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Study of Ultraviolet-Optical Properties of A Complete

Sample of QSOs

Publication No.

Zhaohui Shang, Ph.D.

The University of Texas at Austin, 2003

Supervisors: Beverley J. Wills and Edward L. Robinson

Spectral principal component analysis (SPCA) has been applied to a

complete sample of 22 low-redshift QSOs with spectral data of broad wave-

length coverage from Lyα to Hα. QSO spectra are decomposed into three

significant, independent principal components — line-core, continuum slope,

and line-width. The line-core component represents the Baldwin effect, but

only emission line cores, or emissions from low-velocity gas, are correlated

with the continuum luminosity. The scatter in this luminosity relationship is

greatly reduced, rekindling the hope of using QSOs as “standard candles” in

cosmological studies. The continuum slope component shows the QSO intrin-

sic continuum slope possibly reshaped by the dust reddening. The line-width

component expands the Boroson and Green’s Eigenvector 1 relationship to

include many more UV and optical spectral properties. This principal com-

ponent is suggested to be driven by the Eddington accretion rate.

The emission lines and continua of the spectra have also been directly

measured. The correlation analyses and the principal component analysis

ix



on the measured parameters confirm the results from SPCA. The consistent

results from the different analyses show conclusively that the Baldwin effect

and the Boroson and Green’s Eigenvector 1 are two significant, independent

relationships among QSO UV-optical spectral properties.

There is also evidence from the direct correlation analyses that the low

ionization lines are closely related with each other in terms of their FWHMs

and velocity shifts, and it is similar for the high ionization UV lines, but no

strong correlation is seen between the low and high ionization lines. This sug-

gests that the structure of the broad line region is stratified in both ionization

and velocity field, as also suggested by reverberation mapping studies.

It is also demonstrated that SPCA is powerful and efficient in analyzing

QSO spectra, especially for large samples.
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Chapter 1

Introduction

Quasi-stellar objects (QSOs) are the most luminous active galactic nu-

clei (AGNs) and are of great importance in probing the young universe since

they can be detected at high redshifts. The emission spectra of AGNs con-

vey copious information that needs to be deciphered in order to answer the

fundamental questions about the AGN energy mechanism, inner structure,

formation and evolution etc.

It is well accepted that AGNs are powered by accretion onto the central

massive black holes, and the emission lines are produced from surrounding gas

photoionized by the central nonstellar continuum emission. Study of the emis-

sion spectra of AGNs can reveal the connections between the central engine

and surrounding environment, and lead to insights into AGN physics. AGN

spectra remain prominent over a wide wavelength range from radio to X-ray.

A broad wavelength coverage provides more information on both emission lines

and continuum, and can help to overcome the difficulties and incompleteness

in AGN studies with narrower wavelength coverage.

UV-optical spectra of a complete sample of QSOs were obtained. The

goals of this study are: (1) to look for the connections between QSO UV

and optical properties; (2) to understand the dependence of QSO UV-optical

spectra on the soft X-ray spectra; (3) to investigate QSO spectral energy

distributions; (4) to study the different properties of gas, for example, with
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high and low velocity dispersion, high and low ionization using line profiles;

(5) and ultimately, to better understand the AGN phenomenon.

In Chapter 1, I give some background on QSO spectra and physics. I

also discuss the principal component analysis in both a matrix algebra and a

geometrical view. In Chapter 2, I describe the sample, observations and data

reduction. Chapter 3 is a stand-alone paper published in ApJ (Shang et al.

2003). It includes the detailed analysis of the sample using spectral principal

component analysis as well as some repeated general information about the

sample. I present the direct measurements of the spectra, correlation analysis

and principal component analysis of the measured parameters in Chapter 4.

Chapter 5 summarizes all the major results.

The terms “QSO” and “quasar” are virtually interchangeable here, and

I will use “radio-loud” or “radio-quiet” to specify their radio properties when

needed1.

1.1 AGN Central Engine

The variability of AGNs suggests that their continuum source can be as

small as a few light-days – much smaller than one parsec. However, a typical

QSO has a luminosity of 1013L�. Therefore, the fundamental question is how

can a QSO produce this energy in such a small volume? A nuclear starburst

can explain the energy of some low luminosity AGNs and some observational

properties, but nuclear fusion that powers stars is far from enough to account

for the QSO energy and cannot explain many other observational properties.

1Historically, quasar refers to “quasi-stellar radio source”, and QSO refers to optically-
selected objects.
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The current commonly accepted model of AGNs suggests a hot accretion disk

surrounding a supermassive black hole of ∼ 108M�. The energy is generated

from conversion of gravitational potential energy of material accreted into the

black hole.

The radiation pressure must be overcome by the force of gravity of

the central mass for a stable source. Assuming spherical accretion, this puts

an upper limit to the maximum luminosity of a source with mass M – the

Eddington luminosity (see Peterson 1997),

LEdd = 1.25 × 1038(M/M�) erg s−1 = 1.25 × 1046M8 erg s−1,

where M8 is the mass of M in units of 108M�. On the other hand, given a

luminosity, the mass of the central black hole can be estimated from

M ≥ 8 × 107L46 M�,

where L46 is the source luminosity in units of 1046 erg s−1, a typical value for

QSOs.

Since source luminosity L is supplied by accretion, L is proportional to

the mass accretion rate Ṁ , times some efficiency η,

L = ηṀc2.

η is on the order of 0.1 based on the estimated efficiency of conversion of

gravitational potential energy to radiation around a black hole (Peterson 1997).

Ṁ is therefore on the order of 1M�yr−1 for a typical QSO of L ≈ 1046 erg s−1.

The Eddington luminosity LEdd corresponds to a maximum mass accretion

rate ṀEdd, and Eddington ratio L/LEdd = Ṁ/ṀEdd is a measure of the mass

accretion rate relative to the maximum mass accretion rate of a source with

mass M under the simple assumption of spherical accretion.
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The mass of the central object can also be estimated from observations.

Assuming the motion of the broad-line region in AGN is dominated by the

gravity of the central mass M and the velocity field is virial,

M =
v2r

G
,

where v is the velocity of the broad-line clouds, which can be estimated from

the broad-line width; and r is the distance of the broad-line region from the

center, which can be determined from the time delay between the variations

of AGN continuum and broad emission lines through reverberation mapping

studies (e.g., Peterson & Wandel 1999, 2000; Wandel, Peterson, & Malkan

1999; Kaspi et al. 1996, 2000). Moreover, the data from several different

emission lines show v ∝ r−1/2 (Peterson & Wandel 1999), as expected for

Keplerian motion of the BLR clouds. This is also consistent with the formula

above for a constant mass.

Simple photoionization models also suggest

r ∝ L1/2.

Reverberation mapping studies produce a similar result (Kaspi et al. 1996),

but sometimes with a slightly different power index (Kaspi et al. 2000)

r = (32.9+2.0
−1.9)

[

λLλ(5100Å)

1044erg s−1

]0.700±0.033

light days.

This empirical relationship makes it possible to use the observed luminosity

to estimate the size of BLR and hence the central mass when reverberation

mapping study is not available. For most AGNs, regardless of whether the

distance of the BLR is obtained directly from the reverberation mapping or

from the empirical relationship, the estimated mass of the small central object
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is > 107M� (e.g., Wandel, Peterson, & Malkan 1999; Peterson & Wandel 1999;

Laor 1998; Kaspi et al. 2000; Boroson 2002), suggesting a massive black hole in

the center of the AGN. Strong evidence for the existence of supermassive black

holes in the centers of normal galaxies also supports the black hole paradigm

of AGNs.

While the details of accretion process are not clear, conservation of

angular momentum requires the formation of an accretion disk around the

central black hole, and probably jets too. The innermost radius of the accretion

disk cannot lie within the Schwarzschild radius

Rs =
2GM

c2
≈ 0.01M8 light days.

In fact, the innermost stable orbit around a non-rotating (Schwarzschild) black

hole is at 3Rs. The radius at which the UV-optical emissions arise is suggested

by AGN continuum variability, and can be a few light days (102Rs for a mass

of 108M�). AGNs radiate most of their energy in almost all the wavelength

bands between a few Schwarzschild radius and a few light days.

1.2 QSO Spectra

Most of what we know about QSOs relies on their observed spectra,

especially the UV-optical spectra, which are rich in broad emission lines. Al-

though they are not the same in detail, the spectra of QSOs show very similar

features over a very broad wavelength range. Studying these common features

can lead to better understanding of the most important QSO physics.
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Figure 1.1 Spectral energy distributions (SEDs) of radio-quiet and radio-loud
QSOs. The dotted lines are simple interpolation. Data are from http://hea-
www.harvard.edu/∼elvis/ (Elvis et al. 1994).

1.2.1 QSO Continuum

Quasars emit energy over an enormous range of wavelengths. Figure 1.1

shows average spectral energy distributions (SEDs) for radio-loud and radio-

quiet QSOs. Their overall SEDs are very broad and clearly non-thermal. This

is the key characteristic distinguishing QSOs from stars and other thermal

sources.

In the UV-optical region, a very strong and broad feature dominates the

spectrum and is known as “the big blue bump”. It is generally accepted that

the big blue bump results from thermal emission, probably of the accretion

disk with a temperature on the order of 105 K. In the X-ray region, the sharp

rise towards the big blue bump is known as the “soft X-ray excess”, and is
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thought to be the high-energy Comptonized Wien tail of the big blue bump.

The infrared region shows another bump, suggesting a thermal spec-

trum of T ≤ 2000 K. This implies the existence of warm dust grains in

the QSOs. The infrared minimum around 1 µm coincides with the peak of

a host galaxy’s thermal spectrum. This provides an opportunity to study

the host galaxies because QSOs’ light is relatively suppressed here. Atmo-

spheric windows for IR observing are also close to this minimum in low-redshift

QSOs, making it possible to study their host galaxies with ground observations

(McLeod & Rieke 1994a,b, 1995; McLeod & McLeod 2001).

The radio power of QSOs is much weaker than in the higher energy

bands. Radio-loud and radio-quiet QSOs are conventionally classified based

on the radio-optical ratio of specific fluxes (Fν) at 6 cm (5 GHz) and 4400 Å

(680 THz), with radio-loud ones having the ratio greater than 10 (Kellermann

et al. 1989). Radio-loud and radio-quiet QSOs have comparable energy output

in UV, optical and IR bands, but differ by a few orders of magnitude in

radio power (see Figure 1.1). QSO radio spectra are clearly non-thermal,

therefore studies of radio properties of QSOs are important in understanding

non-thermal processes in the central engine.

Figure 1.2 shows a QSO composite spectrum in the UV-optical region.

There is a small bump on top of the big blue bump between ∼ 2000− 4000Å,

known as the “small blue bump”, which comes from Balmer continuum emis-

sion and blends of Fe ii emission lines. The overall shape of the UV-optical

QSO continuum resembles a power-law; but in many cases two adjacent power-

laws of different indices (a broken power-law) are needed to represent the entire

UV-optical continuum (e.g., Vanden Berk et al. 2001).

The continuum we see in the spectra may not be the true continuum
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Figure 1.2 A UV-optical composite spectrum of 17 low redshift QSOs in the
sample (§2.1) with common wavelength coverage shown here.

because the emission lines in QSO spectra are very broad, blending together,

and there are also many weak lines and blends from Fe ii and other elements

(Phillips 1979; Verner et al. 1999) that can form a pseudo-continuum. For

objects with relatively narrow lines, there might be a better chance to get rel-

atively clean continuum windows along the spectra. Another way to obtain the

true continuum is to remove the broad emission lines with proper line profile

models. This is hard because the broad line wings mix with the continuum,

they are weak and hard to decouple from the continuum.
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All QSOs vary with time at all wavelengths. In most cases, the UV and

optical continua vary roughly in phase (e.g., Peterson et al. 1998a), suggest-

ing a close relationship between UV and optical continuum emitting regions.

Small time delays in the continuum variations have been seen, with the op-

tical lagging behind the UV by ∼ 1 − 2 days (Korista et al. 1995; Collier et

al 1998, 1999). Time lags of 0.2–0.4 days at different wavelengths in the UV

have also been detected (Wanders et al 1997). Emission line variations lag the

continuum variation by a few days to a few weeks. This is the fundamental

basis for reverberation mapping studies.

The interpretation of QSO continuum observations is highly model de-

pendent. The simple thin disk model suggests that the UV and optical con-

tinua have thermal origin and arise from different annuli of a geometrically-

thin, optically-thick accretion disk. The temperature profiles of the accretion

disk can actually be obtained from the reverberation mapping of the contin-

uum variations; the radius is measured from a time delay, and the temperature

from a wavelength assuming blackbody radiation (Horne 2001). More com-

plex disk models have been developed and alternative models have also been

suggested (e.g., the continuum is optical thin, free-free emission), but none

has been successful completely when confronted with available observational

evidence.

1.2.2 QSO Emission and Absorption lines

QSO emission lines are striking features in the UV-optical spectra (Fig-

ure 1.2). They convey a wealth of information on QSO structure, dynamics

and chemical composition. The redshifts of QSOs are usually determined with

their emission lines.
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1.2.2.1 Broad Emission Lines

Most QSO emission lines are very broad. Assuming Doppler broaden-

ing, the typical full width at half maximum (FWHM) of the broad emission

lines (BEL) is ∼ 5000 km s−1, and sometimes they can be as broad as a few

104 km s−1. The important UV-optical emission lines are listed in Table 1.1.

There are also many other emission lines, e.g., N iii]λ1750, N iv]λ1486. They

can be strong in some objects.

As can be seen in Figure 1.2, even the strongest emission lines are heav-

ily blended, for example, Lyα+Nvλ1240, Si iv+O iv] at 1400Å, C ivλλ1548.2,

1550.8, C iii]λ1909+Si iii]λ1892, and Mg iiλλ2795.5, 2802.7. The small blue

bump between ∼ 2000−4000Å is actually mostly a blend of UV Fe ii emission

lines and Balmer continuum. Another region with strong Fe ii emission blends

is in the optical region, near Hβ and [O iii]. In fact, weaker Fe ii emission

exists throughout the UV-optical QSO spectra. The blending complicates the

study of QSO emission lines and continua, for example, the optical Fe ii blends

makes it hard to isolate He iiλ4686 in the spectra, although it can be as strong

as He iλ5876. The blending of line wings and weak lines also makes it hard to

determine the true continua of QSO spectra, but deblending broad emission

lines is very important and necessary in order to get accurate information of

lines from different ions.

The usual way to deblend emission lines is to use model line profiles,

e.g., Gaussian or Lorentzian, to fit the blended regions, and thus obtain the

fluxes of different lines. A local continuum, usually a power-law, is also needed

and it is crucial to determine the “true” continuum because a small change in

the continuum level could affect the fitting and the derived equivalent widths

a lot. In order to have a good fit, more than one model line component can be
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Table 1.1 Strong UV-optical Emission Line Features in QSOs.

Mean λ Components
Element (Å) (Å)
Ovi 1033.82 1031.93, 1037.62
Lyα 1215.67
Nv 1240.15 1238.82, 1242.80
O i 1303.49 1302.17, 1304.86, 1306.03
Si ii 1307.64 1304.37, 1309.28
C ii 1335.31 1334.53, 1335.66, 1335.71
Si iv 1396.75 1393.76, 1402.77
O iv] 1402.34 1397.23, 1399.78, 1402.16, 1404.81, 1407.38
C iv 1549.05 1548.20, 1550.77
He ii 1640.42 1640.34, 1640.47
O iii] 1664.15 1660.81, 1666.15
N iii] 1750.46 1746.82, 1748.65, 1749.67, 1752.16, 1754.00
Si iii] 1892.03
C iii] 1908.73
Mg ii 2797.92 2795.53, 2802.71
[O ii] 3726.67 3726.03, 3728.82
Hε 3970.07
Hδ 4101.73
Hγ 4340.46
He ii 4685.65 4685.4, 4685.7
Fe iia 4570, 5190, 5320 blends
Hβ 4861.32
[O iii] 4958.91
[O iii] 5006.84
He i 5875.70
Hα 6562.80
[N ii] 6548.06
[N ii] 6583.39
[S ii] 6716.47
[S ii] 6730.85

Note: Data from Allen’s Astrophysical Quantities, ed. Arthur N. Cox, p.596.
Wavelengths are in vacuum for λ < 2000Å, in air λ > 2000Å.
a from Phillips (1978)

11



used for each emission line, however, there is no reason to believe that different

components represent different regions or correspond to different physical BLR

components. While this technique usually works well, caution is required when

interpreting the results, especially for weak lines or broad line wings, because

the solution is probably not unique and the error can be very large.

To low order approximation, the emission line profiles appear similar

and symmetric, but asymmetries can be seen in all lines and sometimes are

very pronounced. This suggests that there may be radial outflows or inflows

in the BLR. Sometimes an empirical line profile can be obtained from a clean

line in the spectrum and used as a template to fit other lines in the same

spectrum, but in fact, different lines often do not have the same profile, and

the continuum placement remains crucial.

Statistical studies of broad UV emission lines suggest two components

making up the profiles — one of width ∼ 2000 km s−1, and another of ≥ 7000

km s−1and blueshifted by ≥ 1000 km s−1(Wills et al. 1993; Brotherton et

al. 1994a). Two distinct or merging line emitting regions in the BLR were

introduced to account for the two components. The narrower component is

suggested to arise from an intermediate-line region (ILR) and the broader one

from a very broad line region (VBLR). The line intensity ratios are different

for the ILR and VBLR, which can account for much of the diversity of broad-

line profiles, such as line width, asymmetry, and shift. However, it is still not

practical to use the derived ILR and VBLR line profile for line measurements

in general, since they are derived from specific samples in an empirical way

(Brotherton et al. 1994a).

For broad features of optical Fe ii emission, Boroson & Green (1992)

created an Fe ii template from the spectrum of I Zw 1, a quasar with relatively
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narrow (FWHM 900 km s−1) emission lines. To remove the Fe ii emission, the

template needs to be scaled and broadened to match the Fe ii strength and

line width in the individual spectra in a trial-and-error manner. Although

we cannot assume the Fe ii multiplets always have the same intensity ratio as

that in the template, this method is so far the best way to remove optical Fe ii

around Hβ and [O iii], and it works well. Earlier attempts include building a

Fe ii template from photoionization models and convolving it with Hα profile

(Wills et al. 1985; Thompson 1991a). Recently, Vestergaard & Wilkes (2001)

have made a template for UV Fe ii emission in the same way as Boroson &

Green (1992) did for the optical emission.

Variability studies reveal delays between the emission line variation

and the variation of the continuum. This shows that the emission lines are

produced in a region that is photoionized by the central continuum source.

Studying this broad line region (BLR) can help us to understand the QSO

EUV to X-ray ionizing continuum that cannot be observed directly.

Reverberation mapping is used to determine the distance of the line

emitting region from the central source. It shows that different lines have

different lags, ranging from a few light-days for high ionization lines to a few

tens of light-days for low ionization lines (Clavel et al. 1991; Krolik et al.

1991; Peterson & Wandel 1999; Peterson 1997), suggesting radially stratified

ionization zones. This is consistent with photoionization models in which

higher ionization zones occur closer to the nucleus. Also line widths increase

with shorter time lags (Peterson & Wandel 1999), in agreement with a velocity

field dominated by a central mass.
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Simple photoionization analysis of emission line ratios and critical den-

sities suggests that the temperature of the BLR clouds is of order 104K, and

the electron density is of order 1010±1 cm−3. The actual emitting volume is

very small compared with the BLR size, leading to a small ‘filling factor’. This

small filling factor indicates that the BLR actually consists of numerous small

clumps. The motion of the individual clouds explains both the emission-line

widths and the smoothness of the line profiles (Peterson 1997).

The motion of the BLR (or clouds in the BLR) is mostly governed by the

gravity of the central mass and therefore can reveal the structure and dynamics

around the center. The virial velocity of the BLR clouds can be estimated

from emission line widths and used to derive the mass of the central black

hole with knowledge of the distance to the center obtained from reverberation

mapping. The widths of emission lines are often different, indicating that

different emission lines are possibly produced in different kinematic regions in

the BLR.

The study of AGNs has been extended to the full wavelength coverage

for objects with different redshifts and with the help of space telescopes in

different wavelength bands. In addition to the large number of emission lines

in the UV-optical bands, many lines in the far-UV region have been revealed,

although the far-UV spectra often suffer from intergalactic absorption. High

energy emission originates from the innermost regions of the accretion flow.

X-ray studies of AGN emission lines are therefore important to understand

the structure of these regions and energy mechanisms. Emission lines have

been detected in X-ray, such as the prominent Fe Kα line at 6.4 KeV (e.g.,

Fabian et al. 2000). Detailed study of the shape and strength of the line has

been made possible and advanced with the high resolution of recent X-ray
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telescopes XMM-Newton and Chandra (e.g., Lee et al 2002).

1.2.2.2 Narrow Emission Lines

In AGN spectra, narrow emission lines can also be seen, with widths

typically 200 − 900 km s−1. The strongest narrow emission lines in QSOs are

the [O iii]λλ4959, 5007 lines. Sometimes the [N ii]λλ6548, 6583 lines can be

seen superposed on the Hα line, and the [S ii]λλ6716, 6731 lines are relatively

easy to detect on the red wing of Hα. Narrow lines are also seen for permitted

lines, such as Balmer lines. They appear as a spike on top of the corresponding

broad emission lines, and clearly are a physically different component than the

broad component of the emission lines.

The source of the narrow lines is called the narrow line region (NLR).

The forbidden lines indicate lower electron density than in the BLR, and the

critical densities for forbidden lines can put an upper limit on the electron

density in NLR. The absence of expected forbidden lines in some AGNs could

also suggest a lower limit of the electron density. In fact, the flux ratios of

carefully selected forbidden line pairs are good density indicators, and can

give a rather accurate density estimate of the line emitting region if assuming

homogeneous. For example, [S ii]λ6716/λ6731 is very sensitive to densities in

the range of 102 − 104 cm−3.

Similarly, electron temperature can also be estimated with flux ra-

tios of line pairs that are sensitive to the temperature. A good indicator is

[O iii]λ4959 + λ5007/λ4363, which depends on both temperature and electron

density. A typical value for the NLR is ∼ 16000 K given a typical electron

density.

One advantage of studying the NLR is that for some nearby AGNs,
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the NLR is sometimes partially resolved. The inferred sizes are generally

≥ 100 pc, and the filling factor is small (≤ 0.01). Observations sometimes

show an extended narrow line region on scales of kpc with a wedge-shape

structure. This is referred as an “ionization cone”, and probably results from

non-isotropic illumination of NLR from the central ionizing continuum.

The narrow line width indicates slower motion of the narrow line clouds

in the NLR. However, this motion does not seem to be driven by the central

mass as in the BLR; instead, the gravitational potential of the host galaxy

bulge appears to be responsible. This is mainly inferred from a study by

Whittle (1992), showing a relationship between the narrow line width and

the bulge luminosity similar to the Faber-Jackson relationship, which relates

bulge luminosity Lbulge and the stellar velocity dispersion σ (Lbulge ∝ σn) in

normal galaxies. Indeed, further studies show a direct correlation between the

narrow line width and the stellar velocity dispersion (Nelson & Whittle 1996;

Nelson 2000). Therefore, narrow line width can be used to derive the bulge

velocity dispersion, and eventually to estimate the black hole mass MBH in

AGNs with the MBH – σ relation (Gebhardt et al. 2000a; Tremaine et al.

2002). Recent studies show that this technique seems to have a large scatter,

though (Boroson 2003; Shields et al. 2003).

1.2.2.3 Absorption Lines

There are two kinds of absorption line systems in QSO spectra. One

is the intervening absorption lines by intergalactic medium (IGM), such as

Lyα forest, the other is the absorption lines associated with the QSOs or host

galaxies. Both have astronomical importance, but in different aspects.

For the intervening absorption lines in IGM, QSOs simply act as back-
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ground sources. Since QSOs can be at very high redshifts, the properties of the

gas in the IGM inferred from the absorption lines are good tools for studying

early universe and cosmology (e.g., Bahcall et al. 1993, 1996; Jannuzi et al.

1998).

The associated absorption lines are of more importance for QSO stud-

ies. In luminous QSOs, the most prominent absorption features are usually

very broad, ∼ 104 km s−1, and known as broad absorption lines (BALs) (e.g.,

Turnshek et al 1988; Weymann et al. 1991). BAL features are detected in

about 15% of the QSO population. They are often seen for high-ionization

UV lines, such as Lyα, Nv and C iv, and they are usually blueshifted relative

to the corresponding emission lines. The blueshifts of BALs can be as high as

about 30 000 km s−1 (0.1c), indicating high outflow velocities of the absorbers.

These absorptions can be so strong that the absorption troughs can often com-

pletely eliminate the blue wings of the emission lines. In the case of blended

lines, e.g., Lyα+Nv, Nv BALs can sometimes mask Lyα emission.

The relationship between BAL gas and broad emission line region is

unclear, but the high outflow velocities and high ionization states of BALs

suggest that some of the BAL gas is closely associated with the central object,

and therefore, they provide another opportunity to probe the nuclear region

of QSOs. Low-ionization BALs have also been detected in Mg ii and Al iii etc.

for many QSOs (e.g., Hazard et al. 1987; Weymann et al. 1991).

Relatively narrow absorption lines (NALs) associated with QSOs have

also been detected (e.g., Anderson et al. 1987; Foltz et al. 1988; Sargent et

al. 1988; Hamann et al 1997a; Hamann et al. 1997b,c; Ganguly et al. 1999).

These lines usually have velocity width less than a few hundred km s−1 and

displacement of less than several thousand km s−1 from the emission redshift.
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The NALs can vary on a time scale of only a few months (Hamann et al.

1997b), suggesting that some NALs are indeed also intrinsic to the QSOs.

High spectral resolution studies of individual objects suggest that the NAL

absorbers only partially cover the emission sources (Hamann et al. 1997c).

The BAL features are not seen in low-luminosity AGNs but narrow

absorption lines have been detected in many Seyfert galaxies. The relation-

ships between the NALs, the BALs, and emission lines are unclear, but it

is tempting to attribute both NALs and BALs to the same “generic outflow

phenomenon” (Hamann et al. 1997b; Elvis 2000). It has also been suggested

that the absorption-line regions and the emission-line regions could represent

different phases or layers of the same medium (Shields, Ferland & Peterson

1995). The physical conditions derived from absorption lines of highly ionized

ions imply that these absorbers may be related to or even the same as the

“warm” absorbers seen through soft X-ray (e.g., Mathur et al. 1995; Hamann

et al. 1998).

1.2.3 Correlations

One of the main aims of studying AGNs is to understand the central

engine that powers these objects and the structure of these objects. The al-

most linear correlation between the continuum luminosity and the luminosity

of Balmer lines strongly suggests photoionization of BLR by the central con-

tinuum source. The lag in variations between spectral continuum and emission

lines adds convincing evidence on the interactions between the central object

that emits the continuum, and the BLR that produces emission lines. How-

ever, even in the nearby lower-luminosity AGNs, the broad line region remains

unresolved. Therefore, seeking correlations among spectral properties is im-
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portant and correlations can be used to investigate the accretion mechanism,

the origin of the fuel, structures of the AGNs, and links with the host galaxy

evolution etc.

Two main relationships have been previously found in QSO spectra,

the Baldwin effect – an anticorrelation between luminosity and emission line

equivalent width (EW), and the Boroson & Green’s “eigenvector one” charac-

terized by the strong anticorrelation between optical Fe ii from the BLR and

[O iii] from the NLR and other relationships.

1.2.3.1 Baldwin Effect

The Baldwin effect (BEff) is an inverse relationship between the equiv-

alent widths of QSOs’ broad emission lines, and the UV continuum luminosity

L, of the form EW ∝ Lβ. It was originally derived using the C ivλ1549 line

and the continuum luminosity at 1549 Å (Baldwin 1977). Different samples

of QSOs were investigated and confirmed the BEff (e.g., Baldwin, Wampler,

& Gaskell 1989), but there were still doubts that instead of a real luminosity

relationship, BEff might be due to selection effects, variability, or evolution

etc. Kinney, Rivolo & Koratkar (1990) combined IUE archival data for both

quasars and Seyfert galaxies and showed the existence of a Baldwin effect

spanning a continuum luminosity range of about seven orders of magnitude.

They found β = −0.16 ± 0.06 for C iv, and that the scatter in the BEff is

caused largely by variability. These results strongly suggest that the BEff is a

real, physical effect. Furthermore, Francis & Koratkar (1995) show both their

low- and high-redshift samples display a Baldwin effect.

Early studies show that the BEff also exists in other strong UV lines,

such as Lyα, C iii], Al iii and Mg ii. Laor et al. (1994b, 1995) acquired very
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high signal-to-noise ratio QSO spectra with HST , and were able to deblend

emission lines and make accurate measurement of line wings. They reported

a BEff in almost all the strong UV lines between 1000 and 2000 Å, except

for Nv. Composite spectra are also used to investigate the BEff. A sample

can be divided into luminosity intervals (bins) and composite spectra can be

constructed for each bin to increase the signal-to-noise ratio. The composite

spectra show the average properties of QSO spectra with different luminosity,

and always reveal the BEff for C iv and other lines (Osmer et al. 1994; Laor

et al. 1995; Francis & Koratkar 1995; Green, Forster, & Kuraszkiewicz 2001).

Dietrich et al. (2002) applied this technique on a large sample of 744 quasars

and Seyfert 1 galaxies with bin size of 0.5 dex in luminosity. They claim that

the BEff is Nvλ1240. In an even larger sample of 22 000 QSO spectra from

the Two Degree Field (2dF) and Six Degree Field (6dF) surveys with a bin

size of 0.5 dex in luminosity Croom et al. (2002) reported detection of the

BEff for most of the UV broad emission lines, e.g., C iv, C iii], Mg ii, but they

also report an inverse Baldwin effect for Hβ and Hγ. Taking advantage of

the large uniform sample, they were also able to investigate the BEff in small

redshift bins (∆z = 0.25) to disentangle the close connection between quasar

luminosity and redshift. They concluded that the BEff depends on luminosity,

not redshift. Similar analysis for large number of QSOs from Sloan Digital

Sky Survey (SDSS) is being undertaken.

The slope of the Baldwin effect, β, for C iv ranges from about −0.1 to

−0.2 in different samples. For other lines, β = −0.05 to −0.3 (e.g., Espey &

Andreadis 1999), and the slope apparently steepens with increasing ionization

potential of the ion (Zheng, Fang, &Binette 1992; Espey & Andreadis 1999;

Croom et al. 2002; Dietrich et al. 2002). A possible reason for this is that
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the SED of the ionizing continuum depends on luminosity – more luminous

AGNs have softer ionizing continuum. This explains both the BEff and the

slope dependence on the ionization potential, and is supported by some disk

models (Netzer, Laor, & Gondhalekar 1992; Wandel 1999a). Other possible

explanations are that the BEff results from a luminosity-dependent ioniza-

tion parameter, covering factor, or is the result of inclination (Peterson 1997;

Korista 1999; Ferland & Baldwin 1999).

While the Baldwin effect is confirmed for many emission lines in general,

there remain controversial results for a few line features. Most early studies

have shown little evidence of a BEff for the Si iv+O iv]λ1400 feature (Francis

et al. 1992; Osmer et al. 1994; Francis & Koratkar 1995), but Laor et al.

(1995) reported a strong BEff for this blend, which was later supported by a

composite spectral analysis of a large sample (Dietrich et al. 2002). However,

Croom et al. (2002) found little BEff for Si iv+O iv]λ1400 in the large 2dF

and 6dF sample. Nvλ1240 has always been reported as having an inverse or

no BEff except for Tytler & Fan (1992). This has been interpreted as an effect

of nitrogen enrichment with more luminous sources (e.g., Hamann & Ferland

1992, 1993).

Balmer lines are another complication for BEff studies. Until recently,

the evidence for EW ∝ Lβ for Balmer lines had been very weak (e.g., Yee

1980; Espey & Andreadis 1999; Dietrich et al. 2002). The reported slope

|β| ≤ 0.02 with relatively large uncertainty. However, Croom et al. (2002)

show a strong inverse BEff (positive β) for Hβ and Hγ, with β = 0.160±0.020

and 0.185± 0.030, respectively. They suggest that the continua used to derive

the EW for different lines have different combinations of disc and non-disc

components in AGNs with different luminosities.
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The discrepancies may result from several causes: (i) the samples are

intrinsically different. (ii) the measurements of EW have large uncertainties,

especially due to the placement of the local continua. (iii) the BEff may

only exist for part of the BLR gas (see discussion below). It would be very

interesting to carry out an analysis of SDSS data in a similar way to Croom et

al. (2002) and compare the results, because both samples have large number

(> 104) of uniform QSO spectra spanning a wide range in both luminosity and

redshift.

The line profile is another important issue in studying BEff. It has been

suggested that “line cores” (emission from low velocity gas) vary more from

one QSO spectrum to another than the line wings (Francis et al. 1992; Francis

& Koratkar 1995; Brotherton & Francis 1999). In an analysis of 232 UV spec-

tra of the Large Bright QSO Survey (LBQS), Francis et al. (1992, hereafter,

FHFC92) found a significant “line-core” principal component, which is iden-

tified as the ILR component (Brotherton et al. 1994a) and it shows a BEff.

This shows that the correlation of the line-core EW with luminosity may be

stronger than that of the line wings. Francis & Koratkar (1995) followed up

and confirmed the FHFC92 suggestion, by deriving the line-core equivalent

width dependence on luminosity. This was demonstrated qualitatively by Os-

mer et al. (1994), and Green (1998) also suggested this for Lyα and C iv.

These published studies cover only the strong UV lines between ∼1150 Å and

2000 Å.

Since their discovery, QSOs have been candidates for “standard can-

dles” in cosmology because of their great luminosity and distance. This hope

became more realistic with the discovery of the Baldwin effect. However, so
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far, the observed Baldwin relationships show too much scatter.

Part of the scatter comes from QSO variability. For individual variable

Seyfert galaxies, a similar equivalent width – luminosity relationship has been

found for some UV lines (Clavel, Wamsteker, & Glass 1989; Clavel et al. 1991;

Reichert et al. 1994). This is known as the “intrinsic Baldwin effect” (Pogge &

Peterson 1992; Peterson 1997). The intrinsic BEff has a different (shallower)

slope β from the global BEff and therefore introduces scatter into the global

BEff (Kinney et al. 1990; Pogge & Peterson 1992). Part of the intrinsic BEff

has been attributed to light-travel time effects. After removing the light-travel

time effect, Gilbert & Peterson (2003) show a non-linear relationship between

Hβ emission line and continuum fluxes in the well-monitored AGN NGC 5548.

They show a Baldwin effect after removing the Hβ narrow component and the

host galaxy contribution, but the slope still differs substantially from that

of a global BEff. Therefore, the underlying physics for the intrinsic BEff is

probably different from that for the global BEff.

1.2.3.2 Boroson and Green’s Eigenvector 1

In a Principal Component Analysis (PCA) of direct, integrated, line

measurements of 87 low z QSOs in the Hβ region, Boroson & Green (1992,

hereinafter, BG92) discovered that most of the spectrum-to-spectrum vari-

ance, represented by the first principal component (Eigenvector 1, hereinafter,

BG PC1), links a number of variables: decreasing broad Hβ line width cor-

responds to stronger Fe ii optical emission (Fe ii(opt)), weaker [O iii]λ5007

emission, and Hβ asymmetry from stronger red to stronger blue wings. BG92

suggested that the Fe ii(opt) – [O iii] anticorrelation is driven by a change in

covering factor of dense Fe ii-emitting gas, which probably depends on the
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Eddington accretion ratio.

The role of the Eddington ratio in these relationships was especially

supported by the inclusion of the X-ray spectral index αx in this principal

component. Laor et al. (1994a, 1997, hereinafter, L94, L97) and Grupe et

al. (1999) show that steeper αx corresponds to narrower Hβ etc., in agree-

ment with a higher Eddington ratio. Because in a virial interpretation of Hβ

width, for a given luminosity, narrower Hβ would correspond to smaller black-

hole mass and thus higher Eddington ratio. Steeper αx corresponds to higher

Eddington ratios too, as inferred for Galactic black hole candidates (Pounds,

Done, & Osborne 1995).

Applying PCA to integrated line measurements, Wills et al. (1999a)

showed that these relationships extend to the UV: stronger Fe ii(opt) cor-

responds to a larger ratio Si iii]λ1892/C iii]λ1909 indicating higher densities,

also weaker C ivλ1549, stronger Nvλ1240, stronger Si iv+O iv]λ1400 feature,

and other properties.

A few parameters in the BGPC1 — Hβ FWHM, Fe ii(optical)/Hβ and

soft X-ray spectral index — have been used to define a correlation space,

trying to discriminate among all principal AGN types (Sulentic et al. 2000;

Sulentic, Marziani & Dultzin-Hacyan 2000; Marziani et al. 2001). However,

these parameters are correlated observables and probably intrinsically related,

so apparently this is still a one-dimensional (BGPC1) parameter space, and

luminosity is not involved. Boroson (2002) introduced a two-dimensional space

defined by two orthogonal parameters BGPC1 and BGPC2. BGPC2 involves

luminosity and He iiλ4686. AGNs are classified in this space based on their

Eddington ratio L/LEdd(BGPC1) and luminosity (or Ṁ , BGPC2), and the

black hole mass increases along a diagonal line, which the radio loudness ap-
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pears to follow. Lacy et al. (2001) also found that radio luminosity is related

to the black hole mass in the FIRST Bright Quasar Survey (FBQS), but a

recent study by Woo & Urry (2002) shows no dependence of radio loudness

on the black hole mass.

Many other line parameters have been found to be related to the

BGPC1. These include line intensity of Lyα, Nv, Si iv+O iv]λ1400, C iv,

Si iii]λ1892 and the width of C iii] etc. (Wang et al. 1996; Marziani et al.

1996; Brotherton 1996; Wills et al. 1999a,b). The inclusion of C iv raises the

speculation that BGPC1 may be part of the Baldwin effect, or the cause of its

scatter (Brotherton & Francis 1999).

1.3 AGN Unification

One important issue in AGN studies is to understand the relationships

among different types of AGNs. Although the classification of AGNs are based

on the differences in their observational appearance, some types of AGNs have

very similar “grand” patterns, such as the emission line spectra. This partly

leads to the idea of unification of AGNs, which tries to use a few fundamental

parameters to describe the entire AGN population. Observational evidence

suggests that all AGNs are powered by accretion into massive black holes, and

the emission lines are produced in a region which is photoionized by the central

continuum source. However, the unification should also be able to explain the

differences seen in various types of AGNs, such as Seyfert 1 and Seyfert 2

galaxies.

The clear evidence of anisotropy seen in AGN emission, for example,

the radio jets, demonstrates that AGNs have axial symmetry, not spherical

symmetry. Therefore the appearance of an AGN must strongly depend on
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the orientation, and the classification of AGNs could be a function of viewing

angle. The general “unified models” of AGNs are mainly based on this notion

and are morphological in nature. Obscuration is another important factor in

the unified models. The major component of the obscuring material is thought

to be a dusty torus partially covering the broad line region, which is closer to

the central engine. The narrow line region is much larger, probably outside

the dust torus and therefore the narrow line emission is isotropic.

The inclusion of a dust torus unifies Seyfert 1 and Seyfert 2 galaxies

very well as Osterbrock (1978) suggested. In the case of Seyfert 2 galaxies, the

dusty torus is edge-on to an observer and the broad line region is obscured, but

not the NLR; in Seyfert 1 galaxies, both narrow and broad emission lines can

be observed because the dusty torus is face-on and the BLR is visible directly.

Moreover, this model is strongly supported by the polarization observations of

some Seyfert 2 galaxies, in which broad emission lines are also detected in the

scattered light which is not obscured by the dusty torus (e.g, Miller, Goodrich,

& Mathews 1991; Antonucci & Miller 1985). This demonstrates that at least

some Seyfert 2 galaxies are intrinsically Seyfert 1s.

The variety of AGNs cannot be attributed just to geometrical effects.

Luminosity is a fundamental parameter because it is closely related to the AGN

central engine. It is believed that the primary difference between Seyferts and

QSOs is the luminosity of the central source. Based on principal component

analysis, some new classification systems of AGNs relate the principal com-

ponents to physical parameters in AGNs (Francis et al. 1992; Boroson 2002)

and these principal components or the related physical parameters are used to

classify AGNs. Luminosity is usually one of these parameters. For example,

Boroson (2002) classified AGNs using his first two principal components that
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are related to luminosity and Eddington ratio, respectively.

Inspired by the Seyfert galaxy unification, AGNs are generally thought

to have two types based on the obscuration. Type 1 objects show no absorp-

tion, while type 2 objects arise when the view of the center is obscured by

the torus. In this sense, type 2 QSOs are predicted (Antonucci 1993), but to

detect and define them, the evidence of obscuration (absorption) is empha-

sized instead of the absence of broad lines. Type 2 QSOs are rare probably

because of the high obscuration, and they may reside in the ultraluminous

infrared galaxies (ULIRGs) or high-redshift radio galaxies. Several obscured

QSOs have been detected with X-ray observations and are claimed to be type

2 QSOs (Almaini et al. 1995; Georgantopoulos et al. 1999; Franceschini et al.

2000; Iwasawa et al. 2001). Only recently a classic type 2 QSO was found in

the Chandra Deep Field-South 1 Ms exposure with support of optical spec-

trum showing only narrow (FWHM ∼ 700 − 2300 km s−1) optical emission

lines (Norman et al. 2002).

Radio loudness is important in AGNs and needs to be addressed in

all the unified models. It has been suggested that radio loudness may be

determined by the black hole spin rate (Wilson & Colbert 1995). However,

Lacy et al. (2001) simply suggest that the black hole mass is responsible for

radio luminosity based on their connection found in some studies (e.g., Lacy

et al. 2001; Boroson 2002). In the case of radio-loud AGNs (radio galaxies,

radio-loud quasars and blazars), an additional component, radio jets, has to

be introduced in the unification (e.g., Urry & Padovani 1995). Orientation

is very important in this high degree of anisotropy. Blazars are thought to

be the extreme cases which are viewed along the jet axis and therefore have

rapid variability, high brightness temperatures and high polarization. They
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are otherwise normal AGNs.

To explain the absorption features in AGN spectra, Elvis (2000) intro-

duced a flow of warm gas rising vertically from the accretion disk. This out-

flow is responsible for both broad and narrow absorption lines seen in AGNs

if viewed at different angles, and this model can explain many of the observa-

tions. However, there are also many issues this model cannot explain. Indeed,

this is currently the case for all unified models. A “grand unification’ is not

available yet to explain the entire range of AGN phenomena.

1.4 Principal Component Analysis

When there are only a few variables, traditional 2-dimensional statis-

tics, such as correlations and regressions, are sufficient. One can even construct

a correlation table of all the variables to investigate their relationships, but

when the number of variables becomes large, it is impractical to plot one vari-

able against all the others and, thus, the correlated variations that exist in

many variables at the same time may not be revealed. This is the situation

for QSO emission line studies where there are many emission features, each of

which needs to be described with a few variables (i.e., measured parameters).

This shows the need for new statistical methods, such as multivariate analysis.

Principal component analysis (PCA) is one of the multivariate analyses, and

has been increasingly used in astronomical studies.

There are many references on PCA. I have followed Manly’s Multivari-

ate Statistical Methods (Manly 1994, Chap. 6) and M. Kendall’s Multivari-

ate Analysis (Kendall 1980, Chap. 2). For astronomy related applications of

PCA, I have referred a draft of “Introduction to Principal Component Analy-

sis” by B. Wills (Wills 1998) and a conference paper (Francis & Wills 1999).
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Francis et al. (1992) applied PCA to a large QSO sample and have many useful

insights into interpretations and noise analysis.

1.4.1 PCA: An Eigenvector Analysis

Suppose we have n QSOs in a sample, each has p measured parameters

X1, X2, . . . , Xp. We can write

X1 X2 . . . Xp

QSO1 x11 x12 . . . x1p

QSO2 x21 x22 . . . x2p
...

...
...

...
QSOn xn1 xn2 . . . xnp

.

X1, X2, . . . , Xp are unit vectors and xij are data which can also be described

in matrix notation

X =











x11 x12 . . . x1p

x21 x22 . . . x2p
...

...
...

xn1 xn2 . . . xnp











, (1.1)

we want to simplify the situation by defining new independent variables (unit

vectors) Wj (j = 1, . . . , p), which are linear combinations of the original unit

vectors Xj,

Wj = ej1X1 + ej2X2 + · · · + ejpXp, (1.2)

with the orthonormality conditions

p
∑

i=1

e2
ji = δij. (1.3)

If there exist correlations among Xj, they will be grouped into the new

orthogonal variables Wj. The hope is that fewer Wj will account for most
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of the correlated variance in the sample, and therefore simplify the analysis.

Here, Wj is the jth principal component (PC), represented by the row vector

Ej =
[

ej1 ej2 · · · ejp

]

(1.4)

which is what we seek.

The data set can now also be represented by the new variables as

W1 W2 . . . Wp

QSO1 w11 w12 . . . w1p

QSO2 w21 w22 . . . w2p
...

...
...

...
QSOn wn1 wn2 . . . wnp

. (1.5)

In matrix notation, we have

W =











w11 w12 . . . w1p

w21 w22 . . . w2p
...

...
...

wn1 wn2 . . . wnp











. (1.6)

and following (1.2), we have

W = EXT, (1.7)

where XT is the transpose of X, and

E =











E1

E2

...
Ep











=











e11 e12 . . . e1p

e21 e22 . . . e2p
...

...
...

ep1 ep2 . . . epp











. (1.8)

E1,E2 · · ·Ep are unit vectors as per (1.3) and form an orthonormal basis.

Since we require that Wj’s be uncorrelated (orthogonal), we now apply the

constraint,

WWT = Λ =











λ1 0
λ2

. . .

0 λp











. (1.9)

30



We also have

WWT = (EXT)(EXT)T = EXTXET = ECET, (1.10)

where C = XTX is the sample covariance matrix. Compare equations (1.9)

and (1.10), we have

ECET = Λ. (1.11)

Since ETE = I (the identity matrix), premultiplying (1.11) by ET, we find

that

CET = ETΛ. (1.12)

Expanding the above would give us

C[E1,E2, · · · ,Ep] = [E1,E2, · · · ,Ep]











λ1 0
λ2

. . .

0 λp











. (1.13)

For each vector Ej, we have

CEj = λjEj. (1.14)

Clearly, Ej’s are the eigenvectors of covariance matrix C. Therefore, seeking

Ej’s becomes a problem of finding the eigenvectors of C. The λ’s are the

eigenvalues of the matrix C, indicating the variance each principal component

represents for.

In summary, the principal components are the eigenvectors, Ej’s, of

the sample covariance matrix C. For each object, the weights (or scores) of

the principal components wij are calculated from (1.7). The new variables

Wj’s in (1.5) are independent with each other; in other words, there is not

correlation between Wj’s. The principal components are usually ordered by
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the magnitudes of their eigenvalues, λ’s. The total variance of the principal

component (sum of λ’s) equals to that of the original variables.

But how can we tell if a PCA or the principal components are sig-

nificant? The most direct way is to check the variance (i.e., eigenvalue λ)

each principal component accounts for. The first principal component has

the largest variance of the sample, and so on. If there is no correlation in

the original variables, all λ’s are equal, and nothing is simplified; if there are

correlations, a few principal components will account for most of the sample

variance and are therefore significant. The rest of the principal components

(eigenvectors) account for a small amount of the variance, and can be ignored.

For example, if there are ten variables which are all perfectly correlated with

each other, PCA will find only one useful principal component which includes

all the correlations and account for all the variance in the original variables.

This not only simplifies the analysis and description of the data, it may also

lead to physical insight into the cause of the correlations.

Another way to check the significance of the principal components is

to reconstruct the original variables (Xj) with different numbers of principal

components (Wj). If only a few principal components are needed to obtain

a good reconstruction, these principal components are significant. This also

allows the noise contribution to the variance to be estimated and removed.

This will be discussed in detail in §1.4.3 and §3.5.

A principal component is also significant if a physical interpretation

can be found for it, and this is actually what PCA aims to achieve.

