the mean spectrum and first principal component. Panel () shows Lyman-o + N v, panel (b) shows C 1v. In each panel the
upper profile is that of the mean spectrum; the lower profile, the first component. The profiles are plotted against velocity with respect to the nominal wavelengths of

the transitions, 1216 and 1549 A, respectively.
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magnitude of such an effect was investigated by reconstructing
spectra with different first-component weights and measuring
their redshifts by cross-correlation with the LBQS composite
spectrum (Francis et al. 1991). Strong-lined objects were
assigned higher redshifts than those with weak lines, but the
magnitude of the effect (Az ~ 0.0005) could account for only
20% of the observed line shifts.

The histogram of the weights of the first component (see Fig.
6) shows a non-Gaussian distribution. The extended tail to
high component weights is made up of QSOs with strong,
narrow emission lines which match closely the properties of the
“narrow-line QSO ” class identified by Baldwin et al. (1988).

These characteristics of the first, or “line-core,” component
mean that as its weight increases, the equivalent widths of the
high-ionization emission lines increase; their full width at half-
maximum (FWHM) decreases; their profiles become more
sharply peaked; the rest wavelength separation of C 1v and
Lyman-« increases; and the line ratios change in the sense that
Lyman-a becomes stronger relative to C1v, while N,
Si1v + O 1v], and Al m become weaker. The trends in line
profiles are evident in the C 1v profiles illustrated in Figure 7.

The above progression could plausibly be explained either
by (1) single-zone BLR models where a monotonic change in
the strength of the first component results simply from a
monotonic change in the angle from which the QSO is viewed,
or (2) two-zoned BLR models with distinct line-wing and line-
core regions.

As an example of the single-zone model, Wills, Fang, &
Brotherton (1991) proposed that the anticorrelation between
the FWHM and equivalent width of C v might be explained if
QSOs consist of an accretion-disk continuum source and a
biconical outflow of line-emitted clouds with an axis perpen-
dicular to the plane of the disk. Gas velocities in this biconical
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Fic. 7—C 1v profiles from spectra taken from the extremes of the distribution of first-component weights. QSOs with strong associated absorption or broad
absorption affecting the C 1v profile have been excluded. Profiles are plotted in relative flux with zero at the bottom of each panel.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...398..476F

484

outflow are greater along the outflow axis than perpendicular
to it. When the QSO is observed down the flow axis, the lines
are broad, because of the higher velocities along the line of
sight, and the equivalent widths are low because of the reduced
line contrast against the strong continuum. While such a
model accounts for this particular behavior of the C 1v emis-
sion line, it cannot explain the near-constant velocity width
and equivalent width of the emission-line wings, because when
viewed from perpendicular to the cone axis, the line wings
would show lower velocity widths than when viewed down the
axis.

Relative line shifts could be produced in such a model if the
optically thick portion of the accretion disk were comparable
in size to the line-emitting region, and if different emission lines
were preferentially radiated at different distances from the con-
tinnum source (as suggested for low-luminosity objects by
variability measurements [Clavel 1991]). In particular, if
Lyman-o were radiated further from the continuum source
than C 1v, and the clouds were outflowing, then C 1v would be
blueshifted relative to Lyman-o when the QSO is viewed face
on, due to the obscuration of the retreating flow by disk. In this
case, the C rv—Lyman-a separation would be greatest when the
equivalent widths were small, as observed here.

A correlation that is more difficult to explain is that between
line equivalent width and line ratios. For the orientation
model, the nature of the first component requires that N v,
Si1v+ O 1v], and Al 1 be strongest when observed in the
plane of the disk, while Lyman-o is strongest when observed
perpendicular to the disk.

A two-zone line-emitting model, consisting of a line-wing
zone characterized by velocities of 5000 km s~ ! FWHM, and a
line-core zone with velocities ~2500 km s~! FWHM is consis-
tent with a number of the observed correlations. Note that the
line-core region is not the traditional narrow-line region
(NLR). All the line cores are resolved in the LBQS spectra, and
they greatly exceed typical NLR widths. support for a two-
zone model comes from the variability measurements of NGC
5548 and NGC 4151 (Clavel 1991), in which the line cores
(defined as the central 3000 km s~ ') lag the continuum with
roughly twice the delay of the line wings.