An important test for PCA is to examine the distributions of the

weights of principal components for all objects. When we plot the weights
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of one principal component against another, the distribution should be ran-

dom. However, if we see outliers, they might have been given too much weight

in defining the principal axes (§1.4.2) and cause the principal axes to rotate

towards them. This either means that the properties of the objects in the

sample are not uniformly distributed but the defined principal components

are still correct, or indicates that those objects are intrinsically different from

the rest of the sample and should be excluded in the analysis. Therefore, these

plots should be checked carefully before interpreting the results. On the other

hand, this can actually be used to isolate peculiar objects in a large sample.

PCA is a linear analysis, so caution needs to be taken when dealing

with variables that may have non-linear relationships. This is similar to the

case where a straight line is used to fit a curve. If the non-linear effect is

small, PCA is still able to produce principal components that, to the first or-

der, reflect the true relationship. However, if the non-linear effect is large, the

principal components produced by PCA will not represent the real relation-

ships among the original variables, although they still account for most of the

sample variance. In this case, one original variable may be important in more

than one principal components in the linear combination (see equation 1.2),

and this is referred as “crosstalk” between the principal components. Noise

and small sample can also cause “crosstalk” in the PCA results.

Sometimes, a non-linear relationship can be transformed to a linear

one before applying PCA, e.g., the relation A = Bk can be linearized as

log A = k log B. This kind of trick may not work all the time, especially

before we know what relationships might exist among the variables.
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1.4.2 PCA: A Geometrical View

PCA is interesting and easy to understand if we consider it from the

geometrical point of view. The eigenvectors (principal components) in fact

define orthogonal principal axes in a multi-dimensional space.

Figure 1.3 shows a 2-dimensional case where there is a correlation be-

tween two variables X1, X2. PCA tries to find two orthogonal principal axes

PC1 and PC2 to represent the data. In fact, the first principal axis represents

the least-square fit of the data with errors in both coordinates, therefore, the

variance is maximized along PC1 and minimized along PC2. A data point can

then be represented by its coordinates in the new space defined by PC1 and

PC2. The coordinates are the weights (scores) of PC1 and PC2, and can be

read off the two axes. It is obvious that PC1 is significant and PC2 appears

just the scatter on PC1 and thus can be ignored. However, if there is no

correlation between X1 and X2, any two orthogonal axes can equally repre-

sent the data, and the principal components do not contain any more useful

information.

In figure 1.3 (b), the mean is subtracted before defining the principal

axes. This is equivalent to measuring the points from their mean, or moving

the center of the distribution of the data to the origin. Sometimes, the variables

have very different intrinsic variance and often in different units, then they may

also need to be normalized by their standard deviation so that all variables will

be weighted more or less equally. This weighting process of the data depends

on the nature of the data and the user’s knowledge of the data.

The principles are the same if there are many, say p, variables. The data

can be represented as a cloud of points in a p-dimensional parameter space.

When there are correlations among the variables, the cloud will be elongated
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Figure 1.3 Geometrical point of view of PCA. (a) Measured values. (b) Mean
subtracted values. Two principal axes PC1 and PC2 are defined. PC1 is
significant, and PC2 can be ignored.

along some directions in this parameter space. The extension of the elonga-

tion indicates the strength of the correlations or, equivalently, the amount of

variance of the data in that direction. PCA will identify the first principal

component with the largest elongation. Then after collapsing the data points

onto a (p− 1)-dimensional sub-space perpendicular to the first principal axis,

PCA will identify the second principal component with the largest elongation

in this (p − 1)-dimensional sub-space. This process is continued until p prin-

cipal axes are defined. However, as mentioned above, the high order principal

axes are probably insignificant and will be ignored.

1.4.3 Spectral Principal Component Analysis

Simply speaking, spectral principal component analysis (SPCA) is just

the application of PCA directly to spectra. A QSO spectrum can be divided

into many small wavelength bins. Instead applying the PCA to measured
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parameters, the flux in each bin is an input parameter (original variable) Xj

(1.2). The biggest advantage of SPCA is that it is model independent; we do

not have to parameterize any line or continuum with any kind of functions.

The bin size can also be as small as the spectral resolution element so that no

information is lost or reduced in the analysis and the number of variables can

be very large.

Once we obtain the principal components, they can be displayed against

wavelength as principal component spectra:

1st PC spectrum E1 =
[

e11 e12 · · · e1p

]

2nd PC spectrum E2 =
[

e21 e22 · · · e2p

]

...
pth PC spectrum Ep =

[

ep1 ep2 · · · epp

]

(1.15)

where each column of eji is for one wavelength bin, e.g., (e11, e21, · · · , ep1)
T is

the first wavelength bin. The weights of the principal components Wj for each

object can be calculated with equation (1.2) or (1.7). Also from (1.7), we can

get

X = WTE. (1.16)

For object j, this is

[

xj1 xj2 . . . xjp

]

=
[

wj1 wj2 . . . wjp

]











E1

E2

...
Ep











= wj1E1 + wj2E2 + · · · + wjpEp, (1.17)

which indicates that the original spectrum of an object [xj1, xj2, · · · , xjp] can

be reconstructed with a linear combination of the principal component spectra

with proper weights. This can also be considered as fitting a spectrum with

the principal component spectra.
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Like PCA, SPCA gives the eigenvalues for each principal component,

which can be used to evaluate the significance of the components. We can also

estimate the significance of the principal component spectra by reconstructing

(or fitting) the original spectra with increasing number of principal component

spectra. If only a few principal components are needed to have a good recon-

struction, most variance of the spectra are accounted for by a few principal

components. There is a detailed example in §3.5.

If the principal components are derived from a large sample and we

believe they are representative for QSOs, the principal components can be

used as templates to calculate the weights for other QSO spectra through

equation (1.2) without applying the SPCA again.

1.4.4 Available Software for PCA

MINITAB statistical software produced by Minitab Inc. has a simple

command to do a principal component analysis. It is very easy to use with

built-in help documents. The output consists of the eigenvalues, the proportion

and cumulative proportion of the total variance accounted for by each principal

component, and the coefficients eji for each principal component.

ViSta (the Visual Statistics System) is a free and open statistical soft-

ware available at http://www.visualstats.org/ for Windows, MacIntosh

and Unix. Its principal component analysis package adds features that are

very powerful and helpful in interacting with and visually inspecting data.

“ViSta constructs very-high-interaction, dynamic graphics that show you mul-

tiple views of your data simultaneously. The graphics are designed to augment

your visual intuition so that you can better understand your data.”

Neither MINITAB nor ViSta can handle the situation where there are
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more independent variables than objects. Therefore they are not very useful

for analyzing small samples.

A FORTRAN program developed by Paul Francis (1992) is able to

handle the above situation and is designed specifically for SPCA because there

may be numerous variables depending on the wavelength bin size. The number

of bins and spectra that the program can handle depends only on the size of the

computer memory and therefore can be very large. This program is available

at http://www.mso.anu.edu.au/~pfrancis/ and is included in Appendix A.

The program reads in a list of spectra and rebins them to a specified

bin size. Each of these spectra are normalized by its mean flux. The mean

and standard deviation spectra are then created and the mean spectrum is

subtracted from each spectrum. Before applying the principal component

analysis, the standard deviation spectrum can be optionally used to normalize

the mean-subtracted spectra.

The PCA is done by calling the subroutine SVDCMP from Numerical

Recipes, which performs a singular value decomposition (SVD) to find the

eigenvectors and eigenvalues of the input covariance matrix. The output in-

cludes the weights of each principal component for all objects as well as the

principal components (eigenvectors) and the corresponding variances (eigen-

values). It is easy to calculate how much variance each principal component

accounts for, but the variance introduced by noise in each bin can be large

depending on the signal-to-noise ratio of the spectra. This noise contribution

must be removed before calculating the intrinsic variance each component ac-

counts for (FHFC92, §3.5)

In practice, it is useful to put the wavelength in logarithmic scale be-

fore applying SPCA on broad wavelength coverage so that the same bin size
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represents the same radial velocity along the wavelength, and make it easy to

compare emission line profiles.

1.4.5 Previous Results in QSO studies

PCA and SPCA have been used for analyzing QSO spectra and have

produced significant results that enhance our understanding on QSO spectra

and physics. Two previous major pioneer studies were done by Boroson &

Green (1992) and Francis et al. (1992).

Boroson & Green (1992) applied PCA to a sample of 87 PG QSOs.

They had 13 variables including absolute magnitude, radio loudness, optical–

X-ray spectral index as well as those measured in the Hβ–[O iii] region, such

as line ratios Fe ii/Hβ, He iiλ4686/Hβ, and line parameters of Hβ and [O iii].

The most important result was that they identified an eigenvector 1 relation-

ship (§1.2.3.2) that is characterized by the strong anti-correlation between

optical Fe ii and [O iii]. Hβ line width also correlates with [O iii] intensity.

They interpreted this as a covering factor effect, where less ionizing radiation

reaches NLR to produce [O iii] if BLR absorbs more energy to produce Fe ii

and other broad lines. More parameters have been added to this set of corre-

lations. This has been discussed in detail in §1.2.3.2 and §3.7. Their second

principal component is a luminosity relationship since He iiλ4686 correlates

with luminosity, however, they did not have UV emission line to directly iden-

tify this with the UV Baldwin effect.

Since by definition, principal components independently cover a wide

range in parameter space, it is natural to consider using the principal compo-

nents for classification. Boroson (2002) expanded the BG92 sample to include

more radio-loud objects and used the first and second principal components
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to classify the different types of AGNs.

Another attempt was made by Francis et al. (1992) who applied SPCA

to 232 LBQS UV spectra with rest-frame wavelengths between 1150 and

2000Å. A wavelength bin size of 3Å was chosen to match the instrumental

resolution. The first three principal components account for ∼ 75% of the

QSO sample intrinsic variance. They identify the first principal component

as describing the emission-line core strength, the second the continuum slope,

and the third the broad absorption features present as BALs in Lyα, C iv

etc. in some QSOs. The first two principal components were used to clas-

sify the LBQS sample. This is actually a two-parameter classification with

line-core equivalent width and UV spectral index. The paper also provides

some insights into SPCA application, noise effects, sample intrinsic variance

assessment, and non-linear effects etc. and is a good reference for PCA and

especially SPCA.

SPCA has also been used to analyze spectra of individual variable

AGNs. Mittaz, Penston, & Snijders (1990) concluded that SPCA has a fairly

limited application to the analysis of variability of AGNs based on 59 IUE

spectra of NGC 4151 in rest-frame 1160-3250Å, because they could not find

the physical interpretation of most principal components. However, Türler &

Courvoisier (1998) decomposed only Lyα and C iv regions in 18 Seyfert1-like

objects and defined just two principal components — the first principal com-

ponent and the remaining components, the sum of all the low order principal

components. The principal components show great diversity from object to

object, but for one object, NGC 5548, the two principal components of C iv

they identified have lags to the continuum variation of zero and 25 days, re-

spectively. They suggest that there are two physical components in BLR that
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lie at different distances from the central ionizing continuum and vary with

different lags.

SPCA is very powerful for analyzing large samples and broad features,

because it does not depend on any model, such as the line profile or contin-

uum distribution. It also has advantages over “composite spectra” analysis,

since the mean spectrum is actually the composite spectrum, and it still keeps

information for individual objects (weights of the principal components). As

more and more survey data are released, such as SDSS and 2dF/6dF, SPCA

will be proved to be very useful in AGN studies.
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Chapter 2

Data Acquisition and Reduction

2.1 The QSO Sample

We use the same complete sample of 23 QSOs selected by Laor et al.

(1994a, 1997a) from the Bright Quasar Survey (BQS; Schmidt & Green 1983),

a subset of the PG survey. They selected the sample optimally suitable for

soft X-ray observations with z ≤ 0.4 and hydrogen Galactic column density

NHI < 1.9 × 1020cm−2. The low redshift ensures that the rest frame 0.2 keV

is still within the observable range. The NHI is measured using the 21 cm

line. The low NHI criteria is for minimizing the Galactic absorption, but

even with the low NHI cutoff, photons below 0.15 keV are still not detectable

because of the low detector efficiency and high opacity of the Galaxy at low

energy (Laor et al. 1994a). For our UV-optical observations, the low redshift

allows investigation of UV spectra with much reduced contamination from

intergalactic absorption lines and the low NHI ensures small corrections for

Galactic reddening (§2.3.3).

This sample is sometimes referred as the PG–X-ray QSO sample (Wills

et al. 1999a,b,c). The QSOs in the sample are listed in Table 2.1 along with

their redshifts, magnitudes, soft X-ray spectral index αX, radio loudness and

NHI. PG 1048+342 was not observed in the UV band for non-scientific reasons

(see Appendix B), but this omission does not bias the sample, and we have

used 22 QSOs in our UV-optical analyses.
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Table 2.1. The Sample

NHI
c

Object Other Name za mB
b αX

c Rc (1020cm−2)

PG0947+396 K347-45 0.2056 16.40 -1.510 0.25 1.92
PG0953+414 K348-7 0.2341 15.05 -1.570 0.44 1.12
PG1001+054 0.1603d 16.13 -2.800 0.50 1.88
PG1048+342 0.167b 15.81 -1.390 .0.10 1.74
PG1114+445 0.1440 16.05 -0.880 0.13 1.94
PG1115+407 0.1541 16.02 -1.890 0.17 1.74
PG1116+215 TON 1388 0.1759 15.17 -1.730 0.72 1.44
PG1202+281 GQ COM 0.1651 15.02 -1.220 0.19 1.72
PG1216+069 0.3319 15.68 -1.360 1.65 1.57
PG1226+023 3C 273 0.1575 12.86 -0.942 1138 1.68
PG1309+355 TON 1565 0.1823 15.45 -1.510 18.0 1.01
PG1322+659 0.1675 15.86 -1.690 0.12 1.88
PG1352+183 PB 4142 0.1510 15.71 -1.524 0.11 1.84
PG1402+261 TON 182 0.165e 15.57 -1.930 0.23 1.42
PG1411+442 PB 1732 0.0895 14.99 -1.970 0.13 1.05
PG1415+451 0.1143 15.74 -1.740 0.17 0.96
PG1425+267 TON 202 0.3637d 15.67 -0.940 53.6 1.54
PG1427+480 0.2203 16.33 -1.410 0.16 1.69
PG1440+356 Mrk 478 0.0773 15.00 -2.080 0.37 0.97
PG1444+407 0.267e 15.95 -1.910 .0.08 1.09
PG1512+370 4C 37.43 0.3700d 15.97 -1.210 190 1.40
PG1543+489 0.400e 16.05 -2.110 0.15 1.68
PG1626+554 0.1317 16.17 -1.940 0.11 1.55

aFrom measurements of [O iii] after removing Fe ii emission in our separate
higher resolution spectra unless noted (§2.3.4)

bB magnitude, from Schmidt & Green (1983)

cFrom Laor et al. (1997a, and references therein). αX is soft X-ray spectral
index, fE ∝ EαX ; R is Radio (6 cm) to optical (4400Å) flux ratio; NHI is Galactic
HI column density.

dFrom measurements of [O iii] in the normal resolution spectra of this study
(§2.3.4). Fe ii emission was not removed.

eFrom measurements of Hβ and other emission lines in the spectra of this study.
These objects have very weak [O iii].
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The BQS sample is an optically selected, UV excess, magnitude-limited

sample with strong selection effect against QSOs with redshifts of 0.6 – 0.8

(Schmidt & Green 1983) and UV absorbed QSOs. The completeness in this

redshift range is originally estimated to be 72%, and it is 88% for the whole

sample (Schmidt & Green 1983). Wampler & Ponz (1985) suggested that the

BQS may be substantially less complete due to possible imprecise photometry

and incorrect accounting for the effects of emission lines, and Mickaelian et al.

(1999) derived it to be on the order of 70% by comparing the surface density

of QSOs in the BQS and that in the First Byurakan Survey (Markarian et al.

1989). Later, they refine the BQS completeness to be 53±10% when including

newly observed QSOs (Mickaelian et al. 2001). However, Green (2002) argues

that their estimate would be ∼ 63% if properly considering the Eddington

effect and QSO variability.

The low redshift selection criterion of the working sample avoids the

redshift selection effect, but it suffers from the same other incompleteness as

the BQS (Wampler & Ponz 1985; Goldschmidt et al. 1992; Mickaelian et al.

2001). The small size of the sample and the low redshifts result in limited range

of quasar properties, especially the luminosity. The selection of the sample is

independent of quasar’s X-ray and radio properties, and four quasars are radio

loud (R ≥ 10, Table 2.1) (Kellermann et al. 1989), but we will not discuss the

radio properties of the sample for the same reason. We expect the sample to

be representative of only low-redshift, optically selected quasars (L94).

2.2 Observations

The observations and wavelength coverage are summarized in Figure 2.1

with each observing run coded with a different color. The names and redshifts
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of the objects are labeled on the y-axis. The wavelength is in the observed

frame and the locations of Lyα, Mg iiλ2798, [O iii]λ5007, and Hα are indi-

cated with the small triangles from left to right for each object.

UV spectra of all 22 objects were obtained with Hubble Space Telescope

(HST Faint Object Spectrograph (FOS) covering wavelengths from below Lyα

to beyond the atmospheric cutoff near 3200 Å in the observed frame. The

observations of 16 objects were obtained specifically for this project1 (red solid

lines), and archival FOS data (red dashed lines) are used for the other 6

objects (See also Appendix B). Instrumental resolution for all the UV data is

equivalent to ∼230 km s−1 (FWHM).

The optical data were all obtained at McDonald Observatory except

for some HST FOS data and a little from early archival data (see Appendix

B). Large Cassegrain Spectrograph (LCS) and Cassegrain Spectrograph (ES2)

were used on the Harlan J. Smith 2.7 m and Otto Struve 2.1 m telescopes to

obtain moderate resolution spectra (resolving power ∼ 600). Instrumental

resolution is ∼ 7Å FWHM (∼ 3.5Å/pixel and 0.5 − 0.6′′/pixel depending on

the detectors), equivalent to 450 to ∼ 250 km s−1(FWHM) in the Hβ to Hα

region. Usually 2–3 spectra for each object are required to cover the optical

range (3200 Å to beyond Hα). They are combined with UV spectra to cover

wavelength ranges from below Lyα to above Hα. The overlap regions allow

us to check the absolute flux calibration and combine them accurately (§2.3).
Special cases on data used for each object are described in Appendix B.

Optical observations were made through both narrow (1′′– 2′′) and wide

(8′′) slits. These are indicated with the solid lines in Figure 2.1 in the optical

1HST cycle 6 Proposal 6781, Soft X-rays and the UV Spectra of a Complete QSO Sample,
PI: Beverley Wills
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Figure 2.1 Summary of observations and wavelength coverage. Redshifts are
shown with the object names on the y-axis. The small triangles indicate, from
left to right, the locations of Lyα, Mg ii, [O iii]λ5007, and Hα. Observing
runs are color coded, “other” means data from other sources. Dashed lines are
archival spectra for HST data, and for optical observations with just narrow or
just wide slits. Solid lines show all the spectra we use (Page 47). See Table 2.2
and Appendix B for additional information.
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region . Observations with only narrow or wide slit during one night are shown

as dashed lines, but are usually not used. Standard stars were observed several

times each night. They were chosen from the spectral standard stars for HST

calibration (Bohlin 1996, 2000) to ensure consistent calibration between UV

and optical data. Preference was given to the best standard stars (see Bohlin

1996, 2000).

To reduce the uncertainty caused by QSO intrinsic variability, we tried

to get quasi-simultaneous optical observations. These were usually obtained

within a month of the new HST observations for 11 objects and 2–10 months

for another 5 objects. This is shown in Table 2.2 where the actual observing

dates are listed for all the spectra we use.

A set of higher resolution spectra (∼ 180 km s−1 FWHM) of the Fe ii(opt)

–Hβ–[O iii] region were obtained with the same spectrograph and telescope at

McDonald Observatory (green dashed line in Figure 2.1) and are used only to

determine the redshifts of most of the sample QSOs with sufficiently strong

[O iii] lines (§ 2.3.4).

2.3 Data Reduction

2.3.1 UV Spectra

UV HST spectra were reduced and calibrated with the standard FOS

pipeline, which is described at http://www.stecf.org/poa/FOS/index.html.

The light curves of HST observations for each object were checked for possible

pointing and jitter problems. The light curves are usually flat, indicating

consistent observations. In the case of discrepancy in the light curves, all

observations were scaled to match the ones with the highest flux, which are

believed to be free of problems. The validity of this is proved later because
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Table 2.2. Observing Log

Optical
Object HST Blue Middle Red

PG0947+396a 1996 May06 1996 Apr19 1996 Apr17
1996 Apr18

PG0953+414 1991 Jun18 1996 Apr24 1996 May13 1997 Feb11
1991 Nov05 1996 Apr25

1997 Feb10
PG1001+054a 1997 Jan15 1997 Feb10 1997 Feb13 1997 Feb11

1997 Feb16
PG1114+445a 1996 May13 1996 Apr19 1996 Apr17
PG1115+407b 1996 May19 1996 Apr18 1997 Feb16

1997 Feb13
PG1116+215a 1996 May26 1996 May12 1996 May13

1993 Feb19
PG1202+281b 1996 Jul21 1996 Apr19 1996 Apr17 1997 Feb16

1992 Dec14 1997 Feb15 1996 Apr18
PG1216+069 1993 Mar16 1996 Apr24 1996 May13 1996 May11
PG1226+023 1991 Jan14 1981, 1988 1996 Feb17 1997 Feb17
PG1309+355a 1996 May20 1996 May12 1996 Apr17

1996 May10
PG1322+659b 1997 Jan19 1996 Apr19 1996 Apr18 1997 Feb16

1997 Feb15
PG1352+183a 1996 May26 1996 May12 1996 Apr18

1996 May10
PG1402+261b 1996 Aug25 1996 May12 1996 May10 1996 May11
PG1411+442 1992 Oct03 1996 Apr19 1996 May13
PG1415+451a 1997 Jan02 1997 Feb09 1997 Feb13 1997 Feb11

1997 Feb10
PG1425+267a 1996 Jun29 1996 Apr17 1996 May11

1996 May19
PG1427+480a 1997 Jan07 1997 Feb10 1997 Feb13 1997 Feb11
PG1440+356b 1996 Dec05 1997 Feb10 1997 Feb13 1997 Feb11
PG1444+407a 1996 May23 1996 May12 1996 May13 1996 May11

1992 Sep05
PG1512+370 1992 Jan26 1994 Oct10 1990 Sep20 1997 Feb17

1984 May31
PG1543+489 1995 Mar14 1996 Apr25 1996 Apr18 1996 May11
PG1626+554a 1996 Nov19c

Note. – All dates are UT dates
aQuasi-simultaneous observations. All observations were made within about

a month.

bAll observations were made within 2–10 months.

cHST data cover optical range as well as UV.
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flux density levels for spectra taken with different gratings agree well in the

region of overlap.

The wavelength calibration is done in the FOS pipeline. Post Oper-

ational HST Archives (POA) show that the systematic uncertainty of wave-

length zeropoint for FOS/BLUE is about 1 Å (∼230 km s−1) (Rosa et al. 2001).

No efforts have been made to correct this for this sample. More information

can be found at http://www.stecf.org/poa/FOS/

The small dip resulting from the flat fielding residual (observed wave-

length 1950 Å) occurs at different rest wavelengths for different objects. This

does not cause any problem in later analysis, because the feature is weak com-

pared with strong emission lines, and it is narrow if in the continuum region.

2.3.2 Optical Spectra

Standard packages in IRAF were used to reduce the optical data. Ob-

vious cosmic rays were removed from the images by hand. After the spectra

were extracted, they were checked again for weak cosmic rays.

For narrow slit spectra (1′′–2′′), variance weighted (optimal) extraction

was used to achieve the best S/N ratio with an aperture size of 10 pixels

(usually seeing < 3 pixels). For wide slit spectra (8′′, for flux calibration),

box car extraction was used and the aperture size is set as wide as 26 pixels

(> 13′′) to include as much light from the object as possible. The background

was chosen away from the aperture on both sides. It was fitted with a low-order

polynomial and subtracted when extracting the spectra.

Wavelength calibration was done by using comparison spectra taken

with Ne and Ar lamps. Tests show that during one night, the dispersion curve
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(solution) did not change, but the zero point could shift. Observations were

designed to obtain, at the beginning and/or the end of one night, high S/N

and narrow-slit comparison spectra. A master dispersion curve is made by

combining both Ne and Ar comparison lines so as to have sufficient coverage

over the whole wavelength range. This curve is applied to all the spectra with

possible shifts determined by a comparison spectrum taken right before or

after the observation of each object spectrum. The wavelengths of the night

sky lines were then checked after the calibration. For some spectra, it was

necessary to shift the wavelength scale to match the wavelengths of night sky

lines.

Absolute flux calibration was achieved by using standard star spec-

tra obtained on the same night. Atmospheric extinction was also corrected

with extinction files suitable for McDonald Observatory in different seasons

(obtained from Edwin Barker at McDonald Observatory).

Atmospheric absorption bands are strong in the red part of the optical

spectra, these include the very strong O2 A (7606 Å) and B (6871 Å) bands,

H2O a band (∼8200 Å) and weaker bands between ∼ 8000 − 10000 Å. In or-

der to correct for these, for each QSO spectrum, we use an observation of a

hot star spectrum (usually a standard star) obtained on the same night with

similar airmass, normalize the spectrum by its fitted continuum, and create

a correction spectrum with only atmospheric absorption features. The QSO

spectrum is then divided by this spectrum to correct its atmospheric features.

Sometimes, a small wavelength shift is allowed to get the best correction.

Finally, slit loss for the narrow-slit QSO spectra is corrected by scaling

them to match the shape and absolute flux-density level of the wide-slit QSO

spectra which are assumed to include all the light from the QSO. This is done
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by creating a ratio spectrum of the wide-slit (8′′) spectrum and the narrow-slit

(1′′ or 2 ′′) spectrum, fitting its continuum with a low order smooth curve, and

using this curve to correct the narrow-slit QSO spectrum. In principle, the

scaling is different at different wavelengths, but usually it is very close to a

constant over the wavelength range for one observation (< 3000 Å). Only for

a few cases, a slight (smoothed) slope has to be applied in order to match the

wide slit spectra.

In fact, the slit loss correction also depends on the contribution of the

host galaxy and this causes more complications. To see this, suppose at a

certain wavelength in the wide-slit spectrum, the fluxes are Q from the QSO

and and G from the host galaxy. only a fraction a of Q, and b of G are collected

in the narrow-slit spectrum. Therefore, the scaling factor discussed above is,

scaling factor =
Q + G

aQ + bG
.

If we assume that the QSO contributes c times more flux than the galaxy in

the wide-slit spectrum, Q = cG, this becomes

scaling factor =
Q + G

aQ + bG
=

c + 1

ac + b
=

c + 1

(a/b)c + 1
· 1

b
. (2.1)

The scaling factor is plotted against c in Figure 2.2 for different a/b. If

a = b, the correction is perfect, regardless of the relative contribution from the

galaxy. If a 6= b, the correction is still relatively uniform in the regions where

the QSO is much brighter than the host galaxy; but when the host galaxy

contribution is comparable, the correction can be quite different. An example

is that when the host galaxy is bright, the correction for the continuum and

emission line regions can be very different. However, in wide- and narrow-slit

spectra, the resolution is very different, and therefore it is not feasible to derive

correct scaling factors for the emission line regions from the observations.

51



Figure 2.2 Scaling factor for correction of slit loss. The scaling factor is pro-
portional to 1/b, the labels on y-axis are for b = 0.5. The dotted line indicates
c = 1, where the host galaxy contributes the same amount of light as the QSO
in the slit.

In order to assess how much the host galaxy contamination may affect

the actual data, I simulate the situation with a QSO and a host galaxy. The

QSO is assumed to be a point source observed at different seeing (Gaussian)

conditions. Different slit widths and corresponding aperture sizes for extract-

ing the spectra are also considered. Table 2.3 lists the fraction (value a) of

total QSO light in different situations. As can be seen, the 8′′ slit is wide

enough to include all the QSO light, and the 2′′ slit transmits 54–98% of the

total light depending on the seeing. If the QSO is off-center by 0.5′′ during

the observation, the 2′′ slit spectra will get less fraction of the light (51–88%),

while the wide-slit is essentially not affected.

The host galaxy is usually a giant elliptical galaxy (e.g., Dunlop et al.

2003). Therefore, I take a de Vaucouleurs r1/4-law profile for the host galaxy,
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Table 2.3 Simulation for Fraction of Total QSO Light in the Slit (a)

QSO at center of the slit QSO off slit center by 0.5′′

seeing slit width slit width
8′′ 1′′ 2′′ 8′′ 1′′ 2′′

1′′ 1.000 0.761 0.981 1.000 0.486 0.878
2′′ 1.000 0.442 0.759 1.000 0.376 0.678
3′′ 0.998 0.288 0.542 0.997 0.275 0.508

Note: — Similar aperture sizes for extracting the real spectra are also considered.

For different slit widths, the simulated data are extracted from the regions (slit-

width x aperture-size) of 8′′x 13′′, 1′′x 5′′ and 2′′x 5′′.

Table 2.4 Simulation for Fraction of Galaxy Light in the Slit (b) and a/b

galaxy at center of the slit galaxy off slit center by 0.5′′

redshift slit width slit width
8′′ 1′′ a/b 2′′ a/b 8′′ 1′′ a/b 2′′ a/b

0.1 0.605 0.304 1.45 0.458 1.65 0.603 0.221 1.70 0.433 1.57
0.2 0.752 0.376 1.18 0.543 1.40 0.750 0.264 1.42 0.511 1.33
0.3 0.815 0.413 1.07 0.583 1.28 0.814 0.284 1.32 0.549 1.23
0.4 0.850 0.442 1.00 0.613 1.24 0.848 0.300 1.25 0.577 1.17

Note: — Similar to Table 2.3 for an elliptical galaxy with the half-flux radius of
10 kpc. a/b is calculated using seeing=2′′ in Table 2.3. Values for 1′′ and 2′′ are
relative to the 8′′ values, which are the fractions of the total galaxy light.

and assume axial symmetry on the projected sky plane with the half-flux radius

r1/2 = 10 kpc, typical for host galaxies of luminous QSOs (Dunlop et al. 2003).

This corresponds to 4.07′′, 2.37′′, 1.82′′, and 1.56′′, for redshift of 0.1, 0.2, 0.3,

and 0.4, respectively (assuming q0 = 0.5, H0 = 50 km s−1Mpc−1).

Similar to the case for QSOs in Table 2.3, Table 2.4 lists the fraction

(value b) of the host galaxy light in different situations and a/b values assuming

seeing of 2′′. The narrow-slit (1′′ and 2′′) values are relative to the wide-slit

(8′′) values, which are the fractions of the total galaxy light. Based on this
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simulation, even for the highest redshift (0.4) in the sample, the 8′′ spectra

collect only 85% of the total galaxy light.

For a typical 2′′ spectrum with the object at the center of the slit, the

host galaxy light is about 45–60% of that in a 8′′ spectrum (i.e, b = 0.45−0.60).

If the typical seeing is 2′′, then the value a/b is about 1.2–1.7. According to

Figure 2.2, when b = 0.5 and a/b = 1.5, the scaling factors are 1.60 and

1.38 for c = 1 and 10. If we use a scaling factor at c = 1 (e.g., continuum)

for regions of c = 10 (e.g., emission line), the over-correction is about 16%.

However, the real situation is not this bad, because host galaxies are usually

significantly fainter than the QSOs. It is usually c > 3 even at red wavelengths

in this sample (§4.2, Table 4.2). Between c = 3 and 10, the error is only about

5%. However, for infrared spectrophotometry, this will be a severe problem,

because host galaxy contributes relatively much larger in the infrared than in

the optical.

After the slit loss correction, the spectra are supposed to have 100% of

the total QSO light and about 60–85% of the host galaxy light (depending on

the redshift). The overall spectrophotometric accuracy is ∼5%.

2.3.3 Combined UV-optical Spectra

UV and optical spectra for each object were combined in the observed

frame. No corrections were made to put vacuum-wavelengths on an air wave-

length scale.

In general, the flux calibration is good, indicated by the consistency of

the flux levels in the overlap region of the spectra. However, a difference of a

few percent often occurs. Sometimes, the difference can be large, indicating

bad calibration or/and QSO intrinsic variability for non-quasi-simultaneous
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observations. So before combining spectra we chose a spectrum with best flux-

density calibration for each object based on its observing conditions, agreement

among standard star observations in the same night, consistency in repeated

observations and among the well-calibrated spectra in the overlap regions.

This is fairly easy because there are always several spectra for one object and

agreement often exists for a few spectra. The HST spectrum is one of them in

most cases, giving us confidence to believe the flux-density calibration of HST

spectra. So we usually chose HST spectra as the reference and scaled the other

spectra to match the continuum level of this spectrum in the overlap region.

When the overlap region is large, the spectra were combined with different

weights which are reciprocals of their variance calculated for a common clean

continuum region. A wrong scaling can only affect the absolute flux measure-

ment of emission lines or continuum, but has no effect on the equivalent width

or SPCA analysis later. Therefore, the relative flux density uncertainty should

be similar to the spectrophotometric accuracy of about 5%, but the absolute

flux density uncertainty can be 15% if the scaling factor is wrong. However,

considering the good flux density calibration of the reference spectrum (often

the HST spectrum) for each object, the scaling factor is unlikely to be wrong

and the absolute flux density uncertainty is expected to be small, between

5%–10%.

QSO intrinsic variability could cause some scatter in the combined spec-

tra because the above scaling approach cannot handle the case where the con-

tinuum and emission lines vary with different amplitudes. However, it is not

a big problem in this sample, because for most objects, all the observations

were obtained very closely in time. The above normalization is mostly due

to observational effects instead of the QSO variations. For six objects, the
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optical data were taken relatively long after the UV data. Giveon et al. (1999)

show that the average rms amplitude for 42 PG quasars’ B magnitude is 14%

over several years. Without separating the variabilities of the continuum and

the emission lines, it is not possible to estimate the scatter the variability may

introduce into the spectra after normalization.

After the combination, strong geocoronal lines at (observed frame)

1215 Å, 1302 Å, and 1355 Å are removed from the spectra. Strong interstellar

medium (ISM) absorption lines are identified using their expected wavelengths

and removed by hand.

Galactic reddening was removed with an empirical mean extinction

law (Cardelli, Clayton, & Mathis 1989), assuming RV = AV /E(B−V ) = 3.1,

a typical value for diffuse interstellar medium. E(B−V ) is calculated from

the H i column densities NHI from accurate 21 cm data (references in L94,

L97) and an empirical relationship NHI= 53× 1020E(B−V ) cm−2 (Predehl &

Schmitt 1995). The column densities are low with uncertainties of ±1019 cm−2,

resulting in only relatively small contribution to uncertainties for Galactic

absorption, especially in the UV. The error in flux density introduced by this

uncertainty is less than 2% even at the shortest wavelengths. The dominant

uncertainty in flux density from Galactic reddening correction arises from the

scatter in the NHI – E(B−V ) relationship, and is estimated to be ∼12% from

Predehl & Schmitt (1995) in the worst case, but generally significantly less.
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2.3.4 Redshifts

In a previous study2, a separate set of higher resolution spectra were ob-

tained, useful for accurately measuring the redshifts of most objects (§2.2, Fig-

ure 2.1). After subtraction of optical Fe ii emission blends using the same Fe ii

template and method used by BG92, the redshift is measured using the [O iii]

5006.8 Å line (Table 2.1). However, when the redshift of PG1001+054 is ap-

plied to the combined spectrum, all the emission lines show a systematic small

shift. Therefore, the redshift of PG1001+054 was re-measured with [O iii] in

the combined spectrum of this study, but Fe ii emission in the [O iii] region was

not removed before the measurement. Two other objects, PG1425+267 and

PG1512+370, were measured in the same way since higher resolution spectra

are not available for them although [O iii] is fairly strong.

For objects with very weak [O iii] emission (PG1402+261, PG1444+407,

and PG1543+489), other emission lines, such as Hβ and deblended C iii], were

used and a slightly less accurate redshift is obtained.

Redshifts are then applied to all the combined spectra for both wave-

length and flux density correction. The spectra are presented in Figure 2.3–2.6.

Both flux and wavelength are on logarithmic scales so as to show the low level

features over the whole wavelength range.

2Bingrong Xie’s second year project at the University of Texas at Austin
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Figure 2.3 Combined rest-frame UV-optical spectra of the QSOs in the sample.
Galactic absorption lines are removed except for some in the far UV. Galactic
reddening is also removed.
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Figure 2.4 Combined rest-frame UV-optical spectra. Continued
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Figure 2.5 Combined rest-frame UV-optical spectra. Continued
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Figure 2.6 Combined rest-frame UV-optical spectra. Continued
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Chapter 3

Spectral Principal Component Analysis of the

Sample

3.1 Abstract

We have performed a spectral principal component analysis (SPCA) for

an essentially complete sample of 22 low redshift QSOs with spectral data from

Lyα to Hα. SPCA yields a set of independent principal component spectra,

each of which represents a set of relationships among QSO continuum and line

properties. We find three significant principal components, which account for

∼78% of the total intrinsic variance. The first component, carrying ∼41% of

the intrinsic variance, represents Baldwin relationships – anti-correlations be-

tween equivalent width of broad emission lines and continuum luminosity. The

narrow line core (FWHM ∼2000 km s−1) of the broad emission lines dominate

this component. The second component, accounting for ∼23% of the intrinsic

variance, represents the variations in UV continuum slope, which is probably

the result of dust reddening, with possible contributions from starlight. The

third principal component is directly related to the Boroson & Green “Eigen-

vector 1” (their first principal component), clearly showing the anti-correlation

between strengths of optical Fe ii and [O iii]λ5007, and other relationships

previously found in the Hβ – [O iii] region. This third component shows

the expected strong correlation with soft X-ray spectral index. The widths

of C iii]λ1909, Mg iiλ2798, and Balmer emission lines are also involved and

62



clearly correlated, relating this component to black hole mass or Eddington

accretion ratio. We find an inverse correlation between the strengths of the

UV and optical Fe ii blends, as suggested by some photoionization models. We

also find correlations of the strengths of several low-ionization UV lines with

Fe ii(opt), and a strong positive correlation of C ivλ1549 with [O iii] strength.

The wide wavelength coverage of our data enable us to see clearly the relation-

ships between the UV and optical spectra of QSOs. The Baldwin effect and

Boroson & Green’s Eigenvector 1 relationship are clearly independent. We

demonstrate how Baldwin relationships can be derived using our first princi-

pal component, virtually eliminating the scatter caused by the third principal

component. This rekindles the hope that the Baldwin relationships can be

used for cosmological study.

3.2 Introduction

QSOs probe the universe at the epoch of galaxy formation. Their

strong, broad emission lines arise predominantly from photoionization of high

speed gas (103 km s−1 to 104 km s−1) at 102 to 104 gravitational radii from a

supermassive black hole (∼ 108 M�). The emission line spectrum therefore

promises to reveal the accretion mechanism, the origin of the fuel, and links

with the host galaxy evolution. In addition, Baldwin (1977) discovered a re-

lationship between line equivalent width and luminosity, suggesting that the

luminosity may be determined directly from the spectrum, hence providing

an important test of cosmological models at high redshift, z. Forty years af-

ter QSOs’ discovery, these promises have yet to be fulfilled. There are two

main, related, reasons for this. (i) Even in the nearby lower-luminosity AGN,

the broad line region (BLR) remains unresolved and its structure can be in-
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ferred only indirectly. For example, reverberation mapping has shown that

light-travel times from the central continuum source increase with decreasing

ionization (from a few light days, to light months, e.g., Netzer & Peterson

1997). Emission line strengths and the fact that absorption along the line-of-

sight to the continuum source occurs only sometimes, show that only a few

percent of the center is covered by BLR gas, and the global filling factor is

very small. (ii) To first order, emission-line ratios of all UV-optically selected

QSOs are surprisingly similar. Baldwin et al. (1995) successfully reproduced

the average QSO spectrum – showing that their similarity was the result of

powerful selection. Given a BLR with a wide range of gas density, column

density and ionizing flux, different emission lines are formed predominantly in

gas with different physical conditions optimal for their formation. Thus the

integrated line properties of the BLR spectrum are quite insensitive to the

density, ionization, and column density of BLR gas. This is true of any BLR

model that exhibits a range of density at each radius; thus the integrated

properties of the BLR cannot clearly distinguish among multi-cloud models

(Baldwin et al. 1995; Bottorff & Ferland 2001), disk-wind models (Murray &

Chiang 1997), stellar wind, or bloated stellar atmosphere models (e.g., Scoville

& Norman 1988; Alexander & Netzer 1994).

In important details, however, spectra of QSOs are not all similar.

Rather than comparing models with average line profiles and line ratios, we

can learn more from direct observations of the dependence of QSO spectra on

observed parameters that may be related directly to the central engine. These

dependences, including velocity information across the broad line profiles, pro-

vide a powerful tool that has yet to be fully exploited. Two striking sets of

relationships have been found, relating QSOs’ optical – UV emission lines and
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soft X-ray continua with fundamental properties of the central engine. One

is the Baldwin relationship between equivalent widths of emission lines from

the BLR, and the luminous power output, L. The other set is the “Principal

Component 1” (also called “Eigenvector 1”) relationships, which appear to be

related to the Eddington ratio. These relationships may allow us to explore the

accretion history of QSOs and, ultimately, the formation of galaxy spheroids.

The Baldwin effect is an inverse relationship between the equivalent

widths of QSOs’ broad emission lines EW, and the UV continuum luminosity

L, EW ∝ Lβ, spanning 7 orders of magnitude in luminosity. It was origi-

nally derived using the C ivλ1549 line (Baldwin 1977; Baldwin, Wampler, &

Gaskell 1989), and the continuum luminosity at 1549 Å. Other lines show Bald-

win relationships (e.g., Kinney, Rivolo, & Koratkar 1990, Espey & Andreadis

1999), with β = −0.05 to −0.3, the slope apparently increasing with increas-

ing ionization potential. The “line cores” (emission from low velocity gas)

contribute more than the line wings (Francis et al. 1992 – hereinafter, FHFC;

Osmer, Porter, & Green 1994; Francis & Koratkar 1995; Brotherton & Francis

1999). It has been suggested that the Baldwin effect results from a luminosity-

dependent spectral energy distribution, ionization parameter, covering factor,

or is the result of inclination (Peterson 1997; Korista 1999; Ferland & Bald-

win 1999). The original hope was that QSO luminosity could be determined

from line equivalent widths, and that the resulting L – z relationship could be

used to discriminate among cosmological models. However, so far, observed

Baldwin relationships show too much scatter.

In a Principal Component Analysis (PCA) of direct, integrated, line

measurements in the Hβ region of 87 low z QSOs, Boroson & Green (1992,

hereinafter, BG92) discovered that most of the spectrum-to-spectrum vari-

65



ance, represented by the first principal component (Eigenvector 1, hereinafter,

BG PC1), links a number of variables: decreasing broad Hβ line width cor-

responds to stronger Fe ii optical emission (Fe ii(opt)), weaker [O iii]λ5007

emission, and increasing Hβ asymmetry from stronger red to stronger blue

wings. BG92 suggested that the Fe ii(opt) – [O iii] anticorrelation arose from

an increase in covering factor of dense Fe ii-emitting gas, resulting in an in-

crease in the Eddington accretion ratio. The case for higher Eddington ratios

was especially supported by the Laor et al. (1994, 1997, hereinafter, L94,

L97) inclusion of X-ray spectral index αx in this principal component: steeper

αx corresponds to narrower Hβ etc. In a virial interpretation of Hβ width,

narrower Hβ would correspond to smaller black-hole mass, hence higher Ed-

dington ratio; steeper αx corresponds to higher Eddington ratios as inferred

for Galactic black hole candidates (Pounds, Done, & Osborne 1995). Also

using a PCA on integrated line measurements, Wills et al. (1999a) showed

that these relationships extend to the UV: stronger Fe ii(opt) corresponds to

a larger ratio Si iii]λ1892/C iii]λ1909 indicating higher densities, also weaker

C ivλ1549, stronger Nvλ1240, stronger Si iv+O iv]λ1400 feature, and other

properties. The support for a virial interpretation of Hβ line widths has further

strengthened the case for an Eddington ratio interpretation of these BG PC1

relationships (Boroson 2002, hereinafter, B02)

The discovery of supermassive black holes in nearby massive galaxies

(Kormendy & Ho 2000) and the proportionality between Mbh and spheroid

masses (Ferrarese & Merritt 2000; Gebhardt et al. 2000b) has allowed the

calibration of virial masses in nearby QSOs and active galaxies (Laor 1998;

Gebhardt et al. 2000b). Thus, the velocity width of the broad Hβ emission

line, and a nuclear distance for the Hβ-emitting gas derived from reverbera-

66



tion mapping or photoionization modeling (Wandel, Peterson, & Malkan 1999;

Kaspi et al. 2000), allow the measurement of Mbh, hence the calculation of the

maximum (Eddington) accretion luminosity, LEdd, and the Eddington accre-

tion ratio, L/LEdd. Comparison of the space density of local black holes with

that of QSOs at the peak of their luminous output near z ∼ 2 – 3, shows that

nearby galaxies harbor the black-hole relics of QSO activity (e.g., Marconi &

Salvati 2002; Fabian 1999; Gilli, Salvati, & Hasinger 2001). Together with the

Mbh – spheroid mass relationship this then points to an interrelated evolu-

tionary history for QSOs and massive galaxies (e.g., Fabian 1999; Silk & Rees

1998). Thus an understanding of the above Principal Component relationships

is important for understanding galaxy evolution.

In this paper we extend the above analyses, carrying out a spectral

Principal Component Analysis (SPCA) on the essentially complete sample of

optical-UV spectra of 22 QSOs, the same sample that we used for the PCA

on integrated line measurements described above.

We briefly describe the sample, observations and reductions in §3.3. In

§3.4 we describe the technique of spectral PCA. The results of the SPCA are

presented in §3.5. We first reproduce the main results of the BG92 PCA to

illustrate the power of SPCA. The principal component spectra covering the

Lyα to Hα region give a striking visual impression of the relationships among

optical and UV emission lines of different ionization stage and critical density.

Such broad band coverage is essential for investigating relationships involving

broad-band features such as the entire optical-UV spectral energy distribu-

tion, the Balmer continuum and the blended Fe ii(UV) emission (“small blue

bump”). We include some SPCA simulations to illustrate the non-linear effects

of line profile relationships. In §3.6 we discuss the distinctness and separation
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of the emission-line spectral components, and the interpretation of the “in-

termediate line region” and “very broad line region” as presented by Francis,

Brotherton, and collaborators. We summarize our results in §3.7, mentioning

some implications for future research, in particular, the usefulness of SPCA

for reducing scatter in Baldwin relationships, and in tracking the evolution of

Eddington ratios in QSOs. Complementary analyses for our QSO sample, in-

cluding results of PCA on direct, integrated, parameters, have been presented

by Wills et al. (1999a), Francis & Wills (1999), Wills et al. (1999b,c), & Wills,

Shang, & Yuan (2000).

3.3 Observations and Data Reduction

We have observed optical-UV spectra for 22 of the 23 PG QSOs making

up the complete optically selected sample investigated by L94 and L97. Laor

et al. selected all QSOs from the Bright Quasar Survey (BQS) (Schmidt &

Green 1983) with redshift z < 0.4 and a Galactic hydrogen column density

NHI< 1.9 × 1020 cm−2. This sample should be representative of low-redshift,

optically selected QSOs, but subject to the same incompleteness as the BQS

(Wampler & Ponz 1985; Goldschmidt et al. 1992; Mickaelian et al. 2001).

The QSOs in the sample are listed in Table 3.1 along with their redshifts,

magnitudes, and other parameters. The low redshift ensures observational

access to the soft X-rays nearest the wavelength of the ionizing continuum.

The low Galactic absorption and brightness of this low redshift sample enable

accurate determination of the intrinsic soft X-ray and UV spectra. In addition

the low redshift and UV coverage allows investigation of the Lyα region, with

much reduced confusion from intergalactic absorption lines.