Plausible explanations for the range and distributions of
line-core strengths in a two-zone model include changes in the
volume emissivity of the line-core-emitting zone, continuum
variability, and microlensing.

A change in the volume emissivity of theé line-core-emitting
clouds (or in the case of optically thick clouds, the covering
factor of the cloud ensemble) could explain the dispersion in
the strength of the first component. However, a successful
model must explain why the line-core covering factor should
vary more than that of the line wings.

If the zone in which the line wings are formed lies close to the
continuum source, then its photoionized line emission will
track variations in the continuum emission with a short lag. If
the continuum variability time scale is comparable to the light
travel time between the continuum source and the line-core
region, then as the continuum flux varies, a range of line-core
equivalent widths will be observed. However, observed contin-
uum variability amplitudes (e.g., Hawkins 1986; Hook et al.
1991) of ~0.2 mag are too small to account for the observed
factor of ~ 3 equivalent width range. Furthermore, in order to
explain the asymmetric line-core strength distribution, QSO
flux variations would have to be characterized by long periods
of slowly increasing luminosity punctuated by sudden declines.
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The continuum source and line-wing zone of some QSOs
could be microlensed (Canizares 1982). Objects of stellar mass
have an Einstein radius of comparable angular size to the inner
BLR of a QSO. QSOs with low equivalent widths would be
those with a lensing mass along the line of sight amplifying the
continuum and line wings. Because of the steepness of the QSO
luminosity function, strongly amplified QSOs would dominate
the sample, leading to the observed asymmetric line-core
equivalent-width histogram. However, as Canizares points out,
a nearly critical density of lensing objects is required for this
model to be viable.

4.2. The Second Component : Continuum Slope

The second component is dominated by a large-scale contin-
uum slope. Therefore, the dominant effect of a change in this
components weight will be a change in the hardness of the
QSO continuum. There are also modulations at the positions
of Lyman-«, N v, C1v, and Al m + C m], indicating that
emission-line strengths are correlated with the continuum
slope. For Lyman-« and C 1v, the lines are stronger when the
continuum is soft, while for N v, the converse is true. The
amplitude of the “N v modulation” is, however, dependent
upon the shape of the underlying continuum across the
Lyman-¢ + N v region. For the Lyman-a and C 1v emission
lines, the correlation with the large-scale slope is in the
opposite sense to that seen in the first component. While the
large-scale continuum slope dominates this component, the
reverse is not true, and this component does not alone domi-
nate the continuum slope. The continuum slope in this com-
ponent is roughly 3 times greater than that in the first
component, but the first component weights show a factor of 3
greater range. Therefore the contributions of the first and
second components to the variation in continuum slopes are
comparable.

In what follows, the continuum is parameterized as a power
law joining the rest-frame wavelength regions 1320 and 1800 A,
following the convention F, oc v*. While it is clear from the
LBQS composite spectrum (Francis et al. 1991) that the
1800 A window is contaminated by Fe 11 emission, the smooth-
ness of the first and second components suggests that Fe 11
emission is not a strong constituent of these components. This
gives confidence that the large-scale shape of the second com-
ponent reflects a variation in some continuum process, either
due to the presence of dust or to a real variation in the emitted
continuum. The presence of emission features at familiar wave-
lengths in the second components suggests that the continuum
slope correlates with the strengths of some of the emission
lines. In particular, the strength of Al m + C mi] correlates
strongly with «, those of Lyman-« and C 1v also correlate with
o but show a large scatter, while N v and Si 1v + O 1v] show
little variation. A successful model for the QSO phenomenon
must explain the range in continuum slopes and the line-
continuum correlations.