For the ultraviolet region, we obtained Hubble Space Telescope (HST)
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Table 3.1. The Sample

Object za mB
b αx

c FWHM(Hβ)c Lν(1549)d WSPC1
e WSPC2

e WSPC3
e

(km s−1) (erg s−1Hz−1)

PG0947+396 0.2056 16.40 −1.510 4830 30.33 3.67 −2.73 −1.65
PG0953+414 0.2341 15.05 −1.570 3130 30.59 7.31 −0.99 −0.88
PG1001+054 0.1603f 16.13 −2.800 1740 29.73 · · · · · · · · ·

PG1114+445 0.1440 16.05 −0.880 4570 29.80 · · · · · · · · ·

PG1115+407 0.1541 16.02 −1.890 1720 30.08 −2.37 −6.06 2.46
PG1116+215 0.1759 15.17 −1.730 2920 30.67 −2.21 −2.55 0.66
PG1202+281 0.1651 15.02 −1.220 5050 29.51 · · · · · · · · ·

PG1216+069 0.3319 15.68 −1.360 5190 30.69 −0.22 7.96 −2.26
PG1226+023 0.1575 12.86 −0.942 3520 31.37 −8.39 −1.79 2.19
PG1309+355 0.1823 15.45 −1.510 2940 30.21 −10.15 7.36 −0.67
PG1322+659 0.1675 15.86 −1.690 2790 30.02 6.48 3.63 −0.27
PG1352+183 0.1510 15.71 −1.524 3600 30.04 2.98 −4.26 −0.67
PG1402+261 0.165g 15.57 −1.930 1910 30.40 −1.19 −4.59 3.62
PG1411+442 0.0895 14.99 −1.970 2670 29.56 · · · · · · · · ·

PG1415+451 0.1143 15.74 −1.740 2620 29.72 6.80 3.92 2.16
PG1425+267 0.3637f 15.67 −0.940 9410 30.42 −5.01 1.29 −6.59
PG1427+480 0.2203 16.33 −1.410 2540 30.20 7.94 −1.50 −2.84
PG1440+356 0.0773 15.00 −2.080 1450 29.90 7.33 6.16 7.71
PG1444+407 0.267g 15.95 −1.910 2480 30.63 −9.49 1.75 2.32
PG1512+370 0.3700f 15.97 −1.210 6810 30.66 −0.02 −0.03 −7.01
PG1543+489 0.400g 16.05 −2.110 1560 30.75 −6.27 −2.96 2.83
PG1626+554 0.1317 16.17 −1.940 4490 30.11 2.81 −4.61 −1.12

aFrom measurements of [O iii] after removing Fe ii emission in our separate higher resolution spectra
unless noted

bFrom Schmidt & Green (1983)

cFrom Laor et al. (1997a). αx is soft X-ray spectral index.

dContinuum luminosity at 1549Å, from measurements of our UV spectra. We use H0 = 50 km s−1Mpc−1,
and q0 = 0.5.

eWeights of principal components from the SPCA of 18 spectra covering Lyα to Hα in §3.5.

fFrom measurements of [O iii] in the spectra of this study. Fe ii emission was not removed.

gFrom measurements of Hβ and other emission lines in the spectra of this study. These objects have very
weak [O iii].
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Faint Object Spectrograph (FOS) spectrophotometry for 16 QSOs and used

archival FOS data for 6 QSOs, covering wavelengths from below Lyα to beyond

the atmospheric cutoff near 3200 Å in the observed frame1. Instrumental res-

olution is equivalent to ∼230 km s−1 (FWHM). The FOS pipeline calibration

is described at http://www.stecf.org/poa/FOS/index.html.

Optical data were obtained at McDonald Observatory, generally with

the Large Cassegrain Spectrograph on the Harlan J. Smith 2.7m telescope,

supplemented by some from the HST FOS. We were usually able to get quasi-

simultaneous optical observations, within a month of the new HST observa-

tions, to reduce the uncertainty caused by QSO intrinsic variability. Observa-

tions were made through narrow (1′′– 2′′) and wide (8′′) slits. Standard stars

were observed several times each night. They were chosen from the spectral

standard stars for HST calibration (Bohlin 1996, 2000) to ensure consistent

calibration between UV and optical data. Usually 2–3 spectra for each object

are required to cover wavelength ranges from below 3200 Å to beyond Hα.

Instrumental resolution for the optical spectra is ∼7 Å FWHM, equivalent to

450 km s−1 to ∼250 km s−1 (FWHM) in the Hβ to Hα region.

Higher resolution spectra (∼ 180 km s−1 FWHM) of the Fe ii(opt)–

Hβ–[O iii] region were obtained with the same spectrograph and telescope at

McDonald Observatory and are used only to determine the redshifts of most

of the sample QSOs with sufficiently strong [O iii] lines.

Standard packages in IRAF were used to reduce the data. Wavelength

calibration was done by using comparison spectra. For some spectra, it was

necessary to shift the wavelength scale to match the wavelengths of night sky

1We were not able to obtain the UV spectrum of PG1543+489 between 1648 Å and
2446 Å (rest frame). Also its optical spectral data miss part of the Hα red wing.
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lines. Spectrophotometric calibration was achieved by: 1) using standard star

spectra to calibrate QSO spectra to an absolute flux-density scale, 2) scaling

the narrow slit QSO spectra to match the shape and absolute flux-density level

of the wide slit QSO spectra. The photometric accuracy is ∼5%.

UV and optical spectra for each object were then combined in the ob-

served frame. Before combination, some spectra were scaled by a few percent

to match, in the overlap region, the continuum level of the spectrum with the

best flux-density calibration, usually the HST spectra. Galactic reddening was

removed using the H i column densities NHI from accurate 21 cm data (refer-

ences in L94, L97) and an empirical relationship NHI= 53×1020 E(B−V ) cm−2

(Predehl & Schmitt 1995). The column densities are low with uncertainties of

±1019 cm−2, insuring small corrections for Galactic absorption, especially in

the UV. The error in flux density introduced by this correction is less than 2%

even at the shortest wavelengths. The dominant uncertainty in flux density

arises from the scatter in the NHI – E(B-V) relationship, and is ∼12% in the

worst case, but generally significantly less.

After subtraction of optical Fe ii emission blends with the same Fe ii

template and method used by BG92, we used the higher resolution spectra to

define a rest-frame wavelength scale referred to a wavelength of 5006.8 Å for

[O iii] and applied the redshift to the combined spectra. Redshifts for other

QSOs were obtained from the lower resolution spectra in this study (Table 3.1).

We present our combined spectra in Fig. 2.3–2.6.

3.4 Spectral Principal Component Analysis

Principal component analysis (PCA) is a powerful tool for multivariate

analysis. Given a sample of n QSOs, each with p measured variables, xi (e.g.,
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line width, luminosity, soft X-ray spectral index αx, etc.), PCA defines a set

of p new orthogonal variables PCj. The PCj are linear combinations of the

original variables:

PCj =

p
∑

i=1

aijxi (1)

ordered according to the fraction of the total sample variance accounted for

by each PCj, e.g., PC1 accounts for more variance than any other, PC2 ac-

counts for the next largest amount of variance, etc.. If there are strong linear

relationships among the original variables, each of these relationships will be

represented by a principal component, and fewer principal components will be

required to describe the total variation among QSOs, thus providing a simpler

description of the dataset. If the measured variables are unrelated, there will

still be p PCjs; but no simplification will result; nothing will have been ac-

complished. The hope is that any PCj accounting for a significant fraction of

the total sample variance might be related to one or more underlying funda-

mental physical parameters, giving some physical insight into the cause of the

variations (see BG92, B02). The PCA technique is explained in more detail

and applied to integrated, direct, measurements of the present sample of 22

spectra, by Francis & Wills (1999) and Wills et al. (1999b).

In spectral PCA (SPCA), the whole spectrum is divided into p small

wavelength bins, and each input variable xi is the flux in the ith wavelength

bin. The jth principal component from this analysis can be represented as

spectra of the coefficients aij of each xi (see §3.5). Features of the same sign

in the aij spectrum are positively correlated, while those with opposite sign

are anticorrelated. One of the advantages of SPCA is that correlations can be
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investigated without parameterizing the line profiles or defining the continua.

In addition, unlike the “composite spectrum analysis” which shows average

QSO properties, the SPCA analysis keeps the information for individual QSOs,

e.g., the weights of the principal component spectra for each QSO (Table 3.1).

The original (normalized) spectra in the sample can therefore be reconstructed

by adding the weighted principal component spectra to the mean spectrum.

The SPCA technique is described in more detail by FHFC and references

therein.

We have rebinned the rest-frame spectra in equal logarithmic wave-

length intervals, representing equal intervals in velocity space. Individual

spectra are first normalized by their mean flux density; this means that the

resultant principal component spectra represent flux density variations rela-

tive to this mean – for emission lines the integral over the line in the principal

component spectra represents essentially equivalent width variations. Next,

the mean and standard deviation spectra are formed, and the mean spectrum

subtracted from each QSO spectrum. This is equivalent to moving the dataset

to the origin of the multidimensional space represented by the xi. We used

the code developed by FHFC (http://www.mso.anu.edu.au/~pfrancis/). The

resulting principal components are ordered according to the fraction of the

total sample variance that they account for.

3.5 Results

We first apply SPCA to our sample in the Hβ region and compare

the results (Fig. 3.1) with the well known BG PC1. As expected, the strong

anticorrelation between [O iii]λ5007 and Fe ii appears in the first principal

component, indicated by the oppositely directed [O iii] and Fe ii features. The
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Figure 3.1 SPCA results in the Hβ region for 22 QSOs. The ordinate is
νFν , with each QSO spectrum normalized by its mean flux density. Features
that extend in the same or opposite directions are positively or negatively
correlated, respectively, in the SPC spectra. The first principal component
is similar to the Boroson & Green (1992) first principal component. The
“W” shape of Hβ in SPC1 indicates the width increases with stronger [O iii]
(§3.5.5). The second principal component shows the correlations of Balmer
lines. The number in the parentheses indicates the percentage of the total
intrinsic variance that each principal component accounts for (see §3.5). It
shows that the first principal component is much more important than the
second one in this region.
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“W” shape of Hβ in the first principal component indicates that the width

of Hβ increases with increasing [O iii] equivalent width (see §3.5.5 for simula-

tions). The second principal component shows that the equivalent widths of

the Balmer lines are correlated with each other and these lines are narrower

than in the mean spectrum. Neither principal component is exactly equiva-

lent to BG92’s principal components 1 and 2 because they used integrated line

measurements and other parameters in their PCA analysis, such as absolute

magnitude Mv and optical–X-ray spectral index αox.

We next apply SPCA to the sample over the wavelength range from

Lyα to Hα. The three absorption-line QSOs (PG 1001+054, PG 1114+445 and

PG 1411+442) and PG1202+281, which is an extreme object in the sample,

are excluded from this analysis with broad wavelength coverage (for details,

see §3.5.4). The results using 18 objects2 are presented here. The principal

component spectra are shown in Fig. 3.2, where they are compared with the

mean and standard-deviation spectra.

Compared with the mean spectrum, the standard deviation spectrum

has stronger emission from low velocity gas. Hβ shows a narrow compo-

nent and a broad component with a stronger blue wing. The Lyα λ1216 and

Nvλ1240 lines are more clearly resolved than in the mean spectrum; simi-

larly the Si iii]λ1892 and C iii]λ1909 emission lines. Mg iiλ2798 appears not

to follow this pattern. Fe ii emission near Hβ shows some sharper features

in the standard deviation spectrum than in the mean spectrum, indicating

that Fe ii emission also has different kinematic components. That the line

2For PG1543+489, we linearly interpolate the spectrum over the missing data from
1648 Å to 2446 Å. SPCA shows essentially the same results whether we include or exclude
this object.
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Figure 3.2 SPCA results for the UV-optical spectra of 18 QSOs. The numbers
in parentheses are the percentages of the sample intrinsic variance that are
accounted for by each principal component. Each panel presents the spectrum
with the full ordinate range (left-hand scale), and scaled to show details of
the weaker features (right-hand scale). The dashed vertical lines indicate the
alignment at the He iiλ1640 feature, at the peak of the Fe ii(opt) feature, and
at Hβ.
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cores contribute most to spectrum-to-spectrum variance has been noted be-

fore (e.g., FHFC; Brotherton et al. 1994a). The concave shape of the overall

standard deviation spectrum arises simply from the dispersion of continuum

slopes among individual spectra, because each is normalized by its mean flux

density.

The total variance of the sample is the sum of the intrinsic variance

and the variance from the observational and instrumental noise in the original

spectra. We are interested in the intrinsic variance. We first estimate the

contribution from noise, for each QSO spectrum. We create a noise spectrum

by shifting the original spectrum by two pixels, form the difference spectrum of

the two, remove sharp spikes around strong line features, and divide by
√

2. We

then calculate the noise contribution to the variance by summing the squares

of the fluxes of each bin in the noise spectrum. We then calculate the total

variance for each QSO spectrum, by summing the squares of the differences

between that spectrum and the mean spectrum. Similarly we calculate the

variance between each observed spectrum, and its reconstruction derived from

the mean plus the principal component spectra appropriately weighted for

that QSO. After removing the noise contribution, we calculate the fraction of

the total intrinsic variance accounted for by the addition of each subsequent

principal component, as described by FHFC. The results are summarized for

the whole spectrum, the UV, and the 2100 Å – 6607.5 Å region, in Table 3.2.

We find that the first, second, and third components account for 41%, 23%,

and 14% of the total intrinsic variance, for a total of 78% of the intrinsic

variance.
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Table 3.2 Fractional Component Contributions to the Total Intrinsic Variance

Component(s) Wavelength range (Å)
1171–6607.5 1171–2100 2100–6607.5

SPC1 0.41 0.49 0.08
SPC2 0.23 0.18 0.44
SPC3 0.14 0.13 0.20
SPC3-10 0.31 0.29 0.41

3.5.1 The First Principal Component: Emission-Line Cores

The most striking feature of the first principal component spectrum

(Fig. 3.2, SPC1) is the correlation of the flux from gas of relatively low ra-

dial velocity (hereinafter “line-core component”). The widths (FWHM) of the

emission line features in this component are given in Table 3.3, and are typi-

cally 2000 km s−1 when corrected for blended doublets. By contrast He iiλ4686

is very broad, with FWHM ≈ 4900 km s−1. The peaks of these features are

at the systemic redshift and are symmetric. Relative to these narrow profiles,

the broad line profiles of the mean spectrum appear to have a blue-shifted

“base”, at least for Lyα and C iv (Fig. 3.3) as noted in higher-redshift spectra

by FHFC and Brotherton et al. (1994a).

The strength of broad He iiλ4686 is correlated with that of the line

cores (but absent in SPC3). The revealing of He iiλ4686 in SPC1 is strik-

ing, because it is not obviously present in either the mean or standard devia-

tion spectrum. We cannot exclude a broad He iiλ1640 line corresponding to

He iiλ4686 as it is blended with narrower He iiλ1640 and other emission lines.

Emission from the broad Fe ii UV and optical blends appears weak or absent.

In the UV, the line-core spectrum appears to be essentially the same
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Figure 3.3 Comparison of SPC1 line profiles (lower spectra) with line profiles
of the mean spectrum, showing the blueshifted bases in Lyα and C iv.

Table 3.3 SPC1 and Mean Spectrum Line Widths

SPC1 Mean
Line FWHM corr. FWHMa FWHM
Lyα 1940 · · · 2910
Nvλλ1238,1242 3150 2911 · · ·
C ivλλ1548,1550 2390 2313 3680
C iii]λ1909 2390 · · · 4480
Mg iiλλ2796,2803 1370: 970: 2860
Hδ 2370: · · · 2760
Hγ 2250 · · · 3400
He iiλ4686 4880 · · · · · ·
Hβ 1680 · · · 2600
Hα 1440: · · · 2300

Note – FWHMs (km s−1) are estimated by directly measuring the widths between the
half maxima of line profiles. Lyα and Nv are not deblended in the mean spectrum, and
He iiλ1640 cannot be measured there.

aCorrected FWHM assume a 1:1 doublet intensity ratio for Nv and C iv, 2:1 for Mg ii.
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Figure 3.4 Continuum luminosity at C iv vs. weight of SPC1 (line-core
component) from separate SPCA analyses (a) for 18 QSOs; (b) including
PG 1202+281, the lowest luminosity QSO in our sample, included. Both cor-
relations indicate a Baldwin Effect. The Pearson correlation coefficients are
0.58 and 0.69, and the two-tailed probability of these correlations arising by
chance are 1.1% and 0.13%, respectively.

as the first principal component of the SPCA analysis of 232 UV spectra of

the Large Bright QSO Survey (LBQS) by FHFC. Francis & Koratkar (1995)

followed up and confirmed the FHFC suggestion that this emission may be re-

sponsible for the Baldwin effect, by deriving the line-core equivalent width de-

pendence on luminosity. This was demonstrated more qualitatively by Osmer

et al. (1994), and Green (1998) also suggested this for Lyα and C iv. However

these published studies cover only the strong UV lines between ∼1150 Å and

2000 Å.

Is our SPC1 really the same as that for the LBQS, and does it depend

on luminosity as expected for the Baldwin Effect? Fig. 3.4a and Table 3.4

show that the weight of this line-core component for each QSO is indeed anti-

correlated with (logarithmic) Lν(1549), the continuum luminosity at 1549 Å.

80



Table 3.4 Correlation Coefficients and Probabilitiesa

Parameter WSPC1
b WSPC2

b WSPC3
b αx

c Hβ FWHM Lν(1549) MBH L/LEdd

WSPC1 · · · · · · · · · · · · · · · · · · · · · · · ·
WSPC2 0 · · · · · · · · · · · · · · · · · · · · ·
WSPC3 0 0 · · · · · · · · · · · · · · · · · ·
αx −0.167 +0.143 −0.702d · · · · · · · · · · · · · · ·

(0.12%)
Hβ FWHM −0.112 +0.101 −0.838 +0.731 · · · · · · · · · · · ·

(<0.01%) (0.06%)
Lν(1549) −0.583 −0.143 −0.151 +0.433 +0.200 · · · · · · · · ·

(1.1%)
MBH −0.246 +0.137 −0.711 +0.747 +0.932 +0.335 · · · · · ·

(0.09%) (0.04%) (0)
L/LEdd −0.024 +0.002 +0.722 −0.499 −0.909 +0.118 −0.777 · · ·

(0.07%) (3.5%) (0) (0.01%)

a The table gives the Pearson correlation coefficients for an analysis of 18 QSOs and the two-tailed probability

(in parenthesis) of that correlation arising by chance. Signs indicate a positive or negative correlation.
b Weights of principal components for each QSO, for the SPCA of the Lyα to Hα spectra of 18 QSOs.
c Soft X-ray spectral index (L97).
d 3C 273 (PG 1226+023) has a significant radio-jet contribution to αx and shows significant slope variations (L94).

Excluding this QSO, the Pearson coefficient and probability are −0.894 and 10−6.
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For 18 QSOs, the Pearson and Spearman rank (two-tailed) probabilities of this

correlation arising by chance from uncorrelated variables are 1.1% and 2.0%,

respectively. We have redone the SPCA, including the extreme, low luminosity

QSO PG 1202+281 (Fig. 3.4b) and these probabilities become 0.1% and 0.5%,

respectively. A Bayesian analysis gives <27% and <7% probabilities of the

correlation arising by chance for the two cases above. Since all the spectra are

normalized, this is actually an anticorrelation between line equivalent width

and luminosity. Wills et al. (1999a) reported, for the same sample, evidence of

the Baldwin effect in the second principal component of their PCA analysis of

direct line measurements that do not separate the narrow and broad compo-

nents (Wills et al. 1999b & Francis & Wills 1999 give complementary details).

We now see that the correlation they found was actually a correlation with

the equivalent widths of the line-cores.

To test whether our correlation is actually consistent with Baldwin re-

lationships found in the UV spectra of much larger samples, we measure the

equivalent width of C iv from the SPCA results for 19 QSOs. EW(C iv) =

(Fmean + WSPC1FSPC1)/(Cmean + WSPC1CSPC1), where Fmean and Cmean are the

C iv flux and the flux density of the fitted local continuum in the mean spec-

trum, FSPC1 and CSPC1 are those in the first principal component spectrum,

and WSPC1 is the weight of SPC1 for each QSO, evaluated from SPCA. We

deblend the C iv region to exclude He iiλ1640 and O iii]λ1664 in the mean

spectrum, and C iv is narrow enough to be separated from He iiλ1640 and

O iii]λ1664 in SPC1. This procedure is equivalent to measuring the spectra

reconstructed with only the mean spectrum and SPC1, and therefore includes

the equivalent width variation of the line cores, but excludes scatter that would

otherwise be introduced by orthogonal principal components. The filled circles
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Figure 3.5 Baldwin Relationship for C iv. The filled circles represent EWs de-
rived from SPC1 and the mean spectrum (§3.5.1). The solid line indicates the
least-squares regression of the SPC1-derived EW on log Lν(1549). The open
circles represent the integrated, direct, EW measurements from the original
spectra (Francis & Wills 1999). The dashed line is the least-squares fit of the
Baldwin relation from Kinney et al. (1990), showing the good agreement in
both slope and normalization. (Note: PG 1202+281 is excluded from this
SPCA analysis. Its SPC1 weight and therefore its derived EW in this plot, is
estimated based on the tight relationship between the weight of the first prin-
cipal component in this analysis and that in the analysis with PG 1202+281
included (Fig. 3.4a,b)).

in Fig. 3.5 show the anticorrelation between this EW(C iv) and Lν(1549). The

slope of the least-squares fit is −0.18 ± 0.05, which agrees with −0.16 ± 0.06

obtained by Kinney et al. (1990). This could be coincidence for our small

sample with a luminosity range of only 1.6 dex, but it is more likely because

we reduce the scatter in the luminosity relationship by using only the line

core component. The open circles in Fig. 3.5 show the integrated equivalent

widths of the C iv line measured directly from the original spectra (Francis
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& Wills 1999), where He iiλ1640 and O iii]λ1664 were also excluded. The

scatter is larger there, and the QSOs with the largest and smallest deviations

from the fit are indeed the objects with smallest and largest weights in our

SPC3 (§3.5.3, Table 3.1). This demonstrates that our SPC3, which involves

the broad wings of the emission lines, is the major source of scatter in the Bald-

win relationship. The remaining scatter of ∼10% in our SPC1-derived Baldwin

relationship is likely to result from non-linearity of the relationship(s), time

variability of spectra, and inappropriateness of Lν(1549) as a luminosity indi-

cator. A bolometric or ionizing luminosity may be more appropriate. Even

then, an apparent luminosity may not be that illuminating the emission-line

gas.

Besides the strongest UV lines, which are already known to show a

Baldwin effect from previous studies of direct measurements, such as Lyα,

O iλ1304, C ivλ1549, He iiλ1640, C iii]λ1909, and Mg iiλ2798, SPC1 shows

the Baldwin effect in other lines. Nvλ1240 appears in SPC1, showing that

its equivalent width decreases with luminosity. This appears to conflict with

some other studies (e.g., Espey & Andreadis 1999) that show no Baldwin effect

for Nv. This may be because, using direct spectral line measurements, Nv is

difficult to deblend from Lyα because of the uncertainties in line profiles and

in determining the location of continuum in this region. Nv and Lyα (and

some other line blends) are easily resolved in our SPC1. Thus SPCA provides

us with a valid way of disentangling the Baldwin effect for Nv. We also find

a Baldwin effect for Si iv+O iv]λ1400. This has also been noted by e.g., Laor

et al. (1995), Green, Forster, & Kuraszkiewicz (2001) although others claim

no Baldwin effect for this feature (e.g., Cristiani & Vio 1990; FHFC; Osmer

et al. 1994; Francis & Koratkar 1995).
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Our broad UV-optical line coverage can also link Baldwin relationships

for the UV lines with luminosity-dependent emission-line properties in the

optical region. Our SPC1 shows that there is a Baldwin effect for the Balmer

lines, and also for broad He iiλ4686. A Baldwin effect has been seen for Hβ by

comparing the low and high redshift data of BG92 and McIntosh et al. (1999)

(see Yuan et al. 2002), and an Hβ Baldwin effect is included in the results

of Espey & Andreadis (1999). However, Croom et al. (2002) find a positive

correlation between EW(Hβ) and luminosity. The reason why the Balmer-line

Baldwin effect has been difficult to identify in the past, is probably because

it has been masked, especially in integrated line measurements, by the scatter

caused by BG PC1 in low redshift, optical samples. BG92 have shown an

inverse luminosity dependence for the strength of broad He iiλ4686 (PC2 in

their Table 2), and their Figs. 2 and 3 show how it has been masked by QSO-

to-QSO differences in the strength of Fe ii(opt) emission.

It has been suggested that the slope of the Baldwin effect, β, is depen-

dent on ionization (see Espey & Andreadis 1999; Croom et al. 2002). We can

investigate the Baldwin effect for other broad emission lines besides C iv. We

measure the equivalent widths of Lyα, Nv, C iii]+Si iii], Si iv+O iv]λ1400,

and Mg ii the same way we do for C iv. We deblend Lyα+Nv in the mean

spectrum and measure the narrow components of Lyα and Nv in SPC1. If

indeed a linear approximation is valid when extracting the Baldwin effect from

our SPC1, then the fractional change in integrated line equivalent width de-

pends on the relative contributions from SPC1 and the mean spectrum. These

relative contributions will determine the slopes that we find for the Baldwin

effect. While β for C iv is uncertain to within ±0.05, the slopes for different

emission lines relative to that for C iv can be determined quite accurately,
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Figure 3.6 Ionization dependence of Baldwin relationships. The slope of the
Baldwin relationship for each line is plotted against the ionization potential
of the ion responsible (or mean potential in the case of Si iv+O iv]λ1400).
The error bar indicates the uncertainty for C iv from the least-squares fitting.
The relative uncertainties from line-to-line are much smaller and depend on
the accuracy of the EW denominator – the integrated line measurement in the
mean spectrum.

depending only on the uncertainty in measuring the line strength in the mean

spectrum. The weights, WSPC1, are the same for each emission line. In Fig. 3.6

β is plotted against the ionization potential of each ion. The results are sim-

ilar to the dependence shown in Espey & Andreadis’ Fig. 6. Except for Nv,

they suggest that their “slope of slopes” plot is consistent with predictions by

Korista, Baldwin, & Ferland (1998) (also shown in their Fig. 6), based on a

locally optimally emitting cloud distribution. Our Nv is more consistent with

these predictions.

In summary, our broad UV-optical line coverage links the luminosity-

dependent BG PC2 with the Baldwin effect seen in large samples of UV spec-
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Table 3.5 Identifications of the principal components and key external
parameters∗

Component Related parameters
SPC1, line-core . . . . . . . . . . . SPC2 in Fig 3.1, BG PC2, FHFC SPC1

Baldwin effect, Lν(1549)
SPC2, continuum slope . . . . FHFC SPC2
SPC3, line-width . . . . . . . . . . SPC1 in Fig 3.1, BG PC1, αx

∗ See Table 3.4 for correlations.

tra, covering a wide luminosity range. The arguments are as follows. Our

SPC1 shows a dependence on luminosity, consistent with Baldwin relation-

ships seen in these larger samples. The line cores of our SPC1 are like those

seen in the FHFC UV SPC1, for which FHFC, and Francis & Koratkar (1995)

have clearly demonstrated a Baldwin effect. Our SPC1 extends to the op-

tical, showing a luminosity dependence for the Balmer lines and the broad

He iiλ4686. BG92’s luminosity eigenvector, BG PC2, involves the Balmer line

equivalent widths and broad He iiλ4686 (B02). We therefore identify BG PC2

with our SPC1, and conclude that the BG PC2 is effectively the optical part

of Baldwin relationships derived from UV spectra. Table 3.5 lists the identifi-

cations of the principal components and correlated external parameters.

3.5.2 The Second Principal Component: Continuum Slope

Our second principal component (Fig. 3.2, SPC2) is almost a pure con-

tinuum component. It shows a slope at wavelengths less than ∼4000 Å but

flattens out in the optical region. This seems to be consistent with the contin-

uum slope reported by FHFC in the LBQS sample, but covers a much broader

wavelength range. The line features in this component are relatively weak,

if not absent, and probably arise from crosstalk from the other components
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(see §3.5.5). The continuum slope has a factor of 6 greater variation in this

component than in the line-core component and, therefore, accounts for most

of the continuum slope variation in the sample. The SPC2 weights, hence

continuum slopes, are independent of luminosity (Table 3.4).

The continuum slope variation could be the result of an intrinsic vari-

ation in the QSO continuum, e.g., the big blue bump, differing amounts of

starlight from the host galaxy, or different amounts of reddening by dust

associated with the QSO. Any one of these possible contributions could be

orientation dependent. We have not yet corrected our spectra for known con-

tributions from the host galaxy, and this is significant at longer wavelengths

for a few of the QSOs. It is likely that dust absorption plays an important

role, as we find a correlation between optical-UV continuum reddening, intrin-

sic UV absorption lines, and flatter soft X-ray slope (Wills, Shang, & Yuan

2000; Brandt, Laor, & Wills 2000). If dust were the main factor producing the

continuum slope variation, we can expect it to be external to the BLR because

it would obscure the line and continuum emission equally and hence leave the

equivalent width unchanged — a featureless principal component, as seen.

3.5.3 The Third Principal Component: Line-width Relationships

The Hβ – [O iii] region of the third principal component (SPC3 in

Fig. 3.2) in our analysis of the entire UV-optical spectrum is very similar

to that of the SPCA of the Hβ – [O iii] region alone (SPC1 in Fig. 3.1).

Fig. 3.7 compares the weights of the two principal components and shows

quantitatively that these components are closely related. In SPC3, there is

a clear anticorrelation between the strengths of [O iii] and Fe ii(opt) emission

and between Hβ width and the strength of Fe ii(opt). Therefore, BG PC1
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Figure 3.7 WSPC3 for the Lyα – Hα region vs. WSPC1 for the Hβ – [O iii]
region. The WSPC3 are from the SPCA of the UV-optical spectra of 18 QSOs
illustrated in Fig. 3.2. The WSPC1 are for 18 QSOs of the SPCA of 22 QSO
spectra of the Hβ – [O iii] region illustrated in Fig. 3.1. It shows that the two
principal components from the two separate SPCA are closely related.

relationships are an important part of the third principal component in our

analysis of the UV-optical spectrum. A prominent feature is the correlated

line widths of the low ionization broad emission lines – Hβ, Mg ii and Hα

(the “W” shape, see §3.5.5). Deblending of the λ1909 feature in this sample

shows that the width of C iii] also varies like Hβ (Wills, Shang, & Yuan 2000).

Important variables in the BG PC1 eigenvector are FWHM(Hβ) and the soft

X-ray spectral index αx (BG92, L94, L97). Our WSPC3 is directly correlated

with FWHM(Hβ) and also with αx (Fig. 3.8a, b, Table 3.4).

The SPC3 C iv feature extends over more than 30 000 km s−1. C iv does

not show an obvious correlated line-width change in SPC3. The characteristic

“W” shape may not appear, though, if the line strength increases with line

width. For integrated line measurements it is also the case that FWHM(C iv)

does not correlate well with the widths of the low-ionization lines in this sample
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Figure 3.8 Hβ FWHM and αx vs. WSPC3 from the SPCA of the UV-optical
spectra of 18 QSOs. Note that the soft X-ray spectrum of 3C 273 has a
significant jet contribution, and is time variable (L94).

(Fig. 4 of Wills et al. 2000), but in these cases, the SPC1 line core contributes

some scatter to the direct measurements of FWHM (contributing to the inverse

correlation between EW(C iv) and FWHM(C iv), Brotherton et al. 1994b,

§3.6).

As expected, the Fe ii(opt) features centered near 4570 Å and 5250 Å

are positively correlated with Fe ii optical multiplets 27 and 28, prominent

features measured at 4178 Å, 4237 Å, and 4308 Å (Phillips 1977, 1978). Along

with increasing strength of Fe ii(opt), several low-ionization lines increase in

strength: Si iiλ1263, O iλ1304, C iiλ1335, N iii]λ1750, and probably Na iλ5892

(for the last, see Thompson 1991). Si iv+O iv]λ1400 is also positively corre-

lated with Fe ii(opt). The strengths of the prominent broad emission lines

correlate together – Lyα, C iv, Mg ii, Hβ, & Hα, but are anticorrelated with

the low ionization lines mentioned above.

Another important new result revealed by SPC3 is the strong anticor-
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relation between broad UV Fe ii emission blends (the small blue bump) and

the optical Fe ii blends. This was actually predicted by Netzer & Wills (1983).

They showed that strong Fe ii(opt) requires high optical depth in the UV res-

onance transitions of Fe ii. At the same time, these high optical depths result

in destruction of UV Fe ii photons, in particular, by ionization from the n=2

level of H i (Balmer continuum). Green (1998) found from composite spectra

of samples of steep and flat optical-X-ray spectral index, αox, that UV and

optical Fe ii emission are correlated in opposite senses with αox. This suggests

the anti-correlation between UV and optical Fe ii blends found here.

SPC3 reveals most of the UV-optical BG PC1 relationships demon-

strated by direct emission-line and continuum measurements (Wills et al.

1999a). A descriptive summary of the relationships among UV-optical pa-

rameters in SPC3 is shown in Fig. 3.9, which is related to Fig. 4 in Wills

et al. (1999b). This component has a flat continuum (SPC3 in Fig. 3.2), so

changes in UV-optical continuum shape are not obviously related to the SPC3

correlations.

3.5.4 Exclusion of absorption-line QSOs and PG1202+281

Four QSOs were excluded from the above analysis: PG 1202+281, be-

cause of its extremely large equivalent widths, and the three strong absorption-

line QSOs (PG 1001+054, PG 1114+445 and PG 1411+442), because their Lyα

and C iv absorption features occur at different outflow velocities and thus in-

troduce spurious features in the principal component spectra.

To investigate the effect of the absorption-line QSOs, we have repeated

the SPCA both excluding the affected wavelengths, and interpolating over the

absorption features. The results are essentially unchanged from those discussed
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Figure 3.9 A descriptive summary of correlations related to the line-width
component. Variables on the same side correlate positively with each other,
and on opposite sides, negatively. Black bars show new correlations found
in this study. Solid bars are for line strengths, and dotted bars are for line
width and other parameters. The lengths of the bars indicate qualitatively the
strength of the correlation.

above.

Including PG 1202+281, with or without the three absorption-line QSOs,

does not substantially change the results (see Fig. 3.4, Fig. 3.7). This is seen

by comparing the SPCA for the whole sample of 22 QSOs (Fig. 3.10) with the

adopted SPCA in Fig. 3.2. Because of its extreme properties, PG 1202+281

causes a significant rotation of the principal component axes, so the results

of Fig. 3.10 should be viewed with caution. The resulting crosstalk probably

accounts for the relatively strong [O iii] emission in the SPC1 spectrum of
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Figure 3.10 SPCA results for the UV-optical spectra of all 22 QSOs, i.e.,
including PG 1202+281 and the absorption-line QSOs, where the absorption
regions are interpolated. Compare this figure with Fig. 3.2 that excludes these
QSOs.
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Fig. 3.10. While PG 1202+281 seems to be consistent with the same principal

components relationships as the other QSOs (see Fig. 3.4), its differences may

hint at additional physical processes, or extend our parameter space to a non-

linear regime. Either way, this is a limitation of our small sample size; a large

sample covering a wider range of parameter space is needed to address these

possibilities. In order not to give PG 1202+281 undue weight in the analysis,

we could have carried out SPCA using the ranks of fluxes in each wavelength

bin or using logarithmic flux scales. For simplicity and directness of interpre-

tation, we have chosen not to transform the flux densities. Therefore we have

excluded PG 1202+281.

3.5.5 Simulations

The principal components arising from PCA can be directly interpreted

only if the input parameters (i.e. the fluxes in all the bins in this study) are

related linearly. In our SPCA, variable line width will usually introduce non-

linear relationships among the affected binned flux densities, i.e., the flux

densities do not change linearly in different bins when the line width changes.

As an aid to interpretation we have therefore made simulations with artificial

data (see also Mittaz, Penston, & Snijders 1990). Fig. 3.11 shows an example

in which we apply SPCA to 40 spectra with added Poisson noise. Each spec-

trum has 7 line features and a continuum slope, with possible relationships as

indicated by the real data. Lines 1, 2 and 3 have one narrow and one broad

Gaussian component. Three independent sets of relationships among lines and

continuum are included in the spectra:

1. The narrow components of lines 1, 2 and 3 have a fixed width; their

strengths vary in proportion to each other.
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Figure 3.11 SPCA simulation with Gaussian profile. Three sets of relationships
input via simulated spectra are separated into three principal components with
small crosstalk (e.g., lines 1 and 5 in SPC3). Notice the “W” shape of lines
1, 2, and 3 in PC2. This indicates increasing width with increasing strength
of lines 4 and 5. The numbers in parentheses represent the percentage of the
intrinsic variance accounted for by each principal component.

2. The broad components of lines 1, 2 and 3 have a fixed strength, but their

widths are proportional to the strength of lines 4 and 5. The strengths

of lines 4 and 5 are also proportional, and they are inversely proportional

to the strengths of lines 6 and 7.

3. Each spectrum has a different linear continuum slope, which is not re-

lated to any line feature.

The simulation results clearly show that:
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1. The three sets of relationships are separated into the three principal

components in the order expected.

2. There is crosstalk among the three principal components, which is caused

by the non-linear effect of line width change and the continuum slope

(see §3.6), for example, lines 1, 2 and 5 in principal component 3 (the

slope), and line 5 in principal component 1. (The change in continuum

level changes the line equivalent widths. But this is a real, linear effect,

and not crosstalk.)

3. The line width change produces a “W” shape in the principal compo-

nent (or an “M” shape if the y axis flips), as can be seen in principal

component 2 for the broad components of lines 1, 2, and 3. This can be

visualized as the changes in the line wings.

These simulation results show that SPCA is able to successfully distin-

guish the relationships that we input.

Is our interpretation really unique? Could a non-linear relationship

produce two principal components like our SPC1 (line-core) and SPC3 (line-

width)? In order to test this, we did a simulation with three Lorentzian line

profiles for which FWHM ∝ 1/Ip − c, where IP is the peak flux of the lines,

c is a constant chosen to vary FWHM by a factor of 6, while Ip varies by a

factor of 3. These ranges reproduce differences seen in our real spectra. The

results of SPCA are shown in Fig. 3.12. The standard deviation spectrum

shows a peak on a broad base, somewhat similar to Hβ, Hα, and C iv in our

real data. In the simulated SPC1, weak line wings anticorrelate with a line

core. This is the major part of the relationship we input, and is produced

by the Lorentzian’s sharp peak and very broad wings. This is qualitatively
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Figure 3.12 SPCA simulation with Lorentzian profiles. The non-linear rela-
tionship FWHM ∝ 1/Ip − c produces two dominant principal components.
SPC1 shows that line width decreases with increasing line strength. SPC2
shows the effect of non-linear relationship among the flux bins as line width
changes. The numbers in parentheses represent the percentage of the intrinsic
variance accounted for by each principal component.

seen in the real SPC1 for Hα, C iv, and possibly Hβ. In the simulated SPC2

we see the “W” signature resulting from crosstalk caused by the non-linearity

introduced by changes in line-width. As expected, SPC1 accounts for much

more intrinsic variance than the “crosstalk” component, SPC2.

To summarize, this Lorentzian simulation shows that, mathematically,

correlated line-width changes of profiles with a sharp peak and broad wings

could produce two principal components similar to SPC1 and SPC3 seen in
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our analysis of real data. Nevertheless, the conclusions derived from the real

data would not be changed much: The emission from low velocity gas depends

on luminosity, a completely independent external parameter, but emission

from non-line-core gas does not – the Baldwin Effect remains. SPC3 weights

clearly correlate with directly measured FWHM(Hβ), and with the completely

independent external parameter, αx. A simple Lorentzian model does not

account for the correlations with external parameters; nor does it account for

the different line ratio in observational principal components.

3.6 Discussion

Over the spectral range from Lyα to Hα, SPCA shows that 78% of the

intrinsic spectrum-to-spectrum variance is accounted for by just three principal

components (Table 3.2). In Table 3.2 we also compare the fractional contri-

butions to the total intrinsic variance within the UV and near-UV–optical

wavelength ranges. We find that SPC1 contributes about half the variance in

the UV, similar to the FHFC result for 232 LBQS UV spectra. Examination of

SPC3 and higher-order component spectra, and comparison with simulations,

clearly shows the non-linear contributions of spectrum-to-spectrum line-profile

differences, for example, differences caused by changing width, probably kur-

tosis and asymmetry as well (see for example, FHFC). We therefore tabulate

the sum of the variances from SPC3 through SPC10 (noise increasingly dom-

inates higher order principal components), as probably representative of the

line-width component. In the UV, the line-core component clearly dominates.

In the 2100 Å – 6607 Å range, the line-width relationships clearly dominate the

line-core component and have a contribution similar to that from the contin-

uum principal component. The increasing dominance of the line-width rela-
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tionships is not surprising given the previous results from SPCA (Fig. 3.1 and

BG92). It is easy to understand why historically the Fe ii–[O iii]–Hβ-width

correlations were discovered for low-redshift QSOs in the optical region, and

the Baldwin effect in the UV spectra of high-redshift QSOs. The line-core,

line-width and continuum sets of relationships together appear to account for

about 78%–95% of the spectrum-to-spectrum intrinsic variance.

Much of the remaining intrinsic variance is likely to arise from de-

partures from linearity – among the Baldwin and line-width relationships for

different emission lines, in the description of the continuum-to-continuum dif-

ferences – and from time-variability. Pogge & Peterson (1992) showed that, for

Seyfert galaxies, there is a relationship between line and continuum luminosity,

as an individual Seyfert nucleus varies in time. For example, for C ivλ1549,

they showed EW(C iv) ∝ L−0.72, with a slope different from that for the global

(QSO-to-QSO) relationship with exponent of −0.17 (§3.5.1, Peterson 1997).

They suggested that this intrinsic “Baldwin relationship” accounts for the scat-

ter seen in the global relationship. They also demonstrated that additional

scatter is introduced by the the lag of emission-line response to continuum vari-

ations. We estimate the lag to contribute typically <5% to the variations in

EW in our data (Fig. 3.5) judging from the Hβ lags and light curves presented

by Kaspi et al. (2000) and Giveon et al. (1999). If the mechanism underlying

the intrinsic Baldwin Effect is similar to that underlying the global Baldwin

Effect, this source of scatter may be included in our SPC1 or SPC3 compo-

nents. If the intrinsic and global Baldwin Effects are independent, then the

intrinsic Baldwin Effect will contribute to the residual ∼5% variance, but not

to the relationships represented by the line-core and line-width components.

That is, this source of variance would not be important in Fig. 3.4.
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3.6.1 The Physics Behind the Line-core and Line-width Compo-
nents

The simulation with Lorentzian line profiles (§3.5.5, Fig. 3.12) shows

that SPCA could mathematically produce a line-core and a line-width com-

ponent from a non-linear relationship. One may argue that the results from

the real QSO spectra suffer from the same problem. However, the corre-

lations shown in Table 3.4 and in Figs. 3.4 and 3.8b show that the com-

ponents derived from the real spectra are physically meaningful based on

their distinct correlations with the external variables αx and L. In §3.5.1 we

have presented additional arguments that the line-core component represents

the Baldwin relationship and is dependent on luminosity (possibly related

to accretion rate, Ṁ). Our small sample, with a limited range in L, does

not allow us to distinguish whether the line-width components are related to

black hole mass, MBH ∝ FWHM(Hβ)2L1/2, or to Eddington accretion ratio,

L/LEdd ∝ L/MBH ∝ FWHM(Hβ)−2L1/2 (Table 3.4). However, the dependence

of the SPC3 weights on αx, suggests, by analogy with Galactic black-hole can-

didates, that this component is driven by Eddington accretion ratio (L94,

L97, Yuan et al. 2002). Stronger EW Fe ii(opt), Fe ii(opt)/Fe ii(UV), and

the Fe ii(opt) – [O iii] anticorrelation indicate that more dense gas is avail-

able to fuel the central engine. Stronger Fe ii(opt) is associated with narrower

FWHM(Hβ), consistent with an Eddington ratio interpretation of SPC3. Fur-

ther support for a physical difference between SPC1 and SPC3 gas is indicated

by line-intensity ratios: Brotherton et al. (1994a) showed that the emission-line

ratios for gas of low- and high-velocity dispersion indicate different photoion-

izing flux, ionization state, and density.

The near-absence of emission in SPC1 from gas with high-velocity dis-

100



persion, and the luminosity independence of SPC3, suggest that the line emis-

sion represented by SPC3 has EW ∼ constant. Could the global Baldwin

relationship be explained by a very simple model in which a total line equiv-

alent width is the sum of the equivalent width of the line-width component

(∼ constant), and that of the line-core component (∝ L−1
cont), i.e., EW(total)

= a + bL−1
cont? Such a dependence can fit our own data, but cannot fit the

Baldwin effect data for large samples, such as that of Kinney et al. (1990),

covering seven orders of magnitude in luminosity.

3.6.2 Separating the Line-core and Line-width Spectra

Since the relationships represented by the line-core and line-width spec-

tral principal components have real, independent, physical origins, it would be

appropriate to model these relationships independently rather than, as in the

past, trying to model the observed integrated equivalent widths (e.g., Korista

et al. 1998; Kuraszkiewicz et al. 2000). A case in point may be attempts to

ascribe an ionization-potential dependence to β, the exponent of the Baldwin

relationship. The relative values of β are quite accurately determined for dif-

ferent emission lines, but the scatter is large (Fig. 3.6). The large scatter may

be attributed to the use of integrated EWs with a significant contribution from

non-core emission because the non-core line ratios are independent of those in

SPC1 gas.

One possibility is to perform a SPCA on a sample of simulated model

spectra, making a comparison of the resulting SPC spectra with those from a

SPCA of the observed spectra. Another approach might be to use the princi-

pal component spectra to derive separate spectra for the (assumed separate)

gas components responsible for the line-core and line-width components, and
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compare each of these with photoionization models. This was attempted by

Brotherton et al. (1994a) who decomposed UV emission lines into components

representing intermediate and very broad line regions (ILR and VBLR). Our

SPCA shows that their VBLR is an over-simplification. While their ILR is

similar to our SPC1 component, we do not define a VBLR, but rather a line-

width component (dominated by our SPC3), where line widths range from the

narrowest to broadest Hβ lines observed (FWHM from 1500 to 9500 km s−1).

Thus the ILR derived by Brotherton et al. (1994a) would include SPC1 emis-

sion as well as low-velocity emission from the line-width component. However,

the technique of best-fitting a combination of line-core and line-width spectra

still seems promising. Further discussion is beyond the scope of the present

paper.

While the ILR has been directly related to the Baldwin effect (Broth-

erton et al. 1994a, FHFC, Francis & Koratkar 1995), the relationship of the

UV ILR to the optical BG PC1 has been controversial, including the question

of whether BG PC1 is part of the Baldwin relationship, or whether it is the

cause of its enormous scatter (Brotherton & Francis 1999). Because of our

wide wavelength coverage we have been able to demonstrate clearly that these

two sets of relationships are orthogonal. Brotherton & Francis (1999) came to

a different conclusion, based on their finding of increasing ILR strength with

[O III]λ5007, a strong SPC3 or BG PC1 parameter. This may be because of

the ILR decomposition problem mentioned above.

3.7 Summary and Conclusions

Our Spectral Principal Component Analysis of an essentially complete

sample of 22 PG QSOs yielded three significant linear spectral principal com-
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ponents accounting for ∼78% of the intrinsic variance among emission-line

and continuum spectra over the wavelength range from Lyα to Hα (exclud-

ing the three QSOs with strong intrinsic absorption and the extreme object

PG1202 +281). Spectral Principal Component 1 dominates the UV emission

lines, accounts for ∼41% of the intrinsic spectrum-to-spectrum variance, and

is identified with the Baldwin relationships. Spectral Principal Component

2 accounts for most of the continuum variations, contributing ∼23% of the

total intrinsic variance. Spectral Principal Component 3 is directly related to

the first Principal Component in the PCA of integrated line measurements in

the Fe ii–Hβ–[O iii] region by BG92. It includes line-width, which introduces

non-linear relationships among flux bins across emission lines, and therefore

propagates to higher-order Principal Components in our linear analysis. This

line-width component dominates the Fe ii–Hβ–[O iii] region, and accounts for

between 14% and 31% of the sample’s total intrinsic variance. Tables 3.2 and

3.5 summarize these results.

3.7.1 The Baldwin Effect and SPC1

1. SPC1 is dominated by emission from gas of low velocity dispersion

(FWHM 2000 – 3000 km s−1), but also includes broad He iiλ4686 (FWHM

4880 km s−1).

2. The weights of this principal component correlate with the QSOs’ lumi-

nosities.

3. Deriving the equivalent widths from this principal component leads to a

Baldwin relationship in good agreement with the slope and normalization

determined for much larger samples and luminosity ranges spanning 7

orders of magnitude.
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4. The narrow (FWHM 2000 – 3000 km s−1) features in our Spectral Prin-

cipal Component 1 agree in profile and line intensity ratios with those

derived from SPCA for much larger LBQS samples using just UV spectra

from Lyα to the C iii] blend (Principal Component 1, from Francis et al.

1992; Francis & Koratkar 1995), and inferred by comparison of mean UV

spectra of low and high luminosity QSOs (Osmer et al. 1994), and of low

and high X-ray brightness QSOs divided by αox (Green 1998). Francis &

Koratkar (1995) showed quantitative agreement with the Baldwin effect,

for their large, but low signal-to-noise ratio sample.

5. The strong, broad He iiλ4686 links our SPC1 directly with the “lumi-

nosity” principal component derived by BG92 and B02 from direct mea-

surements.

6. The Baldwin relation determined from direct equivalent width measure-

ments would not be expected to be very significant for a sample the size of

ours and covering only 2 orders of magnitude in luminosity. However we

demonstrate a significant reduction in scatter using SPCA-derived EWs,

over those measured directly. The line-width components contribute

most of the scatter in the Baldwin relationships. This demonstrates the

potential of SPCA-derived EWs to define a much cleaner Baldwin re-

lation for future investigations of emission line response to the ionizing

continuum, perhaps with applications to cosmology (relations between

luminosity distance and redshift).

7. We have determined the Baldwin relationships for different emission

lines, confirming that the effect is present for the Balmer lines. UV
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and optical Fe ii emission-line blends are very weak or absent from our

“Baldwin Effect” principal component.

8. Our clean separation of Lyα and Nv in SPC1 shows a significant Bald-

win effect for Nv. This result is in striking contrast with the slope

derived from direct measurements, where the EW shows a positive slope

(increases) with luminosity.

3.7.2 The Line-width Components (SPC3 and higher order)

1. We have demonstrated clearly that the third principal component is di-

rectly related to BG92’s first principal component. The SPC3 weights

are shown to directly correlate with FWHM(Hβ) and with αx, parame-

ters that are important in BG PC1 correlations in the Hβ region (BG92

and L94, L97).

2. We present a number of emission line correlations, both positive and

negative. Of particular note is a clear anticorrelation between optical

and UV Fe ii blends, as predicted by Netzer & Wills (1983).

3. Laor (1998), and Gebhardt et al. (2000b) have demonstrated a calibra-

tion of black hole mass in terms of FWHM Hβ and luminosity, as if Hβ

line width is determined by virial motions. The line-width correlations

demonstrated by this component, between Balmer lines and Mg ii, and

FWHM C iii] has also been shown to correlate with Hβ (Wills et al.

1999c), suggesting that this calibration can be used to investigate black-

hole mass relationships at higher redshifts (z & 2 − 3.5), where Mg ii

and C iii] are accessible to ground-based spectroscopy (see also McLure

& Jarvis 2002).
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3.7.3 The Relation Between Line-width and Line-core Components

We have demonstrated the power of our wide wavelength coverage com-

bined with SPCA to link two independently-discovered luminosity relation-

ships at high and low redshift, showing that the BG92 and B02 luminosity

principal component of low redshift samples is directly related to the Baldwin

effect in higher redshift, UV spectra, and showing that BG PC1 (or the line-

width principal component) relationships are the cause of enormous scatter in

Baldwin relationships derived from integrated, direct, EW measurements. We

show how Baldwin relationships can be derived using SPCA, virtually elimi-

nating the scatter. Such spectrum-luminosity relationships might be used to

determine z-independent luminosities, hence to derive L-z relationship at high

z. This rekindles the hope that Baldwin relationships can be used for cosmol-

ogy. The line-width principal components are related to black-hole mass or

Eddington accretion ratio, and their clean separation from the Baldwin rela-

tionships can, in principle, lead to their use to trace QSO evolution. The wide

wavelength coverage and SPCA also provides a strong visual impressions of

spectral relationships that provide a guide for future direct line measurements

and analysis.
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Chapter 4

Direct Measurements and Correlation

Analyses

4.1 Introduction

Direct measurement of QSO spectra can provide detailed information

on the continuum slopes and line profiles.

The UV-optical continuum is an important part of the QSO SEDs. It is

the low energy end of the big blue bump and it provides clues to the emission

mechanisms producing the ionizing continuum in the far UV and soft X-ray

regions where QSOs emit a significant amount of their energy. In practice,

a well established UV-optical continuum can help to constrain accretion disk

models.

It is conventional to parameterize the UV-optical continuum with a

power law, fν ∝ ναν or fλ ∝ λαλ , (αν + αλ = −2). The frequency spectral

indices for QSOs are usually in the range −1 & αν & 0. Average spectra of

different samples show large a dispersion in αν , even over a similar wavelength

range. Vanden Berk et al. (2001) collected the average αν from various studies

of quasar samples over the past decade, including the SDSS (Vanden Berk

et al. 2001), LBQS (Francis et al. 1991), First Bright Quasar Survey (FBQS,

Brotherton et al. 2001) and HST composite spectra (Zheng et al. 1997). The

data are shown here in Table 4.1.
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Table 4.1. QSO Continuum Spectral Index αν from Previous Studies

α Sample Selection Measurement Method Redshift Median Redshift Source

-0.44 Optical and radio Composite spectrum 0.04-4.79 1.25 1
-0.93 Optical Average value from spectra 3.58-4.49 3.74 2
-0.46 Radio Composite spectrum 0.02-3.42 0.80 3
-0.43 Radio Composite spectrum (remeasure) 0.02-3.42 0.80 1,3
-0.39 Radio Photometric estimates 0.38-2.75 1.22 4
-0.33 Optical Average value from spectra 0.12-2.17 1.11 5
-0.99 Optical and radio Composite spectrum 0.33-3.67 0.93 6
-1.03 Optical and radio Composite spectrum (remeasure) 0.33-3.67 0.93 1,6
-0.46 Optical Photometric estimates 0.44-3.36 2.00 7
-0.32 Optical Composite spectrum NA 1.3 8
-0.36 Optical Composite spectrum (remeasure) NA 1.3 1,8
-0.67 Optical Composite spectrum 0.16-3.78 1.51 9
-0.70 Radio Composite spectrum NA NA 9

Note. – Table adopted from Vanden Berk et al. (2001).

aThe value was not given in the reference or derivable from the data.

References.—(1) Vanden Berk et al. (2001); (2) Schneider et al. (2001); (3) Brotherton et al. (2001);
(4) Carballo et al. (1999); (5) Natali et al. (1998); (6) Zheng et al. (1997); (7) Francis (1996); (8) Francis
et al. (1991); (9) Cristiani & Vio (1990).

The origin of the observed scatter in αν has been attributed to the

intrinsic difference of αν from QSO to QSO, the dust reddening, or simply

uncertainty in measurements. Cheng, Gaskell, & Koratkar (1991) claimed

that there is no scatter in the intrinsic UV spectral index based on the lack of

correlation of Lyα equivalent width with αν in their sample. They suggested

that the observed dispersion in αν is largely due to measurement errors and

a small variation in the reddening. It is true that the wings of strong broad

emission lines and the blends of numerous weak lines (e.g., Fe ii) make it

difficult to define a continuum, but considering the high S/N of more and more

spectra, it is hard to believe the measurement error is the major source of the

large scatter in observed αν . The different choice of continuum in different

studies (see §4.3) can result in different measured αν , but this cannot explain
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the scatter of αν consistently measured within a sample. The real dependence

of αν on wavelength can partly account for the dispersion of αν in different

wavelength regions (see below for discussion).

Whether there is an intrinsic scatter in αν or not, reddening must play

an important role. This includes the reddening both intrinsic to the QSO and

from intergalactic dusts. Galactic reddening can be removed with HI data, a

5% steepening of the quasar spectra due to galactic extinction could change

αν by −0.06 (Francis et al. 1991).

Brotherton et al. (2001) show, using composite spectra, that BAL QSOs

are redder than non-BAL QSO, and low-ionization BAL QSOs are redder than

high-ionization BAL QSOs, in agreement with Sprayberry & Foltz (1992) and

Weymann et al. (1991) who concluded that a reddening of E(B−V ) ∼ 0.1 with

Small Magellanic Cloud extinction law can explain the difference between the

spectral shape of low-ionization and high-ionization BAL QSOs. Brotherton

et al. (2001) also found that radio-loud quasars are redder compared to radio-

quiet quasars.

Although a single power-law can be used to describe the continuum

slope, it is a simplified local approximation and usually fails when there is a

wide UV-optical wavelength coverage. A broken power-law (different αν in

two adjacent wavelength ranges) is the next simple approximation. In the

composite of SDSS QSO spectra, Vanden Berk et al. (2001) show αν = −0.44

for ∼ 1300− 5000Å, and αν = −2.45 redward of ∼ 5000Å. The abrupt change

in slope can be partly attributed to host-galaxy contamination at low redshift.

Natali et al. (1998) even divide QSO spectra into four overlapping pieces along

the wavelength within 1200–5500Å, and fit a power-law for each, but the mea-

sured αν ’s are probably greatly affected by the local line blends due to the

110



difficulty of defining clean continuum windows in narrow wavelength coverage.

While the continuum slope is important in QSO studies, the emission

line profiles can provide different, but equally important information. In gen-

eral, emission lines can reveal the kinematic structures in QSOs as well as

the link between the emitting gas and the central ionizing source. BLR and

NLR are introduced as two important components in QSO structure based

on the emission line width (§1.2.2). Together with reverberation mapping re-

sult or photoionization modeling, broad emission line width can also be used

to estimate the central black hole mass. The asymmetry in broad emission

lines suggests radial motion in the BLR. In AGN monitoring observations,

such as for NGC 5548 and Akn 120, the Hβ line profile changes dramatically

(e.g., Peterson et al. 1998, 1999, http://www.astronomy.ohio-state.edu/

~peterson/AGN/), indicating very complicated structures and motions of the

gas in the BLR.

There has been evidence that narrow emission line width correlates

with the critical density, ncrit (e.g., Filippenko & Halpern 1984; Filippenko

1985; Appenzeller & Östereicher 1988). These studies also suggested a weaker

correlation between the line width and ionization potential. Espey et al. (1994)

confirmed these results with both UV and optical narrow lines in PG 2251+113

and also showed the similar trend for semi-forbidden lines and broad lines.

Furthermore, for the broad line region, higher ionization lines have

shorter lags after continuum variation, as seen in reverberation mapping stud-

ies of NGC 5548 (Peterson et al. 1991; Korista et al. 1995). This suggests

a BLR structure in which higher ionization lines are produced closer to the
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center where velocity is also higher. The velocity field and ionization structure

are radially stratified, in agreement with the current AGN models.

In the previous chapter, SPCA has been proved to be very efficient and

powerful in analyzing correlations in spectra with broad wavelength coverage.

However, while it can also reveal the main trend in a non-linear relationship

(e.g., the line width change pattern in SPCA), it is not suitable for quantita-

tively describing non-linear relationships in general. Nor does SPCA give us

measurements on continuum slopes for individual objects. In this chapter, I

apply the traditional way to measure and analyze the continuum slopes and

emission lines. A method has also been developed to remove the host galaxy

contribution before the line measurements. The wide wavelength coverage of

the data enables us to study all the important UV and optical lines simulta-

neously.

4.2 Host Galaxy Subtraction

Host galaxies have been clearly detected in direct images for nearby

luminous quasars (Bahcall, Korhakos & Saxe 1997). Their contribution to the

quasar spectra could be large, especially at wavelengths longward of ∼5000Å.

This has been discussed in detail with simulated data in §2.3.2.

For low redshift quasars, host galaxy spectra peak in the near infrared

bands, whereas quasar spectra have a minimum (around rest wavelength 1µm).

This helps to separate host galaxy light from QSO light. McLeod & Rieke

(1994a,b, 1995); McLeod & McLeod (2001) show that the host galaxy can

easily contribute 30-50%, and sometimes more than 80%, of the total light from

the quasar in the H-band. They have H-band photometry of most QSOs in my

sample (Table 4.2), making it possible to remove the host galaxy contamination
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from the QSO spectra before measuring emission lines. In order to do this,

one needs to pick a proper galaxy template spectrum, scale it to the H-band

photometry, and then subtract it from the QSO spectrum. The uncertainty

of the H-band photometry resulting from the PSF-subtraction of the bright

nucleus is 0.3 mag (McLeod & Rieke 1994a,b) and can be 0.5 mag for luminous

quasars (McLeod & Rieke 1995).

Host galaxy spectra need to be determined before they can be removed

from the observed spectra. Mannucci (2001) made template spectra for dif-

ferent type of galaxies by combining their IR spectra with UV-optical galaxy

templates (Kinney et al. 1996). Figure 4.1 shows the templates of elliptical,

S0 and Sb galaxies. Since they were not obtained from the ‘total’ light of the

galaxies due to slit losses etc., the templates are suggested to be representative

of the central regions of the galaxies. In the case of early type galaxies where

integrated properties are dominated by the central bulge, they can also be

used as templates of the integrated galaxy spectra.

Although luminous quasars can be embedded in a wide range of envi-

ronments (Bahcall et al. 1997), early-type galaxies with smooth profiles ap-

pear to be the most common host for quasars (Bahcall et al. 1997; McLeod

& Rieke 1995; McLeod & McLeod 2001; Dunlop et al. 2003). It can be seen

from Figure 4.1 that the templates for early type galaxies, the elliptical and

S0, are very similar and drop dramatically towards short optical wavelengths

(<4000Å), but late-type galaxy spectra (e.g., Sb) can show rather strong star

formation features in the UV-optical region, and those features are very sen-

sitive to the amount of star formation. Therefore, a suitable template for a

late type galaxy is not easy to choose unless the individual host galaxy is well

studied. For simplicity, a common galaxy template of type S0 is chosen for
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Table 4.2. H-band Photometry of Host Galaxies and Flux Correction.

Object z mH,host
a MH,host

b FH,host

FH,total

c Fhost
Ftotal

d Referencee

PG0947+396 0.2056 15.4 -24.2 0.37 0.14 3
PG0953+414 0.2341 15.38 -24.6 0.23 0.09 2
PG1001+054 0.1603 ≥15.36 -23.5 ≤0.27 · · · 1
PG1114+445 0.1440 13.92 -24.7 0.46 0.31 1
PG1115+407 0.1541 14.47 -24.3 0.51 0.31 1
PG1116+215 0.1759 13.97 -25.3 0.29 0.24 2
PG1202+281 0.1651 15.07 -24.0 0.40 0.27 2
PG1216+069 0.3319 · · · · · · · · · · · ·
PG1226+023 0.1575 13.01 -26.0 0.13 0.09 2
PG1309+355 0.1823 14.55 -24.8 0.33 0.16 2
PG1322+659 0.1675 15.6 -23.5 0.22 0.12 3
PG1352+183 0.1510 15.1 -23.9 0.48 0.23 3
PG1402+261 0.165 14.95 -24.1 0.19 0.15 2
PG1411+442 0.0895 13.41 -24.2 0.41 0.25 1
PG1415+451 0.1143 14.27 -23.8 0.38 0.27 1
PG1425+267 0.3637 · · · · · · · · · · · ·
PG1427+480 0.2203 16.1 -23.7 0.26 0.12 3
PG1440+356 0.0773 13.34 -23.9 0.27 0.23 1
PG1444+407 0.267 15.19 -25.0 0.26 0.16 2
PG1512+370 0.3700 · · · · · · · · · · · ·
PG1543+489 0.400 · · · · · · · · · · · ·
PG1626+554 0.1317 14.74 -23.7 0.46 0.20 1

aH-band magnitude for host galaxy

bH-band Absolute magnitude for host galaxy, H0 = 80 kms−1Mpc−1,
q0 = 0

cFraction of total flux in H-band contributed by host galaxy.

dFraction of total flux between ∼6100–6200Å contributed by host galaxy
based on the correction (Page 116).

eSources for mH,host, MH,host and
FH,host

FH,total
— (1) McLeod & Rieke

(1994a), ground-based; (2) McLeod & Rieke (1994b), ground-based; (3)
McLeod & McLeod (2001), HST , NICMOS.
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Figure 4.1 Host galaxy template spectra. Solid line is for elliptical, dashed-line
for S0, and dotted-line for Sb.

removing the host galaxy contribution from the QSO spectra in my sample.

However, one should also keep in mind that if the actual host is not an early

type galaxy, the correction using an S0 template will be underestimated in the

UV-optical region, although the underestimate is small for wavelengths longer

than ∼5000Å. This is at least the case for one object PG 1402+261, which

resides in a spiral galaxy (Bahcall et al. 1997).

The slit losses of the optical spectra were corrected with their cor-

responding wide slit (8′′) spectra. After the correction, the flux-calibrated

spectra are believed to contain 100% of QSO light and 60–85% of host galaxy

light based on the simulations (§2.3.2). This host galaxy light is representative

of the total host galaxy light because the integrated properties are dominated
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by the central bulge for early-type galaxies. Therefore, the template for the

integrated galaxy can be used. In fact, since it is also obtained from the central

part of the galaxy, the template is coincidently more suitable for my purpose

of correcting host galaxy contribution than for representing the integrated

galaxy.

The template is first redshifted to match the redshift of each QSO, and

then integrated with the H-band filter transmission to obtained the “model”

instrument flux in the observed frame. The H-band photometry of both the

QSO and host galaxy was made with either ground based observations at

Steward Observatory or HST NICMOS. The filter transmissions for the two

systems are shown in Figure 4.2 and are used in integrating the template for

corresponding QSOs (Table 4.2). The filter transmission of the ground based

system is a combination of both atmosphere and filter profiles.

For each QSO, the H-band magnitude is converted to absolute flux

using the Vega system, Fλ = 1.15×10−10 erg s−1cm−2 Å−1 for zero magnitude

(Cohen et al. 1992). The flux is then compared with the model flux from the

template and a scaling factor is determined to scale the template spectrum to

match the H-band photometry. The scaled galaxy template is subtracted from

the combined QSO spectrum in the observed frame, and the later, redshift

corrected. The spectral resolution of the template is about 8–10Å, similar

to our optical spectra (∼7Å), thus no attempt has been made to match the

velocity resolution.

The QSO spectra before and after host galaxy subtraction are com-

pared. The fraction of total flux contributed by the host galaxies within

∼ 6100 − 6200Å is listed in Table 4.2. It shows that correction of the host

galaxies in this region is ∼ 10 − 30% of the total observed flux.
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Figure 4.2 H-band filter transmissions superposed on S0 galaxy template (z =
0). Solid line is for the filter at Steward Observatory (http://ircamera.
as.arizona.edu/~marcia/Cam_page/), and dotted line for HST NICMOS
(http://www.arcetri.astro.it/~filippo/spectra/).

There exists a possible problem of host galaxy over-correction, because

H-band photometry is supposed to have 100% of the host galaxy light, but it

is used to correct 60–85% of galaxy light in the spectra based on the simula-

tions. However, first, this problem is very sensitive to the assumption of the

galaxy size (r1/2=10 kpc) in the simulations. If the galaxy is smaller, this over-

correction is not severe. Second, under the current assumption, the possible

over-correction is still within the 0.3–0.5 mag uncertainty of H-band photom-

etry, and the maximum error that could be introduced into the absolute QSO

flux density is 12% (30%×0.4). Third, host galaxy is much weaker in the blue

and UV, and the correction is actually negligible. Finally, in order to avoid

this problem, the true fraction of host galaxy light in the observed spectrum
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for each individual object must be obtained, but this is impossible without

further assumptions and/or detailed host galaxy studies. Therefore, no fur-

ther effort has been made to solve this possible problem here. Another way to

estimate the over-correction is to compare the EWs of strong emission lines in

both narrow- and wide-slit spectra.

4.3 UV-optical Spectral Index

The UV-optical spectral index is measured by fitting the continuum

with a power-law, but clean continuum regions are hard to find in the QSO

spectra because there are many broad emission lines and blends. People have

tried to define some narrow continuum windows where there seem to be no

emission lines. Continuum windows for both composite spectra and spectra of

individual objects from some previous studies are listed in Table 4.3, and illus-

trated in Figure 4.3 with the spectrum of PG1440+356 (Mrk 478), which has

relatively narrow emission lines. It shows the different “continuum” windows

chosen for different datasets although there is some overlap. This indicates

that the “continuum” windows chosen differ from object to object (or sample

to sample in the case of composite spectra) and are somewhat subjective. In

fact, when Laor et al. (1997b) studied the narrow-line (∼ 900 km s−1) quasar

I Zw 1 with high S/N ratio, and high resolution spectra, weak emission lines

and blends (e.g., Fe ii) were found virtually everywhere. So there are essen-

tially no emission-line-free regions in QSO spectra. The continuum windows

are only relatively clean regions and can be different from object to object.

In the composite spectra of SDSS QSOs, Vanden Berk et al. (2001)

found that a single power-law is not able to fit the continuum of the whole

spectrum. They attributed the abrupt change in continuum slope partly to
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Figure 4.3 Continuum windows in various studies. The numbers in the paren-
theses correspond to the references in Table 4.3

Table 4.3. Continuum Windows in Various Studies

No. Sources Continuum windows

(1) Francis et al. 1991 1285, 2200, 4200, 5770
(2) Laor et al. 1995 800, 950, 1000, 1350, 2200, 2650, 3000
(3) Zheng et al. 1997 350-450, 500-640, 720-750, 800-825, 930-950,

1100-1130, 1450-1470, 1975-2010, 2150-2200
(4) Natali et al. 1998 1420-1480, 2150-2300, 2600-2700, 2950-3100,

3900-4300, 5400-5500
(5) Vestergaard & Wilkes 2001 1312-1327, 1347-1353, 1641-1647, 1675-1690,

3007-3027
(6) Forster et al. 2001 1140-1150, 1275-1280, 1320-1330, 1455-1470,

1690-1700, 2160-2180, 2225-2250, 3010-3040,
3240-3270, 3790-3810, 4210-4230, 5080-5100,
5600-5630, 5970-6000

(7) Vanden Berk et al. 2001 1350-1365, 4200-4230, 6005-6035, 7160-7180
(8) This study 1144-1157, 1348-1358, 5600-5648, 6198-6215,

6831-6986
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host-galaxy contamination and they defined two independent power-laws to

fit the continuum. It is also obvious that for some objects in my sample, a

single power-law cannot represent the continuum over the wide wavelength

range. To keep it simple, I choose to use three continuum windows to define

the two power-laws for the spectra. This works for this sample, but obviously

is not feasible for the SDSS composite spectrum which needs four continuum

windows.

In order to keep consistency as much as possible for the sample, three

common continuum windows are defined after checking all the spectra closely

— 1144–1157Å, 5600–5648Å, and 6831–6986Å. In a few cases where the data

are unavailable, or the fitted power-law is too high and cross a significant

part of the spectrum, two other continuum windows may be used — 1348–

1358Å and 6198–6215Å. On a log-log scale, the two power-laws appear to be

two straight lines, and the continuum windows are chosen so that all spectral

features should be above the fitted power-laws. Details on the continuum

windows used for each spectrum are listed in Table 4.3 and marked in the

continuum fitting Figures 4.4–4.9. The spectra have been corrected for host

galaxy contribution before the fitting for all but 5 objects for which we do not

have host galaxy information (see §4.2 and Table 4.2).

Since the continuum windows are very narrow, this fitting process is

more like defining each power-law with two points. The power-laws cannot

be treated as the true continua of the spectra because of not only this fit-

ting method, but also the lack of supporting physical evidence of an intrinsic

power-law continuum of QSOs. However, to lower order of approximation,

the obtained power-law spectral indices provide information on the contin-

uum slope and can help us to understand the ionizing continuum and dust
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reddening etc.

The spectral indices (αλ) of the sample before and after the host galaxy

correction are summarized in Table 4.4. They are also converted to αν with

αν + αλ = −2. If the difference between the two αν is less than 0.20, we

think one single power-law is enough to fit the continuum over the whole

wavelength range. Seven out of 22 objects meet this criterion (see column

(17) in Table 4.4). This can also be visually checked in Figures 4.4–4.9.
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Table 4.4 Continuum Power-law Spectra Indices
Continuum before host galaxy correction after host galaxy correction difference

Windows used αλ αν αλ αν single αouv1 αouv2

Object a b c d e 1st 2nd αouv1 αouv2 ∆ 1st 2nd αouv1 αouv2 ∆ PW? ∆ ∆
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

PG0947+396 x x x -1.81 -0.72 -0.19 -1.28 1.09 -1.90 -0.86 -0.10 -1.14 1.04 0.09 0.14
PG0953+414 x x x -1.71 -1.62 -0.29 -0.38 0.10 -1.77 -1.79 -0.23 -0.21 -0.02 Y 0.06 0.17
PG1001+054 x x x -1.50 -1.34 -0.50 -0.66 0.16 · · · · · · · · · · · · · · · Y · · · · · ·

PG1114+445 x x x -0.95 -0.88 -1.05 -1.12 0.07 -1.16 -1.26 -0.84 -0.74 -0.10 Y 0.21 0.38
PG1115+407 x x x -1.97 -0.70 -0.03 -1.30 1.27 -2.09 -1.00 0.09 -1.00 1.09 0.13 0.31
PG1116+215 x x x -2.04 -0.98 0.04 -1.02 1.06 -2.20 -1.29 0.20 -0.71 0.91 0.16 0.31
PG1202+281 x x x -1.09 -0.47 -0.91 -1.53 0.62 -1.28 -0.63 -0.72 -1.37 0.65 0.19 0.16
PG1216+069 x x x -1.36 -0.91 -0.64 -1.09 0.45 · · · · · · · · · · · · · · · · · · · · ·

PG1226+023 x x x -1.84 -1.01 -0.16 -0.99 0.83 -1.89 -1.11 -0.11 -0.89 0.79 0.06 0.10
PG1309+355 x x x -1.28 -1.19 -0.72 -0.81 0.09 -1.38 -1.42 -0.62 -0.58 -0.04 Y 0.10 0.23
PG1322+659 x x x -1.57 -1.32 -0.43 -0.68 0.26 -1.64 -1.49 -0.36 -0.51 0.15 Y 0.07 0.17
PG1352+183 x x x -1.80 -1.07 -0.20 -0.93 0.72 -1.95 -1.41 -0.05 -0.59 0.53 0.15 0.34
PG1402+261 x x x -1.96 -1.20 -0.04 -0.80 0.76 -2.05 -1.41 0.05 -0.59 0.64 0.10 0.22
PG1411+442 x x x -1.40 -1.20 -0.60 -0.80 0.19 -1.56 -1.62 -0.44 -0.38 -0.05 Y 0.17 0.41
PG1415+451 x x x -1.42 -0.79 -0.58 -1.21 0.63 -1.62 -1.10 -0.38 -0.90 0.52 0.20 0.30
PG1425+267 x x x -1.53 -1.04 -0.47 -0.96 0.49 · · · · · · · · · · · · · · · · · · · · ·

PG1427+480 x x x -1.85 -1.15 -0.15 -0.85 0.70 -1.92 -1.38 -0.08 -0.62 0.54 0.08 0.24
PG1440+356 x x x -1.55 -1.05 -0.45 -0.95 0.50 -1.71 -1.31 -0.29 -0.69 0.41 0.16 0.26
PG1444+407 x x x -1.66 -1.64 -0.34 -0.36 0.02 -1.77 -2.02 -0.23 0.02 -0.24 0.11 0.38
PG1512+370 x x x -1.78 -0.79 -0.22 -1.21 0.99 · · · · · · · · · · · · · · · · · · · · ·

PG1543+489 x x x -1.68 -1.51 -0.32 -0.49 0.17 · · · · · · · · · · · · · · · Y · · · · · ·

PG1626+554 x x x -1.93 -1.38 -0.07 -0.62 0.54 -2.05 -1.80 0.05 -0.20 0.25 0.13 0.42

Note.— Continuum Windows: a: 1144–1157Å; b: 1348–1358Å; c: 5600–5648Å; d: 6198–6215Å; e: 6831–6986Å (also
see Figure 4.4–4.9).
Columns: (7) αλ from the first two continuum windows (shorter wavelength), fλ ∝ λαλ ; (8) αλ from the last
two continuum windows (longer wavelength); (9)–(10) αouv1 and αouv2 are actually αν , calculated from (7)–(8),
αλ + αν = −2, fν ∝ ναν ; (11) difference between (9) and (10); (12)–(16) same as (7)–(11), but for spectra after
host galaxy contribution removed; (17) Is a single power-law good enough for fitting the continuum? (18)–(19)
differences in αouv1 and αouv2 before and after the host galaxy correction.
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Figure 4.4 Continuum fitting. Two power-laws are used. The vertical dotted
lines mark the continuum windows used (Table 4.4). The spectra (oversam-
pled HST data) have been smoothed to 2Å resolution to show the continuum
clearly.
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Figure 4.5 Continuum fitting. Continued
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Figure 4.6 Continuum fitting. Continued
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Figure 4.7 Continuum fitting. Continued

126



Figure 4.8 Continuum fitting. Continued
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Figure 4.9 Continuum fitting. Continued
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4.4 Optical to Soft X-ray SED

QSO UV continuum slope and soft X-ray excess suggest the existence

of the big blue bump which is believed to result from the thermal emission of

the accretion disk around the central black hole. The big blue bump has been

thought to peak in the extreme ultraviolate (EUV) region, but there is also

evidence that it may actually peak in the far-UV (FUV) region. Laor et al.

(1994a, 1997a) showed that the soft X-ray continuum of low redshift quasars

in this sample agrees remarkably well with an extrapolation of the mean 1050–

350Å continuum defined in HST composite spectrum by Zheng et al. (1997).

This can be used to argue that there is lack of a peak in the EUV.

Figure 4.10 presents the optical to X-ray SEDs of the sample. The 0.2–

2 keV continua were taken from Laor et al. (1994a, 1997a). Unlike the SEDs

from photometric measurements, these SEDs clearly separate the optical-UV

continua from the strong emission lines. The overall shape of the SEDs are

similar, and the simple interpolations indicate a (broad) peak between the

UV and X-ray. It is also revealed that the continua of both UV and low en-

ergy end of the X-ray are relatively suppressed for the objects with absorption

lines (PG1001+054, PG1114+445, PG1411+442), very likely due to dust red-

dening. Four radio-loud objects (PG1226+023, PG1309+355, PG1425+267,

PG1512+370) have a similar trend, especially in the X-ray, in agreement

with the well-known fact that radio-loud quasars have flat X-ray continuum

(PG1309+355 has absorption lines, too). Whether there is a connection be-

tween radio-loudness and quasar absorption lines is unclear.

Theoretical studies have tried to produce the optical to X-ray contin-

uum. Although the theoretical continuum from thin disk models can fit the

UV-optical region (e.g., Laor & Netzer 1989), Laor et al. (1997a) found that
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Figure 4.10 Optical to Soft X-ray SEDs. Spectral are normalized at 6200 Å
(log ν = 14.68) and equally displayed in log νFν .
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the model spectral slope is always much steeper than observed in X-ray.

Since the big blue bump is a common, significant feature in QSO spec-

tra, the slope of the UV and X-ray continua is probably governed by the QSO

fundamental parameters such as the black hole mass, or the accretion rate etc.

However, no simple correlation is found between them and the spectral indices

(see §4.6.1.2 for discussion).

4.5 Line Measurements

As mentioned in §1.2.2, there are different ways to measure emission

lines. I choose to use Gaussian line profiles to fit the emission lines. Each

spectrum is divided around strong emission lines into several regions, namely

Lyα+Nv, Si iv+O iv]λ1400, C iii], C iv, Mg ii, Hβ+[O iii], He i, and Hα re-

gions. The fittings of different emission line regions are independent.

The local continuum for each region is assumed to be a power-law.

Strong emission lines are fitted with a broad and a narrow Gaussian profile,

and weak lines each have only one Gaussian component.

Within a given emission line region, in order to limit the number of

free parameters, the parameters of lines (flux, center, width) are tied together

with each other as much as possible. Line centers are tied using their rest

wavelengths. The broad components, narrow components and the weak lines

each are assumed a single line width. These parameters can be freed if there

is an obvious discrepancy in the fitting, e.g., relative line shift. Otherwise, I

try to keep as much consistency and objectivity as possible through the whole

sample.

Line components within a multiplet are assumed to have the same
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width. UV line intensity ratios within multiplets are adopted from Baldwin

et al. (1996), who argued that for optically thin lines, the relative strength of

each line within the multiplets is proportional to the Einstein A-value multi-

plied by the upper level’s statistical weight. This is true if the sublevels are

indeed populated according to their statistical weights. In the case of optically

thick lines — Nvλ1240, O iλ1304, C ivλ1549, and Al iiiλ1857, all lines in a

multiplet have the same intensity.

Although individual Gaussian components of one line can be checked

against other spectral properties, e.g., the narrow component can be compared

with the line core component from SPCA results, there is no physical reason

for assuming two Gaussian components in the fitting procedure. They are just

used to deblend lines and obtain good measurements of line parameters, and

they remain meaningless unless supporting evidence is found for them to be

separate kinematic components in BLR.

The QSO spectra are fitted using the contributed package SPECFIT

in IRAF (Kriss 1994). SPECFIT has various models of emission line and con-

tinuum and can take user-defined models (templates). Once the models of the

continuum and lines are chosen, SPECFIT fits all the parameters simultane-

ously by minimizing the χ2.

The placement of the continuum is crucial to the line fitting and mea-

surements. Two methods are used in determining the local power-law contin-

uum. One is to fit the continuum together with the emission lines by SPEC-

FIT, and the continuum is mostly constrained by the apparent “continuum”

windows in the region. The other is to define local flux minima (continuum

windows) on both sides of the strong line region and place the continuum by

hand. In most cases, both methods give consistent results and the fitted con-
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tinuum is chosen; but sometimes the fitted continuum is obviously above some

of the lower regions in the spectrum due to large noise or lack of clean local

continuum, and then the manual placement is used. Therefore, the placement

of continuum is somewhat subjective. The different placement can result in

an uncertainty of less than 10%. However, this does not include the uncer-

tainty introduced by the difference between the apparent continuum and the

true continuum, because weak emissions are present everywhere and resem-

ble the continuum. There is probably no objective way to take them into

account when defining the continuum. The global UV-optical power-law con-

tinua (§4.3) cannot be used in the line fitting procedure, because they pass

far below the spectral features in many regions, and are therefore unlikely to

represent the true continuum.

The FWHM of strong emission lines are calculated from their fitted

broad and narrow components. Weak lines are ignored in the fitting unless

there is evidence of their existence at the corresponding wavelengths.

The major systematic uncertainty in the measurements is caused by the

placement of the continuum. Similar to the approach in Laor et al. (1994b,

1995), to get a rough estimate of the possible measurement error, I repeat the

line-fitting procedure by placing the continuum 10% below that of the best

fit, without changing the continuum slope. The real uncertainty in continuum

placement is in fact less than 10% by visual inspection. This additional fitting

is used to estimate the possible range of the fitting parameters, and to estimate

their uncertainties. I use only the spectrum of PG0947+396 as an example to

show this.

The detailed fitting and measurements of each region are presented in

the following sub-sections, with some general common descriptions in §4.5.1

133



only.

4.5.1 Lyα+N v region

Table 4.5 lists the lines and components used in fitting the Lyα+Nv

region. Free parameters of the emission lines are indicated in the table. All

other parameters are tied with one of the free parameters unless noted in

Table 4.6–4.8 for individual objects. The centroid of a line is tied with the

one above it using their wavelengths. It is similar for FWHM, except that

broad and narrow components are separated, i.e., all narrow components in

the Lyα+Nv region have the same FWHM, and all broad components have

same FWHM. Line flux is usually a free parameter except for multiplets where

line intensity ratios are fixed (Baldwin et al. 1996). Assuming the line intensity

ratio within a multiplet (e.g., Nv) allows a determination of line width from

the deblending, without increasing the number of free parameters.

Figure 4.11–4.13 present the actual fitting for each object. Also shown

are the broad and narrow components of strong lines, and integrated compo-

nents for weak lines.

Table 4.6–4.8 give the flux, EW, FWHM and line centroid shift for each

line component. The FWHMs with the same value for one object indicates

that they are assumed the same in the fitting; the line shifts with the same

value indicate they are tied together with their wavelengths. Integrated total

flux, EW, and FWHM are also listed. The ‘total’ FWHM of Lyα and Nv are

calculated from their model narrow and broad components. The fluxes and

EWs of Nv’s broad and narrow components are the sum of the doublets of the

corresponding components. Integrated EW of Lyα (EWint) is also listed for

comparing with model EWs. This is calculated by integrating the spectrum
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Table 4.5 Line Components and Free Parameters in the Lyα+Nv Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

Lya . . . . . . . . . 1215.67 broad free free free
narrow free free

NV . . . . . . . . . 1238.81 broad free 1
narrow free

NV . . . . . . . . . 1242.80 broad 1
narrow

SiII . . . . . . . . . 1260.42 1 free free 0.33
SiII . . . . . . . . . 1264.73 2 0.6
SiII . . . . . . . . . 1265.02 3 0.07
OI . . . . . . . . . . 1302.17 1 free 1
OI . . . . . . . . . . 1304.87 2 1
OI . . . . . . . . . . 1306.04 3 1
CII . . . . . . . . . 1335.31 free free free

a Line intensity ratio within multiplets, from Baldwin et al. (1996).

over 1150-1280Å, and then subtracting the fitted continuum, model Nv and

Si ii components. The integrated Lyα EW agrees very well with the model

EW, indicating that the fittings are good.

Table 4.9 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133. For weak lines Si ii, O i and C ii,

the uncertainties in flux and EW are very large and these errors are almost

meaningless.

Two objects, PG1114+445 and PG1411+442, have obvious quite broad

absorption lines in this region. In order to fit the spectra the same way as the

other objects, I had to exclude the absorption regions in the spectra. As a

second approach in dealing with the absorption features, I also tested including

absorption lines (Gaussian) in the fitting. The results are shown as the last

two entries in Table 4.8. Figure 4.14 shows the actual fittings and Table 4.10
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lists the parameters of the absorption lines. PG1001+054 is known to have

absorption features, but in this region they are hard to define. Therefore, I

did not try to exclude the absorption regions or to fit additional absorption

lines (see Figure 4.11).

The fittings including absorption lines appear good, but one should be

aware that there are many more free parameters. I assume that all the absorp-

tion features have the same width for PG1114+445 by visual inspection. The

two absorption lines (lines 3,4) under Nv are identified with Nv absorption

doublets based on their wavelengths. Their intensity ratio is actually set to 1:1

in the fitting. The strongest absorption (line 1) is Lyα resulting from the same

absorption system with v = −520 km s−1 relative to Lyα emission. These ab-

sorption features were actually studied in detail by Mathur, Wilkes & Elvis

(1998) who argued that the UV absorbers are closely related, or identical to

the X-ray warm absorbers (George et al. 1997). The other absorption feature

(line 2) is not identified with either Lyα or Nv absorption here and was not

treated as an absorption in Mathur et al. (1998).

The overall results for PG1114+445 from two fittings agree well, e.g.,

the differences in total EW for Lyα and Nv are only 7% and 2%, respectively.

This is because the absorption lines in PG1114+445 are fairly narrow and do

not contaminate the emission spectrum too much, especially for Nv. However,

this is not true for PG1411+442, where the absorption features are too broad.

The difference between the two fittings is great, and neither one should be

taken seriously. I choose to use the results from the fitting with exclusion of

the absorption regions.
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Figure 4.11 Model fitting to the Lyα+Nv region. The dotted lines show the
data, and the thick solid lines the fitting results. Also shown are the broad
and narrow components of Lyα and Nv and the sum of weak lines.
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Figure 4.12 Model fitting to the Lyα+Nv region. Continued
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Figure 4.13 Model fitting to the Lyα+Nv region. Continued
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Table 4.6 Fitting Parameters in the Lyα+Nv Region

Cont. Lyα Nv Si ii O i C ii
narrow broad total narrow broad total

f1000 L1216 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shift Shift Shift Shift Shift Shift Shift Shift

PG0947+396 3.80E-14 45.63 7.78E-13 1.48E-12 2.26E-12 1.01E-13 2.06E-13 3.07E-13 1.38E-13 8.01E-14 · · ·

1.99 88.8 30.2 57.4 87.5 4.1 8.3 12.4 5.8 3.6 · · ·

1150 1329 2314 9040 3082 2314 9040 3142 6486 6486 · · ·

-160 -160 175 175 -160 -160 · · ·

PG0953+414 4.88E-14 45.92 1.54E-12 3.07E-12 4.61E-12 1.88E-13 4.70E-13 6.58E-13 9.43E-14 1.01E-13 · · ·

0.99 114.7 38.3 76.4 114.7 4.8 11.9 16.7 2.4 2.7 · · ·

1150 1355 1899 8583 2489 1899 8583 2649 3574 3574 · · ·

-220 -220 -220 -220 -220 615 · · ·

PG1001+054 8.70E-15 44.91 1.31E-13 6.78E-13 8.09E-13 7.70E-14 2.84E-13 3.61E-13 5.06E-14 4.98E-14 2.03E-14
0.70 105.5 17.3 89.3 106.6 10.3 38.0 48.3 6.9 6.9 2.9
1150 1355 1632 6673 3265 1632 6673 2725 3414 3414 3092

-470 -470 -470 -470 -470 170 -470
PG1114+445 1.27E-14 45.04 5.48E-13 1.22E-12 1.77E-12 6.06E-14 9.50E-14 1.56E-13 1.12E-14 2.17E-14 · · ·

0.13 113.7 44.2 98.4 142.6 4.9 7.7 12.6 0.9 1.8 · · ·

1150 1355 2261 10481 3035 2261 10481 2795 3254 3254 · · ·

235 235 235 235 235 235 · · ·

PG1115+407 3.82E-14 45.44 6.40E-13 1.52E-12 2.16E-12 1.13E-13 3.06E-15 1.16E-13 3.90E-14 5.37E-14 5.46E-14
1.62 77.3 23.0 54.7 77.7 4.2 0.1 4.3 1.5 2.2 2.3
1150 1355 2820 13233 3853 2820 13233 2833 1840 1840 2724

-195 -195 -195 -195 -200 560 190
PG1116+215 1.03E-13 45.97 2.65E-12 4.18E-12 6.83E-12 4.08E-13 1.42E-12 1.83E-12 5.88E-14 2.18E-13 9.92E-14

1.68 90.8 35.7 56.3 92.1 5.7 19.8 25.4 0.8 3.3 1.6
1150 1355 3323 13780 4184 3323 13780 5364 1013 3076 2410

-445 -445 -445 -445 -70 -70 345
PG1202+281 7.16E-15 44.84 9.33E-13 1.25E-12 2.18E-12 1.02E-13 0.00E0 1.02E-13 2.90E-14 1.04E-13 3.00E-14

0.79 356.7 151.9 203.6 355.5 16.8 · · · 16.8 4.9 17.9 5.3
1150 1355 2268 11559 2696 2268 · · · 2268 5284 5284 3915

655 655 655 · · · 655 655 1075
PG1216+069 2.43E-14 45.88 9.51E-13 1.27E-12 2.22E-12 5.22E-15 2.74E-13 2.79E-13 3.55E-14 4.02E-14 · · ·

0.91 108.4 46.9 62.6 109.4 0.3 13.7 14.0 1.8 2.1 · · ·

1150 1355 2463 10037 2998 1002 10037 8678 4345 4345 · · ·

80 80 80 80 85 85 · · ·
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Table 4.7 Fitting Parameters in the Lyα+Nv Region. Continued

Cont. Lyα Nv Si ii O i C ii
narrow broad total narrow broad total

f1000 L1216 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shift Shift Shift Shift Shift Shift Shift Shift

PG1226+023 5.03E-13 46.57 5.76E-12 7.58E-12 1.33E-11 3.68E-13 2.14E-12 2.51E-12 3.16E-13 4.98E-13 7.39E-14
1.72 37.1 16.0 21.1 37.2 1.1 6.2 7.2 0.9 1.6 0.2
1150 1355 2505 9923 3070 2505 9923 5410 3956 3956 1824

-280 -280 -280 -280 -280 530 -685
PG1309+355 2.55E-14 45.50 3.99E-13 1.52E-12 1.92E-12 1.65E-14 0.00E0 1.65E-14 4.78E-14 3.48E-14 · · ·

0.47 82.3 17.2 65.5 82.7 0.7 · · · 0.7 2.1 1.5 · · ·

1150 1355 1430 10380 2024 3386 · · · 3386 3258 3258 · · ·

465 465 465 · · · 465 465 · · ·

PG1322+659 2.16E-14 45.31 9.99E-13 1.25E-12 2.25E-12 1.03E-13 0.00E0 1.03E-13 3.01E-14 4.20E-14 1.98E-14
1.08 128.6 57.1 71.4 128.5 6.0 · · · 6.0 1.8 2.6 1.2
1150 1355 2448 10797 2927 2448 · · · 2448 2785 2785 1977

-85 -85 -85 · · · -85 250 265
PG1352+183 2.96E-14 45.27 5.57E-13 1.85E-12 2.41E-12 6.22E-14 8.00E-14 1.42E-13 1.77E-13 1.60E-13 1.08E-13

2.13 122.6 28.6 94.9 123.4 3.3 4.3 7.6 9.8 9.5 6.7
1150 1355 2067 11371 3033 2067 11371 2413 7939 7939 5420

-55 -55 -55 -55 -55 -55 1345
PG1402+261 7.98E-14 45.71 9.49E-13 2.58E-12 3.53E-12 1.36E-13 3.76E-14 1.73E-13 1.07E-13 2.28E-13 2.86E-13

2.86 76.5 20.8 56.6 77.4 3.1 0.9 4.0 2.6 6.1 8.2
1150 1355 1718 11925 2213 1718 11925 1773 2502 3867 5131

-95 -95 -95 -95 220 -330 1030
PG1411+442 5.89E-14 45.17 4.99E-12 2.65E-12 7.64E-12 5.66E-13 3.94E-14 6.05E-13 5.40E-14 1.49E-13 2.06E-13

1.91 94.3 123.2 65.4 188.6 14.5 1.0 15.5 1.4 4.2 6.1
1150 1355 2792 13042 3005 2792 13042 2825 2445 2445 7264

275 275 275 275 275 275 1175
PG1415+451 2.22E-14 44.98 1.10E-12 1.78E-12 2.88E-12 2.20E-13 0.00E0 2.20E-13 1.60E-13 1.19E-13 7.22E-14

1.56 175.0 67.1 108.5 175.6 13.8 · · · 13.8 10.4 8.1 5.1
1150 1355 2541 11581 3165 2541 · · · 2541 5389 4002 3752

-110 -110 -110 · · · -110 85 520
PG1425+267 2.15E-14 45.80 1.87E-13 1.50E-12 1.69E-12 0.00E0 1.36E-13 1.36E-13 3.32E-14 1.74E-14 · · ·

1.95 117.7 12.7 102.0 114.8 · · · 9.6 9.6 2.4 1.4 · · ·

1150 1355 2864 10183 7088 · · · 10183 10183 2839 2839 · · ·

-390 -390 · · · -390 -390 -385 · · ·
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Table 4.8 Fitting Parameters in the Lyα+Nv Region. Continued

Cont. Lyα Nv Si ii O i C ii
narrow broad total narrow broad total

f1000 L1216 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shift Shift Shift Shift Shift Shift Shift Shift

PG1427+480 2.39E-14 45.52 7.79E-13 8.63E-13 1.64E-12 4.40E-14 1.15E-13 1.59E-13 4.67E-14 6.48E-14 · · ·

1.50 91.6 43.8 48.5 92.3 2.5 6.6 9.2 2.8 4.0 · · ·

1150 1355 2336 10371 2732 2336 10371 3312 5007 5007 · · ·

320 320 320 320 320 320 · · ·

PG1440+356 7.25E-14 45.19 3.43E-12 3.23E-12 6.66E-12 3.96E-13 4.80E-13 8.76E-13 1.14E-13 2.80E-13 1.41E-13
1.33 118.4 61.4 57.8 119.1 7.3 8.8 16.1 2.1 5.5 2.8
1150 1355 1645 11530 1799 1645 11530 1839 2800 2800 2026

-125 -125 -125 -125 -125 -125 -60
PG1444+407 2.96E-14 45.79 3.70E-13 1.24E-12 1.61E-12 1.30E-13 1.50E-13 2.81E-13 · · · 1.42E-14 1.74E-14

1.16 68.6 15.7 52.5 68.2 5.6 6.5 12.2 · · · 0.7 0.8
1150 1355 2290 10846 3510 2290 10846 2670 · · · 998 2602

-285 -285 -285 -285 · · · -285 -285
PG1512+370 2.09E-14 45.81 3.11E-13 1.26E-12 1.57E-12 3.24E-14 0.00E0 3.24E-14 3.37E-14 · · · · · ·

1.87 125.5 21.5 86.9 108.3 2.3 · · · 2.3 2.5 · · · · · ·

1150 1355 1992 11620 3096 1145 · · · 1145 6647 · · · · · ·

0 0 0 · · · 0 · · · · · ·

PG1543+489 2.22E-14 45.95 3.15E-13 1.88E-12 2.20E-12 5.62E-14 1.65E-14 7.27E-14 6.20E-14 1.30E-13 1.37E-13
1.18 125.0 17.9 106.8 124.7 3.3 1.0 4.2 3.7 8.0 8.7
1150 1355 2019 12769 3810 2019 12769 2090 1801 3697 4733

-595 -595 -595 -595 -295 -295 20
PG1626+554 5.38E-14 45.47 1.24E-12 2.16E-12 3.40E-12 2.48E-13 2.94E-13 5.42E-13 1.20E-13 8.13E-14 · · ·

1.61 86.3 31.6 55.0 86.5 6.5 7.7 14.2 3.2 2.3 · · ·

1150 1355 2935 10079 3893 2935 10079 3573 5552 5552 · · ·

-30 -30 -30 -30 -30 -30 · · ·

PG1114+abs 1.27E-14 45.03 5.82E-13 1.28E-12 1.86E-12 1.11E-13 3.96E-14 1.51E-13 6.18E-14 3.69E-14 · · ·

0.20 113.9 47.7 104.9 152.6 9.1 3.2 12.4 5.1 3.1 · · ·

1150 1355 1965 9744 2598 1965 9744 2058 6218 6218 · · ·

225 225 225 225 225 225 · · ·

PG1411+abs 5.86E-14 45.17 5.93E-12 2.81E-12 8.74E-12 1.32E-12 4.80E-13 1.80E-12 7.72E-14 1.80E-13 2.17E-13
1.92 65.4 147.5 69.9 217.4 34.0 12.4 46.3 2.1 5.1 6.5
1150 1355 1758 10447 1851 1758 10447 1831 2920 2920 7745

-45 -45 -45 -45 -45 -45 2435
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Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1).
αλ—continuum power-law spectral index (fλ ∝ λαλ). λ1, λ2—end points for
fitting regions. L1216—νLν at 1216Å in units of log(erg s−1), assuming H0=50
km s−1Mpc−1, q0=0.5. EWint—integrated EW of Lyα, calculated by integrating
the spectra over 1150–1280Å and then subtracting the fitted continuum, model
Nv and Si ii components. Flux—rest frame line flux density (erg cm−2 s−1

Å−1). EW—rest frame equivalent width, calculated using the fitted continuum
beneath the line. FWHM—km s−1, ‘total’ FWHM is calculated from the narrow
and broad Gaussian components. Shift—velocity shift of line centroid (km s−1),
the components with the same shift are tied together in the fitting using their
wavelengths.