Intervening dust absorption has often been invoked to
explain the observed range of QSO continuum slopes (see, e.g.,
Cheng, Gaskell, & Koratkar 1991). If the hardest QSO spectra
in the LBQS are unabsorbed, if their continuum slopes are
representative of the unobscured parent population, and if the
whole range of continuum slopes results from obscuration of
some canonical underlying continuum, then the QSOs with the
softest spectra are absorbed by over 2.5 mag at 1320 A in the
QSO rest frame, assuming the dust lies at the QSO redshift and
follows Galactic, LMC, or SMC extinction relations (Fall &
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Pei 1989). This monochromatic absorption corresponds to an
extinction E(B—V) of ~0.2 mag. For a Galactic dust-to-gas
ratio, a neutral hydrogen column density Ny of order 10%!
cm ™2 is implied, which, as noted by McDowell et al. (1989),
would strongly attenuate the soft X-ray emission and would
also introduce a substantial 2200 A feature were the dust
extinction law like that of LMC or Galactic dust. Finally, if the
dust were external to the BLR, it would obscure the line and
continuum emission equally and hence leave the equivalent
widths unchanged. Thus to produce a correlation of line equiv-
alent widths with the continuum slope requires that some of
the dust lie within the BLR. If dust were added to the BLR
clouds, it might be expected to preferentially absorb the more
optically thick lines such as Lyman-a, leaving inter-
combination lines such as C mr] relatively unaffected. This is
opposite to the behavior observed—C 1] is strong relative to
Lyman-« in the QSOs with the hardest spectra. On this basis, a
variable amount of dust is unlikely to be responsible for the
observed range of the second component. This does not imply
that heavily dust-shrouded QSOs do not exist, since because of
the steepness of the QSO luminosity function, an optical
magnitude-limited sample such as the LBQS will be heavily
biased toward the least absorbed QSOs. ’

A more likely explanation for the continuum variation
implied by the range of second-component weights is a real
dispersion in the emitted continuum. The observations report-
ed here were all obtained in a rest-frame wavelength region
dominated by the blue bump UV excess (Malkan & Sargent
1982). If the measured continuum slopes are extrapolated to
1 um, they predict a range of UV-IR flux ratios similar to that
presented by McDowell et al. (1989). Therefore, the range
of continuum slopes measured for the LBQS QSOs may
reflect the strength of the UV bump with the reddest LBQS
spectra corresponding to the weak-bump QSOs identified by
McDowell et al.

Can the correlations of continuum slope with equivalent
width be explained by photoionization? Both the intensity and
shape of the ionizing continuum will vary with the strength of
the blue bump. As the observed continuum becomes harder,
the ratio of continuum flux at the Lyman limit to continuum
flux in the near-UV (141150-2000) will increase, the number of
recombinations per observed continuum photon will rise, and
hence the equivalent width of recombination lines such as
Lyman-u (other things being equal and provided the emitting
gas is optically thick to the continuum) will rise, in agreement
with the sense of the weak observed correlation. However,
the correlations between the continuum slope and the
other emission-line equivalent widths obey no clear pattern:
C1v behaves like Lyman-a, while the lower ionization
Al m + C 1] correlates more tightly with the continuum
hardness, and N v and Si 1v + O 1v] show little variation.

4.3. The Third Component: Broad Absorption Lines

The third component (see Fig. 1) exhibits correlated modula-
tions over a significant wavelength range to the blue of the
C1v, Sitv+ O 1v], and N v emission lines. In addition to
these broad features there are positive modulations at the
wavelength of N v and, to a lesser degree, C1v and
Al it + C ur], showing that the presence of broad features
blueward of the high ionization lines is anticorrelated with the
emission-line strength.

The distribution of the weights of this component (Fig. 6)
shows that while the majority of QSO spectra have third-
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component weights near zero, a minority have large negative
values—that is, the broad features are seen in absorption.
There is an excellent correlation between objects with large
negative third-component weights and QSOs which would be
classified as BAL QSOs. The third component thus identifies
BAL QSOs. Two potentially important characteristics of BAL
QSOs are substantiated by the nature of the third component
and the distribution of its weights among the QSOs in the
sample.

First, if BAL QSOs were a totally different class of objects
from normal QSOs, one would expect the histogram of third-
component strengths to exhibit a bimodal form. That the
observed histogram appears continuous suggests, but does not
require, that BAL QSOs belong to the same population as
normal QSOs, differing only in the magnitude of some physical
parameter. If the parameter is viewing angle, this corresponds
to the “single-population” model of Weymann et al. (1991),
where all optically selected QSOs are intrinsic BAL QSOs, but
are seen as such only when one’s line of sight pierces a BAL
cloud. The continuity of the distribution of third-component
weights suggests further that a class of hitherto unrecognized
weak-BAL QSOs exists.