Table 4.9 Uncertainties in the Fitting Parameters in the Lyα+Nv Region

Lyα Nv Si ii O i C ii

Flux 13% 7% 26% 120% · · ·
EW 26% 2% 41% 144% · · ·
FWHM 3% 13% 13% 13% · · ·
Shift (km s−1) 2 118 2 2 · · ·

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

Figure 4.14 Model fitting to the Lyα+Nv region with absorption lines. The
dotted lines show the data, and the thick solid lines the fitting results. Also
shown are the sum of the emission components and individual absorption
components.
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Table 4.10 Parameters for the Absorption Lines in the Lyα+Nv Region

Absorption Line
1 2 3 4

f1000 Flux Flux Flux Flux
−αλ EW EW EW EW

Object FWHMLyα FWHM FWHM FWHM FWHM
λLyα Centroid Centroid Centroid Centroid

PG1114+445 1.27E-14 -2.3E-13 -8.8E-14 -7.5E-14 -7.5E-14
0.20 19.0 7.2 6.2 6.2
2598 564 564 564 564

1216.58 1214.48 1218.54 1237.62 1241.54
PG1411+442 5.86E-14 -3.7E-12 -4.2E-13 -1.9E-12

1.92 92.4 10.4 48.0
1851 2185 278 3053

1215.49 1213.92 1215.89 1236.72

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1).
αλ—continuum power-law spectral index (fλ ∝ λαλ). Flux—rest frame line
flux density (erg cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated
using the fitted continuum at 1216Å. FWHM—km s−1. Centroid—rest wave-
length of the line peak (Å). See also Figure 4.14 for identification of absorption
lines.

4.5.2 Si iv+O iv] λ1400 region

This region appears simple, but is actually complicated. Both Si iv and

O iv] are multiplets, with two lines (1393.76, 1402.77Å) and five lines (1397.23,

1399.78, 1401.16, 1404.81, 1407.38Å), respectively. These lines are severely

blended and are not possible to be deblended, therefore, a narrow and a broad

component are used to fit each multiplet. Earlier studies estimated that the

intensity ratio of Si iv and O iv] is in the range 0.8 to 1.1 (e.g., Tytler & Fan

1992). Wills et al. (1993) found from high quality data that the ratio is near

unity. Following this, the intensity of the corresponding fitting components

in the two multiplets are assumed identical. Since they are blended so much,
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Table 4.11 Line Components and Free Parameters in the Si iv+O iv]λ1400
Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

Si iv . . . . . . . . 1396.75 broad free free free 1
narrow free free

O iv] . . . . . . . . 1402.34 broad 1
narrow

a The corresponding components in Si iv and O iv] are assumed to have the same

intensity.

sometimes this region is treated as a single 1400Å feature.

Figure 4.15–4.17 show the actual fitting for each object, and the fitting

results are listed in Table 4.12–4.13. See §4.5.1 for a general description of

the fitting procedure and the quantities in the table. The data of this region

appear noisy, not only because this feature is relatively weak, but also because

for many objects, this region fall in the boundary of two HST spectra where

the S/N is low. Integrated EW of 1400Å feature (EW1400) is also listed for

comparing with model EW. This is calculated by integrating the spectrum

over 1350–1460Å, and then subtracted the fitted continuum. Si iv and O iv]

are assumed identical; the model flux and EW of the 1400Å feature is twice

those of Si iv or O iv] in the table.

Table 4.14 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133.

PG1114+445 has obvious absorption features in this region. Similar

to the treatments for absorption features in Lyα region (§4.5.1), two fittings

are carried out, one excluding the absorption region, the other introducing

absorption lines (Gaussian). The results of fitting with absorption lines are
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shown in the last entry in Table 4.13. Figure 4.18 and Table 4.15 present the

actual fitting and parameters for the absorption features. The difference in the

total model flux between the two fittings is 27%. Since the absorption lines

are broad, it is hard to tell which fitting is more realistic. I simply choose to

use the fitting results from excluding the absorption regions.

The data of this region for PG1226+023 are not available.
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Figure 4.15 Model fitting to the Si iv+O iv]λ1400 region. The dotted lines
show the data, and the thick solid lines the fitting results. Also shown are the
local continua, the broad and narrow components of Si iv and O iv].
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Figure 4.16 Model fitting to the Si iv+O iv]λ1400 region. Continued
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Figure 4.17 Model fitting to the Si iv+O iv]λ1400 region. Continued
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Table 4.12 Fitting Parameters in the Si iv+O iv]λ1400 Region

Cont. Si iv or O iv]
narrow broad total

f1000 L1400 Flux Flux Flux
−αλ EW1400 EW EW EW

Object λ1 λ2 FWHM FWHM FWHM
Shift Shift Shift

PG0947+396 2.75E-14 45.59 5.49E-14 6.85E-14 1.23E-13
0.89 12.3 2.7 3.4 6.0
1357 1460 3947 9789 4976

65 65
PG0953+414 4.86E-14 45.93 1.82E-13 7.29E-14 2.55E-13

0.96 14.3 5.2 2.1 7.2
1356 1460 5162 19466 5516

370 370
PG1001+054 9.92E-15 44.96 6.76E-14 5.64E-15 7.32E-14

0.89 19.8 9.2 0.8 9.9
1350 1460 3789 9880 3855

-1135 -1135
PG1114+445 1.56E-14 45.04 5.00E-14 5.47E-14 1.05E-13

1.10 18.5 4.6 5.1 9.7
1350 1460 6096 15595 7503

-25 -25
PG1115+407 4.90E-14 45.42 7.05E-14 7.88E-14 1.49E-13

2.27 12.7 3.1 3.4 6.5
1350 1460 3326 9870 4082

-170 -170
PG1116+215 1.01E-13 45.94 1.06E-13 2.83E-13 3.89E-13

1.59 13.0 1.8 4.8 6.5
1350 1460 3560 7485 5200

385 385
PG1202+281 7.55E-15 44.88 8.02E-14 2.00E-14 1.00E-13

0.78 34.5 13.8 3.4 17.3
1350 1460 4488 9933 4743

-315 -315
PG1216+069 5.44E-14 45.86 5.63E-14 1.54E-14 7.17E-14

3.47 8.3 3.3 0.9 4.2
1350 1444 5277 10558 5616

535 535
PG1226+023 · · · · · · · · · · · · · · ·

PG1309+355 2.46E-14 45.48 5.07E-14 3.06E-14 8.13E-14
0.74 13.5 2.6 1.6 4.2
1383 1460 3477 9550 3925

-90 -90
PG1322+659 2.59E-14 45.30 4.69E-14 3.41E-14 8.10E-14

1.65 10.7 3.1 2.3 5.4
1350 1460 5279 6054 5561

-1155 -1155
PG1352+183 2.78E-14 45.28 5.00E-14 9.71E-14 1.47E-13

1.41 16.8 2.9 5.6 8.4
1350 1460 3723 10515 5179

0 0
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Table 4.13 Fitting Parameters in the Si iv+O iv]λ1400 Region. Continued

Cont. Si iv or O iv]
narrow broad total

f1000 L1400 Flux Flux Flux
−αλ EW1400 EW EW EW

Object λ1 λ2 FWHM FWHM FWHM
Shift Shift Shift

PG1402+261 7.32E-14 45.69 1.77E-13 5.94E-14 2.36E-13
2.00 12.9 4.7 1.6 6.3
1350 1460 5219 8865 5615

-990 -990
PG1411+442 7.27E-14 45.17 2.88E-13 5.00E-14 3.38E-13

2.19 9.5 8.2 1.4 9.7
1350 1460 3886 11760 4018

-335 -335
PG1415+451 2.18E-14 44.99 1.08E-13 6.92E-14 1.77E-13

1.17 24.5 7.3 4.7 12.1
1350 1460 4158 10229 4748

-70 -70
PG1425+267 1.93E-14 45.75 1.92E-14 4.18E-14 6.10E-14

1.63 11.6 1.7 3.7 5.4
1350 1436 4027 10027 5765

-980 -980
PG1427+480 1.91E-14 45.48 5.95E-14 5.34E-14 1.13E-13

0.98 15.9 4.3 3.9 8.2
1350 1460 4461 11683 5318

195 195
PG1440+356 7.34E-14 45.20 2.71E-13 1.44E-14 2.85E-13

1.15 11.5 5.4 0.3 5.7
1350 1460 3522 9669 3560

-145 -145
PG1444+407 2.73E-14 45.77 5.20E-14 9.08E-14 1.43E-13

1.02 14.4 2.7 4.7 7.4
1350 1460 4219 10036 5717

-640 -640
PG1512+370 2.41E-14 45.75 2.82E-14 0.00E0 2.82E-14

2.34 5.4 2.6 · · · 2.6
1352 1450 5601 · · · 5606

-295 · · ·

PG1543+489 2.33E-14 45.99 5.30E-14 1.07E-13 1.60E-13
0.96 19.5 3.1 6.3 9.5
1350 1444 3502 9945 4919

-720 -720
PG1626+554 6.21E-14 45.40 8.95E-14 1.42E-13 2.32E-13

2.24 15.4 3.0 4.8 7.9
1350 1460 5137 11835 6816

-215 -215
PG1411+abs 8.22E-14 45.17 2.41E-13 0.00E0 2.41E-13

2.52 7.9 6.8 · · · 6.8
1350 1460 3462 · · · 3460

110 · · ·

Note.— Si iv and O iv] are assumed to be identical in line profiles. f1000—rest frame continuum flux density
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at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-law spectral index (fλ ∝ λαλ ). λ1, λ2—end points
for fitting regions. L1400—νLν at 1400Å in units of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5.
EWint—integrated EW of Si iv+O iv] λ1400, calculated by integrating the spectra over 1350–1460Å, then
subtracting the fitted continuum. Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest
frame equivalent width, calculated using the fitted continuum at 1400Å. FWHM—km s−1, ‘total’ FWHM is
calculated from the narrow and broad Gaussian components. Shift—velocity shift of line centroid (km s−1).

Table 4.14 Uncertainties in the Fitting Parameters in the Si iv+O iv]λ1400
Region

Si iv or O iv]

Flux 107%
EW 129%
FWHM 19%
Shift (km s−1) 6

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

Figure 4.18 Model fitting to the Si iv+O iv]λ1400 region with absorption lines.
The dotted lines show the data, and the thick solid lines the fitting results.
Also shown are the sum of the emission components and individual absorption
components.

152



Table 4.15 Parameters for the Absorption Lines in the Si iv+O iv]λ1400 Re-
gion

Absorption Line
1 2

f1000 Flux Flux
−αλ EW EW

Object FWHMSi iv FWHM FWHM
λSi iv Centroid Centroid

PG1411+442 8.22E-14 -8.71E-14 -1.12E-13
2.52 2.5 3.2
3460 932 1444

1397.27 1386.62 1396.92

4.5.3 C iv λ1549 region

The general description of the fitting procedure and quantities in §4.5.1
for Lyα still applies here. There are many free parameters for different lines

shown in Table 4.16, but for many objects, N iv], O iii], N iii], and even He ii

are not severely blended with C iv, and therefore are relatively independent.

They are grouped together in this region just for simplicity. The centroids of

N iv], O iii], and N iii] are usually tied together with their rest wavelengths.

Exceptions can be checked in Table 4.17–4.20 for different velocity shifts.

Unlike for Lyα, a relative wavelength shift is allowed between narrow

and broad components of C iv. Various fittings show that if narrow and broad

components of C iv are forced to have the same wavelength, systematic fitting

error can be seen for many objects because of the asymmetry of the line wings

in C iv. The relative shift obtained here can be used as a measure of line

asymmetry. This asymmetry has been noticed before (stronger blue wings) and

Wills et al. (1993) found a blueshifted “base” component relative to a “core”

component in C iv. This actually led to the introduction of “Intermediate-
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Table 4.16 Line Components and Free Parameters in the C iv Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

N iv] . . . . . . . . 1486.50 free free free
C iv . . . . . . . . . 1548.20 broad free free free 1

narrow free free free
C iv . . . . . . . . . 1550.77 broad 1

narrow
He ii . . . . . . . . 1640.72 broad free free

narrow free free
O iii] . . . . . . . . 1660.80 1 free with N iv] free 0.29

1666.14 2 0.71
N iii] . . . . . . . . 1748.65 1 free free 0.41

1752.16 2 0.14
1754.00 3 0.45

a Line intensity ratio within multiplets, from Baldwin et al. (1996).

width line region” (ILR) for the core component.

Fitting results are present in Figure 4.19–4.21 and Table 4.17–4.20.

The ‘total’ FWHM of C iv is calculated from the model broad and narrow

components with their relative wavelength shift also considered.

No iron emission has been removed from this region, therefore it con-

tributes uncertainty into the fitting, especially for weak features and broad

components. In the spectrum of narrow line Seyfert 1 galaxy I Zwicky 1,

iron emissions are identified scattering over the whole wavelength coverage

1100–3850Å (Laor et al. 1997b). Using the same HST spectra, Vestergaard &

Wilkes (2001) made the templates for UV Fe ii and Fe iii in QSOs. In I Zw 1

in the vicinity of C iv, the peak flux of Fe ii is about 15% that of C iv, and Fe ii

multiplet UV191 (∼1786Å) is comparable with N iii]λ1750. This is because

I Zw 1 is specially iron rich and its C iv is relatively weak. In general, UV
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iron contamination should not be a severe problem for strong lines like C iv.

The results for N iv], O iii], and N iii] are not robust unless they are clearly

identified in the fitting (Figure 4.19–4.21).

Table 4.21 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133. Weak lines have large uncertain-

ties and the measurements and errors are nearly meaningless.

Absorption features are clearly present in three objects, PG1001+054,

PG1411+442, and PG1114+445. One absorption line each is introduced to the

fitting of the second way (Figure 4.22, Table 4.22). In the case of PG1001+054,

the absorption is obviously not symmetric, so an asymmetric Gaussian profile

is used and results in skew∼ 0, giving only half of a symmetric profile (normal

symmetry Gaussian profile has skew=1). The differences in the C iv emission

flux between the two fitting procedures are 1%, 10%, and 17% for the three

objects, respectively.
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Figure 4.19 Model fitting to the C iv region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
the broad and narrow components of C iv and He ii and the sum of weak lines.

156



Figure 4.20 Model fitting to the C iv region. Continued
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Figure 4.21 Model fitting to the C iv region. Continued
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Table 4.17 Fitting Parameters in the C iv Region

Cont. C iv He ii N iv] O iii] N iii]
narrow broad total narrow broad total

f1000 L1549 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Shift

PG0947+396 2.66E-14 45.59 4.80E-13 8.54E-13 1.33E-12 2.15E-14 2.98E-13 3.19E-13 2.03E-14 2.49E-14 0.00E0
0.86 74.7 26.4 46.9 73.3 1.2 17.2 18.5 1.1 1.5 · · ·

1463 1791 2751 10083 3630 1447 10083 6478 2425 915 · · ·

-275 510 -410 -410 195 195 · · ·

PG0953+414 4.55E-14 45.91 7.96E-13 1.70E-12 2.49E-12 3.73E-14 5.61E-13 5.98E-13 3.97E-14 2.41E-14 2.46E-14
0.88 82.2 25.8 54.9 80.7 1.3 19.1 20.4 1.2 0.8 0.9
1463 1791 2269 10352 3020 1402 10352 6748 3118 2676 3206

-320 415 -600 -600 125 125 125
PG1001+054 9.66E-15 44.98 1.48E-13 2.50E-13 3.98E-13 0.00E0 1.15E-13 1.15E-13 0.00E0 7.22E-15 2.47E-14

0.74 42.6 21.2 35.7 56.9 · · · 17.1 17.1 · · · 1.1 3.9
1463 1772 2263 7600 2985 · · · 7600 7590 · · · 1214 6323

-635 -955 · · · -1905 · · · -1315 -1310
PG1114+445 1.10E-14 45.10 2.18E-13 5.92E-13 8.10E-13 1.34E-14 1.80E-13 1.93E-13 1.31E-14 1.37E-14 2.57E-14

-0.03 62.5 19.5 52.9 72.3 1.2 16.1 17.3 1.2 1.2 2.3
1463 1791 2552 9914 3790 1258 9914 5719 3813 930 4236

-30 -150 -400 -400 85 85 525
PG1115+407 3.18E-14 45.39 2.88E-13 6.00E-13 8.88E-13 0.00E0 3.40E-13 3.40E-13 5.02E-14 5.84E-15 0.00E0

1.16 48.4 15.1 31.4 46.5 · · · 19.0 19.0 2.5 0.3 · · ·

1463 1686 3275 11088 4565 · · · 11088 11085 5658 200 · · ·

-565 -590 · · · -2410 -815 -815 · · ·

PG1116+215 9.03E-14 45.93 8.52E-13 2.42E-12 3.27E-12 4.29E-14 3.15E-13 3.58E-13 3.55E-14 1.56E-13 0.00E0
1.21 63.1 16.1 45.6 61.6 0.9 6.3 7.2 0.6 3.2 · · ·

1463 1791 2386 8579 3650 3168 8579 6563 6164 2797 · · ·

-580 -205 -1540 -1540 305 300 · · ·

PG1202+281 6.97E-15 44.90 7.22E-13 8.14E-13 1.54E-12 4.21E-14 1.55E-13 1.97E-13 0.00E0 2.02E-14 0.00E0
0.52 278.0 130.3 146.9 277.3 7.8 28.8 36.6 · · · 3.8 · · ·

1463 1791 2527 11849 2935 3138 11849 5293 · · · 3545 · · ·

-105 -1405 -410 -410 · · · 760 · · ·

PG1216+069 2.16E-14 45.86 3.84E-13 9.12E-13 1.30E-12 5.93E-14 1.50E-13 2.09E-13 0.00E0 3.76E-14 0.00E0
0.80 86.8 25.3 60.0 85.3 4.1 10.3 14.4 · · · 2.6 · · ·

1463 1791 2276 12744 2985 5514 12744 8118 · · · 2776 · · ·

250 -555 -495 -495 · · · 525 · · ·
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Table 4.18 Fitting Parameters in the C iv Region. Continued

Cont. C iv He ii N iv] O iii] N iii]
narrow broad total narrow broad total

f1000 L1549 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Shift

PG1226+023 3.58E-13 46.49 2.66E-12 5.56E-12 8.22E-12 1.22E-13 1.48E-12 1.60E-12 3.08E-13 2.34E-13 0.00E0
0.98 36.3 11.4 23.9 35.3 0.6 6.7 7.3 1.3 1.1 · · ·

1463 1713 2782 12112 3720 1430 12112 5876 3585 3344 · · ·

-395 385 -1065 -1065 455 455 · · ·

PG1309+355 2.29E-14 45.49 1.67E-13 6.82E-13 8.49E-13 1.60E-14 1.67E-13 1.83E-13 2.15E-14 4.25E-14 2.56E-14
0.57 47.4 9.4 38.3 47.7 0.9 9.7 10.6 1.2 2.5 1.5
1463 1791 1779 11014 2710 2669 11014 7948 1547 3188 3367

295 -1075 -1025 -1025 -10 -10 -10
PG1322+659 1.87E-14 45.30 4.58E-13 4.80E-13 9.38E-13 1.64E-14 1.95E-13 2.11E-13 2.04E-14 0.00E0 0.00E0

0.75 69.3 34.2 35.8 70.0 1.3 15.1 16.4 1.5 · · · · · ·

1463 1791 2414 8212 2880 1498 8212 5525 2086 · · · · · ·

-450 -670 -930 -930 -260 · · · · · ·

PG1352+183 2.28E-14 45.28 2.28E-13 7.64E-13 9.92E-13 0.00E0 2.47E-13 2.47E-13 2.49E-14 1.69E-14 3.27E-14
0.90 64.9 14.8 49.6 64.4 · · · 16.9 16.9 1.6 1.2 2.4
1463 1791 2177 8902 3475 · · · 8902 8903 3409 1604 2666

-420 -335 · · · -1925 -360 -360 -360
PG1402+261 5.63E-14 45.69 5.26E-13 6.90E-13 1.22E-12 1.01E-13 1.32E-13 2.33E-13 0.00E0 0.00E0 2.51E-14

1.14 36.6 15.4 20.2 35.6 3.2 4.1 7.3 · · · · · · 0.9
1463 1791 3470 10042 4395 5467 10042 6825 · · · · · · 2950

-760 -605 -1905 -1905 · · · · · · -1530
PG1411+442 7.00E-14 45.14 6.06E-13 7.18E-13 1.32E-12 7.02E-14 3.55E-13 4.25E-13 1.65E-14 1.03E-13 4.91E-14

2.00 24.5 20.8 24.6 45.3 2.7 13.7 16.4 0.5 4.1 2.1
1463 1791 1585 6091 1905 1383 6091 2688 5117 2133 4181

160 395 -225 -225 -140 -145 -140
PG1415+451 1.66E-14 45.00 3.78E-13 4.74E-13 8.52E-13 2.31E-15 1.73E-13 1.75E-13 1.91E-14 3.93E-14 2.56E-14

0.47 63.5 28.0 35.1 63.1 0.2 13.1 13.3 1.4 3.0 2.0
1463 1791 2967 7827 3750 1736 7827 7486 3810 2570 2139

-605 -705 -1905 -1905 -165 -165 -165
PG1425+267 1.96E-14 45.77 2.46E-13 9.64E-13 1.21E-12 4.31E-15 2.24E-13 2.28E-13 1.31E-14 3.45E-15 0.00E0

1.41 115.1 23.2 90.9 114.1 0.4 23.0 23.4 1.2 0.4 · · ·

1463 1791 3955 13205 6950 589 13205 9177 2338 1411 · · ·

-890 150 55 55 -280 -280 · · ·
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Table 4.19 Fitting Parameters in the C iv Region. Continued

Cont. C iv He ii N iv] O iii] N iii]
narrow broad total narrow broad total

f1000 L1549 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Shift

PG1427+480 2.06E-14 45.47 3.94E-13 5.32E-13 9.26E-13 1.20E-14 2.30E-13 2.42E-13 2.58E-14 2.39E-14 0.00E0
1.17 77.1 32.0 43.3 75.3 1.0 20.0 21.0 2.0 2.1 · · ·

1463 1791 2271 8044 2830 1113 8044 5888 5048 2390 · · ·

120 360 -195 -195 235 230 · · ·

PG1440+356 7.42E-14 45.21 6.24E-13 8.36E-13 1.46E-12 6.87E-14 2.63E-13 3.32E-13 6.28E-14 9.69E-14 1.81E-13
1.12 33.3 13.7 18.4 32.2 1.6 6.2 7.8 1.3 2.3 4.6
1463 1791 1674 5535 2095 1887 5535 3265 1884 1814 2293

-500 -700 -1255 -1255 -85 -65 -825
PG1444+407 2.42E-14 45.78 2.54E-13 1.65E-13 4.19E-13 0.00E0 1.88E-13 1.88E-13 6.65E-15 1.77E-14 0.00E0

0.70 25.0 14.2 9.2 23.4 · · · 10.9 10.9 0.4 1.0 · · ·

1463 1688 4293 11438 4890 · · · 11438 11439 3744 2810 · · ·

-980 690 · · · -1905 -215 -215 · · ·

PG1512+370 1.72E-14 45.74 2.12E-13 8.74E-13 1.09E-12 1.69E-14 9.24E-14 1.09E-13 0.00E0 2.28E-14 1.24E-14
1.30 112.4 21.9 90.1 112.0 1.9 10.2 12.1 · · · 2.6 1.5
1463 1791 2515 13320 4105 3394 13320 7066 · · · 3407 2134

60 -785 -115 -115 · · · 220 225
PG1543+489 2.20E-14 46.03 2.56E-13 3.64E-13 6.20E-13 3.16E-14 6.27E-14 9.43E-14 4.44E-14 0.00E0 0.00E0

0.65 38.0 15.4 21.9 37.4 2.0 3.9 5.9 2.6 · · · · · ·

1463 1645 4303 8814 5690 5300 8814 6869 5542 · · · · · ·

-1810 -1575 -4700 -4700 705 · · · · · ·

PG1626+554 3.84E-14 45.40 4.96E-13 1.06E-12 1.56E-12 2.37E-14 2.90E-13 3.14E-13 2.07E-14 2.65E-14 2.44E-14
0.89 60.8 19.1 40.9 59.9 1.0 11.7 12.7 0.8 1.1 1.0
1463 1791 2667 10629 3650 1530 10629 6308 1712 2365 1373

-300 0 -405 -405 -680 -680 -680
PG1001+abs 8.75E-15 44.97 1.75E-13 2.20E-13 3.95E-13 2.79E-15 1.21E-13 1.24E-13 0.00E0 6.98E-15 2.44E-14

0.57 48.2 25.6 32.3 57.9 0.4 18.3 18.7 · · · 1.1 3.8
1463 1772 2560 7836 3195 3127 7836 7517 · · · 1070 4338

-710 -520 -1930 -1930 · · · -1315 -1310
PG1114+abs 1.10E-14 45.10 3.10E-13 5.88E-13 8.98E-13 1.57E-14 1.87E-13 2.03E-13 1.22E-14 1.44E-14 2.56E-14

-0.03 62.2 27.9 53.0 80.9 1.4 16.7 18.1 1.1 1.3 2.3
1463 1791 2367 10490 3075 1419 10490 5788 3700 1083 3977

-235 120 -390 -390 50 50 545
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Table 4.20 Fitting Parameters in the C iv Region. Continued

Cont. C iv He ii N iv] O iii] N iii]
narrow broad total narrow broad total

f1000 L1549 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Shift

PG1411+abs 7.00E-14 45.14 8.02E-13 7.46E-13 1.55E-12 7.34E-14 3.58E-13 4.31E-13 1.66E-14 1.08E-13 4.96E-14
2.00 24.1 27.5 25.6 53.0 2.8 13.8 16.6 0.5 4.3 2.2
1350 1460 1554 5938 1800 1547 5938 3010 6201 2218 5220

20 585 -225 -225 -85 -90 -85

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-law spectral index (fλ ∝ λαλ ). λ1, λ2—
end points for fitting regions. L1549—νLν at 1549Å in units of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW
of C iv, calculated by integrating the spectra over 1463–1700Å and then subtracting the fitted continuum, model He ii and O iii] components.
Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated using the fitted continuum beneath the line.
FWHM—km s−1, ‘total’ FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line centroid (km s−1),
the components with the same shift are tied together in the fitting using their wavelengths.
a The shift of C iv broad component is relative to its narrow component.

162



Table 4.21 Uncertainties in the Fitting Parameters in the C iv Region

C iv He ii N iv] O iii] N iii]

Flux 9% 10% 21% 144% · · ·
EW 16% 18% 28% 159% · · ·
FWHM 3% 11% 12% 367% · · ·
Shift (km s−1) 9 272 135 270 · · ·

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

Table 4.22 Parameters for the Absorption Lines in the C iv Region

Absorption Line
Object f1000 −αλ FWHMC iv λC iv Flux EW FWHM Centroid

PG1001+054 8.75E-15 0.57 3197 1545.82 -6.8E-14 -10.0 5316 1521.42
PG1114+445 1.10E-14 -0.03 3068 1548.29 -2.0E-13 -17.9 1010 1546.76
PG1411+442 7.00E-14 2.00 1810 1549.60 -7.0E-13 -24.0 2801 1542.00

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—
continuum power-law spectral index (fλ ∝ λαλ). Flux—rest frame line flux density (erg
cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated using the fitted continuum at
1549Å. FWHM—km s−1. Centroid—rest wavelength of the line peak (Å). The absorption
feature in PG1001+054 is fitted with half a Gaussian profile (skew ∼ 0.)
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Figure 4.22 Model fitting to the C iv region with absorption lines. The dotted
lines show the data, and the thick solid lines the fitting results. Also shown are
the sum of the emission components and individual absorption component.
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4.5.4 C iii] λ1909 region

The degree of blending of C iii] and Si iii] depends greatly on the width

of the emission lines. In this sample, they can be clearly separated in most

objects (Figure 4.23–4.25, Table 4.24–4.26). Sometimes the broad component

of Si iii] is very weak and may be confused with the continuum, but this is not

a problem since it has little flux. For the same reason, the results for weak

Al iii in some objects are not very reliable.

Table 4.23 Line Components and Free Parameters in the C iii] Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

C iii] . . . . . . . . 1908.73 broad free free free
narrow free free

Si iii] . . . . . . . . 1892.03 broad free
narrow free

Al iii . . . . . . . . 1854.72 1 free free 1
Al iii . . . . . . . . 1862.78 2 1

a Line intensity ratio within multiplets, from Baldwin et al. (1996).

One source of uncertainty in this region is caused by the contamination

by iron emission. The strongest iron multiplet in this region is Fe iii UV34

(1894.8, 1895.5, 1914.1Å) which blends with C iii]λ1909 and Si iii]λ1892. In

the spectrum of I Zw 1, it is striking that Fe iii UV34 is as strong as C iii]λ1909.

This is partly because C iii] is strongly suppressed due to possible higher elec-

tron density (1011 cm−3) than in typical AGNs (Laor et al. 1997b). In order

to estimate the contamination of Fe iii, I use a relatively isolated multiplet

Fe iii UV68 (∼1952Å). Its equivalent width is about 1/4 that of Fe iii UV34 in

I Zw 1 (Vestergaard & Wilkes 2001). In my sample, Fe iii UV68 can plausibly

be identified in some objects (e.g., PG0953+414, PG1440+356) and its equiv-
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alent width is only about 2-3% that of C iii]+Si iii]. Assuming the relative

strengths of Fe iii UV34 and UV68 is typical in I Zw 1, the uncertainty caused

by Fe iii UV34 in C iii]+Si iii] is about 10% at most in this sample.

Table 4.27 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133. These are the uncertainties due

to the continuum placement. The uncertainties for C iii] and Si iii] are very

large, because the continuum placement (10% below the best fit) is obviously

off the true continuum too much.

Data are not available for PG1543+489 in this region.
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Figure 4.23 Model fitting to the C iii] region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
the broad and narrow components of C iii] and Si iii], and the sum of Al iii.
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Figure 4.24 Model fitting to the C iii] region. Continued
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Figure 4.25 Model fitting to the C iii] region. Continued
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Table 4.24 Fitting Parameters in the C iii] Region
Cont. C iii] Si iii] Al iii

narrow broad total narrow broad total
f1000 L1909 Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift

PG0947+396 5.53E-14 45.55 5.72E-14 2.02E-13 2.59E-13 2.24E-14 0.00E0 2.24E-14 2.12E-14
2.17 18.8 4.2 14.9 19.1 1.6 · · · 1.6 1.5
1810 1977 1847 7992 2980 1847 · · · 1840 3925

-130 -130 -130 · · · -130
PG0953+414 8.36E-14 45.88 3.68E-14 2.82E-13 3.19E-13 4.49E-15 3.02E-14 3.47E-14 8.30E-14

2.00 14.1 1.6 12.3 13.9 0.2 1.3 1.5 3.4
1810 1977 756 4853 1839 756 4853 1579 3046

-10 -10 -10 -10 540
PG1001+054 1.94E-14 44.96 5.88E-14 8.98E-14 1.49E-13 2.56E-14 3.00E-14 5.56E-14 1.38E-14

1.97 27.8 10.8 16.5 27.4 4.6 5.4 10.1 2.4
1810 1977 2164 8341 2734 2164 8341 2594 1354

-200 -200 -200 -200 -200
PG1114+445 3.68E-14 45.16 8.04E-14 2.38E-13 3.18E-13 1.60E-14 4.48E-14 6.08E-14 0.00E0

1.94 29.4 7.7 22.7 30.3 1.5 4.2 5.7 0.0
1810 1977 2747 10491 4229 2747 10491 4129 6177

215 215 215 215 215
PG1115+407 5.98E-14 45.38 5.84E-14 1.40E-13 1.98E-13 2.58E-14 2.30E-14 4.88E-14 5.50E-14

2.13 13.0 3.9 9.3 13.1 1.7 1.5 3.2 3.4
1810 1977 1733 5925 2513 1733 5925 2013 3590

135 135 135 135 135
PG1116+215 1.62E-13 45.87 2.43E-13 6.65E-13 9.08E-13 1.07E-13 8.29E-14 1.90E-13 1.37E-13

2.29 24.5 6.6 18.0 24.6 2.8 2.2 5.0 3.5
1810 1977 2202 6775 3378 2202 6775 2538 4410

-55 -55 -55 -55 -55
PG1202+281 2.07E-14 44.90 1.34E-13 1.44E-13 2.78E-13 2.74E-14 1.29E-14 4.03E-14 3.56E-14

2.36 61.1 29.8 32.0 61.8 6.0 2.8 8.8 7.4
1810 1977 2324 6363 2842 2324 6363 2562 4455

-205 -205 -200 -200 -200
PG1216+069 5.02E-14 45.84 2.62E-14 1.38E-13 1.64E-13 0.00E0 0.00E0 0.00E0 1.61E-14

2.23 13.8 2.2 11.6 13.8 · · · · · · 0.0 1.3
1810 1977 1286 5904 2546 · · · · · · · · · 4197

20 20 · · · · · · 20
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Table 4.25 Fitting Parameters in the C iii] Region. Continued
Cont. C iii] Si iii] Al iii

narrow broad total narrow broad total
f1000 L1909 Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift

PG1226+023 7.38E-13 46.48 4.00E-13 1.45E-12 1.85E-12 1.27E-13 1.56E-13 2.83E-13 1.34E-13
2.13 10.1 2.1 7.8 9.9 0.7 0.8 1.5 0.7
1832 1977 1858 6153 3149 1858 6153 2289 3952

-40 -40 -40 -40 -35
PG1309+355 4.14E-14 45.50 3.62E-14 1.95E-13 2.31E-13 7.09E-15 2.98E-14 3.69E-14 2.78E-14

1.59 15.9 2.4 13.2 15.6 0.5 2.0 2.5 1.8
1810 1977 1130 6230 2129 1130 6230 1829 2616

75 75 75 75 75
PG1322+659 5.20E-14 45.27 7.58E-14 1.21E-13 1.97E-13 2.10E-14 2.56E-14 4.66E-14 1.12E-14

2.50 17.7 7.4 11.8 19.1 2.0 2.4 4.4 1.0
1836 1977 1781 6169 2310 1781 6169 2190 3512

115 115 115 115 -445
PG1352+183 4.46E-14 45.24 5.37E-14 1.62E-13 2.16E-13 1.73E-14 3.85E-14 5.58E-14 3.26E-14

2.08 18.3 4.6 14.0 18.6 1.5 3.3 4.7 2.6
1810 1977 2048 7845 3169 2048 7845 2849 5346

-10 -10 -10 -10 -10
PG1402+261 1.03E-13 45.64 1.63E-13 2.16E-13 3.79E-13 1.02E-13 3.53E-14 1.37E-13 6.24E-14

2.20 15.4 6.6 8.7 15.3 4.0 1.4 5.4 2.4
1810 1977 1650 7050 1995 1650 7050 1735 3009

105 105 105 105 105
PG1411+442 2.92E-14 45.13 3.06E-13 3.91E-13 6.97E-13 9.04E-14 4.31E-14 1.33E-13 2.50E-14

0.33 29.5 13.0 16.6 29.7 3.8 1.8 5.7 1.0
1810 1977 1669 9921 1927 1669 9921 1767 702

-15 -15 -15 -15 -15
PG1415+451 5.33E-14 44.98 1.09E-13 1.73E-13 2.82E-13 7.71E-14 4.78E-14 1.25E-13 4.12E-14

2.52 27.3 10.5 16.6 27.1 7.2 4.5 11.7 3.7
1810 1977 2157 9215 2710 2157 9215 2370 1754

245 245 245 245 -500
PG1425+267 2.86E-14 45.73 2.98E-14 1.61E-13 1.91E-13 6.20E-15 5.51E-14 6.13E-14 2.44E-14

1.98 23.1 3.7 20.3 24.0 0.8 6.8 7.6 2.9
1810 1977 1959 8231 4031 1959 8231 5491 7229

-245 -245 -245 -245 -250
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Table 4.26 Fitting Parameters in the C iii] Region. Continued
Cont. C iii] Si iii] Al iii

narrow broad total narrow broad total
f1000 L1909 Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift

PG1427+480 3.16E-14 45.42 5.97E-14 7.86E-14 1.38E-13 1.59E-14 1.21E-14 2.80E-14 1.90E-14
1.97 15.1 6.7 8.9 15.6 1.8 1.3 3.1 2.0
1810 1977 1673 6418 2053 1673 6418 1893 2339

210 210 210 210 210
PG1440+356 1.41E-13 45.19 1.70E-13 5.48E-13 7.18E-13 1.47E-13 1.45E-14 1.62E-13 1.52E-13

2.16 20.5 4.9 15.7 20.6 4.1 0.4 4.5 4.1
1810 1977 1485 5071 2402 1485 5071 1522 3339

-125 -125 -415 -415 -125
PG1444+407 3.55E-14 45.77 5.99E-14 1.74E-13 2.34E-13 5.48E-14 1.95E-14 7.43E-14 5.00E-14

1.38 16.3 4.1 12.0 16.1 3.7 1.3 5.0 3.3
1810 1977 2082 10231 2991 2082 10231 2191 3883

75 75 75 75 75
PG1512+370 2.80E-14 45.68 9.34E-15 9.99E-14 1.09E-13 0.00E0 2.55E-14 2.55E-14 2.18E-14

2.16 16.3 1.3 14.4 15.8 · · · 3.6 3.6 3.0
1810 1977 1325 5352 3927 · · · 5352 5347 4386

200 200 · · · 200 200
PG1543+489 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

PG1626+554 8.53E-14 45.36 1.37E-13 3.11E-13 4.48E-13 3.71E-14 0.00E0 3.71E-14 3.96E-14
2.30 23.5 7.1 16.1 23.2 1.9 · · · 1.9 1.9
1836 1977 3071 9750 4425 3071 · · · 3065 2284

-145 -145 -145 · · · -1330

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-law spectral index (fλ ∝ λαλ ). λ1, λ2—
end points for fitting regions. L1909—νLν at 1909Å in units of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW of
C iii], calculated by integrating the spectra over 1810–1977Å and then subtracting the fitted continuum, the model Si iii] and Al iii components.
Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated using the fitted continuum beneath the line.
FWHM—km s−1, ‘total’ FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line centroid (km s−1),
the components with the same shift are tied together in the fitting using their wavelengths.
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Table 4.27 Uncertainties in the Fitting Parameters in the C iii] Region

C iii] Si iii] Al iii

Flux 48% 51% 9%
EW 57% 62% 4%
FWHM 7% 22% 28%
Shift (km s−1) 47 47 48

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.
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4.5.5 Mg ii and the Small Blue Bump

The complication of this region is that Mg ii doublets sit on top of the

small blue bump. It is impossible to determine the true continuum, so a fitting

region is defined by choosing two end points which appear to be local continua.

A local power-law continuum is fitted together with the Mg ii doublets in

SPECFIT. Sometimes SPECFIT put the continuum below the two end points

in order to obtain an acceptable fitting for broad Mg ii (Figure 4.26–4.28).

Whether this continuum is correct or not, the broad base of Mg ii is more likely

to be a combination of the real broad components, Fe ii blends and continuum.

Therefore, the fitted broad components may have some contribution from the

continuum and Fe ii and have large uncertainty compared with the narrow

components.

Table 4.28 Line Components and Free Parameters in the Mg ii Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

wave component Flux Centroid FWHM ratio
Mg ii . . . . . . . . 2795.53 broad free free free 2

narrow free free
Mg ii . . . . . . . . 2802.70 broad 1

narrow

a Line intensity ratio within multiplets, from Baldwin et al. (1996).
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Figure 4.26 Model fitting to the Mg ii region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
the broad and narrow components of Mg ii. of Al iii.
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Figure 4.27 Model fitting to the Mg ii region. Continued
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Figure 4.28 Model fitting to the Mg ii region. Continued
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Table 4.29 Fitting Parameters in the Mg ii Region
Cont. Mg ii small blue bumpa

narrow broad total local cont. global cont.
f1000 L2798 Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM f1000 f1000

Shift Shift Shift −αλ −αλ

PG0947+396 5.93E-14 45.43 7.44E-14 2.50E-13 3.25E-13 1.93E-12 3.10E-12
2.07 44.0 10.6 35.5 46.1 403.0 729.0
2695 2909 3011 14319 4624 5.09E-14 3.68E-14

-180 -180 2.08 1.90
PG0953+414 1.02E-13 45.78 1.70E-13 3.67E-13 5.37E-13 3.30E-12 7.10E-12

2.03 38.9 13.5 29.1 42.6 365.0 997.0
2695 2909 2266 16932 2742 7.84E-14 5.32E-14

-15 -15 1.90 1.77
PG1001+054 2.88E-14 44.89 4.32E-14 1.57E-13 2.01E-13 9.24E-13 1.58E-12

2.15 56.5 13.7 50.0 63.7 388.0 775.0
2695 2909 1481 18424 1802 1.43E-14 1.12E-14

5 5 1.58 1.50
PG1114+445 2.12E-14 45.27 7.20E-14 2.27E-13 2.99E-13 3.30E-12 7.45E-12

0.81 31.4 7.8 24.6 32.4 557.0 1987.0
2695 2909 1862 10588 2655 2.87E-14 1.40E-14

25 25 1.39 1.16
PG1115+407 4.91E-14 45.19 1.01E-13 1.85E-13 2.86E-13 1.88E-12 3.40E-12

1.93 38.6 15.0 27.4 42.4 419.0 892.0
2695 2909 2138 17211 2485 6.63E-14 4.10E-14

455 455 2.37 2.09
PG1116+215 1.56E-13 45.72 3.62E-13 9.15E-13 1.28E-12 5.91E-12 1.11E-11

2.11 65.7 20.3 51.4 71.7 493.0 1166.0
2695 2909 2462 17053 3139 1.77E-13 1.16E-13

-200 -200 2.37 2.20
PG1202+281 5.60E-15 44.99 1.44E-13 2.95E-13 4.39E-13 1.61E-12 2.93E-12

0.40 117.5 38.8 79.6 118.4 691.0 1787.0
2695 2909 2988 11262 4071 1.17E-14 7.01E-15

-845 -845 1.42 1.28
PG1216+069 2.03E-14 45.78 5.96E-14 2.37E-13 2.97E-13 5.42E-13 1.94E-12

1.04 37.4 8.6 34.1 42.6 84.0 347.0
2695 2909 1970 18799 2609 2.35E-14 2.62E-14

85 85 1.14 1.36
PG1226+023 7.18E-13 46.38 8.45E-13 1.60E-12 2.45E-12 1.97E-11 4.07E-11

1.92 24.1 8.5 16.1 24.6 285.0 691.0
2695 2909 2477 13220 3117 7.10E-13 5.04E-13

265 265 2.05 1.89
PG1309+355 4.67E-14 45.45 1.16E-13 3.84E-13 5.00E-13 2.04E-12 4.24E-12

1.59 51.7 12.7 42.2 54.9 289.0 716.0
2695 2909 2406 15673 3345 4.10E-14 2.84E-14

5 5 1.55 1.38
PG1322+659 2.20E-14 45.22 9.12E-14 5.22E-14 1.43E-13 1.93E-12 3.06E-12

1.22 22.3 14.6 8.3 22.9 455.0 843.0
2695 2909 2853 14576 3079 2.47E-14 2.34E-14

55 55 1.55 1.64
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Table 4.30 Fitting Parameters in the Mg ii Region. Continued
Cont. Mg ii small blue bumpa

narrow broad total local cont. global cont.
f1000 L2798 Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM f1000 f1000

Shift Shift Shift −αλ −αλ

PG1352+183 4.53E-14 45.12 9.55E-14 2.48E-13 3.43E-13 1.91E-12 3.69E-12
1.98 54.2 16.2 41.9 58.1 494.0 1218.0
2695 2909 2816 15518 3804 4.77E-14 2.78E-14

-200 -200 2.21 1.95
PG1402+261 5.31E-14 45.48 2.17E-13 3.19E-13 5.36E-13 3.43E-12 6.63E-12

1.47 43.6 18.6 27.3 45.9 432.0 1046.0
2695 2909 2017 16395 2284 8.25E-14 6.51E-14

415 415 2.06 2.05
PG1411+442 3.72E-14 45.16 2.11E-13 4.49E-13 6.60E-13 4.86E-12 1.05E-11

0.75 36.6 12.3 26.1 38.4 395.0 1125.0
2695 2909 1556 14707 1810 6.94E-14 5.49E-14

155 155 1.52 1.56
PG1415+451 5.00E-14 44.90 1.21E-13 2.43E-13 3.64E-13 1.48E-12 2.53E-12

2.07 58.9 20.4 40.9 61.3 344.0 673.0
2695 2909 1795 15577 2101 2.90E-14 2.37E-14

105 105 1.68 1.62
PG1425+267 4.77E-14 45.77 6.21E-14 3.26E-13 3.88E-13 1.93E-12 2.95E-12

2.03 64.3 10.5 55.2 65.7 499.0 878.0
2695 2909 4718 12618 8854 2.44E-14 1.91E-14

295 295 1.62 1.53
PG1427+480 4.51E-14 45.28 8.70E-14 1.84E-13 2.71E-13 1.40E-12 2.13E-12

2.25 54.8 19.6 41.4 61.0 446.0 763.0
2695 2909 1910 17470 2241 3.22E-14 2.47E-14

60 60 2.05 1.92
PG1440+356 9.57E-14 45.10 3.04E-13 4.92E-13 7.96E-13 4.78E-12 9.88E-12

1.55 37.6 15.7 25.4 41.0 346.0 874.0
2695 2909 1455 17193 1601 1.12E-13 7.89E-14

60 60 1.84 1.71
PG1444+407 2.42E-14 45.70 1.01E-13 3.36E-13 4.37E-13 2.22E-12 5.22E-12

1.04 44.6 12.1 40.5 52.6 379.0 1208.0
2695 2909 2143 20371 2713 4.69E-14 3.23E-14

-145 -145 1.83 1.77
PG1512+370 1.25E-14 45.73 5.78E-14 2.00E-13 2.57E-13 1.80E-12 2.63E-12

0.84 47.3 10.9 37.7 48.6 571.0 992.0
2695 2909 3391 10828 5647 1.58E-14 2.00E-14

-70 -70 1.42 1.78
PG1543+489 2.97E-14 45.84 8.57E-14 2.76E-13 3.62E-13 5.86E-13 3.20E-12

1.55 54.7 14.2 45.8 60.0 120.0 874.0
2695 2909 1502 16844 1828 5.54E-14 2.47E-14

195 195 2.14 1.68
PG1626+554 5.93E-14 45.23 1.60E-13 5.04E-13 6.64E-13 2.75E-12 5.75E-12

1.75 62.2 16.4 51.4 67.8 400.0 1075.0
2695 2909 2996 15949 4343 6.99E-14 5.49E-14

260 260 2.04 2.05
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Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-
law spectral index (fλ ∝ λαλ ). λ1, λ2—end points for fitting regions. L2798—νLν at 2798Å in units
of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW of Mg ii, calculated by
integrating the spectra over 2695–2909Å. Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest
frame equivalent width, calculated using the fitted continuum beneath the feature. FWHM—km s−1, ‘total’
FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line centroid
(km s−1). The small blue bump (Fe ii emission) is estimated by defining two different continua (see text for
details).
a EWs are calculated using the corresponding continuum at 3115Å. Fluxes for PG1543+489 are integrated
over the region with interpolated data (Figure 2.6).

Figure 4.29 Illustration of different continua defined for the small blue bump.
The global power-law UV-optical continuum is shown as well as the local
power-law continuum defined for the small blue bump between 2220 and
4010Å. The local continuum for Mg ii is also shown.

The flux of the small blue bump is estimated in two ways. First, by

visual inspection, I define the small blue bump within two local minima at

2220 and 4010Å. This includes most of the blended Fe ii lines and Balmer
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continuum, although there are also Fe ii lines on both sides beyond this region.

A local power-law continuum is defined with the two end points at 2220 and

4010Å. The flux is obtained by integrating the spectrum over this region,

and then subtracting the model Mg ii and fitted continuum. The results are

listed in Table 4.29–4.30 under column “local cont.”. The second method uses

a different continuum – the global UV-optical power-law continuum defined

in §4.3. The flux is integrated in the same wavelength range and the results

listed in the tables under “global cont.”. The EWs are calculated with the

corresponding fitted continua at 3115Å.

The two continua used to derive the flux of the small blue bump are

usually very different. Figure 4.29 show two extreme cases. The flux derived

with the global continuum is greater than that derived with the local contin-

uum by a factor of 1.5–2.5, the EW by a factor of 1.7–3.5. These two values

can be treated as lower and upper limits for the defined small blue bump,

although the lower limits are more plausible to represent the bump.

The small blue bump mainly consists of blended Fe ii lines and Balmer

continuum. The integrated flux above is not an accurate measure of the Fe ii

emission and Balmer continuum, but it is well representative of the relative

strength of Fe ii and Balmer continuum within the sample.

In a detailed study of Fe ii, Wills, Netzer, & Wills (1985) fitted some

QSO spectra with model Fe ii, and virtually deblended Fe ii, Balmer contin-

uum and Mg ii. They found that Fe ii emission provides ≥50% of the excess

energy above the continuum between 2000 and 4000 Å. The strength of Balmer

continuum is comparable to that of the Fe ii emission. Recently, Verner et al.

(1999) have studied the Fe ii emission using a large-scale model of the Fe+

ion that has been incorporated into CLOUDY (Ferland 1996). This improved
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Table 4.31 Uncertainties in the Fitting Parameters in the Mg ii Region

Mg ii

Flux 65%
EW 83%
FWHM 22%
Shift (km s−1) 25

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

model can possibly be used to estimate the Fe ii emission in observed spectra

in future work the same way as in Wills et al. (1985), although the model

is very sensitive to the actually BLR physical parameters, such as hydrogen

density and flux of hydrogen-ionizing photons.

As has been seen, the fitting of Mg ii and its uncertainty greatly de-

pends on the the small blue bump which is treated (assumed) as a smoothed

continuum. The EW of Mg ii is calculated with this local “continuum” which

is higher by 20–60% that of the local continuum under the small blue bump

(Figure 4.29). Therefore, the EWs of Mg ii may have been systematically

underestimated. However, the local continuum under the small blue bump

is probably not the true continuum, either, and the calculated EW of Mg ii

would have large uncertainty in any case. The flux and line width of Mg ii are

less affected by the choice of the continuum and thus are fairly well measured.

Table 4.31 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133. The continuum placement which

is 10% below the best fit is obviously too low in this region and results in the

large values of uncertainties in Mg ii parameters.
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4.5.6 Hβ+[O iii] region

Hβ region has been very useful in AGN studies because of the easy

access of both broad Hβ and narrow [O iii] lines in optical spectra for redshifts

up to ∼ 0.9, but the strong blended Fe ii emissions often contaminate this

region. Boroson & Green (1992) made an Fe ii template from a spectrum of

the narrow line Seyfert I Zw 1 for estimating and removing the Fe ii emission

in other QSO spectra. The template is broadened and scaled to match the

Fe ii emission in individual QSO spectra. They found that the FWHM of the

Fe ii is usually similar to the FWHM of Hβ. Although it is almost certainly

wrong to assume the intensity ratio of Fe ii blends is the same for all objects,

this is so far the most commonly used way to deal with this complication.

All the objects in my sample were included in their sample. I use the

same Fe ii template, but a slightly different method to measure and remove

the Fe ii emission. Based on the previous results, the FWHM of the Fe ii for

broadening is chosen to be the same as that of Hβ in Boroson & Green (1992).

The broadened template for each object is then used as an additional user-

defined continuum with a free scaling factor in the fitting with SPECFIT.

The step for broadening is 400 km s−1 in the templates. Tests show that

the broadening is not very sensitive with the FWHM in the fitting, and the

difference between the Hβ FWHMs of Hβ I measure and those in Boroson &

Green (1992) are usually within 300 km s−1.

The centroid of Hβ narrow component is sometimes tied with that of

[O iii], but very often an obvious discrepancy can be seen. This can be checked

in Table 4.33–4.35 when the velocity shifts of narrow Hβ and [O iii] are differ-

ent. A relative wavelength shift between the narrow and broad component of

Hβ is allowed. This can account for the Hβ asymmetry that has been noticed
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Table 4.32 Line Components and Free Parameters in the Hβ Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

wave component Flux Centroid FWHM ratio
Hβ . . . . . . . . . . 4861.32 broad free free free

narrow free free
[O iii] . . . . . . . 5006.84 1 free free free 3

4958.91 2 1
He ii . . . . . . . . 4685.65 broad free

narrow free
Fe ii . . . . . . . . . free

a Line intensity ratio within multiplets, from Baldwin et al. (1996).

long before. The intensity ratio of [O iii]λ5007/λ4959 is assumed to be 3:1

based on their statistical weights (Osterbrock 1989).

The fitting results are shown in Figure 4.30–4.32 and listed in Ta-

ble 4.33–4.35. For three objects, PG1202+281, PG1425+267, and PG1512+370,

a very narrow line in Hβ can be seen on top of a broader profile. This is sup-

posed to be the component from narrow line region (NLR), and is fitted using

an additional component with the same profile as that of [O iii]. The ‘total’

FWHM of Hβ is calculated from the model broad and narrow components

(excluding the NLR component) with their relative wavelength shift also con-

sidered.

The rest frame reference is defined with [O iii]λ5006.84Å from separate

spectra of this sample (§2.3.4). In the current fitting process, the [O iii] is

fitted together with Hβ and the Fe ii template, the measured shift in [O iii]

is often not close to zero as expected, this reflects the uncertainty of redshift

measurement and asymmetry of [O iii]. The uncertainty is usually within

100 km s−1(∆z ∼ 0.0003) for objects with strong [O iii]; and can be as large
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as 250 km s−1 (∆z ∼ 0.0008) for a few objects with weak [O iii], where sub-

traction of Fe ii is another source of significant uncertainty.

It should also be noted that unless for some objects with relatively

narrow line profiles, the measurement of weak He ii is very uncertain due to

the subtraction of Fe ii.

Table 4.36 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133.
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Figure 4.30 Model fitting to the Hβ region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
[O iii] lines, the broad and narrow components of Hβ and the sum of He ii.
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Figure 4.31 Model fitting to the Hβ region. Continued
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Figure 4.32 Model fitting to the Hβ region. Continued

188



Table 4.33 Fitting Parameters in the Hβ Region

Cont. Hβ [O iii] He ii Fe ii
narrow broad total NLR 5007Å narrow broad total blends

f1000 L4861 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Scale

PG0947+396 2.74E-14 45.05 1.23E-13 1.33E-13 2.56E-13 · · · 2.13E-14 9.25E-15 0.00E0 9.25E-15 2.60E-13
1.77 150.9 73.7 79.6 153.3 · · · 13.5 5.2 · · · 5.2 155.7
4478 5640 3964 19302 4570 · · · 615 3964 · · · 3964 4380

-85 600 · · · 5 515 · · · 0.23
PG0953+414 9.45E-14 45.44 1.98E-13 1.92E-13 3.90E-13 · · · 4.57E-14 1.02E-14 8.57E-16 1.11E-14 2.94E-13

2.12 113.0 59.8 58.0 117.8 · · · 14.7 2.8 0.2 3.1 89.4
4478 5640 2920 17904 3245 · · · 736 2920 17904 2945 3130

245 285 · · · -90 530 530 0.26
PG1001+054 4.87E-14 44.69 3.22E-14 6.19E-14 9.41E-14 · · · 1.25E-14 2.53E-16 3.67E-16 6.20E-16 1.92E-13

2.38 80.3 28.5 54.8 83.3 · · · 11.9 0.2 0.3 0.5 169.9
4478 5640 1718 3944 2385 · · · 1157 1718 3944 2238 1740

5 -255 · · · 0 -250 -250 0.17
PG1114+445 1.73E-13 44.97 1.43E-13 1.62E-13 3.05E-13 · · · 5.17E-14 8.14E-15 1.53E-14 2.34E-14 1.70E-13

2.64 104.5 53.8 60.9 114.7 · · · 21.0 2.8 5.2 8.0 64.6
4478 5640 3816 11912 4655 · · · 730 3816 11912 5215 4570

70 1660 · · · -95 1725 1725 0.15
PG1115+407 4.34E-14 44.75 6.84E-14 6.83E-14 1.37E-13 · · · 1.40E-14 1.74E-15 6.39E-15 8.13E-15 2.60E-13

2.16 100.0 47.8 47.8 95.6 · · · 10.5 1.1 4.1 5.3 183.1
4478 5640 1560 5709 1835 · · · 799 1560 5709 2632 1720

240 360 · · · 25 600 600 0.23
PG1116+215 2.35E-13 45.23 3.63E-13 3.87E-13 7.50E-13 · · · 3.77E-14 1.40E-14 5.45E-16 1.45E-14 1.01E-12

2.69 220.1 108.7 115.9 224.5 · · · 12.2 3.8 0.2 3.9 304.2
4478 5640 2917 19193 3250 · · · 1029 2917 19193 2922 2920

190 875 · · · -40 1065 1065 0.89
PG1202+281 2.26E-14 44.63 5.69E-14 1.42E-13 1.99E-13 7.20E-15 6.57E-14 3.25E-15 3.26E-16 3.58E-15 1.13E-13

2.00 197.7 59.5 148.5 208.0 7.5 72.9 3.2 0.3 3.5 118.7
4478 5640 3556 16047 4945 670 670 1370 16047 1372 5050

-275 2375 75 75 80 80 0.10
PG1216+069 7.58E-14 45.69 4.55E-14 2.14E-13 2.59E-13 · · · 3.19E-14 8.89E-16 0.00E0 8.89E-16 1.24E-13

1.99 83.7 14.0 65.6 79.6 · · · 10.4 0.3 · · · 0.3 37.9
4478 5640 2972 8553 5525 · · · 641 2972 · · · 2972 5190

40 170 · · · 40 210 · · · 0.11
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Table 4.34 Fitting Parameters in the Hβ Region. Continued

Cont. Hβ [O iii] He ii Fe ii
narrow broad total NLR 5007Å narrow broad total blends

f1000 L4861 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Scale

PG1226+023 5.44E-13 45.99 1.20E-12 2.20E-12 3.40E-12 · · · 1.11E-13 2.44E-14 0.00E0 2.44E-14 5.24E-12
1.99 149.1 51.3 94.0 145.3 · · · 5.0 1.0 · · · 1.0 223.9
4478 5640 3032 21388 3600 · · · 1246 3032 · · · 3032 3520

100 730 · · · 100 830 · · · 4.63
PG1309+355 4.98E-14 45.25 1.02E-13 1.64E-13 2.66E-13 · · · 6.48E-14 1.99E-15 0.00E0 1.99E-15 2.38E-13

1.71 76.3 30.6 49.3 79.9 · · · 20.4 0.6 · · · 0.6 71.5
4478 5640 3085 15751 3730 · · · 1011 3085 · · · 3085 2940

410 2810 · · · 30 3220 · · · 0.21
PG1322+659 6.12E-14 44.94 1.83E-14 1.18E-13 1.36E-13 · · · 1.39E-14 2.73E-15 6.42E-15 9.15E-15 2.04E-13

2.21 68.8 9.8 63.4 73.3 · · · 8.0 1.3 3.2 4.5 109.7
4478 5640 1437 4136 2970 · · · 520 1437 4136 2108 2790

55 85 · · · 55 140 140 0.18
PG1352+183 9.49E-14 44.71 9.86E-14 5.93E-14 1.58E-13 · · · 1.35E-14 8.02E-16 0.00E0 8.02E-16 1.92E-13

2.69 110.4 73.0 43.9 117.0 · · · 10.8 0.5 · · · 0.5 143.3
4478 5640 3889 19374 4205 · · · 755 3889 · · · 3889 3600

-30 2430 · · · -30 2400 · · · 0.17
PG1402+261 1.64E-13 45.06 1.48E-13 1.15E-13 2.63E-13 · · · 7.94E-15 1.48E-15 2.46E-14 2.61E-14 8.26E-13

2.64 109.9 58.7 45.6 104.4 · · · 3.4 0.5 8.8 9.4 326.5
4478 5640 1653 6064 1885 · · · 957 1653 6064 5113 1910

110 -225 · · · -240 -115 -115 0.73
PG1411+442 3.50E-13 44.87 3.67E-13 4.00E-13 7.67E-13 · · · 6.59E-14 3.30E-14 0.00E0 3.30E-14 7.92E-13

2.68 147.9 72.7 79.2 151.9 · · · 14.1 5.9 · · · 5.9 157.5
4478 5640 2623 16385 2950 · · · 731 2623 · · · 2623 2670

-80 295 · · · 70 215 · · · 0.70
PG1415+451 3.35E-14 44.62 9.64E-14 3.83E-14 1.35E-13 · · · 5.41E-15 2.17E-15 0.00E0 2.17E-15 4.19E-13

1.85 84.4 53.6 21.3 74.8 · · · 3.2 1.1 · · · 1.1 231.5
4478 5640 2308 6996 2490 · · · 769 2308 · · · 2308 2620

35 -820 · · · -250 -790 · · · 0.37
PG1425+267 2.97E-14 45.47 2.79E-14 1.66E-13 1.94E-13 4.51E-15 5.12E-14 0.00E0 0.00E0 0.00E0 7.92E-14

1.81 110.6 16.4 97.7 114.1 2.6 31.8 · · · · · · · · · 46.6
4478 5640 4528 16678 10155 686 686 · · · · · · · · · 9410

0 1140 0 0 · · · · · · 0.07
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Table 4.35 Fitting Parameters in the Hβ Region. Continued

Cont. Hβ [O iii] He ii Fe ii
narrow broad total NLR 5007Å narrow broad total blends

f1000 L4861 Flux Flux Flux Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift Shift Shift Scale

PG1427+480 4.65E-14 44.96 7.07E-14 4.87E-14 1.19E-13 · · · 3.71E-14 5.61E-15 1.30E-14 1.86E-14 1.02E-13
2.31 99.2 58.4 40.3 98.7 · · · 32.8 4.3 9.9 14.2 84.3
4478 5640 2035 6822 2295 · · · 705 2035 6822 2939 2540

320 730 · · · 5 1050 1050 0.09
PG1440+356 1.72E-13 44.78 1.36E-13 2.42E-13 3.78E-13 · · · 4.34E-14 1.15E-14 0.00E0 1.15E-14 1.29E-12

2.20 77.4 25.6 45.6 71.2 · · · 8.7 2.0 · · · 2.0 242.0
4478 5640 1069 2654 1455 · · · 771 1069 · · · 1069 1450

-5 -25 · · · -45 -30 · · · 1.14
PG1444+407 1.50E-13 45.35 4.35E-14 1.13E-13 1.57E-13 · · · 4.20E-15 1.34E-15 0.00E0 1.34E-15 6.67E-13

2.69 73.2 20.4 53.1 73.5 · · · 2.1 0.6 · · · 0.6 314.6
4478 5640 1618 4218 2435 · · · 625 1618 · · · 1618 2480

85 -80 · · · -215 5 · · · 0.59
PG1512+370 4.23E-14 45.35 4.69E-14 1.38E-13 1.85E-13 7.66E-15 6.82E-14 8.98E-15 0.00E0 8.98E-15 3.39E-14

2.23 152.4 37.8 111.3 149.1 6.2 58.8 6.6 · · · 6.6 27.1
4478 5640 4946 13953 8400 630 630 4946 · · · 4946 6810

-695 2460 45 45 -160 · · · 0.03
PG1543+489 4.10E-14 45.56 6.50E-14 9.00E-14 1.55E-13 · · · 1.13E-15 0.00E0 5.74E-15 5.74E-15 4.07E-13

1.98 92.7 36.3 50.3 86.6 · · · 0.7 · · · 3.0 3.0 227.4
4478 5640 1462 9617 1685 · · · 1000 · · · 9617 9617 1560

185 45 · · · 185 · · · 230 0.36
PG1626+554 1.20E-13 44.81 1.90E-13 1.61E-13 3.51E-13 · · · 1.35E-14 1.01E-14 0.00E0 1.01E-14 3.17E-13

2.55 166.7 89.2 75.6 164.8 · · · 6.8 4.3 · · · 4.3 148.8
4478 5640 4011 21209 4460 · · · 805 4011 · · · 4011 4490

285 160 · · · 55 450 · · · 0.28

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-law spectral index (fλ ∝ λαλ ). λ1, λ2—
end points for fitting regions. L4861—νLν at 4861Å in units of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW of
Hβ, calculated by integrating the spectra over 4478–5640Å and then subtracting the fitted continuum, the model Fe ii, He ii, [O iii] and Hβ NLR
components. Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated using the fitted continuum
beneath the line. FWHM—km s−1, ‘total’ FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line
centroid (km s−1), the components with the same shift are tied together in the fitting using their wavelengths. Scale—scaling factor for the
normalized Fe ii template.
a The shift of Hβ broad component is relative to its narrow component.
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Table 4.36 Uncertainties in the Fitting Parameters in the Hβ Region

Hβ [O iii] He ii Fe ii

Flux 18% 9% 3% 39%
EW 32% 0% 14% 55%
FWHM 0% 6% 5% · · ·
Shift (km s−1) 72 2 86 · · ·

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

4.5.7 He i region

Similar to the Mg ii region, the difficulty in fitting this region is in deter-

mining a proper continuum. When SPECFIT fails to determine a reasonable

power-law continuum in the fitting region due to noise or spectral complica-

tions, a continuum is defined by eye with two end points that appear to be

local continua. The broad component of He i that is weak is likely confused

by the continuum, but is not important in the total flux of He i.

Table 4.37 Line Components and Free Parameters in the He i Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratio

He i . . . . . . . . . 5875.70 broad free free free
narrow free free

It has been suggested that Na i λ5889.95, 5895.92 “D” doublet can be

strong in this region (Wampler & Oke 1967; Ward et al. 1984). Thompson

(1991b) fitted this region with both He i and Na i, and found that Na i can

sometimes be as strong as He i. In another study, Boroson & Meyers (1992)

show that He i dominates in most objects, but Na i is strong in BAL QSOs.

These studies use the expected rest wavelengths to identify and deblend He i
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and Na i, which are assumed to have the same profile. This deblending is not

unique and is very sensitive to line shift based on my test.

I use PG1114+445 as an example in the test, where the peak of the

He i+Na i feature is around 5885Å, clearly not the expected wavelength of

either He i or Na i doublet. The Na i λ5889.95, 5895.92 ratio in the doublet

is set to be 2:1 in accordance with their statistical weights, and each line is

assumed to have the same profile as He i with a broad and a narrow component.

In order to keep the same profile for all the lines, the flux ratio of the broad

to narrow component is fixed based on the results of a fitting in which no Na i

lines are introduced. The continuum level is also set this way. The centroid

of He i is fixed and the centroids of the doublet are tied with He i using their

expected wavelengths. The only two free parameters are the fluxes of He i and

Na i. I specify small shifts relative to the expected wavelengths of the lines

and fit the region separately. All the fits give almost identical result for this

region, but the relative contributions (deblending) from He i and Na i change

dramatically with the wavelength shifts (Figure 4.33). Table 4.38 lists the flux

ratio of He i to Na i doublet and the fraction of total flux for He i in each case.

A wavelength shift of 1 Å corresponds to a velocity shift of 51 km s−1

in this region. If the uncertainty of redshift is 100 km s−1 (typical for [O iii]

measurement, §4.5.6), the deblended He i/Na i ratio can be 0.17–0.70, or the

fitted flux of He i can change by a factor of almost 3. While the results show

that Na i can be strong in this region, the actually deblending is neither unique

nor reliable if we do not have other evidence for identifying the lines. One

should also be aware of the same problem of deblending this region in previous

studies. Due to these uncertainties, I simply assume there is only one dominant

He i feature in this region, but the resulting He i flux used in later sections is
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Figure 4.33 Different fittings to the He i+Na i region (PG1114+445). The
dotted lines show the data, and the thick solid lines the fitting results. Also
shown are the local continua and the sums of He i components and Na i doublet.
The flux ratio of He i/Na i doublet are shown as well as the shifts relative to
the expected wavelengths of the lines.
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Table 4.38 Flux Ratio of He i to Na i Doublet with Wavelength Shifts

Shift He i/Na i doublet He i/total
(Å) (flux ratio) (flux ratio)

−2 0.17 0.15
−1 0.28 0.22

0 0.40 0.29
1 0.54 0.35
2 0.70 0.41
3 0.90 0.47
4 1.14 0.53

Note: — A wavelength shift of 1 Å corresponds to a velocity shift of 51 km s−1 in

this region.

in fact a combination of both He i and Na i in general.

PG1512+370 does not show any evidence of an emission line in this

region.

Table 4.41 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133.
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Figure 4.34 Model fitting to the He i region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
the broad and narrow components of He i.
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Figure 4.35 Model fitting to the He i region. Continued
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Figure 4.36 Model fitting to the He i region. Continued
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Table 4.39 Fitting Parameters in the He i Region
Cont. He i

narrow broad total
f1000 L5876 Flux Flux Flux
−αλ EWint EW EW EW

Object λ1 λ2 FWHM FWHM FWHM
Shift Shift Shift

PG0947+396 1.60E-15 45.04 1.07E-14 2.02E-14 3.09E-14
0.10 21.5 7.9 15.0 22.9
5750 6039 3121 9244 4288

60 60
PG0953+414 4.75E-14 45.37 2.28E-14 1.72E-14 4.00E-14

1.70 16.7 9.7 7.3 17.1
5750 6039 2750 9037 3138

350 350
PG1001+054 1.98E-15 44.62 4.93E-15 9.14E-15 1.41E-14

0.51 16.2 6.1 11.4 17.5
5750 6039 2285 7802 3073

260 260
PG1114+445 1.25E-14 44.88 1.35E-14 4.48E-14 5.83E-14

1.10 31.5 7.6 25.2 32.8
5750 6039 2554 8906 4168

590 590
PG1115+407 2.98E-15 44.73 2.25E-14 3.25E-15 2.57E-14

0.56 22.5 20.3 2.9 23.2
5750 6039 2373 18110 2413

610 610
PG1116+215 2.12E-14 45.19 7.50E-14 2.00E-15 7.70E-14

1.20 32.4 29.6 0.8 30.4
5750 6039 3642 8724 3672

315 315
PG1202+281 2.68E-15 44.62 4.10E-15 2.12E-14 2.53E-14

0.71 31.5 5.4 27.8 33.2
5750 6039 1759 9675 3207

275 275
PG1216+069 8.95E-15 45.63 1.53E-15 3.10E-14 3.25E-14

0.75 13.1 0.7 13.1 13.7
5750 6039 580 8667 3918

30 30
PG1226+023 1.13E-14 45.98 1.45E-13 1.97E-13 3.42E-13

-0.29 16.9 7.7 10.4 18.1
5750 6039 3772 10293 4831

1240 1240
PG1309+355 2.50E-14 45.21 2.91E-14 2.00E-15 3.11E-14

1.30 13.6 11.6 0.8 12.4
5750 6039 3927 8686 3982

645 645
PG1322+659 8.25E-15 44.86 1.27E-14 1.13E-14 2.40E-14

1.05 18.6 9.8 8.8 18.6
5750 6039 2523 8921 2928

295 295
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Table 4.40 Fitting Parameters in the He i Region. Continued
Cont. He i

narrow broad total
f1000 L5876 Flux Flux Flux
−αλ EWint EW EW EW

Object λ1 λ2 FWHM FWHM FWHM
Shift Shift Shift

PG1352+183 9.40E-15 44.64 3.63E-15 2.23E-14 2.59E-14
1.30 27.7 3.9 23.7 27.6
5750 6039 1577 6444 3527

270 270
PG1402+261 5.28E-15 45.01 4.33E-14 0.00E0 4.33E-14

0.58 22.9 23.0 · · · 23.0
5750 6039 2427 · · · 2427

555 · · ·

PG1411+442 1.67E-14 44.79 3.04E-14 2.46E-14 5.50E-14
0.89 16.9 8.8 7.1 16.0
5750 6039 5584 2063 2590

245 245
PG1415+451 7.78E-15 44.60 1.58E-14 1.31E-14 2.89E-14

0.96 19.9 11.2 9.3 20.5
5750 6039 2371 7805 2736

400 400
PG1425+267 6.79E-15 45.43 3.00E-15 1.42E-14 1.72E-14

0.94 12.4 2.3 11.0 13.3
5750 6039 5392 8186 7352

-545 -545
PG1427+480 2.51E-15 44.88 1.10E-14 1.02E-14 2.12E-14

0.62 25.1 13.2 12.2 25.4
5750 6039 2193 7173 2575

455 455
PG1440+356 9.13E-15 44.72 4.55E-14 1.08E-14 5.63E-14

0.48 12.9 11.8 2.8 14.6
5750 6039 2059 7310 2153

350 350
PG1444+407 7.00E-15 45.25 1.91E-14 1.51E-14 3.42E-14

0.90 23.2 13.5 10.6 24.1
5750 6039 2240 7933 2563

645 645
PG1512+370 4.17E-15 45.32 0.00E0 0.00E0 0.00E0

0.82 6.2 · · · · · · · · ·

5750 6039 · · · · · · · · ·

· · · · · ·

PG1543+489 3.05E-15 45.49 8.07E-15 1.53E-14 2.34E-14
0.50 17.5 6.4 12.1 18.6
5750 6039 1950 11374 2417

470 470
PG1626+554 2.85E-15 44.72 2.41E-14 4.04E-14 6.45E-14

0.38 40.7 16.6 27.9 44.5
5750 6039 3668 11982 4847

530 530
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Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum
power-law spectral index (fλ ∝ λαλ ). λ1, λ2—end points for fitting regions. L5876—νLν at 5876Å in units
of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW of He i, calculated by
integrating the spectra over 5750–6039Å. Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest
frame equivalent width, calculated using the fitted continuum beneath the feature. FWHM—km s−1,
‘total’ FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line
centroid (km s−1).

Table 4.41 Uncertainties in the Fitting Parameters in the He i Region

He i

Flux 91%
EW 102%
FWHM 29%
Shift (km s−1) 16

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.

4.5.8 Hα region

The Hα broad and narrow components from BLR are fitted together

with the [N ii] and [S ii] doublets from NLR (Table 4.42). A relative wavelength

shift between the broad and narrow components of Hα is allowed. Similar

to Hβ region, three objects (PG1202+281, PG1425+267 and PG1512+370)

also have a NLR component of Hα, which is fitted with the same width as

[N ii] and [S ii]. The ‘total’ FWHM of Hα is calculated from the model broad

and narrow components (excluding the NLR component) with their relative

wavelength shift also considered.

The high S/N Hα line reveals that even with relative wavelength shift,

the combination of a broad and a narrow component does not produce a profile

that exactly matches the observed line profile, especially at the base of Hα

profile. The difference is small, and can hardly affect the measured Hα flux
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Table 4.42 Line Components and Free Parameters in the Hα Region

Gaussian Parameter
Line λ Component Flux Centroid FWHM Ratioa

Hα . . . . . . . . . . 6562.80 broad free free free
narrow free free free
NLR free free free

[N ii] . . . . . . . . 6548.06 1 free 1
6583.39 2 3

[S ii] . . . . . . . . 6716.47 1 free 1
6730.85 2 1

a Line intensity ratio within [S ii] doublet are assumed 1:1.

because the results due to the over- and under-fitted regions will mostly cancel

out. I therefore still stick with the two Gaussian components for consistency.

However, the discrepancy will affect the determination of the local continuum.

Therefore, for this region, a power-law continuum is defined with two end

points at 6328 and 6770Å which appear to be free of emission for most objects.

The forbidden line doublets [N ii] and [S ii] are assumed to have the

same width as [O iii]. This works well for most objects including PG1512+370,

in which [S ii] and Hα NLR component are strong. For a few other objects

(PG1202+281, PG1352+183, PG1425+267, and PG1440+356), a different

width from that of [O iii] has to be used for their narrow and strong NLR

components. This usually gives a width narrower than the width of [O iii] by

100–300 km s−1.

The intensity ratio of the two lines [N ii]λλ6548, 6583 is set to 1:3

in accordance with their Einstein A-values; and it is assumed to be 1:1 for

[S ii]λλ6716, 6731 doublet. This seems to be a good assumption based on

the fitting results of a few objects, such as PG1202+281, PG1425+267, and

PG1512+370, which have relatively strong [N ii] and [S ii] (Figure 4.37–4.39).
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These are also the objects with a significant NLR component in Hβ and Hα,

indicating consistent strong emissions from their NLRs.

[N ii] and [S ii] are weak compared with Hα. The fitting of [S ii] is

less confusing because it is on the weaker Hα wing, but in the case of [N ii],

the evidence of its existence is often the asymmetry of Hα line profile around

the peak, and no clear identification/deblending can be made. Therefore, the

measurement of [N ii] could be over- or under-estimated. However, the over-

estimation has little effect on the strong Hα, since [N ii] flux is usually only

< 2% that of Hα with an exception of 14% for PG1440+356 where strong

[N ii] gives better fitting to the obvious ‘bump’ on the right of the Hα profile.

The under-estimation is hard to evaluate, but it seems to be the case at least

for PG1512+370 where [N ii] is not present, but [S ii] is fitted and is relatively

strong.

Table 4.46 shows the estimated uncertainties of the fitting parameters

from PG0947+396 as described on page 133.
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Figure 4.37 Model fitting to the Hα region. The dotted lines show the data,
and the thick solid lines the fitting results. Also shown are the local continua,
the broad and narrow components of Hα and individual components of [N ii]
and [S ii] doublets.
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Figure 4.38 Model fitting to the Hα region. Continued
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Figure 4.39 Model fitting to the Hα region. Continued
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Table 4.43 Fitting Parameters in the Hα Region

Cont. Hα [N ii] [S ii]
narrow broad total NLR 6548Å 6716Å

f1000 L4861 Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift

PG0947+396 3.85E-15 45.05 2.88E-13 3.53E-13 6.41E-13 · · · 2.85E-15 0.00E0
0.60 550.4 230.4 282.4 512.8 · · · 4.6 · · ·

6328 6770 2956 7155 3740 · · · 615 · · ·

-150 765 · · · 540 · · ·

PG0953+414 1.67E-14 45.38 4.16E-13 4.12E-13 8.28E-13 · · · 1.00E-15 1.63E-15
1.10 397.6 197.2 195.3 392.4 · · · 1.0 0.8
6328 6770 2155 5942 2600 · · · 736 736

80 20 · · · -5 -5
PG1001+054 2.65E-14 44.63 9.88E-14 2.11E-13 3.10E-13 · · · 1.97E-16 1.50E-15

1.90 437.4 133.0 284.0 417.0 · · · 0.5 2.1
6275 6770 1174 3920 1650 · · · 1157 1157

100 -215 · · · 100 100
PG1114+445 7.80E-15 44.92 2.94E-13 7.46E-13 1.04E-12 · · · 0.00E0 4.80E-15

0.80 606.9 169.9 431.2 601.2 · · · · · · 2.8
6328 6770 2549 6482 3810 · · · · · · 730

120 150 · · · · · · -5
PG1115+407 1.70E-14 44.74 2.59E-13 2.19E-13 4.78E-13 · · · 0.00E0 3.03E-15

1.50 492.1 256.4 216.8 473.3 · · · · · · 3.1
6328 6770 1416 4801 1640 · · · · · · 799

240 265 · · · · · · 0
PG1116+215 1.05E-13 45.22 7.85E-13 9.81E-13 1.77E-12 · · · 0.00E0 3.90E-15

2.00 733.6 321.7 402.0 723.8 · · · · · · 1.7
6328 6770 2097 6057 2630 · · · · · · 1029

240 -130 · · · · · · 240
PG1202+281 3.20E-15 44.65 2.63E-13 2.58E-13 5.21E-13 1.89E-14 2.37E-15 2.51E-15

0.79 719.6 363.3 356.3 719.6 26.1 6.5 3.5
6328 6770 3309 9304 3980 399 399 399

-345 775 105 105 105
PG1216+069 1.20E-14 45.65 2.81E-13 5.50E-13 8.31E-13 · · · 0.00E0 0.00E0

0.90 380.5 127.1 248.9 376.0 · · · · · · · · ·

6200 6770 2784 7435 3885 · · · · · · · · ·

225 -155 · · · · · · · · ·
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Table 4.44 Fitting Parameters in the Hα Region. Continued

Cont. Hα [N ii] [S ii]
narrow broad total NLR 6548Å 6716Å

f1000 L4861 Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift

PG1226+023 4.90E-13 46.01 3.44E-12 3.68E-12 7.12E-12 · · · 0.00E0 2.25E-14
1.75 393.4 189.0 202.2 391.2 · · · · · · 1.3
6328 6770 2543 7020 3105 · · · · · · 1246

175 190 · · · · · · 175
PG1309+355 1.80E-14 45.22 3.03E-13 3.59E-13 6.62E-13 · · · 0.00E0 3.46E-15

1.10 296.5 133.5 158.1 291.6 · · · · · · 1.6
6328 6770 2382 6515 2975 · · · · · · 1011

330 560 · · · · · · 225
PG1322+659 3.30E-14 44.85 2.33E-13 2.32E-13 4.65E-13 · · · 0.00E0 2.07E-15

1.80 424.1 208.0 207.1 415.2 · · · · · · 1.9
6328 6770 2106 6283 2525 · · · · · · 520

255 -95 · · · · · · 45
PG1352+183 2.90E-14 44.63 2.72E-13 1.72E-13 4.44E-13 · · · 0.00E0 1.68E-15

1.90 546.1 334.6 211.6 546.1 · · · · · · 2.2
6328 6770 3150 8178 3575 · · · · · · 400

225 -285 · · · · · · -5
PG1402+261 2.50E-13 44.99 4.69E-13 3.53E-13 8.22E-13 · · · 0.00E0 3.46E-15

2.68 524.2 291.3 219.2 510.6 · · · · · · 2.3
6328 6770 1639 5920 1860 · · · · · · 957

125 -60 · · · · · · -5
PG1411+442 4.90E-13 44.78 7.07E-13 1.09E-12 1.80E-12 · · · 0.00E0 5.41E-15

2.70 600.0 231.8 357.4 589.2 · · · · · · 1.9
6328 6770 1673 5378 2170 · · · · · · 731

-110 145 · · · · · · -110
PG1415+451 3.20E-14 44.61 2.47E-13 2.03E-13 4.50E-13 · · · 0.00E0 5.89E-16

1.70 358.0 188.5 155.0 343.5 · · · · · · 0.5
6328 6770 1644 4103 1940 · · · · · · 900

115 -540 · · · · · · 115
PG1425+267 7.00E-15 45.47 6.17E-14 4.85E-13 5.47E-13 4.77E-15 7.89E-16 1.15E-15

0.91 430.9 49.0 384.9 433.9 3.8 1.3 0.9
6328 6770 2570 9995 6560 300 300 300

310 -120 10 10 10
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Table 4.45 Fitting Parameters in the Hα Region Continued

Cont. Hα [N ii] [S ii]
narrow broad total NLR 6548Å 6716Å

f1000 L4861 Flux Flux Flux Flux Flux Flux
−αλ EWint EW EW EW EW EW EW

Object λ1 λ2 FWHM FWHM FWHM FWHM FWHM FWHM
Shift Shifta Shift Shift Shift Shift

PG1427+480 2.30E-14 44.90 1.73E-13 1.55E-13 3.28E-13 · · · 0.00E0 1.97E-15
1.80 433.2 222.4 199.2 421.6 · · · · · · 2.6
6328 6770 1654 4339 1965 · · · · · · 705

185 355 · · · · · · -95
PG1440+356 1.50E-13 44.72 6.17E-13 6.38E-13 1.26E-12 · · · 2.32E-14 7.71E-15

2.00 382.2 177.3 183.3 360.6 · · · 13.3 2.3
6328 6770 958 3253 1145 · · · 600 600

-5 -105 · · · -5 -5
PG1444+407 1.70E-13 45.26 3.08E-13 2.82E-13 5.90E-13 · · · 0.00E0 0.00E0

2.60 470.3 240.6 220.3 460.9 · · · · · · · · ·

6328 6770 2086 7051 2445 · · · · · · · · ·

65 85 · · · · · · · · ·

PG1512+370 5.40E-15 45.30 5.09E-14 3.75E-13 4.26E-13 1.05E-14 6.81E-16 5.11E-15
0.99 513.1 60.6 446.4 507.0 12.5 1.6 6.2
6328 6770 2426 8287 6030 630 630 630

455 -945 -5 -5 -5
PG1543+489 9.00E-15 45.55 1.79E-13 2.66E-13 4.45E-13 · · · 0.00E0 0.00E0

1.02 514.4 135.6 201.5 337.1 · · · · · · · · ·

6328 6770 1160 4230 1470 · · · · · · · · ·

250 -205 · · · · · · · · ·

PG1626+554 2.30E-14 44.75 4.49E-13 3.18E-13 7.67E-13 · · · 0.00E0 3.25E-16
1.50 563.5 327.7 232.1 559.8 · · · · · · 0.2
6328 6770 3247 6629 3780 · · · · · · 805

115 1055 · · · · · · -5

Note.— f1000—rest frame continuum flux density at 1000Å (erg cm−2 s−1 Å−1). αλ—continuum power-law spectral index (fλ ∝ λαλ ). λ1, λ2—
end points for fitting regions. L6563—νLν at 6563Å in units of log(erg s−1), assuming H0=50 km s−1Mpc−1, q0=0.5. EWint—integrated EW
of Hα, calculated by integrating the spectra over 6328–6770Å and then subtracting the fitted continuum, the model [N ii], [S ii], and Hα NLR
components. Flux—rest frame line flux density (erg cm−2 s−1 Å−1). EW—rest frame equivalent width, calculated using the fitted continuum
beneath the line. FWHM—km s−1, ‘total’ FWHM is calculated from the narrow and broad Gaussian components. Shift—velocity shift of line
centroid (km s−1), the components with the same shift are tied together in the fitting using their wavelengths.
a The shift of Hα broad component is relative to its narrow component.
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Table 4.46 Uncertainties in the Fitting Parameters in the Hα Region

Hα [N ii] [S ii]

Flux 8% 1% · · ·
EW 21% 8% · · ·
FWHM 1% · · · · · ·
Shift (km s−1) 48 · · · · · ·

Note.— Estimated from the spectrum of PG0947+396 as described on page 133.
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4.6 Analysis and Results

4.6.1 Direct Correlation Analysis

Seeking correlations among parameters of continua and emission lines

in AGN spectra is a common and useful way to reveal the structures and the

physical conditions in AGN and help to improve models. SPCA analyses in

Chapter 3 have effectively reproduced and revised some of the most important

correlations and suggested possible interpretations. However, some spectral

parameters are not available in SPCA, and some cannot be analyzed quan-

titatively, such as line width, as changing line width introduces non-linear

relationships among flux bins. Therefore, I apply the direct correlation analy-

ses to some selected parameters and also compare them with the SPCA results

in this section.

Table 4.47 Chance Probability (P ) from Correlation Coefficient r and Sample
Size N

Correlation Coefficient r
N 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

15 0.1396 0.0924 0.0577 0.0337 0.0181 0.0087 0.0037 0.0013 0.0003
16 0.1248 0.0803 0.0486 0.0273 0.0140 0.0064 0.0025 0.0008 0.0002
17 0.1116 0.0699 0.0410 0.0222 0.0109 0.0047 0.0018 0.0005 0.0001
18 0.1000 0.0610 0.0346 0.0180 0.0085 0.0035 0.0012 0.0003 0.0001
19 0.0897 0.0532 0.0293 0.0147 0.0066 0.0026 0.0008 0.0002 0.0000
20 0.0806 0.0465 0.0248 0.0120 0.0052 0.0019 0.0006 0.0001 0.0000
21 0.0724 0.0407 0.0210 0.0098 0.0040 0.0014 0.0004 0.0001 0.0000
22 0.0651 0.0356 0.0178 0.0080 0.0032 0.0011 0.0003 0.0001 0.0000

For various reasons, some parameters are not available for some objects.

The number of data points in different correlations can be different and will

be marked in the correlation tables. A two-tailed probability of a correlation

arising by chance can be calculated from the correlation coefficient and sample
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size. Table 4.47 lists the probabilities for different correlation coefficients and

sample sizes suitable for this study and can be used to evaluate the significance

of a correlation.

4.6.1.1 Continuum Luminosity

In §4.5, when an emission line region is fitted, a local continuum lu-

minosity at the wavelength of the major emission line is also obtained from

the fitted continuum, assuming H0 = 50 kms−1Mpc−1, q0 = 0.5, for example,

L1216, L1549, etc. These are actually νLν at the corresponding wavelengths in

units of erg s−1, and they are obtained independently from region to region.

Table 4.48 Pearson Correlation Coefficients of Luminosities

L1216 L1549 L1909 L2798 L4861 L5876 L6563 L0.3keV L2keV

L1216 1.000
L1549 0.995 1.000
L1909 0.993 0.998 1.000
L2798 0.960 0.969 0.976 1.000
L4861 0.903 0.920 0.927 0.971 1.000
L5876 0.906 0.922 0.929 0.972 0.997 1.000
L6563 0.901 0.919 0.926 0.971 0.996 0.999 1.000
L0.3kev 0.714 0.713 0.698 0.652 0.566 0.577 0.572 1.000
L2kev 0.680 0.672 0.701 0.689 0.614 0.632 0.629 0.908 1.000

Note:– The whole sample of 22 objects are used in calculating the correlation
coefficients except for those involving L1909, where 21 objects are used.

When comparing these luminosities, I find that L1216, L1549 and L1909

have very tight relationships with little scatter (r > 0.99, Table 4.48, Fig-

ure 4.40). This is because they are all derived in a relatively narrow wave-

length range; although they are fitted independently, the fitted continuum

flux is dominated by the QSO luminosity and the similar global continuum
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Figure 4.40 Relationships of selected luminosities at different wavelengths. All
luminosities are νLν in units of log(erg s−1)

shape instead of the local continuum slope for each region. Same is true for

L4861, L5876 and L6563. However, between these two groups, e.g., L1549 and

L4861, the scatter in the correlation is much larger (r < 0.93, Figure 4.40), and

as expected, L2798 seems not to have the same tight relationship with either

group (r ∼ 0.97).

Soft X-ray luminosities L0.3keV and L2keV (Laor et al. 1997a) seem to

have a fairly strong correlation (r = 0.91, Figure 4.40), but they have loose

relationships with UV-optical luminosities. Interestingly, there is a decreasing
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Figure 4.41 Luminosity vs. redshift. All luminosities are νLν in units of
log(erg s−1)

correlation between L0.3keV and Lλ(UV/opt) as wavelength increases. This prob-

ably indicates again that the overall continuum shape of QSOs are similar and

L0.3keV is more closely related to luminosities derived at closer wavelengths.

This could also explain the correlation between L0.3keV and L2keV , and there

is no evidence that extinction plays any role in these correlations.

Clearly, some luminosities are equivalent in describing the QSO lumi-

nosity in different regions. I choose L1549, L4861, and L2keV to represent the UV,

optical and (soft) X-ray luminosities, respectively, in the following correlation

analyses.

Figure 4.41 plots the luminosity against redshift for this low redshift

sample. There seems to be a trend that luminosity depends on redshift for

most objects, but this is probably due to the small size of the sample. Since

the redshift range is small in this sample, it is appropriate not to emphasize

the apparent redshift dependence (or evolution). It can also been seen from

the figure that the majority of the sample has a redshift between 0.13 and

0.24.
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Figure 4.42 αouv1 and αouv2 before and after host galaxy correction. Only 17
objects with host galaxy measurement and correction are shown.

4.6.1.2 UV-optical Spectral Index

UV-optical spectral indices αouv1 (1150–5600Å) and αouv2 (5600–6900Å)

are measured by fitting a broken power-law to the UV-optical continuum (fν ∝
ναν , §4.3, Table 4.4). There are two sets of αouv1 and αouv2, one before the

host galaxy correction, and the other after. Their values before and after the

host galaxy correction are closely related, especially for αouv1 (Figure 4.42,

Table 4.49). Therefore, the two sets would be equivalent in representing the

continuum slopes in the correlation analyses. For 5 objects, there is no host

galaxy correction due to lack of observations, and no αouv1 or αouv2 is measured

for the set after host galaxy correction. αouv1 and αouv2 before host galaxy

correction are used in most analyses.

Table 4.49 lists the correlation coefficients between spectral index pa-

rameters and many other parameters such as luminosity, line width and shift

etc. The probability (P ) for chance correlations can be found in Table 4.47.

One notices that the broken power-law indices αouv1 and αouv2 are independent
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(P ∼ 37%), and their difference ∆αouv does not correlate with any parameters

other than those related to the spectral index.

One strong correlation exists between αouv1 and spectral principal com-

ponent 2 (SPC2). This is expected, because SPC2 represents the change of

UV continuum slope. The continuum slope does not correlated with either

SPC1 or SPC3, in agreement with the SPCA results that all principal com-

ponents are independent. This is further confirmed by the lack of a direct

correlation between the continuum slope and the luminosity (SPC1) or the

line width (SPC3). The line velocity shifts do not depend on the continuum

slope, either.

The lack of a correlation between UV-optical continuum slope and lu-

minosity has been noted in previous studies (e.g., Francis 1993; Natali et al.