Second, the presence of apparent emission features in the
third component suggests that BAL QSOs have enhanced N v
emission and a smaller enhancement of Al m1 + C ur] and C 1v
emission. An attempt was made to evaluate the significance of
these enhancements in the following way: The largest source of
uncertainty in the equivalent-width excesses comes from the
small numbers of BAL QSOs observed. To evaluate this, the
standard deviations of the equivalent widths of the three emis-
sion features in non-BAL QSOs were computed using two-
component reconstructions (see § 4.4). These values were
divided by the square root of the number of BAL QSOs to give
an estimate of the typical difference to be expected between
BAL and non-BAL QSOs. For N v, the flux at 1240 A was
used in place of an equivalent width, due to the problems of
deblending from Lyman-a«. The excesses of both N v and
Al 1 + C 1] observed in the third principal component were
found to be significant at better than the 99% level, but that of
C 1v was only a 1 o effect, and hence cannot be regarded as
significant. These trends are the same as those elucidated by
Weymann et al.

4.4. A Quantitative Classification Scheme

Since all LBQS QSO spectra can be adequately recon-
structed by adding the first three principal components, suit-
ably weighted, to the mean spectrum, the weights of these three
components can be used to classify QSO spectra. Sample
LBQS spectra classified by the weights of their first two com-
ponents are presented in Figure 8. The spectra are located
within the plot such that those with positive first-component
weights are at the right, those with positive second-component
weights are at the top. Therefore, line cores are strongest to the
right, and the continuum is hardest at the bottom of the plot.
Properties such as line profiles, line ratios, equivalent widths,
and continuum slopes all vary smoothly across the plot.

A spectrum can be classified within this scheme in one of two
ways. First, some fitting algorithm can be used to find the
combination of component weights which best reconstructs
the spectrum. We are prepared to make digital copies of the
components available for this purpose. Second, such param-
eters as line equivalent widths and continuum slopes can be
used to locate a spectrum within this classification scheme,
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F1G. 8.—LBQS spectra, chosen at random, plotted by their two-component classification. The first-component weight of the spectra increases to the right,
ranging from —5 to 11, while the second-component weight increases upwards, ranging from —3 to 3. Thus the line-core equivalent widths increase to the right,
while the continuum is softest at the top. All spectra show the rest-frame wavelength range 1150-2000 A, with relative fluxes per unit wavelength. BAL QSOs have
been excluded from the plot. If no LBQS spectrum has a two-component classification in a given range, the corresponding part of the plot is left blank.

using the relations between the principal component weights
and these parameters derived below and shown in Table 1. The
LBQS spectra are classified within the scheme as a byproduct
of the definition of the principal components, which is equiv-
alent to choosing the component weights to minimize the
root-mean-squared residuals between the spectra and their
reconstructions.

In order to facilitate comparison with existing work, linear
relationships between the three-dimensional classification
scheme (ie, the strength of the first three principal
components) and such familiar parameters as continuum

TABLE 1

CONVERSION OF PRINCIPAL COMPONENT WEIGHTS TO
CONVENTIONAL PARAMETERS

CoMPONENT COEFFICIENTS

FEATURE Constant First Second Third Units
EW(Lyman-a)* 57 1.7 73 62 A
EW(Si 1v/O 1v] BAL) ... ... ... 245 A
EW(Si 1v/O 1v])® 8.8 0.2 0.6 0.5 A
EW(C 1v BAL) 8.5 A
EW(C 1v) 26 2.6 2.5 1.1 A
EW(Al my/C m])° 21 1.3 015 34 A
FWHM(C 1v) 6600 —60 —500 kms~!
ol —0.7 0.1 —0.3

2 Lyman-a forest absorption affects both the measured emission and the
continuum values used.

® In the first component, Si 1v/O 1v] is very weak and shifted to the red.

¢ In the first component, no Al m emission is seen—only emission at or
around 1909 A contributes.

4 o is defined such that F(v) oc v*.

power-law indices and emission-line equivalent widths have
been derived using the following procedure: First, the zero
point of the relationship was established by measuring the
parameters from the mean spectrum. Then “synthetic ” spectra
were constructed with unit positive and negative weights of
each of the three components in turn, and the same parameters
were measured from these spectra. (Measurements of spectra
with positive and negative weights were carried out as a consis-
tency check.) The partial derivative of each parameter with
respect to each principal component weight was thus deter-
mined. Using these coefficients, the value of the appropriate
parameter can then be determined for any observed spectrum
from the weights of its first three principal components. The
efficacy of this procedure relies on the existence of linear
relationships between the parameters and the component
weights. This is a good approximation except in the case of the
line widths (see § 3.7).

Emission-line equivalent widths were measured from the
mean and synthetic spectra by connecting selected wavelength
regions on either side of the emission feature with a straight
line, and integrating the flux above this line. The wavelength
limits for the integrations were the following: 111180-1280
Lyman-o + N v; 141290-1325 O 1; 141350-1450 Si 1v + O 1v];
AA1440-1610 C 1v; and A41830-1970 Al m + C mr]. As noted
above, the continuum power-law slope was measured using
continuum windows at 1320 and 1800 A. The former has a
contribution from C 11 and Si 1v + O 1v], the latter from Fe 11
(Francis et al. 1991). A velocity width for C 1v was measured as
described in Robertson (1986). The continuum used in the
measurement of the third (BAL) component properties is
shown in Figure 9. The coefficients for the various relation-
ships are given in Table 1.
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F1G. 9—The third principal component (solid line) and the continuum
(dashed line) adopted for equivalent-width measurements of the emission lines.

Combined with the distribution functions of the principal
component weights (Fig. 6), the relations in Table 1 provide a
quantitative description of any of the LBQS spectra and eluci-
date the range of parameters observed in the sample as a
whole. This simple description of the LBQS properties can be
used, among other applications, to model the selection effects
of the survey, to compare the LBQS to detailed emission-line
models, and to compare the distribution of parameters to other
surveys of QSOs.

Using the relations in Table 1, and the component weights of
the LBQS spectra, the distributions of line strengths and con-
tinuum slopes can be computed. Figure 10 shows the distribu-
tion of C 1v rest-frame equivalent widths, compared with two
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from Wilkes (1986), panel (b) is the optically selected subsample of Baldwin et
al. (1989), and panel (c) shows values computed from the two-component
LBQS classification.
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distributions taken from the literature (Wilkes 1986; Baldwin,
Wampler, & Gaskell 1989). All three distributions have com-
parable mean and modal values, but the Wilkes sample has a
larger proportion of strong-lined objects, perhaps reflecting
differences in the QSO selection between the samples.

In Figure 11 the continuum slopes measured from the PCA
of the high-ionization line region are compared with those of
the radio-quiet subsample studies by Baldwin et al. (1989).
Baldwin et al. investigated a slightly different rest wavelength
region and used continuum windows at 1450 and 2225 A to
determine their continuum slopes. The systematic change in
the derived power-law slope caused by using different contin-
uum windows was quantified by measuring the continuum
slope of the LBQS composite spectrum using both pairs of
continuum windows. The Baldwin windows produce a larger
index (a harder slope) by 0.3, due to a combination of the
continuum’s becoming softer at shorter wavelengths and the
presence of Fe I emission at 1800 A. When the effect of the
different continuum windows is taken into account, both the
mean and the range of the power-law distributions are consis-
tent with each other. Specifically, a KS test indicates that, after
the 0.3 systematic correction is applied to the Baldwin sample,
one can reject the null hypothesis that the two samples are
drawn from the same parent population at only the 80% con-
fidence level. After correction the mean index of the Baldwin
sample is 0.91 and its standard deviation is 0.34, while the
LBQS has a mean of 0.67 and a standard deviation of 0.5, in
reasonable agreement with one another given the small size of
the Baldwin sample.