1998). This suggests that the UV-optical continuum hardness is not the rea-

son behind the Baldwin effect. Using UV-optical spectral index of QSOs from

the LBQS, Francis (1993) suggests that the continuum slope depends on the

redshift instead of luminosity, suggesting an evolution effect and explaining

that luminous high-redshift QSOs have intrinsically harder optical-UV contin-

uum slopes. However, recent studies have shown increasing evidence that the

continuum becomes softer for more luminous AGNs (e.g., Wilkes et al. 1994;

Green et al. 1995; Wang et al. 1998), but the continuum slope in these studies

involve soft X-ray observations and are either αox or αuvx. If we believe αouv1

and αX are on different sides of the big blue bump (Figure 4.10), αox and αuvx

only roughly represent the real optical-UV-X-ray SED, and can be very differ-

ent from αouv and αX. The optical-UV-X-ray SED can be better described by

αouv and αX, which are independent in this sample, and αX does not depend

on the luminosity, either.
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Table 4.49 Correlation Coefficients for Spectral Indices

αouv1 αouv2 ∆αouv αa
ouv1′ αa

ouv2′ ∆αa
ouv′ ∆αa

ouv1 ∆αa
ouv2

αouv1 1.00
αouv2 0.22 1.00
∆αouv 0.60 -0.65 1.00
αa

ouv1′ 0.99 0.18 0.66 1.00
αa

ouv2′ 0.20 0.96 -0.61 0.17 1.00
∆αa

ouv′ 0.53 -0.67 0.98 0.56 -0.72 1.00
∆αa

ouv1 -0.53 -0.51 -0.02 -0.40 -0.29 -0.04 1.00
∆αa

ouv2 0.06 0.22 -0.23 0.02 0.48 -0.39 0.57 1.00
Wb

SPC1 0.07 -0.13 0.14 0.03 -0.09 0.09 0.15 -0.07
Wb

SPC2 -0.90 -0.01 -0.52 -0.89 0.12 -0.57 0.10 -0.15
Wb

SPC3 0.07 0.18 -0.10 -0.04 -0.11 0.07 0.40 0.07
αX -0.25 -0.46 0.18 -0.44 -0.43 0.05 -0.02 -0.40
Ma

H,host -0.08 -0.07 -0.01 -0.06 -0.02 -0.02 0.18 0.16

Fhost/F
a
total -0.38 -0.58 0.16 -0.26 -0.35 0.11 0.92 0.59

L2keV 0.26 -0.18 0.35 0.25 -0.18 0.33 -0.51 -0.62
L1549 0.51 0.28 0.16 0.53 0.24 0.17 -0.70 -0.38
L4861 0.15 0.26 -0.09 0.16 0.25 -0.10 -0.64 -0.40
FWHM Lyα 0.15 -0.01 0.13 0.45 0.05 0.27 0.17 0.44
FWHM C iv 0.23 0.07 0.12 0.39 0.03 0.25 -0.07 0.13
FWHM Hβ -0.18 -0.33 0.13 -0.36 -0.24 -0.05 0.17 -0.06
FWHM Hα -0.16 -0.34 0.16 -0.28 -0.19 -0.04 0.10 -0.05
Shift Lyα -0.54 -0.40 -0.09 -0.70 -0.26 -0.28 0.30 -0.00
bShift C iv 0.04 -0.04 0.07 0.05 0.35 -0.26 -0.33 0.11
nShift C iv -0.32 -0.38 0.07 -0.52 -0.16 -0.23 0.06 -0.05
bShift Hβ -0.23 -0.29 0.06 -0.34 -0.22 -0.06 0.07 -0.07
nShift Hβ 0.17 0.46 -0.24 0.32 0.45 -0.15 -0.45 0.12
bShift Hα 0.08 0.04 0.03 0.06 0.00 0.04 -0.32 -0.03
nShift Hα 0.31 0.20 0.07 0.34 0.35 -0.06 -0.33 0.13

Note:— 22 objects are used unless noted. When two parameters have different dimensions,

the correlation coefficient can only be calculated using a smaller dimension where both

parameters are available. Important correlations are marked in bold face. αouv1, αouv2 and

∆αouv (=αouv1−αouv2) are before host galaxy correction; those which a prime are after.

∆αouv1 and ∆αouv2 are the changes in αouv1 and αouv2 before and after the host galaxy

correction. bShift and nShift are for broad and narrow component, respectively.
a 17 objects
b 18 objects are used for αouv1, αouv2 and ∆αouv; 14 for the others.
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Figure 4.43 Illustration of spectral indices changing with UV bump shift. The
thick lines indicate the slope in each region. When the big blue bump shifts,
αouv and αX change little, while αuvx (and αox, not shown here) changes dra-
matically.

In recent models, Wandel (1999a,b) suggests that the evolution of black

hole mass determines the UV bump as well as the continuum luminosity. As

the black hole mass increases, luminosity increases and the UV bump shifts

to longer wavelength. The UV bump shift will dramatically soften αox and

αuvx due to the flux increase in the UV-optical and decrease in the soft X-ray;

αouv and αX are not sensitive to the UV bump shift, since they are probably

still on different sides of the bump and the slopes on both sides change little.

Figure 4.43 illustrates this scenario. If luminosity is related to the big blue

bump shift, as suggested in the models, this can explain both the correlation

between luminosity and αox (or αuvx), and the lack of correlation between

luminosity and αouv (or αX).
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Figure 4.44 (a) Relative contribution of host galaxy vs. QSO luminosity. (b)
Host galaxy H-band absolute magnitude vs. QSO luminosity. Only 17 objects
with host galaxy measurement and correction are shown.

4.6.1.3 Host Galaxy

In Table 4.49, ∆αouv1 and ∆αouv2 are, respectively, the differences in

αouv1 and αouv2 before and after the host galaxy correction. αouv1 is strongly

correlated with Fhost/Ftotal (P < 10−4), the host galaxy fraction of the total

flux at about 6200Å. In fact, the host galaxy correction in the UV is negligible,

the slope change in αouv1 is determined by the host galaxy correction in the

optical, and ∆αouv1 can be used as a measure of the relative strength of the

host galaxy contribution.

As expected, Figure 4.44a shows that the relative contribution of the

host galaxy decreases with increasing QSO luminosity. In addition, ∆αouv1

shows no dependence on WSPC2, indicating that the star light from the host

galaxy contributes little in the change of QSO UV-optical continuum slope.

The slope in SPC2 therefore results mainly from the intrinsic UV-optical con-

tinuum slope and dust reddening.
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Figure 4.44b plots the absolute magnitude of the host galaxy (H-band)

MH,host against QSO luminosity L1549. The diagonal line is drawn descrip-

tively to indicate a fixed Eddington accretion rate. McLeod, Rieke & Storrie-

Lombardi (1995) have a similar plot with more objects. Assuming a mass-

to-light ratio for the spheroid and a bolometric correction for QSO B-band

light, they derive the Eddington rate by using the Magorrian et al. (1998)

relation MBH ∼ 0.006Mspheroid to relate the host galaxy to the QSO. They

claim quasars in their sample radiates at up to 20% of the Eddington rate.

4.6.1.4 Black Hole Mass and Eddington Ratio

It has been a common practice to estimate the central black hole mass

with reverberation mapping, especially after the discovery that the black hole

mass determined from spatially resolved kinematics of nearby normal galaxies

gives consistent results (Gebhardt et al. 2000b). Given the velocity dispersion

and size of the broad line emitting region, the black hole mass

MBH = RBLR v2/G. (4.1)

Hβ is often used for estimating the velocity dispersion, v ≈ FWHM(Hβ), and

RBLR is the size of the BLR and can be estimated empirically by reverberation

mapping studies (Kaspi et al. 2000),

RBLR = 32.9

[

λLλ(5100Å)

1044erg s−1

]0.70

light days. (4.2)

Combining eq. 4.1 and 4.2, we have

M8 = 1.2 v2
1000L

0.7
46 (4.3)

where M8 ≡ MBH/108M�, v1000 ≡ FWHM(Hβ)/1000 km s−1 and L46 ≡
λLλ(5100Å)/1046 erg s−1.
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For spherical accretion, the Eddington luminosity in units of 1046erg s−1

is LEdd = 1.25M8 (§1). The bolometric luminosity can be roughly estimated

as Lbol = 9λLλ(5100Å) = 9L46 (Kaspi et al. 2000), and then one can obtain

the Eddington rate

Lbol/LEdd = 9 L46/1.25M8 = 6.0 v−2
1000L

0.3
46 . (4.4)

Table 4.50 lists the black hole mass and Eddington ratio calculated from (4.3)

and (4.4) for this sample together with some other parameters. The values for

the Eddington rate are large and some are even greater than 1. This is because

the assumption of spherical accretion is probably not correct, or simply the

QSO luminosity is not isotropic.

The black hole masses are of reasonable order of magnitude, but the

actual calculated value for one object often differs in different studies due to

the uncertainty in emission line measurements as well as in the assumption of

Lbol, for example, a 10% uncertainty in Hβ width and luminosity will result

in a 17% uncertainty in the black hole mass. Another uncertainty comes from

the relationship between RBLR and L. While simple photoionization models

and early studies suggest RBLR ∝ L0.5 (e.g., Korista & Gaskell 1995; Kaspi et

al. 1996), recent reverberation mapping results show RBLR ∝ L0.7 (Kaspi et al.

2000). Due to these uncertainties in different studies, when collecting informa-

tion on AGN black hole mass from the literature, one must note whether they

are comparable or not. However, within an individual study, the estimated

(relative) black hole masses and Eddington rates may be compared, because

the QSO spectra are measured uniformly and the assumptions are the same.

Significant correlations are marked in bold face in Table 4.51. MBH

and log(MBH) are closely related, and are not specially distinguished in the
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Table 4.50 Black Hole Mass and Eddington Ratio

Object z FWHM(Hβ) λLλ(5100Å)a Lbol MBH L/LEdd

(km s−1) log(erg s−1) log(erg s−1) (108M�)
PG0947+396 0.2056 4570 45.07 46.02 8.09 0.69
PG0953+414 0.2341 3245 45.46 46.41 8.21 1.27
PG1001+054 0.1603 2385 44.71 45.66 7.55 1.03
PG1114+445 0.1440 4655 45.00 45.95 8.05 0.65
PG1115+407 0.1541 1835 44.78 45.73 7.49 1.40
PG1116+215 0.1759 3250 45.25 46.20 8.07 1.10
PG1202+281 0.1651 4945 44.66 45.61 7.84 0.48
PG1216+069 0.3319 5525 45.71 46.66 8.62 0.89
PG1226+023 0.1575 3600 46.01 46.96 8.64 1.68
PG1309+355 0.1823 3730 45.28 46.23 8.15 0.98
PG1322+659 0.1675 2970 44.96 45.91 7.82 0.98
PG1352+183 0.1510 4205 44.74 45.69 7.82 0.60
PG1402+261 0.165 1885 45.08 46.03 7.71 1.70
PG1411+442 0.0895 2950 44.89 45.84 7.77 0.95
PG1415+451 0.1143 2490 44.64 45.59 7.52 0.95
PG1425+267 0.3637 10155 45.49 46.44 8.73 0.41
PG1427+480 0.2203 2295 44.98 45.93 7.73 1.30
PG1440+356 0.0773 1455 44.79 45.74 7.40 1.78
PG1444+407 0.267 2435 45.37 46.32 8.02 1.59
PG1512+370 0.3700 8400 45.36 46.31 8.56 0.46
PG1543+489 0.400 1685 45.58 46.53 8.01 2.66
PG1626+554 0.1317 4460 44.83 45.78 7.91 0.60

a calculated using the local power-law continuum in Hβ region.

discussion below. Since MBH and L/LEdd are calculated from FWHM(Hβ)

and luminosity (eq. 4.3, 4.4), they are expected to closely related to the line

FWHMs and continuum luminosities. However, it does not cause the calcu-

lated MBH and L/LEdd to be coupled (Figure 4.45).

As discussed in §3.6, SPC3 seems to be closely related to both MBH

(P = 0.003) and L/LEdd (P = 0.001), as also shown in Figure 4.46. It still

can not be concluded which parameter drives SPC3, but L/LEdd seems more

plausible as suggested in previous studies (e,g., Laor et al. 1997a; Boroson

2002, see also §3.6). This issue needs to be explored with larger samples.
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Table 4.51 Correlation Coefficients for MBH and L/LEdd

MBH log MBH L/LEdd Lbol

MBH 1.00
log MBH 0.93 1.00
L/LEdd -0.22 -0.24 1.00
Lbol 0.77 0.84 0.31 1.00
αouv1 -0.02 -0.03 0.30 0.15
αouv2 -0.13 0.03 0.47 0.25
∆αouv 0.09 -0.01 -0.15 -0.09
∆αa

ouv1 -0.46 -0.45 -0.43 -0.63

∆αa
ouv2 -0.46 -0.35 -0.21 -0.40

Wb
SPC1 -0.40 -0.46 -0.24 -0.60

Wb
SPC2 0.23 0.16 -0.10 0.15

Wb
SPC3 -0.58 -0.66 0.73 -0.23

αX 0.62 0.67 -0.42 0.41
Ma

H,host -0.80 -0.75 -0.34 -0.84

L2keV 0.53 0.62 0.031 0.61
L1549 0.62 0.69 0.42 0.91
L4861 0.77 0.83 0.31 1.00
FWHM Lyα 0.49 0.40 -0.22 0.21
FWHM C iv 0.42 0.37 0.13 0.36
FWHM Hβ 0.76 0.74 -0.69 0.29
FWHM Hα 0.72 0.75 -0.71 0.29
Shift Lyα -0.16 -0.08 -0.45 -0.31
bShift C iv 0.20 0.26 -0.44 0.10
nShift C iv 0.10 0.14 -0.61 -0.12
bShift Hβ 0.18 0.33 -0.42 0.06
nShift Hβ -0.26 -0.20 0.40 0.07
bShift Hα -0.08 0.04 -0.10 -0.00
nShift Hα 0.41 0.37 0.07 0.41

Note:— 22 objects are used unless noted. When two parameters have different
dimensions, the correlation coefficient can only be calculated using a smaller
dimension where both parameters are available. Important correlations are marked
in bold face. bShift and nShift are for broad and narrow components, respectively.
a 17 objects
b 18 objects
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Figure 4.45 L/LEdd vs. MBH . No dependence is seen although they both are
calculated from FWHM(Hβ) and luminosity.

Figure 4.46 WSPC3 vs. MBH and L/LEdd.
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Figure 4.47 MBH vs. MH,host, H-band absolute magnitude of host galaxy.

The correlation between MBH and host galaxy luminosity MH,host (Fig-

ure 4.47) reveals the relationship between the central mass and the spheroid

mass after assuming a mass-to-light ratio for the spheroid.

4.6.1.5 UV-optical Line Widths

Under the virial assumption, emission line widths give us the veloc-

ity dispersion of the emitting clouds in BLR. Table 4.52 lists the correlation

coefficients of FWHMs of the important UV-optical emission lines and their

components. The total FWHM of a broad emission line is calculated from its

fitted broad and narrow components (§4.5). For Lyα, C iv, Mg ii and Hβ, the

total FWHM is related to the FWHM of the narrow component more closely

than that of the broad component; for Hα, both the narrow and broad com-

ponents are important. The FWHMs of broad and narrow components are

also related in Hβ and Hα. These are actually clearly shown in the line fitting

figures (§4.5) and in Table 4.52 with those correlation coefficients in italics

and above the underlined entries. The correlations involving FWHMs of the
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Table 4.52 Correlation Coefficients for Emission Line FWHMs
Lyα C iv Mg ii Hβ [O iii] Hα

T B N T B N T B N T B N T B N
Lyα T 1
Lyα B 0.06 1
Lyα N 0.61 0.39 1
C iv T 0.77 0.13 0.23 1
C iv B 0.36 -0.15 0.11 0.51 1
C iv N 0.55 0.15 0.17 0.90 0.40 1
Mg ii T 0.69 -0.12 0.27 0.55 0.64 0.25 1
Mg ii B -0.13 -0.07 -0.09 -0.09 -0.30 0.11 -0.52 1
Mg ii N 0.61 -0.09 0.31 0.47 0.63 0.22 0.97 -0.52 1
Hβ T 0.57 -0.16 0.22 0.39 0.67 0.08 0.91 -0.60 0.83 1
Hβ B 0.23 -0.02 0.33 0.03 0.33 -0.18 0.49 -0.46 0.51 0.46 1
Hβ N 0.34 -0.16 0.22 0.18 0.57 -0.12 0.76 -0.67 0.72 0.85 0.77 1
[O iii] -0.05 -0.07 -0.16 0.03 -0.11 0.01 -0.29 0.16 -0.32 -0.33 0.15 -0.21 1
Hα T 0.51 -0.16 0.22 0.38 0.72 0.09 0.90 -0.64 0.86 0.98 0.53 0.90 -0.35 1
Hα B 0.40 -0.07 0.21 0.34 0.76 0.16 0.80 -0.53 0.83 0.82 0.56 0.77 -0.33 0.88 1
Hα N 0.15 -0.19 0.25 0.03 0.60 -0.09 0.58 -0.46 0.65 0.61 0.70 0.80 -0.30 0.72 0.84 1
C iii] Ta 0.57 -0.03 0.38 0.53 0.42 0.32 0.61 -0.47 0.55 0.62 0.40 0.68 -0.04 0.68 0.49 0.52
C iii] Ba 0.31 -0.03 0.30 0.23 -0.16 0.31 0.02 -0.03 -0.06 0.01 0.06 0.13 -0.07 0.04 0.03 0.13
C iii] Na 0.34 0.05 0.45 0.23 -0.07 0.27 0.11 -0.21 0.11 0.03 0.14 0.18 0.07 0.10 0.10 0.30

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation coefficient can only be calculated using
a smaller dimension where both parameters are available. B: FWHM of the broad component, N: FWHM of the narrow component, T: FWHM of
the whole line, calculated from the broad and narrow components.
a 21 objects are used.
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Figure 4.48 Lyα FWHM vs. C iv FWHMs. The dotted line indicates equal
FWHM on both axes.

narrow or broad component in different lines are not discussed here since they

greatly depend on the fitting models.

Significant correlations among total FWHMs of different lines are marked

in bold face in the Table 4.52. Hβ FWHM is used as a reference for compar-

ing the line width in Figure 4.49 and the tight correlation between Hβ and

Hα is shown. The scatter of the correlations with Hβ gets larger for Mg ii,

He i and C iii], and the correlation virtually disappears for Lyα and C iv.

However, a correlation between Lyα and C iv exists (r = 0.77, P < 10−4).

Figure 4.48 shows that this correlation seems to be strongly affected by one

point (PG1425+267). If this point is excluded, the trend still holds, but the

correlation gets weaker (r = 0.55, P = 0.01).

Similar results have been noticed before, e.g., Corbin & Boroson (1996)

found the FWHMs of C iv and Lyα are more strongly correlated with each

other than with Hβ. These results suggest that high and low ionization lines
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Figure 4.49 Hβ FWHM vs. FWHMs of other lines. Note that the correlation
gets weaker from Hα, Mg ii, He i, to C iii], and virtually disappears for Lyα
and C iv. The dotted lines indicate equal FWHM on both axes. No He i+Na i
is available for PG1512+370.
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originate in kinematically different regions that may or may not be related,

e.g., the ionization structure of the BLR could be radially stratified. This is

supported by the variability studies of nearby AGNs which show that high ion-

ization lines have shorter time lags relative to continuum variation (Peterson

et al. 1991; Korista et al. 1995). However, in this sample, the high ionization

C iv line is broader than the low ionization lines, e.g., Hβ, in only about half

objects. The other half shows contrary and this cannot be totally accounted

for by the uncertainty in the measurements.

In practice, Hβ FWHM has been used as a measure of the velocity

dispersion in the BLR for estimating the black hole mass, MBH ∝ FWHM2L0.7
λ

(§4.6.1.4). However, Hβ is redshifted into the near-infrared at z ∼ 1, beyond

the ground optical detection. To extend this method to higher redshift objects

using ground optical observations, some UV lines have been used. Vestergaard

(2002) suggests the use of the C iv line, and this approach relies on an empirical

relationship between the black hole masses calculated from Hβ FWHM and

those from C iv FWHM. Since the luminosities at different UV and optical

wavelengths are strongly correlated (§4.6.1.1), this method really suggests a

correlation between Hβ FWHM and C iv FWHM, but we do not see such a

correlation in this sample. This is also true for Lyα. A large sample is needed

for further investigation of this issue.

Mg ii has also been used to estimate the black hole mass (McLure &

Jarvis 2002) and appears to be more robust than C iv. This is probably

because of the similarities between Mg ii and Hβ. They are both low ionization

lines, have similar ionization potential, and are probably produced by gas in

the same clouds. This is supported here by the correlation between their

FWHMs.
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Figure 4.50 (a) Host galaxy H-band absolute magnitude MH,host vs. [O iii]
FWHM. (b) QSO black hole mass MBH vs. [O iii] FWHM. No correlation is
seen.

For the total FWHM, Hβ, Hα, He i and Mg ii seem to be in one group,

while Lyα and C iv plausibly in another. However, the FWHMs of the broad

components in different lines are not related as the total FWHMs, neither

are those of the narrow components. Exceptions are the correlations between

FWHMs of broad C iv and broad Hα, and between FWHMs of narrow Hβ

and narrow Hα. Compared with the correlations of total FWHMs of different

lines, the shortage of correlations in broad (and narrow) components suggests

that broad and narrow components used in the fitting procedure indeed have

no physical meanings.

The FWHM of narrow line [O iii] is independent of the width of broad

emission lines and their components, but it correlates with the absolute mag-

nitude (H-band) of the host galaxy (Table 4.53, Figure 4.50a). This has been

noticed before (e.g., Whittle 1992; Nelson 2000), and suggests that the bulk

motion of the narrow line clouds is probably determined by the gravitational

potential of the host galaxy instead of by the central mass as for broad emis-
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Table 4.53 Correlation Coefficients for Emission Line FWHMs. Continued
Lyα C iv Mg ii Hβ [O iii] Hα

T B N T B N T B N T B N T B N
Wa

SPC1 -0.30 -0.19 -0.01 -0.52 -0.57 -0.49 -0.19 -0.01 -0.14 -0.16 -0.18 -0.07 -0.51 -0.18 -0.36 -0.09
Wa

SPC2 -0.22 -0.25 -0.31 -0.36 -0.04 -0.35 -0.07 0.11 -0.12 0.12 -0.34 -0.12 -0.24 0.05 -0.02 -0.08
Wa

SPC3 -0.46 0.36 -0.23 -0.25 -0.62 0.04 -0.77 0.52 -0.76 -0.85 -0.43 -0.79 0.40 -0.86 -0.72 -0.61
MBH 0.49 -0.20 0.19 0.42 0.72 0.19 0.65 -0.31 0.58 0.76 0.36 0.54 0.01 0.73 0.61 0.38
L/LEdd -0.23 0.24 -0.26 0.13 -0.31 0.37 -0.60 0.52 -0.61 -0.69 -0.41 -0.76 0.44 -0.71 -0.62 -0.69
αX 0.19 0.03 0.22 0.19 0.60 0.01 0.55 -0.67 0.56 0.65 0.47 0.66 -0.28 0.70 0.68 0.63
αouv1 0.15 0.18 0.25 0.23 0.01 0.23 0.05 0.36 0.12 -0.18 0.12 -0.12 0.22 -0.16 -0.14 -0.14
αouv2 -0.01 -0.25 -0.23 0.07 -0.23 0.19 -0.25 0.55 -0.25 -0.33 -0.15 -0.39 0.17 -0.34 -0.29 -0.31
∆αouv 0.13 0.34 0.38 0.12 0.19 0.02 0.24 -0.17 0.30 0.13 0.22 0.23 0.03 0.16 0.13 0.15
Mb

H,host
-0.20 0.03 -0.11 -0.30 -0.47 -0.19 -0.02 0.02 0.03 -0.11 -0.37 -0.15 -0.68 -0.14 -0.22 -0.07

∆αb
ouv1 0.17 0.53 0.22 -0.07 -0.30 -0.13 -0.15 -0.35 -0.28 0.17 -0.05 0.20 -0.13 0.10 -0.03 0.02

∆αb
ouv1 0.44 0.43 0.35 0.13 -0.28 0.06 -0.21 0.24 -0.33 -0.06 -0.08 0.05 -0.17 -0.05 -0.18 -0.08

L2keV -0.00 0.09 0.12 0.24 0.63 0.20 0.33 -0.24 0.42 0.32 0.36 0.35 -0.12 0.41 0.49 0.51
L1549 0.22 0.03 0.13 0.42 0.47 0.38 0.18 0.14 0.19 0.15 0.31 0.09 0.31 0.16 0.20 0.07
L4861 0.22 -0.10 0.04 0.36 0.55 0.31 0.22 0.02 0.18 0.30 0.26 0.16 0.23 0.29 0.29 0.12
Shift Lyα -0.46 0.07 -0.14 -0.54 0.06 -0.52 -0.03 -0.38 0.00 0.11 0.11 0.25 -0.35 0.16 0.24 0.39
bShift C iv -0.08 -0.26 0.28 -0.36 0.10 -0.42 0.14 -0.08 0.16 0.21 0.37 0.37 -0.30 0.26 0.23 0.38
nShift C iv -0.41 -0.18 -0.02 -0.67 0.11 -0.77 0.03 -0.28 0.05 0.25 0.25 0.41 -0.26 0.28 0.21 0.41
bShift Hβ -0.04 0.07 -0.16 -0.05 0.38 -0.28 0.40 -0.49 0.42 0.43 0.51 0.59 0.00 0.49 0.55 0.55
nShift Hβ -0.01 -0.06 0.07 -0.01 -0.21 0.06 -0.35 0.54 -0.31 -0.51 -0.05 -0.42 0.36 -0.51 -0.41 -0.21
bShift Hα 0.03 -0.15 0.18 -0.05 0.22 -0.04 0.14 0.01 0.20 -0.03 0.37 0.15 0.07 0.04 0.15 0.41
nShift Hα 0.28 0.09 -0.00 0.38 0.28 0.16 0.23 0.06 0.21 0.26 -0.08 0.09 0.17 0.23 0.02 -0.13

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation coefficient can only be calculated using
a smaller dimension where both parameters are available. B: FWHM of the broad component, N: FWHM of the narrow component, T: FWHM of
the whole line, calculated from the broad and narrow components.

a 18 objects are used.
b 17 objects are used.
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sion lines. In fact, the bulge velocity dispersion σ can be estimated from [O iii]

width (Nelson & Whittle 1996; Nelson 2000), and used to estimate the central

black hole mass using MBH – σ relation (Gebhardt et al. 2000a; Tremaine et

al. 2002). Two recent studies show a real correlation between MBH and [O iii]

FWHM, but with large scatter (Boroson 2003; Shields et al. 2003). The pre-

dicted black hole mass from [O iii] FWHM is uncertain to a factor of at least

5. This is probably why we do not see this correlation in Figure 4.50b for our

small sample with narrow range of black hole mass.

Table 4.53 shows that SPC3 and αX are directly correlated with the

widths of Mg ii, Hβ and Hα, but not with C iv. Also the line widths do not

correlate with either the luminosity (or SPC1) or the continuum slope (or

SPC2). These actually directly confirm our SPCA results (§3).

The correlation between C iv line shift and FWHM will be discussed

in the next section.

4.6.1.6 Emission Line Shift and Asymmetry

The emission line shifts are measured based on the redshift defined by

[O iii]λ5007, which is assumed to be systemic. For C iv, Hβ and Hα, the shifts

of broad and narrow component are measured separately. In general, the shift

of the narrow component is more reliable than that of the broad component

because the broad component has lower peak flux and line shifts are affected

by choice of continuum and blends of weaker lines. sometimes confuses with

the continuum. When the broad and narrow component are assumed to shift

together, the narrow component dominates the measurements (§4.5).

A relative wavelength shift is also measured between the narrow and

broad component for C iv, Hβ and Hα. This relative shift is used as an
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indicator of the line asymmetry, with the broad component representing the

line wings (base), and the narrow component defining the central part and the

peak of the line.

Figure 4.51 shows the distribution of the measured shift and asymmetry

of the emission lines in the sample. In agreement with previous studies (e.g.,

Laor et al. 1995), C iv peak shows a median blueshift of ∼ 400 ± 370 km s−1

for the sample (excluding one extreme blueshift of 1800 km s−1). There is

evidence that Lyα is also blueshifted (∼ 100 ± 300 km s−1), but not as much

as C iv. The shifts for Hβ and Hα narrow components are small and redwards,

∼ 60 ± 220 km s−1and ∼ 150 ± 170 km s−1, respectively. It seems there is not

a preferred direction for Mg ii and C iii] peak shift. In the case of C iii], the

distribution is very narrow (±150 km s−1) around zero, suggesting that C iii]

may be also used to define QSO redshift if narrow lines are not available. The

results here also support the suggestion that the velocity shift increases with

increasing ionization state (Corbin 1990; Tytler & Fan 1992), but measurement

of Ovi by Laor et al. (1995) does not show the trend.

The broad component of C iv is blueshifted more than the narrow com-

ponent, suggesting an asymmetry in the line profile. Same is true for Hβ and

Hα but to the red. Although there is no physical meaning attributed to the

broad or narrow component, the difference in their velocity shifts further sug-

gests a stratified structure for high and low velocity gas in the BLR.

The asymmetry of emission lines has been discussed in detail by Boro-

son & Green (1992); Corbin & Boroson (1996), who defined the asymmetry rel-

ative to line FWHM as ASYMM=(λc(3/4)−λc(1/4))/FWHM, where λc(3/4)

and λc(1/4) are the wavelength centroids at 3/4 and 1/4 of the profile max-

imum. My definition of the asymmetry here is similar to theirs. Figure 4.52
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Figure 4.51 Distribution of line shift and asymmetry in the sample. nShift is for
the narrow component, bShift for the broad component, and positive values
indicate redshift. Asymmetry is the difference between bShift and nShift,
positive values indicate redshifted broad component, or stronger red wing.
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Figure 4.52 Comparison of Hβ asymmetry measurements defined in Boroson
& Green (1992) and in this study

compares BG92 Hβ asymmetry and my measurements before and after normal-

ization by Hβ FWHM. The correction indicates that both definitions roughly

represent the same line property.

Corbin & Boroson (1996) claimed a correlation between C iv asym-

metry and continuum luminosity at 1549Å, and a weak correlation between

asymmetry of C iv and that of Hβ, but such correlations are not seen in this

sample. One possible reason for this inconsistency is that their sample is twice

as large and the luminosity range is twice that of my sample, therefore the

correlations shown in their sample may not show up in this sample. Based on

Table 4.54, one does not see any correlation between C iv asymmetry and any

other parameters.

Unlike C iv, Hβ asymmetry is a parameter in Boroson & Green’s Eigen-

vector 1 relationships (Boroson & Green 1992). This is not well revealed in

the SPCA analysis since the Hβ width change dominates the SPC3 in that

region; but a weak correlation between Hβ asymmetry and SPC3 (P = 0.02)
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Figure 4.53 Correlations between Hβ asymmetry and SPC3 parameters. This
shows that Hβ asymmetry is also a parameter in SPC3.

is seen here, together with some other correlations between Hβ asymmetry

and important parameters within SPC3, such as L/LEdd, αX, and Hβ FWHM

(Table 4.54, Figure 4.53). This shows that Hβ asymmetry is also a parameter

associated with SPC3, in consistent with Boroson & Green (1992).

In Table 4.54, the strong correlation between a line asymmetry and its

broad component shift is simply because the asymmetry is calculated from the

shifts of the broad and narrow component.
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Table 4.54 Correlation Coefficients for Emission Line Shift and Asymmetry

Lyα C iv Mg ii C iii]a Hβ Hα
shift N B Asy. shift shift N B Asy. N B Asy.

Shift Lyα 1.00
nShift C iv 0.78 1.00
bShift C iv 0.35 0.69 1.00
Asy. C iv -0.10 0.18 0.84 1.00
Shift C iii]a 0.23 0.24 0.11 -0.02 1.00
Shift Mg ii -0.41 -0.24 -0.01 0.17 0.25 1.00
nShift Hβ -0.11 -0.15 0.04 0.17 0.06 0.40 1.00
bShift Hβ 0.53 0.44 0.13 -0.15 0.00 -0.41 -0.08 1.00
Asy. Hβ 0.53 0.45 0.11 -0.18 -0.01 -0.49 -0.30 0.97 1.00
nShift Hα -0.33 -0.10 -0.15 -0.13 0.42 0.51 0.12 0.19 0.15 1.00
bShift Hα 0.32 0.23 0.28 0.21 -0.23 0.04 0.57 0.32 0.18 -0.16 1.00
Asy. Hα 0.40 0.24 0.30 0.23 -0.36 -0.16 0.44 0.21 0.10 -0.53 0.92 1.00
Wb

SPC1 0.21 0.27 0.22 0.09 -0.20 -0.16 -0.12 -0.33 -0.29 -0.35 -0.20 -0.08
Wb

SPC2 0.39 0.35 0.04 -0.23 -0.20 -0.22 -0.06 0.00 0.02 0.10 -0.21 -0.21
Wb

SPC3 -0.24 -0.41 -0.39 -0.22 -0.20 0.19 0.37 -0.46 -0.53 -0.49 -0.06 0.09
MBH -0.16 0.10 0.21 0.21 -0.18 0.17 -0.26 0.19 0.24 0.41 -0.08 -0.23
L/LEdd -0.45 -0.61 -0.44 -0.14 0.19 0.38 0.41 -0.42 -0.50 0.07 -0.11 -0.12
αX 0.38 0.39 0.40 0.25 0.17 -0.17 -0.21 0.56 0.58 0.13 0.13 0.06
αouv1 -0.54 -0.32 0.04 0.30 -0.00 0.37 0.17 -0.23 -0.26 0.31 0.08 -0.05
αouv2 -0.40 -0.38 -0.04 0.23 -0.03 0.30 0.46 -0.29 -0.38 0.20 0.04 -0.04
∆αouv -0.09 0.07 0.07 0.04 0.02 0.04 -0.24 0.06 0.11 0.07 0.03 -0.00
Mc

H,host
0.33 0.10 -0.25 -0.33 -0.22 -0.03 -0.18 -0.20 -0.17 -0.19 -0.04 0.04

∆αc
ouv1 0.30 0.06 -0.33 -0.40 -0.22 -0.30 -0.45 0.07 0.15 -0.33 -0.32 -0.16

∆αc
ouv1 0.00 -0.05 0.11 0.15 -0.22 0.19 0.12 -0.07 -0.09 0.13 -0.03 -0.08

L2keV 0.01 0.06 0.14 0.15 0.13 -0.09 -0.06 0.29 0.30 0.24 0.15 0.04
L1549 -0.48 -0.26 0.08 0.30 -0.02 0.31 0.16 -0.02 -0.05 0.43 0.05 -0.12
L4861 -0.32 -0.12 0.11 0.24 -0.01 0.24 0.07 0.05 0.04 0.41 -0.01 -0.17
FWHM C iv -0.54 -0.67 -0.36 0.02 -0.06 0.31 -0.01 -0.05 -0.04 0.38 -0.05 -0.19
bFWHM C iv 0.06 0.11 0.10 0.05 -0.04 -0.05 -0.21 0.38 0.42 0.28 0.22 0.08
nFWHM C iv -0.52 -0.77 -0.42 0.02 0.03 0.25 0.06 -0.28 -0.28 0.16 -0.04 -0.09
FWHM Hβ 0.11 0.25 0.21 0.10 -0.24 -0.14 -0.51 0.43 0.52 0.26 -0.03 -0.13
bFWHM Hβ 0.11 0.25 0.37 0.31 -0.37 -0.22 -0.05 0.51 0.50 -0.08 0.37 0.34
nFWHM Hβ 0.25 0.41 0.37 0.20 -0.20 -0.28 -0.42 0.59 0.66 0.09 0.15 0.09

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation
coefficient can only be calculated using a smaller dimension where both parameters are available. N=nShift,
shift of the narrow component. B=bShift, shift of the broad component. Asy.=bShift-nShift, asymmetry
of the line. bFWHM and nFWHM are the FWHM for broad and narrow component, respectively.
a 21 objects are used.
b 18 objects are used.
c 17 objects are used.
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The correlation between the velocity shift of C iv and that of Lyα

(r = 0.78, P < 10−4 in Table 4.54) shows again that kinematically C iv and

Lyα are closely related, as shown also by the correlation between their FWHMs

(§4.6.1.5).

The velocity shift of C iv narrow component (peak) seems to correlate

with a few parameters, but a careful check shows that the correlations with

L/LEdd and broad component shift (bShift C iv) are largely due to one data

point (PG1543+489) which has extreme blueshift. This blueshift may not

be real because the peak of C iv in the spectrum of PG1543+489 cannot be

well fitted (see Figure 4.21). However, the other two correlations between C iv

narrow component shift and C iv FWHM and narrow component FWHM seem

to be real even if with that data point excluded (Figure 4.54). It shows that

the C iv narrow component shifts blueward with increasing C iv FWHM. If

the blueshift is caused by the outflow in the BLR, the outflow velocity is higher

when closer to the nucleus where virial velocity of BLR is also higher. Whether

this is true or not, the complication of the C iv line profile is shown here. This

could partially explain the different behavior of C iv from that of Hβ in the

SPCA results, for example, we do not see a line width change feature of C iv

in SPC3.

The expected correlation between the velocity shifts of Hβ narrow com-

ponent and Hα narrow component is destroyed by one outlier, PG1512+370,

which has a blueshifted Hβ narrow component (Figure 4.32), but a redshifted

Hα narrow component (Figure 4.39). The correlation without this object can

clearly be seen in Figure 4.55. PG1512+370 is one of the radio-loud objects

in the sample with a very broad profile and a strong NLR component.
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Figure 4.54 C iv FWHM and nFWHM vs. velocity shift of the narrow com-
ponent. PG1543+489 is labeled.

Figure 4.55 Correlation between velocity shifts of Hα and Hβ narrow compo-
nent. The outlier PG1512+370 is labeled.
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4.6.1.7 Fe ii

The broad wavelength coverage of the spectra enable me to investigate

the broad blended Fe ii emission in both the optical and UV. The optical Fe ii

emission is estimated with a template in the fitting procedure (§4.5.6). The

estimated UV Fe ii flux is obtained by integrating over the small blue bump

(§4.5.5). Two continua under the small blue bump, a local and a global one,

are defined, and result in two UV Fe ii measurements which can be thought

as the lower and upper limits, respectively. The lower limit seems to be more

realistic than the upper limit to represent the small blue bump (Figure 4.29).

One of the important results from SPCA is that the UV and optical

Fe ii emission features appear to be anticorrelated (SPC3). Direct correlation

analysis is carried out for the UV and optical Fe ii emissions and the results are

listed in Table 4.55. Surprisingly, no correlation is seen between the UV and

optical Fe ii equivalent width. However, when they are compared with SPC3

and [O iii]λ5007 equivalent width, the UV and optical Fe ii clearly behave in

the opposite manner (Figure 4.56). This actually agrees with the anticorrela-

tion we see in SPC3. The small blue bump measured with the local continuum

is used here. When a global continuum for the small blue bump is used, the

scatter is too large to even show this trend. The lack of a direct anticorrela-

tion between the UV and optical Fe ii is probably due to the large scatter in

Figure 4.56 and the uncertainty in defining the continua under the small blue

bump. Also, the total EWs of Fe ii are used here, but in SPCA, those Fe ii

emissions that contribute scatter might have been separated into the other

independent principal components, SPC1 and SPC2. This again suggests that

SPCA, which obviates the need for continuum definition, has advantages in

dealing with broad features.
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Table 4.55 Correlation Coefficients for UV and Optical Fe ii

sbb sbb sbb sbb optical Fe ii
EW1 ratio1 EW2 ratio2 EW ratio

sbb EW1 1.00
sbb ratio1 0.41 1.00
sbb EW2 0.70 0.29 1.00
sbb ratio2 0.18 0.89 0.41 1.00
opt. Fe ii EW -0.14 -0.12 0.02 -0.03 1.00
opt. Fe ii/Hβ -0.29 -0.10 -0.12 -0.00 0.83 1.00
Wa

SPC1 0.26 0.26 -0.06 0.08 -0.19 -0.12
Wa

SPC2 -0.38 -0.06 -0.56 -0.07 -0.30 0.03
Wa

SPC3 -0.35 0.01 0.09 0.29 0.78 0.82

[O iii] λ5007 EW 0.65 -0.03 0.40 -0.21 -0.55 -0.58

MBH -0.16 -0.08 -0.29 -0.09 -0.42 -0.44
L/LEdd -0.59 -0.16 -0.26 0.06 0.61 0.67

αX 0.29 0.24 0.23 0.22 -0.51 -0.58

αouv1 -0.08 -0.07 -0.36 -0.21 0.43 0.20
αouv2 -0.40 -0.01 -0.16 0.13 0.22 0.35
∆αouv 0.27 -0.05 -0.15 -0.27 0.15 -0.13
Mb

H,host
0.27 0.02 -0.03 -0.17 -0.29 -0.02

∆αb
ouv1 0.48 -0.18 0.60 -0.04 0.06 0.03

∆αb
ouv2 0.08 -0.12 0.35 0.05 0.12 0.15

L2keV -0.03 0.04 -0.04 0.05 -0.11 -0.23
L1549 -0.44 -0.14 -0.37 -0.04 0.15 -0.01
L4861 -0.49 -0.12 -0.34 0.04 -0.08 -0.14
FWHM C iv -0.00 -0.18 0.02 -0.16 0.12 0.13
bFWHM C iv 0.08 -0.15 0.01 -0.18 -0.37 -0.39
nFWHM C iv -0.11 -0.20 0.03 -0.12 0.36 0.42
FWHM Hβ 0.33 -0.01 0.08 -0.15 -0.64 -0.66

bFWHM Hβ 0.19 -0.09 0.19 -0.07 -0.23 -0.61
nFWHM hb 0.40 -0.03 0.25 -0.11 -0.58 -0.75

nShift C iv 0.22 0.20 0.03 0.10 -0.59 -0.62

bShift C iv 0.17 0.30 0.00 0.24 -0.30 -0.40
Asymm. C iv 0.06 0.26 -0.02 0.25 0.04 -0.07
nShift Hβ -0.44 -0.13 -0.21 0.01 0.22 0.19
bShift Hβ 0.40 0.02 0.37 -0.01 -0.50 -0.59

Asymm. Hβ 0.48 0.05 0.41 -0.01 -0.52 -0.61

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation
coefficient can only be calculated using a smaller dimension where both parameters are available. For
small blue bump (sbb), EW1 and ratio1 are calculated with local continuum; EW2 and ratio2 with global
continuum (§4.5.5). ratio1,ratio2 – flux(sbb)/flux(Mg ii). For optical Fe ii, ratio=flux(Fe ii)/flux(Hβ).
bFWHM and nFWHM are the FWHM for broad and narrow component, respectively. bShift and nShift
are the velocity shift for broad and narrow component, respectively. Asymm.=bShift-nShift, asymmetry of
the line.
a 18 objects are used.
b 17 objects are used.
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Figure 4.56 Correlations between Fe ii and SPC3 and [O iii]. UV (local con-
tinuum) and optical Fe ii behave in an opposite manner

Optical Fe ii is one of the most important parameters defining the Boro-

son & Green (1992) Eigenvector 1 relationships (i.e., SPC3 here), and is there-

fore closely related with SPC3 parameters, such as WSPC3, αX, Hβ FWHM

and velocity shift etc. These are all shown in Table 4.55.

4.6.1.8 Emission Line Equivalent Widths

Our SPCA results show that the first principal component (SPC1) of

this sample is a line-core component, which is anticorrelated with the luminos-
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ity (§3.5.1). Therefore, the Baldwin effect seems to involve only the emission

line cores. In order to study what this line core might be, I take the fitted

model line profiles and define a line core to be the central part around the

line peak within a certain width, which is measured from the SPCA results for

each line (Table 3.3). Figure 4.57 shows an example for Lyα, and the equiv-

alent width of the line core is obtained. I specifically compare the Baldwin

relationships of this line core with those of the whole line and individual line

components for Lyα and C iv (Figure 4.57).

For Lyα, the Baldwin relationships present in the broad, narrow and the

defined line-core components, but the scatter is significantly larger than for the

Baldwin relationship derived from SPCA (small black triangles in Figure 4.57).

It is even larger than the scatter in the Baldwin effect for the whole line. This is

because that neither the narrow component nor the defined line core represents

the emission line-core in SPC1.

Wills et al. (1999a) noticed for this sample that C iv EW does not

correlate with the luminosity. Same is true for the broad component of C iv

shown here, but the narrow component and the defined line core here show

a weak Baldwin effect, however, the scatter is too large compared with the

Baldwin relationship derived from the SPCA results (small black triangles in

Figure 4.57).

On the other hand, when the EWs are correlated directly with the

principal components, the narrow and line-core components do show a stronger

correlation than the broad component for both Lyα and C iv (Table 4.56).

While the narrow component and the defined line-core cannot be identified

as the line-core in SPC1, they represent a large fraction of the emission from

the SPCA line-core component. The physical interpretation of the line-core
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Figure 4.57 Comparison of the Baldwin Effects of different line components.
Top: Lyα profile and different components as an example of the fitting and
measurements. Line core is measured within 1940 km s−1 of the peak based
on the SPCA results. C iv line core is measured within 2300 km s−1. The
small black triangles are the EWs derived from the SPCA results.
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component remains unknown except that it is from low velocity gas.

In addition, C iv also shows a rather complicated pattern in the cor-

relation analyses: while the narrow component is correlated with the line-

core component (SPC1), its broad component is correlated with SPC3, the

line-width component. This has been seen in the SPCA results where C iv

is present in both principal components. Although we cannot attribute the

broad and narrow components to any physical components in the BLR, these

argue, to the zeroth order approximation, that C iv may come from two kine-

matic components, one being low velocity gas and another being gas of varying

velocity dispersion. If this is true, it may have something to do with the high

ionization state and strength of C iv, since we do not see a similar pattern for

any other lines. The blending of Nv does not seem to affect the C iv profile

very much.

Most of the correlations in Table 4.56–4.58 simply confirm the SPCA

results, but they can also be used to support some SPCA results. Hβ and Hα

are seen in SPC2, the continuum slope component, and therefore their EWs

are correlated with SPC2 (Table 4.57). However, they are not correlated with

the real UV-optical spectra index αouv1, and therefore are probably the result

of crosstalk in SPC2.