Figure 12 illustrates the correlations between the continuum
slope and the emission-line equivalent widths derived from the
two-component reconstructions. Table 2 gives the results of
regression-line fits to these scattergrams. In this analysis, BAL
QSOs were excluded, and the errors in alpha were ignored.
As discussed in § 4.2, C 1v and Lyman-o correlate with contin-
uum hardness but show a large scatter, while Al m + C 1]
correlates more tightly with the continuum hardness.
The Si1v + O 1v] correlation, although formally significant,
should be viewed with caution given the weakness of the fea-
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F1G. 11.—The distribution of continuum power-law indices for the LBQS
(solid line) measured between 1320 and 1800 A, and those from the optically

selected subsample of Baldwin et al. (1989) (dashed line) measured between
1450 and 2225 A.
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computed from the two-component reconstructions. Solid lines are the best-fit regression lines; dotted lines show the + 1 ¢ slope limits (Table 2).

tures and the resulting strong dependence of the equivalent
width on the adopted continuum windows.

4.5. The Baldwin Effect

Recent analyses of samples of optically selected QSOs
(Cristiani & Vio 1990; Zamorani et al. 1992) have shown that
the Baldwin effect—the anticorrelation between C 1v equiva-
lent width and absolute magnitude—is weak with a substantial
scatter in the line equivalent widths at fixed absolute magni-
tude. Measurement of the C 1v equivalent width from the
reconstructed spectra would seem to offer a substantial advan-
tage, compared to using the original spectra, because the noise
is reduced significantly. However, the use of an LBQS sub-
sample to investigate the amplitude of the Baldwin effect has
the disadvantage of covering only a limited redshift and appar-
ent magnitude range (17.0 < mp, < 18.7). This means that the
QSOs in the sample investigated here span the rather limited
absolute magnitude range of —28 < My < —26. On the other
hand, the number of QSOs in the subsample is large, the S/N
of the spectra is relatively high, allowing emission-line equiva-
lent widths to be measured to relatively high precision, and the

TABLE 2

EMisSION-LINE EQUIVALENT WIDTH-CONTINUUM
PowER-LAW INDEX CORRELATIONS

Emission Line Constant Slope
Lyman-ot ....co.eeeeieniininnniinannnnns 63+3 8§+3
SIV+OIV] e 84 +0.1 —0.6 + 0.14
CIV e 28+1 27+12
Al +CHr] .o 24 + 04 4+05

range of emission-line equivalent widths, 0 < EW,y < 100 A,
is substantial.

When the C 1v rest equivalent widths, computed from the
three-component reconstructed spectra, are plotted versus
absolute magnitude, a weak Baldwin relation is observed. Spe-
cifically, a formal regression of the rest equivalent widht of C 1v
against the monochromatic absolute magnitude at 1450 A,
assuming a functional form of EWgy oc L4, 5., gives B =
—0.14 4+ 0.05. The details of this calculation are three: (1) The
absolute magnitudes were calculated by integrating each spec-
trum over the IIIa-J passband to determine the scaling factor
between the observed broad-band and monochromatic magni-
tudes. (2) BAL QSOs and objects showing strong associated
absorption have been excluded from the analysis because of
the ambiguities in establishing a continuum and determining
“unabsorbed ” emission-line equivalent widths. (3) The errors
were estimated by assuming that the independent scatter at
any fixed luminosity is equal to the standard deviation of the
equivalent widths of the entire sample—a good approximation
since the size of the Baldwin effect is a small fraction of the
intrinsic scatter.

The value of B so derived is consistent with the values
obtained by Zamorani et al. (1992) and by Kinney, Rivolo, &
Koratkar (1990), but significantly smaller than the values of
Baldwin et al. (1989) and Smetanka et al. (1991) (see Table 3).

However, by using the C 1v equivalent width from three-
component reconstructions to estimate the slope of the
Baldwin effect, we tacitly assume that the line-wing equivalent
widths are luminosity-independent. This is in keeping with the
results of § 4, in which it was shown that the wings are
responsible for only a small fraction of the total variation in
the line equivalent widths. But, since over the limited lumi-
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TABLE 3
BaLpwiN ErFecT—EW(C v) oc L 5,

Measurement Source B N
LBQS—Three Component ................ —0.14 0.05
LBQS—Direct ........coonvnieiiiiinnnan. —0.26 0.07
LBQS—LineCore ........ccoevvuueernnnn. —0.15 0.05
LBQS—Line Wings ..............oooeuunnn —0.07 0.03
Baldwinetal 1989 ......................... —0.39 0.10
Cristiani & Vio 1990 ................c..... —0.083 0.006
Kinneyetal. 1990 ............c..cooeei. —0.17 0.04
Smetankaetal. 1991 ........................ —0.45 0.08
Zamoranietal. 1992 ........................ —0.13 0.03

nosity range covered by the LBQS sample, the expected mag-
nitude of the Baldwin effect is much smaller than the range of
equivalent widths observed at any fixed luminosity, systematic
correlations of the flux in the wings with luminosity could
strongly modify any correlation seen in spectra reconstructed
from only the first three components. In order to investigate
this possibility, equivalent widths were measured for C 1v
directly from the spectra, using the same integration limits and
continuum windows as in the measurements of the recon-
structed spectra. These direct measurements are shown in
Figure 13, along with the best-fit regression with f = —0.26
+ 0.07. This slope differs from the three-component value by
1.4 o and is more similar to the Baldwin and Smetanka values.
While the difference between the slope calculated for the
direct measurements and that calculated for the reconstructed
spectra is not highly significant, its origin needs, nonetheless, to
be investigated. This was done by measuring directly from the
spectra the equivalent widths for the line cores (measured in
the range 1540-1560 A) and for the remainder of the line
separately. The line-core equivalent widths correlate closely
with those measured from the three-component reconstruc-
tions and show nearby the same slope for the Baldwin effect,
Beore = —0.15 + 0.04. The line-wing equivalent widths have a
mean similar to the line cores (~ 14 A), but show a weaker, but

OBJECTIVE CLASSIFICATION SCHEME

nonzero, correlation with luminosity, B, = —0.07 + 0.03.
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line is a least-squares power-law fit to the data.
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The combination of the two gives a slope close to that mea-
sured directly for the whole line. It is interesting to speculate
that if this effect is real (the difference is only significant at the
1.6 ¢ level), then some of the difference in the published results
may arise because of different choices for the continuum
placement.

Table 3 summarizes the Baldwin effect slopes measured by
the methods described above as well as those measured by a
number of other recent studies.

Our search for the Baldwin effect using PCA-inferred C 1v
equivalent widths provides a cautionary note to the applica-
tion of PCA to effects that may be rather subtle. Calculating
the C 1v equivalent width from only three-component recon-
structions significantly diluted the inferred magnitude of the
Baldwin effect, suggesting in this case that the reconstructions
did not well represent the original spectra. Such reconstruc-
tions did, however, call attention to the question of whether the
Baldwin effect differs between line cores and line wings, and
closer examination revealed that, indeed, there may be such a
difference. If this difference is found to be real, it may have
important implications for models attempting to explain the
physical basis of the effect.

5. SUMMARY

1. Principal component analysis, applied directly to QSO
spectra, is a powerful tool for the parameterization, and sub-
sequent classification, of rest-frame ultraviolet spectra ob-
served at intermediate S/N and resolution.

2. Only three components are required to account for
~75% of the QSO sample variance contributed by the varia-
tion in the ultraviolet emission lines and continua. One com-
ponent describes the emission-line core strength, the second
the continuum slope, and the third the BAL features present in
a subset of the spectra.

3. Broad-absorption-line QSOs are naturally identified as a
subclass of the QSO population. The distribution of the third
principal component weights supports a single-population
model for BAL QSOs, wherein all optically selected QSOs may
be incipient BAL QSOs. The BAL QSOs show excess N v and
perhaps Al m + C m] emission relative to the QSO popu-
lation as a whole.

4. The emission lines of the QSO sample show a spread of
properties which can be arranged in a sequence ranging from
broad, low-equivalent-width lines to narrow, high-equivalent-
width lines. Other properties of the QSO spectra also vary
along this sequence. For example, QSOs in the former cate-
gory have higher N v/Lyman-a, N v/C 1v, and C 1v/Lyman-o
line ratios than objects with lines characteristic of the latter
category, and the wavelength separation between the Lyman-a
and C 1v emission lines is larger in spectra in the former cate-
gory than in the latter.

5. The equivalent widths of the Lyman-a, C1v and
Al 1 + C 1] emission lines all correlate with the hardness of
the continuum, the latter being the tightest correlation.

6. The LBQS sample demonstrates a Baldwin effect consis-
tent with other studies. It is suggested that the correlation of
the line-core equivalent widths with luminosity may be strong-
er than that of the line wings.
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