Hβ line-core decreases with increasing Hβ FWHM. This is not very

intuitive in SPCA, although it results in the low-peak ‘W’ shape of Hβ in

SPC3. This suggests that the variation in the total Hβ EW is small from

object to object. In the same region, what is puzzling is that Hβ EW is

strongly correlated with its broad component FWHM (P < 10−4), but not

the FWHM of the entire line. This is not caused by any outliers and does not

seem to be chance. It needs more thought if it is not produced by the arbitrary
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Table 4.56 Correlation Coefficients for Line Equivalent Width

EW Lyα EW C iv EW C iii]c

total B N core total B N core total B N core
EW Lyα 1.00
bEW Lyα 0.87 1.00
nEW Lyα 0.75 0.35 1.00
cEW Lyα 0.92 0.65 0.89 1.00
EW C iv 0.62 0.63 0.40 0.53 1.00
bEW C iv 0.49 0.55 0.26 0.38 0.96 1.00
nEW C iv 0.73 0.60 0.65 0.72 0.82 0.63 1.00
cEW C iv 0.71 0.55 0.68 0.74 0.90 0.82 0.87 1.00
EW C iii]c 0.83 0.76 0.60 0.74 0.53 0.41 0.64 0.63 1.00
bEW C iii]c 0.76 0.78 0.44 0.62 0.59 0.54 0.51 0.58 0.91 1.00
nEW C iii]c 0.63 0.47 0.60 0.62 0.22 0.05 0.54 0.43 0.83 0.54 1.00
cEW C iii]c 0.86 0.70 0.73 0.84 0.51 0.35 0.72 0.68 0.92 0.73 0.87 1.00
EW sbb 0.21 0.21 0.16 0.18 0.32 0.28 0.29 0.37 0.47 0.40 0.41 0.43
EW Fe ii -0.20 -0.28 -0.00 -0.14 -0.62 -0.70 -0.25 -0.47 0.04 -0.17 0.40 0.11
Wa

SPC1 0.57 0.23 0.85 0.82 0.40 0.28 0.70 0.75 0.34 0.14 0.36 0.61

Wa
SPC2 0.30 0.14 0.32 0.46 0.06 0.02 0.07 0.10 0.09 0.23 -0.17 0.14

Wa
SPC3 -0.14 -0.28 0.23 0.07 -0.85 -0.83 -0.46 -0.59 -0.06 -0.27 0.37 0.17

MBH -0.30 -0.19 -0.39 -0.37 0.24 0.35 -0.08 -0.00 -0.33 -0.08 -0.60 -0.45
L/LEdd -0.36 -0.36 -0.26 -0.31 -0.71 -0.73 -0.43 -0.67 -0.53 -0.67 -0.16 -0.32
αX -0.00 -0.00 0.04 -0.04 0.48 0.54 0.21 0.32 -0.07 0.10 -0.31 -0.19
αouv1 -0.62 -0.56 -0.43 -0.63 -0.35 -0.29 -0.37 -0.35 -0.56 -0.60 -0.33 -0.48
αouv2 -0.31 -0.23 -0.35 -0.28 -0.55 -0.56 -0.40 -0.48 -0.32 -0.34 -0.20 -0.34
∆αouv -0.23 -0.25 -0.05 -0.26 0.17 0.24 0.04 0.12 -0.19 -0.21 -0.11 -0.11
Mb

H,host
0.55 0.50 0.51 0.56 0.33 0.23 0.46 0.49 0.35 0.18 0.49 0.45

∆αb
ouv1 0.66 0.63 0.55 0.54 0.26 0.25 0.22 0.30 0.78 0.77 0.67 0.64

∆αb
ouv2 0.15 0.14 0.06 0.02 -0.28 -0.27 -0.28 -0.20 0.25 0.26 0.26 0.05

L2keV -0.36 -0.29 -0.19 -0.36 0.17 0.22 0.00 -0.02 -0.45 -0.28 -0.55 -0.47
L1549 -0.69 -0.58 -0.58 -0.72 -0.29 -0.19 -0.43 -0.47 -0.72 -0.56 -0.74 -0.74

L4861 -0.54 -0.44 -0.50 -0.56 -0.17 -0.08 -0.34 -0.38 -0.61 -0.40 -0.73 -0.66
FWHM C iv -0.23 0.12 -0.65 -0.55 -0.04 0.00 -0.17 -0.35 -0.13 -0.01 -0.23 -0.33
bFWHM C iv -0.26 -0.01 -0.43 -0.41 0.37 0.42 0.09 -0.00 -0.25 -0.05 -0.49 -0.40
nFWHM C iv -0.23 0.06 -0.54 -0.48 -0.20 -0.26 -0.09 -0.44 -0.14 -0.13 -0.07 -0.28
FWHM Hβ 0.13 0.28 -0.17 -0.04 0.63 0.71 0.23 0.38 0.13 0.39 -0.30 -0.08
bFWHM Hβ -0.06 -0.07 -0.02 -0.11 0.32 0.44 0.00 0.21 0.07 0.24 -0.17 -0.10
nFWHM Hβ 0.11 0.21 -0.06 -0.02 0.61 0.72 0.18 0.41 0.18 0.43 -0.24 -0.07
nShift C iv 0.13 -0.10 0.43 0.33 0.39 0.43 0.21 0.49 0.02 0.06 -0.11 0.08
bShift C iv -0.24 -0.47 0.17 -0.03 0.06 0.08 -0.01 0.21 -0.30 -0.24 -0.30 -0.38
Asy. C iv -0.42 -0.56 -0.09 -0.29 -0.21 -0.21 -0.17 -0.08 -0.35 -0.30 -0.26 -0.47
nShift Hβ -0.38 -0.38 -0.20 -0.32 -0.45 -0.40 -0.39 -0.39 -0.30 -0.37 -0.02 -0.28
bShift Hβ 0.09 0.21 -0.08 -0.01 0.41 0.52 0.01 0.21 0.09 0.25 -0.17 0.00
Asy. Hβ 0.17 0.28 -0.03 0.06 0.49 0.59 0.10 0.29 0.15 0.32 -0.16 0.07

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation
coefficient can only be calculated using a smaller dimension where both parameters are available. The
prefixes ‘b’, ‘n’, and ‘c’ before EW, FWHM and Shift are for broad, narrow and core component,
respectively. All EWs are in logarithmic scale. Asy.=bShift-nShift, asymmetry of the line.
a 18 objects are used.
b 17 objects are used.
c 21 objects are used.
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Table 4.57 Correlation Coefficients for Line Equivalent Width. Continued

EW Mg ii EW Hβ EW Hα
total B N core total B N core total B N core

EW Mg ii 1.00
bEW Mg ii 0.95 1.00
nEW Mg ii 0.66 0.41 1.00
cEW Mg ii 0.75 0.59 0.87 1.00
EW Hβ 0.31 0.32 0.22 0.09 1.00
bEW Hβ 0.13 0.15 -0.04 -0.17 0.76 1.00
nEW Hβ 0.31 0.33 0.34 0.34 0.69 0.08 1.00
cEW Hβ 0.09 -0.04 0.54 0.53 0.20 -0.17 0.56 1.00
EW Hα 0.28 0.23 0.30 0.19 0.78 0.58 0.54 0.37 1.00
bEW Hα 0.17 0.24 -0.14 -0.06 0.63 0.74 0.15 -0.11 0.73 1.00
nEW Hα 0.11 -0.04 0.54 0.35 0.27 -0.11 0.56 0.72 0.45 -0.24 1.00
cEW Hα 0.07 -0.06 0.52 0.55 0.10 -0.24 0.48 0.97 0.39 -0.09 0.74 1.00
EW sbb 0.17 0.06 0.36 0.18 0.44 0.25 0.35 0.23 0.61 0.41 0.20 0.23
EW Fe ii 0.04 -0.05 0.38 0.36 -0.03 -0.29 0.34 0.76 0.09 -0.37 0.65 0.74
Wa

SPC1 -0.06 -0.20 0.44 0.29 -0.04 -0.32 0.16 0.31 0.10 -0.14 0.25 0.31
Wa

SPC2 -0.18 -0.15 -0.29 -0.12 -0.60 -0.17 -0.69 -0.53 -0.64 -0.23 -0.44 -0.45
Wa

SPC3 -0.23 -0.29 0.35 0.39 -0.37 -0.48 0.10 0.64 -0.20 -0.61 0.56 0.70

MBH -0.17 -0.01 -0.57 -0.59 0.14 0.47 -0.35 -0.73 -0.16 0.30 -0.69 -0.81
L/LEdd -0.22 -0.23 0.00 0.13 -0.41 -0.37 -0.08 0.42 -0.45 -0.52 0.12 0.38
αX -0.15 -0.08 -0.28 -0.41 0.33 0.38 0.00 -0.56 0.15 0.31 -0.25 -0.58
αouv1 -0.04 -0.06 0.09 -0.11 0.19 -0.02 0.32 0.43 0.08 -0.19 0.23 0.26
αouv2 -0.17 -0.16 -0.17 -0.14 -0.37 -0.27 -0.21 0.07 -0.35 -0.36 -0.00 0.06
∆αouv 0.11 0.08 0.21 0.03 0.45 0.20 0.42 0.28 0.34 0.15 0.18 0.15
Mb

H,host
0.22 0.05 0.47 0.42 -0.26 -0.37 -0.13 0.15 0.00 -0.18 0.23 0.24

∆αb
ouv1 0.41 0.42 0.28 0.54 0.17 -0.02 0.29 0.17 0.44 0.47 0.19 0.38

∆αb
ouv2 0.18 0.27 -0.07 0.14 -0.03 -0.21 0.20 0.18 0.31 0.26 0.20 0.37

L2keV -0.18 -0.15 -0.15 -0.41 0.24 0.32 -0.01 -0.29 0.00 -0.04 -0.03 -0.41
L1549 -0.27 -0.15 -0.43 -0.51 0.12 0.25 -0.06 -0.19 -0.23 -0.08 -0.23 -0.34
L4861 -0.33 -0.17 -0.59 -0.59 0.01 0.30 -0.27 -0.46 -0.33 0.02 -0.45 -0.56
FWHM C iv 0.18 0.25 -0.18 -0.16 -0.03 0.07 -0.17 -0.30 -0.04 0.17 -0.41 -0.33
bFWHM C iv 0.10 0.20 -0.28 -0.41 0.23 0.46 -0.18 -0.63 0.05 0.26 -0.36 -0.68
nFWHM C iv 0.15 0.17 -0.05 -0.04 -0.15 -0.06 -0.19 -0.08 -0.07 -0.02 -0.16 -0.11
FWHM Hβ 0.16 0.27 -0.31 -0.36 0.36 0.57 -0.19 -0.75 0.20 0.60 -0.63 -0.78

bFWHM Hβ 0.15 0.25 -0.10 -0.23 0.78 0.56 0.56 -0.21 0.38 0.31 0.09 -0.31
nFWHM Hβ 0.22 0.34 -0.23 -0.30 0.62 0.55 0.27 -0.55 0.39 0.57 -0.29 -0.60
nShift C iv -0.13 -0.09 -0.11 -0.17 0.23 0.20 0.12 -0.22 0.16 0.18 0.03 -0.19
bShift C iv -0.30 -0.19 -0.35 -0.45 0.28 0.17 0.22 -0.10 0.23 0.17 0.11 -0.12
Asy. C iv -0.31 -0.19 -0.39 -0.48 0.21 0.09 0.21 0.02 0.19 0.09 0.13 -0.02
nShift Hβ -0.07 -0.08 0.02 0.00 -0.29 -0.44 0.08 0.19 -0.34 -0.58 0.33 0.22
bShift Hβ 0.22 0.26 0.02 -0.07 0.35 0.36 0.18 -0.40 0.20 0.24 -0.08 -0.37
Asy. Hβ 0.23 0.27 0.02 -0.07 0.40 0.44 0.15 -0.43 0.27 0.36 -0.15 -0.40

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation
coefficient can only be calculated using a smaller dimension where both parameters are available. The
prefixes ‘b’, ‘n’, and ‘c’ before EW, FWHM and Shift are for broad, narrow and core component,
respectively. All EWs are in logarithmic scale. Asy.=bShift-nShift, asymmetry of the line.
a 18 objects are used.
b 17 objects are used.
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Table 4.58 Correlation Coefficients for Line Equivalent Width. Continued

EW Nv EWb EW EWc EWa EWd

total Na core 1400Å He iiλ1640 Si iii] He iiλ4686 He iλ5876
EW Nv 1.00
nEW Nv 0.01 1.00
cEW Nv 0.91 0.75 1.00
EW 1400Å -0.06 -0.31 -0.19 1.00
EW He iiλ1640 0.26 0.29 0.29 0.31 1.00
EW Si iii] -0.07 -0.49 -0.14 -0.09 -0.28 1.00
EW He iiλ4686 0.01 0.36 -0.19 -0.15 0.26 0.23 1.00
EW He iλ5876 -0.35 -0.13 -0.22 -0.57 -0.06 -0.05 -0.05 1.00
EW sbb 0.10 0.61 0.22 0.18 0.42 0.42 0.14 0.49
EW Fe ii 0.27 0.46 0.35 0.49 -0.47 0.10 -0.33 0.28
We

SPC1 0.46 0.45 0.62 0.61 0.42 0.05 -0.01 0.21
We

SPC2 -0.09 -0.33 -0.15 -0.17 -0.01 0.28 0.00 -0.71

We
SPC3 0.15 0.35 0.31 0.35 -0.59 0.09 -0.59 0.03

MBH -0.16 -0.72 -0.42 -0.57 -0.01 -0.21 0.59 -0.42
L/LEdd -0.13 -0.11 -0.10 0.08 -0.68 -0.20 -0.28 -0.24
αX -0.27 -0.41 -0.43 -0.21 0.28 -0.23 0.34 0.06
αouv1 -0.08 -0.10 -0.14 -0.30 -0.38 -0.46 -0.07 0.21
αouv2 0.03 -0.01 -0.01 -0.03 -0.34 -0.21 -0.04 -0.18
∆αouv -0.08 -0.07 -0.10 -0.21 -0.02 -0.19 -0.03 0.32

Mf
H,host

0.06 0.48 0.29 -0.65 0.46 0.31 0.35 0.15

∆αf
ouv1 0.37 0.62 0.48 -0.36 0.15 0.75 0.01 0.34

∆αf
ouv2 0.20 0.35 0.22 -0.43 -0.06 0.35 -0.01 0.36

L2keV -0.33 -0.56 -0.48 -0.43 -0.19 -0.55 0.01 0.14
L1549 -0.26 -0.62 -0.49 -0.55 -0.53 -0.61 0.14 -0.23
L4861 -0.26 -0.71 -0.50 -0.56 -0.41 -0.51 0.22 -0.41
FWHM C iv -0.20 -0.10 -0.29 -0.10 -0.12 0.13 0.64 0.03
bFWHM C iv -0.35 -0.55 -0.48 -0.40 0.18 -0.27 0.34 0.03
nFWHM C iv -0.12 0.03 -0.14 0.08 -0.19 0.15 0.37 0.11
FWHM Hβ -0.11 -0.30 -0.26 -0.40 0.37 0.03 0.67 -0.09
bFWHM Hβ -0.03 -0.11 -0.17 0.01 0.10 -0.46 0.16 0.24
nFWHM Hβ -0.09 -0.17 -0.21 -0.21 0.35 -0.19 0.35 0.26
nShift C iv -0.09 -0.28 -0.12 -0.23 0.41 -0.31 -0.23 -0.01
bShift C iv 0.17 -0.15 -0.00 -0.18 0.33 -0.59 -0.00 0.07
Asymm. C iv 0.29 -0.01 0.08 -0.06 0.13 -0.47 0.17 0.10
nShift Hβ -0.06 -0.20 -0.21 0.18 -0.20 -0.31 -0.05 -0.03
bShift Hβ -0.49 -0.30 -0.54 -0.17 0.24 -0.18 0.08 0.13
Asymm. Hβ -0.46 -0.25 -0.47 -0.20 0.28 -0.11 0.09 0.13

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation
coefficient can only be calculated using a smaller dimension where both parameters are available. The
prefixes ‘b’, ‘n’, and ‘c’ before EW, FWHM and Shift are for broad, narrow and core component,
respectively. All EWs are in logarithmic scale. Asy.=bShift-nShift, asymmetry of the line.
a No measurement is available for PG1425+267.
b No measurement is available for PG1226+023.
c No measurements are available for PG1216+069 and PG1543+489.
d No measurement is available for PG1512+370. This is actually the blends of He i and Na i(§4.5.7).
e 18 objects are used.
f 17 objects are used.
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assumption of the broad and narrow component in the fitting.

The results for the weaker lines are listed in Table 4.58. Although the

measurements of these lines have significant uncertainty, most of their results

are still consistent with SPCA results. The important correlation between the

luminosity (or SPC1) and He iiλ4686 is not present, because the fitting of

He iiλ4686 is extremely unreliable.

Another puzzle here is the correlation between He iλ5876 and SPC2,

for which there is no evidence in SPC2 spectrum. The measured He iλ5876 is

actually the blends of He i and Na i.

4.6.1.9 Emission Line Flux Ratios

After testing various emission line flux ratios, I select some commonly

used line ratios and line ratios with significant correlations with other parame-

ters, and present their correlation coefficients in Table 4.59. Fe ii is designated

for optical Fe ii emissions only in the table, and sbb for small blue bump,

mainly UV Fe ii emissions measured with a local continuum (§4.5.5). Signifi-

cant correlations are marked in bold face.

The line ratios C iv/Lyα, 1400/C iv, C iii]/C iv, [O iii]/Hβ and Fe ii/Hβ

all show strong correlation or anticorrelation with SPC3 and parameters in-

volved in SPC3, such as αX, FWHM(Hβ) and Hβ asymmetry. For line ratios

involving C iv, this basically reveals the strong correlation between SPC3 and

C iv equivalent width; and the rest of the correlations are all expected, be-

cause Fe ii, [O iii], and Hβ are all important parameters in SPC3 and Boroson

and Green’s Eigenvector 1. The intensity ratio sbb/Fe ii is closely related to

SPC3, as the UV and optical Fe ii emissions are anticorrelated with each other

in SPC3 (Figure 4.58a).
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Table 4.59 Correlation Coefficients for Emission Line Flux Ratios
N v
Lyα

C IV
Lyα

Hα
Lyα

N v
C IV

1400
C IV

a He II
C IV

b C III]
C IV

c Si III]
C III]

c sbbd

Mg II
sbbd

Fe II
Fe II

[O III]
Mg II
Hβ

[O III]
Hβ

Fe II
Hβ

Hβ

Hα
He I
Hα

e

Wf
SPC1 -0.00 -0.04 -0.70 0.01 -0.25 -0.10 -0.20 -0.04 0.26 0.05 -0.37 -0.04 0.09 -0.12 -0.05 0.20

Wf
SPC2 -0.11 -0.07 0.20 0.08 -0.17 -0.10 0.17 -0.08 -0.06 -0.02 -0.18 -0.07 0.27 0.03 -0.30 -0.26

Wf
SPC3 0.18 -0.84 -0.14 0.52 0.73 0.31 0.74 0.22 0.01 -0.75 0.42 0.29 -0.70 0.82 -0.37 0.45

MBH -0.05 0.63 0.45 -0.26 -0.55 -0.37 -0.47 -0.25 -0.08 0.43 -0.15 -0.40 0.27 -0.44 0.32 -0.53
L/LEdd 0.04 -0.53 -0.11 0.20 0.64 0.18 0.39 0.19 -0.16 -0.53 0.77 0.23 -0.52 0.67 -0.18 0.20
αX -0.46 0.62 0.40 -0.63 -0.64 -0.36 -0.51 -0.35 0.24 0.49 -0.35 -0.41 0.46 -0.59 0.28 -0.22
αouv1 0.16 -0.02 -0.37 0.09 0.11 0.05 -0.21 0.06 -0.07 -0.07 0.15 0.12 -0.35 0.20 0.28 0.12
αouv2 0.24 -0.42 -0.09 0.36 0.50 0.34 0.33 0.10 -0.01 -0.30 0.43 0.13 -0.41 0.35 0.03 0.25
∆αouv -0.08 0.33 -0.22 -0.23 -0.33 -0.24 -0.43 -0.03 -0.05 0.20 -0.24 -0.01 0.06 -0.13 0.19 -0.12
Mg

H,host
-0.54 -0.20 -0.70 -0.30 -0.17 -0.00 -0.10 0.17 0.02 0.21 -0.21 0.32 0.23 -0.02 -0.35 0.36

∆αg
ouv1 -0.11 -0.30 0.01 0.15 0.18 -0.14 0.44 0.28 -0.18 0.19 -0.06 0.23 0.09 0.03 -0.31 -0.01

∆αg
ouv2 0.07 -0.62 -0.02 0.41 0.63 0.40 0.62 0.23 -0.12 0.02 0.18 0.25 -0.25 0.15 -0.24 0.30

L2keV -0.34 0.50 0.16 -0.51 -0.49 -0.44 -0.57 -0.45 0.04 0.24 0.02 -0.25 0.08 -0.23 0.33 -0.05
L1549 0.03 0.24 0.23 -0.12 -0.07 -0.21 -0.33 -0.30 -0.14 0.00 0.33 -0.26 -0.24 -0.01 0.42 -0.20
L4861 -0.01 0.31 0.44 -0.15 -0.17 -0.24 -0.30 -0.36 -0.12 0.09 0.27 -0.38 -0.08 -0.14 0.35 -0.34
FWHM C iv -0.15 0.19 0.11 -0.23 0.07 -0.04 -0.19 0.37 -0.18 0.20 0.47 0.32 -0.08 0.13 -0.16 -0.05
FWHM Hβ -0.19 0.72 0.25 -0.38 -0.67 -0.42 -0.50 -0.18 -0.01 0.74 -0.38 -0.26 0.57 -0.66 0.28 -0.53
nShift C iv -0.13 0.32 0.19 -0.19 -0.52 -0.08 -0.28 -0.65 0.20 0.31 -0.80 -0.49 0.52 -0.62 0.30 -0.20
bShift C iv 0.09 0.21 0.26 0.08 -0.20 0.28 -0.03 -0.54 0.30 0.14 -0.65 -0.48 0.15 -0.40 0.38 -0.03
Asy. C iv 0.21 0.04 0.21 0.25 0.13 0.45 0.14 -0.19 0.26 -0.04 -0.28 -0.29 -0.19 -0.08 0.28 0.11
nShift Hβ 0.12 -0.31 -0.01 0.09 0.27 0.30 0.12 -0.10 -0.13 -0.67 0.17 0.17 -0.42 0.19 -0.05 0.70

bShift Hβ -0.37 0.44 0.21 -0.51 -0.51 -0.27 -0.36 -0.31 0.02 0.45 -0.34 -0.12 0.60 -0.60 0.34 -0.20
Asy. Hβ -0.38 0.49 0.20 -0.50 -0.55 -0.32 -0.37 -0.27 0.05 0.58 -0.36 -0.15 0.67 -0.61 0.33 -0.34

Note:— 22 objects are used unless noted. When two parameters have different dimensions, the correlation coefficient can only be calculated using
a smaller dimension where both parameters are available. bShift and nShift are for broad and narrow component, respectively. Asy.=bShift-nShift,
asymmetry of the line.
a No measurement is available for PG1226+023.
b He iiλ1640
c No measurement is available for PG1543+489.
d sbb – small blue bump, measured with a local continuum (§4.5.5). Fe ii is for optical only.
e He iλ5876, blends of He i and Na i.
f 18 objects are used.
g 17 objects are used.
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Figure 4.58 (a) UV to optical Fe ii ratio vs. SPC3. (b) Optical Fe ii/[O iii] vs.
SPC3. Weak-[O iii] objects are marked, together with PG1440+356 which has
very narrow Hβ.

Optical Fe ii and [O iii] are also strongly anticorrelated, but surpris-

ingly, Fe ii/[O iii] does not show the expected strong correlation with SPC3.

This is because that the [O iii]-weak objects (PG1402+261, PG1415+451,

PG1444+407, PG1543+489) dominate this correlation (Figure 4.58b), but the

deblending of Fe ii and [O iii] introduce large uncertainty in Fe ii/[O iii] when

[O iii] is weak (see Figures 4.30–4.32). Also, line width is an important pa-

rameter involved in SPC3 as well as Fe ii and [O iii], and the extreme-SPC3

object PG1440+356 is mainly determined by its narrow line width instead of

its Fe ii and [O iii] strengths (Figure 4.58b). This also demonstrates that the

relationships among the important parameters involved in SPC3, such as Fe ii,

[O iii], and Hβ width, may not be simply linear.

Fe ii/[O iii] shows two other very strong correlations with L/LEdd and

C iv peak shift, but these are due to a few outliers as shown in Figure 4.59.

Hα/Lyα seems to have a fairly strong correlation with SPC1 (r =
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Figure 4.59 (a) Fe ii/[O iii] vs. L/LEdd. (b) Fe ii/[O iii] vs. C iv narrow
component shift. These correlations are due to a few outliers.

Figure 4.60 (a) Hα/Lyα vs. SPC1. (b) Hα/Lyα vs. L1549. Open circles are
the four objects excluded from SPCA.
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−0.70, P = 0.0012, Figure 4.60a), but its correlation with the luminosity L1549

is destroyed by the four objects excluded from SPCA, especially PG1114+445

(Figure 4.60b). It is true that 3 of these 4 objects have absorption fea-

tures in Lyα, but the uncertainty due to the absorptions in measurement of

PG1114+445 is small, because the absorptions are relatively narrow (§4.5.1).
This may suggest that the absorption line QSOs indeed have different princi-

pal components from normal QSOs. This correlation and SPCA need to be

explored with more absorption line QSOs.

I choose not to emphasize the correlation between Hα/Lyα and MH,host

(r = −0.70, P = 0.0018), since 5 objects do not have measurements of host

galaxy H-band magnitude, the correlation may be biased due to the small

number of points. It is the same for the correlations between ∆αouv2 and

C iv/Lyα, 1400/C iv, and C iii]/C iv, with only 17 or 16 points. The chance

probability for these correlation is about 1%. Even if these correlations are

real, I have not been able to understand them, because ∆αouv2 is the difference

of spectral index αouv2 before and after host galaxy correction defined in the

optical region ∼5600–5900Å (§4.3, Table 4.4), and the three line ratios involve

UV emission lines.

4.6.1.10 Summary

Direct measurements and correlation analyses of this complete sample

over the broad wavelength coverage have produced interesting new results as

well as being complementary to the SPCA results.

There is evidence showing that UV and optical spectral properties can

be quite different, and statistically form two groups (or clusters of properties).

UV continuum luminosities are closely related (e.g., L1216 and L1549), and same
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as optical luminosities (e.g., L4861 and L6563), but the inter-relationship be-

tween the two groups has larger scatter (Figure 4.40). Analyses of the FWHM

and velocity shift also show similar trends that UV lines are more closely

related with each other, and separately optical lines, too. These strongly sug-

gest different regions in BLR, probably related to both ionization and velocity

fields. In a very simple model, high ionization lines are produced closer to

the center with higher velocity dispersion. This agrees with the reverberation

mapping studies which show short lags for high ionization lines.

The optical-UV spectral index αouv is measured for the sample. It is not

correlated with the luminosity, nor is αX; however, previous studies show that

both αox and αuvx depend on the luminosity. These are consistent with the

suggestion that the big blue bump shifts redwards with increasing continuum

luminosity due to the evolution of the black hole, i.e., the increase of black

hole mass (Wandel 1999a,b). Regardless of the reason, the shift of the big blue

bump can explain the different behavior of these spectral indices.

The host galaxy contributions to the QSO spectra are estimated and

removed. There is no correlation between host galaxy luminosity and the UV-

optical continuum slope. Statistically, one can rule out the star light from

the host galaxy to be an important factor causing the variation in the con-

tinuum slope, leaving the QSO intrinsic continuum slope and dust reddening

responsible for the observed continuum slope (and SPC2).

Emission line measurements and analyses confirm most of the SPCA

results. The anticorrelation between UV and optical Fe ii is not directly seen,

probably due to the uncertainty in measurements, especially for UV Fe ii, but

they correlate in the opposite manner with [O iii] one of the most important

parameters in Boroson & Green’s (1992) Eigenvector 1 and SPC3.
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SPCA results for C iv are also confirmed from the direct measurements.

The core and wing of C iv are very different in terms of their correlations with

other parameters. The line core shows a Baldwin effect, but the line wing is

related to the line-width component (SPC3). This argues that there might be

distinct emitting regions for high ionization C iv in the BLR.
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4.6.2 Principal Component Analysis

While the direct correlation analyses described in the previous section

(§4.6.1) can reveal the details of the relationships between any two measured

spectral parameters of the QSOs, it is very inefficient to analyze many pa-

rameters at one time and is hard to discern, without a priori knowledge, the

correlations that are actually related and that are probably driven by the same

physical mechanisms. In order to sort the correlations into meaningful groups,

I apply principal component analysis (PCA) on the measured parameters. Be-

sides the emission line strength, this PCA also includes information on line

profiles such as line widths, velocity shifts and asymmetry that are not easily

revealed by SPCA, because they introduce non-linear relationship among the

binned fluxes. However, one should always be aware that the measured param-

eters depend on the emission line and continuum models used in §4.5. Due to

the small size of the sample, a non-parametric test would be useful, therefore,

a PCA on the ranks of the measured parameters is also carried out, and the

results are compared with those from the PCA on the direct measurements.

It is important to select independently measured parameters for the

PCA so that no built-in or “false” correlations are included, however, this is

hard because some parameters are always more or less related (e.g., UV and op-

tical luminosities). For parameters of the same kind with known correlations,

e.g., L1216 and L1549, I select one as the representative parameter. I also try

to choose parameters with reliable measurements and with measurements for

all objects (except for PG1543+489 which does not have C iii] measurements).

These usually include the continuum slope, luminosity, and the FWHM, equiv-

alent width, velocity shift, asymmetry etc. of the strong emission lines such

as Lyα, C iv, C iii], Mg ii, Hβ, and Hα. Some other parameters of the small
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Table 4.60 Principal Component Analysis
Measurements Ranks

Parameter PC1 PC2 PC3 PC1 PC2 PC3
Proportion . . . . . . . . . . . . . . 0.24 0.20 0.11 0.23 0.16 0.11
Cumulative . . . . . . . . . . . . . 0.24 0.44 0.55 0.23 0.39 0.50

FWHM Lyα . . . . . . . . . . . . 0.09 -0.23 0.29 0.03 -0.16 0.33

Shift Lyα . . . . . . . . . . . . . . . 0.17 0.17 -0.26 0.14 0.16 -0.25

EW Lyα . . . . . . . . . . . . . . . . 0.22 0.23 0.00 0.11 0.34 -0.02
L1549 . . . . . . . . . . . . . . . . . . . -0.11 -0.30 -0.04 0.01 -0.37 -0.06
FWHM C iv . . . . . . . . . . . . 0.03 -0.28 0.25 0.01 -0.25 0.25

bShift C iv . . . . . . . . . . . . . . -0.02 -0.10 -0.12 0.09 -0.15 -0.16
nShift C iv . . . . . . . . . . . . . . 0.13 0.06 -0.37 0.17 0.06 -0.32

Asymm. C iv . . . . . . . . . . . -0.10 -0.15 0.10 0.00 -0.20 0.03
EW C iv . . . . . . . . . . . . . . . . 0.30 0.01 -0.01 0.27 0.06 -0.03
FWHM He iiλ1640. . . . . . -0.05 -0.18 0.13 -0.03 -0.20 0.09
EW He iiλ1640 . . . . . . . . . 0.22 0.08 0.04 0.16 0.14 0.01
FWHM C iii] . . . . . . . . . . . . 0.15 -0.18 0.18 0.16 -0.12 0.28

Shift C iii] . . . . . . . . . . . . . . -0.09 -0.01 -0.25 -0.06 -0.04 -0.20

EW C iii] . . . . . . . . . . . . . . . 0.22 0.22 0.17 0.08 0.29 0.22
FWHM Mg ii . . . . . . . . . . . 0.20 -0.26 0.14 0.25 -0.18 0.10
Shift Mg ii . . . . . . . . . . . . . . -0.21 -0.15 0.00 -0.14 -0.09 -0.07
EW Mg ii . . . . . . . . . . . . . . . 0.17 0.09 0.20 0.10 0.03 0.26

EW small blue bump . . . 0.14 0.06 0.19 0.21 0.07 0.20
L4861 . . . . . . . . . . . . . . . . . . . -0.06 -0.30 -0.14 0.06 -0.32 -0.16
FWHM Hβ . . . . . . . . . . . . . 0.23 -0.26 0.01 0.29 -0.06 0.01
bShift Hβ . . . . . . . . . . . . . . . 0.21 -0.07 -0.16 0.28 -0.09 -0.06
nShift Hβ . . . . . . . . . . . . . . . -0.17 0.03 0.04 -0.10 -0.22 -0.12
Asymm. Hβ . . . . . . . . . . . . 0.24 -0.08 -0.16 0.28 -0.07 -0.08
EW Hβ . . . . . . . . . . . . . . . . . 0.18 -0.03 0.13 0.20 -0.05 0.17
EW Fe ii(opt) . . . . . . . . . . . -0.19 0.17 0.24 -0.25 -0.01 0.22

EW [O iii] . . . . . . . . . . . . . . . 0.28 -0.02 -0.13 0.26 0.09 -0.09
Shift He i . . . . . . . . . . . . . . . -0.09 -0.04 -0.20 -0.07 -0.20 -0.08
EW He i . . . . . . . . . . . . . . . . 0.03 0.14 0.25 0.03 0.03 0.25

FWHM Hα . . . . . . . . . . . . . 0.24 -0.26 0.01 0.30 -0.09 0.02
bShift Hα . . . . . . . . . . . . . . . 0.03 0.01 0.04 0.11 -0.15 -0.05
nShift Hα . . . . . . . . . . . . . . . -0.07 -0.27 -0.12 0.07 -0.20 -0.10
Asymm. Hα . . . . . . . . . . . . 0.05 0.11 0.09 0.06 -0.05 -0.07
EW Hα . . . . . . . . . . . . . . . . . 0.16 0.06 0.21 0.15 0.04 0.27

αX . . . . . . . . . . . . . . . . . . . . . . 0.17 -0.21 -0.15 0.26 -0.12 -0.13
αouv1 . . . . . . . . . . . . . . . . . . . -0.15 -0.13 0.16 -0.08 -0.24 0.16
αouv2 . . . . . . . . . . . . . . . . . . . -0.19 -0.03 0.04 -0.15 -0.05 -0.04

Note:— Results of principal component analyses with both the measured parameters and their ranks are
shown. Important parameters in each principal component are marked in bold face. PG1543+489 is excluded
due to missing data of C iii]. The prefixes ‘b’ and ‘n’ before FWHM and Shift are for broad and narrow
component, respectively. All EWs are on logarithmic scales. Asymm.=bShift-nShift, asymmetry of the line.
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Table 4.61 Principal Component Analysis
Measurements Ranks

Parameter PC1 PC2 PC3 PC1 PC2 PC3
Proportion . . . . . . . . . . . . . . 0.24 0.18 0.12 0.24 0.16 0.13
Cumulative . . . . . . . . . . . . . 0.24 0.42 0.54 0.24 0.40 0.53

FWHM Lyα . . . . . . . . . . . . 0.11 -0.17 0.31 0.05 -0.11 0.33

Shift Lyα . . . . . . . . . . . . . . . 0.14 0.16 -0.29 0.10 0.16 -0.24

bEW Lyα . . . . . . . . . . . . . . . 0.23 0.14 0.09 0.15 0.21 -0.04
nEW Lyα . . . . . . . . . . . . . . . 0.08 0.26 -0.13 0.00 0.30 -0.13
L1549 . . . . . . . . . . . . . . . . . . . -0.08 -0.26 -0.04 0.03 -0.33 0.01
FWHM C iv . . . . . . . . . . . . 0.05 -0.22 0.29 0.02 -0.20 0.25

bShift C iv . . . . . . . . . . . . . . -0.02 -0.08 -0.18 0.08 -0.14 -0.11
nShift C iv . . . . . . . . . . . . . . 0.11 0.04 -0.40 0.15 0.05 -0.29

Asymm. C iv . . . . . . . . . . . -0.09 -0.12 0.05 -0.01 -0.16 0.08
bEW C iv . . . . . . . . . . . . . . . 0.28 -0.01 -0.03 0.29 0.04 -0.01
nEW C iv . . . . . . . . . . . . . . . 0.19 0.17 0.03 0.11 0.19 -0.05
FWHM He iiλ1640. . . . . . -0.03 -0.15 0.18 -0.01 -0.19 0.10
EW He iiλ1640 . . . . . . . . . 0.20 0.09 0.03 0.14 0.14 -0.02
FWHM C iii] . . . . . . . . . . . . 0.15 -0.13 0.18 0.16 -0.08 0.27

Shift C iii] . . . . . . . . . . . . . . -0.09 -0.02 -0.22 -0.07 -0.04 -0.19

bEW C iii] . . . . . . . . . . . . . . 0.23 0.13 0.13 0.15 0.22 0.16
nEW C iii] . . . . . . . . . . . . . . 0.06 0.28 0.16 -0.05 0.32 0.11
FWHM Mg ii . . . . . . . . . . . 0.21 -0.20 0.16 0.24 -0.12 0.14
Shift Mg ii . . . . . . . . . . . . . . -0.18 -0.16 0.02 -0.12 -0.10 -0.06
bEW Mg ii . . . . . . . . . . . . . . 0.15 0.05 0.17 0.12 0.06 0.22
nEW Mg ii . . . . . . . . . . . . . . 0.04 0.25 0.13 -0.11 0.21 0.15
EW small blue bump . . . 0.12 0.08 0.17 0.18 0.10 0.18
L4861 . . . . . . . . . . . . . . . . . . . -0.03 -0.27 -0.12 0.09 -0.32 -0.11
FWHM Hβ . . . . . . . . . . . . . 0.24 -0.21 0.04 0.29 -0.05 0.01
bShift Hβ . . . . . . . . . . . . . . . 0.19 -0.04 -0.16 0.25 -0.05 -0.01
nShift Hβ . . . . . . . . . . . . . . . -0.17 0.03 0.01 -0.11 -0.16 -0.03
Asymm. Hβ . . . . . . . . . . . . 0.22 -0.05 -0.16 0.25 -0.05 -0.04
bEW Hβ . . . . . . . . . . . . . . . . 0.19 -0.07 0.03 0.21 -0.04 0.11
nEW Hβ . . . . . . . . . . . . . . . . 0.01 0.12 0.03 0.04 0.10 0.20
EW Fe ii(opt) . . . . . . . . . . . -0.20 0.15 0.21 -0.25 0.02 0.23

EW [O iii] . . . . . . . . . . . . . . . 0.27 0.00 -0.13 0.25 0.09 -0.09
Shift He i . . . . . . . . . . . . . . . -0.09 -0.05 -0.20 -0.08 -0.17 -0.03
EW He i . . . . . . . . . . . . . . . . 0.00 0.17 0.18 -0.01 0.12 0.28
FWHM Hα . . . . . . . . . . . . . 0.24 -0.20 0.03 0.29 -0.07 0.02
bShift Hα . . . . . . . . . . . . . . . 0.00 0.03 -0.01 0.08 -0.07 0.03
nShift Hα . . . . . . . . . . . . . . . -0.04 -0.25 -0.06 0.08 -0.20 -0.08
Asymm. Hα . . . . . . . . . . . . 0.02 0.12 0.01 0.02 0.01 0.00
bEW Hα . . . . . . . . . . . . . . . . 0.21 -0.05 0.08 0.19 0.02 0.18
nEW Hα . . . . . . . . . . . . . . . . -0.11 0.24 0.05 -0.06 0.11 0.25
αX . . . . . . . . . . . . . . . . . . . . . . 0.17 -0.15 -0.15 0.25 -0.11 -0.10
αouv1 . . . . . . . . . . . . . . . . . . . -0.15 -0.10 0.14 -0.10 -0.16 0.22
αouv2 . . . . . . . . . . . . . . . . . . . -0.17 -0.05 0.04 -0.14 -0.07 -0.02

Note:— Same as Table 4.60 except that the equivalent widths (EWs) of broad and narrow components are
used instead of the total EW.
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blue bump, [O iii]λ5007, He iiλ1640, and He iλ5876+Na i are also included.

Each principal component is a linear combination of these parameters.

The coefficients of the parameters in the combination are listed in Table 4.60-

4.61 and their absolute values represent the weight of each parameter in the

principal component. The square sum of these coefficients in each principal

component is unity, so the average coefficient (absolute value) is 1/
√

N , where

N is the number of parameters. If the absolute value of the coefficient of

one parameter is greater than the average value, the parameter is considered

as important in that principal component. The average coefficient is 0.167

(N = 36) and 0.154 (N = 42) for Table 4.60 and 4.61, respectively.

Also listed in the Tables are the proportion and accumulation of total

sample variance accounted for by each principal component. In all cases shown

here, three significant principal components account for more than 50% of the

total sample variance.

If one parameter is important in the same principal component from

both PCA analyses (the direct measurements and the ranks of the measure-

ments), the coefficients are marked in bold face, indicating the the parameter

is truly important. In some cases where a parameter is important in one PCA

but not in another, the parameter is not considered important. The incon-

sistency possibly reflects the undue weight for some outliers of the measured

parameter because of the small size of the sample, or the effect of cross-talk

between the principal components.

In Table 4.60, the important parameters in the first principal compo-

nent (PC1) can also be seen in the line-width component SPC3 in §3.5.3, such

as EW [O iii], EW Fe ii(opt), Hβ width etc. (see also the summary in Fig-

ure 3.9), and they correlate in the same sense as in SPC3. Therefore, PC1 is
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clearly identified with SPC3. However, the small blue bump does not seem to

strongly anticorrelate with optical Fe ii, as seen in SPC3. In fact, this anti-

correlation does not exist in the direct correlation analyses and it is discussed

in §4.6.1.7. Some of the most important correlations were used to define the

Boroson & Green’s Eigenvector 1 (i.e., their principal component 1). I am

also able to include Hβ line shift and asymmetry in this component, and the

results are in good agreement with Boroson & Green (1992).

The second principal component (PC2) is identified with the line-core

component SPC1. The dominant relationship in this principal component is

the anti-correlation between the continuum luminosity and the UV emission

line equivalent width, i.e., the Baldwin effect. Boroson & Green (1992) also

found that their second principal component is dominated by the luminosity,

which is correlated with He iiλ4686. However, they have data only around

Hβ region and the Baldwin effect strongly favors UV emission lines, these

prevented them from identifying their second principal component with the

Baldwin effect.

As already found in Wills et al. (1999a), C iv total equivalent width has

a very weak Baldwin effect in this sample. However, SPCA derives a fairly

strong Baldwin effect for C iv line core as well as line cores of some other

emission lines. In order to pursue this with the direct line measurements, I

replace the total line equivalent widths with the line equivalent widths of their

broad and narrow components in the PCA. The results in Table 4.61 clearly

show that in PC2, the narrow component of a line is more significant than the

broad component. This suggests that the low velocity gas contributes more to

the Baldwin effect than the high velocity gas, in consistent with SPCA results

and previous studies.
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It can be seen from both Table 4.60 and 4.61 that the third principal

component (PC3) is dominated by emission line shifts and FWHMs. Some

of its important parameters, for example, FWHM C iii] and EW Fe ii(opt),

are also important in PC1 or PC2, and are likely to be crosstalk from PC1 or

PC2, since PC3 accounts for only about 10% total sample variance and is less

significant statistically than PC1 or PC2. The other important parameters

that are not significant in either PC1 or PC2 define this principal component.

These include mainly the velocity shifts and FWHMs of UV lines, especially for

C iv, the line peak blueshift increases with increasing FWHM. This can also be

seen in the direct correlation analyses in Table 4.54 and Figure 4.54, where it

is shown that the correlation is pretty strong (P = 0.0006). Therefore, this is a

real principal component representing the less significant relationship between

the UV emission line velocity shifts and FWHMs. In BG92, their principal

component 3-5 are dominated by Hβ EW, Hβ shape, and Hβ shift, respectively,

and have less significance. They suggest those parameters have real scatter in

their values and those principal components are driven by different physical

parameters than are the first two principal components.

I have also experimented with using different subsets of the variables

or including more variables in the principal component analysis. I found that

essentially the same principal components come out of the analysis. For ex-

ample, Table 4.60 and 4.61 show essentially the same results. Therefore, one

can conclude that the PCA results in two significant principal components

that are the same as in BG92, but with more variables. These two principal

components are consistent with SPC3 and SPC1, respectively, in the spec-

tral principal component analysis. The third principal component found here

seem to relate the UV emission line velocity shift and FWHM, but this is
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not a principal component as significant as the first two. Also the continuum

slope component SPC2 from SPCA does not show up. It was significant in

SPCA because each wavelength bin contains the information of the continuum

slope and the variance of the continuum slope is significant in the total sample

variance in SPCA.
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Chapter 5

Conclusions

I analyze a complete sample of 22 QSOs with three related, but different

methods – spectral principal component analysis, direct correlation analysis

of measured spectral parameters, and principal component analysis on the

same measured parameters. With broad wavelength coverage of the data, the

consistent results from all 3 analyses show conclusively that the Baldwin effect

and the Boroson & Green’s Eigenvector 1 are two significant, independent

relationships among QSO UV-optical spectral properties.

The Baldwin effect, which shows an anti-correlation between QSO con-

tinuum luminosity and emission line equivalent width, is dominated by UV

emission lines. It is closely related to the black hole mass accretion rate. It

is also shown that the line-core, or the emission from low velocity gas has

stronger Baldwin effect (SPC1). Using SPCA-derived equivalent widths can

greatly reduce the scatter in the Baldwin effect, rekindling the hope of using

this luminosity relationship for cosmological study.

Boroson & Green’s Eigenvector 1 includes many optical spectral prop-

erties, and is marked by the strong anti-correlation between [O iii] and optical

Fe ii. All the analyses clearly reveal this relationship. UV spectral parameters

such as C iv EW and Mg ii FWHM are also important parameters in this rela-

tionship. UV Fe ii (the small blue bump) is anti-correlated with optical Fe ii.

It has been suggested that this set of relationships is driven by the Eddington
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accretion ratio, and this is supported by the inclusion of the soft X-ray spectral

index.

In general, C iv shows up in both the Baldwin effect and Boroson &

Green’s Eigenvector 1. Without simultaneous investigation of both the UV

and optical spectra, this caused some confusion in distinguishing the two inde-

pendent relationships in previous studies. While it is clear that C iv line-core

is more closely related to the Baldwin effect and the rest to the Boroson &

Green’s Eigenvector 1, there has not been physical justification for assuming

a broad and a narrow component, or distinct BLR regions for C iv emission.

Further studies are needed and should take into account the different behavior

of C iv (and other lines) line-core and line-wings instead of just the whole line.

Direct measurements and correlation analyses show that UV high ion-

ization lines are closely related with each other in terms of their FWHMs,

velocity shifts, and underlying continuum luminosity. Same is true for optical

low ionization lines, but the UV and optical lines do not seem to be closely

related, and they probably originate from different regions in the BLR. Con-

sidering the shorter time lags from reverberation mapping for UV lines than

for optical lines, this suggests a stratified structure of ionization and velocity

field in BLR.

The FWHM of Mg ii is correlated with that of Hβ, but the FWHM

of C iv is not. This suggests that Mg ii is better than C iv in estimating the

black hole mass of high redshift QSOs using the general approach developed

for Hβ.

Host galaxy contribution to the QSO spectra is estimated and removed.

I find that the host galaxy is not a big contributor to the observed QSO
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continuum slope, and it has no noticeable involvement in either the Baldwin

effect or Boroson & Green’s Eigenvector 1.

The UV-optical spectral index αouv is not related to the luminosity as

αuvx and αox are in some previous studies. This is in agreement with a shift

of the big blue bump with luminosity, which may or may not be related to the

QSO evolution.

A broad and a narrow Gaussian component can fit most emission lines

very well. However, I do not assume any physical meanings to these compo-

nents. The narrow component is not the same as the line-core found in SPCA,

and the broad component can, to a lower order, represent the line-wings or

line base. The possible physical connections between the BLR components

and the line-core, line-wings remain to be explored.

The correlation analyses and PCA on the measured spectral parameters

give consistent and complementary results to SPCA. SPCA has the advantage

of not parameterizing the spectra and therefore can produce more objective

results, especially for broad features such as the Fe ii blends, which are diffi-

cult to define and measure accurately. The anti-correlation between the UV

and optical Fe ii is revealed in SPCA, but not in the PCA or direct correla-

tion analyses, although they do show an opposite manner in correlating with

another common parameter ([O iii]). Therefore, SPCA produces more reliable

results, and it is very powerful and efficient in analyzing large samples.

SPCA and PCA group together the important correlations among ob-

served variables. They are linear analyses but the relationships among different

variables may not be really linear in nature, and therefore there remain scat-

ters, e.g., the cross-talks among the principal components. With the small
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sample, it is hard to tell if they are real cross-talks or there might be two

components like in C iv. Large samples will be able to answer this question.
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Appendix A

SPCA.f

This source code is for performing spectral principal component analy-

sis, written by Paul Francis (1992). It is available online at http://www.mso.

anu.edu.au/~pfrancis/.

PROGRAM SPCA

*-

* SPCA

*

* Reads in a list of spectra, sends them to their rest frame,

* rebins part of them, normalized by its mean. This then has

* the mean spectrum subtracted from it, and each of the residuals

* is optionally divided by the variance for that bin.

*

* SVD is then used to find the principal components of these,

* which are output, along with the strength of each component

* in each spectrum.

*

* Input:- List of spectra and redshifts (an ascii file containing

* spectrum names in the first column and redshifts in the second. The

* input format is fixed - edit the program if you have longer or

* shorter file names)

*

* Calls:- RDATA, REBIN, SVDCMP (from Numerical Recipes)

*

* Returns:

* Two files - one for the principle components, a second for the

* component weights in each spectrum

*

* Components file returns as a first column the rest-frame

* wavelength, then the mean spectrum, the standard deviation

* spectrum, followed by the first ten principle components
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*

* The weights file returns with the spectrum names as the first

* column, then the redshifts, then the weights of the first ten

* principle components

*

* Paul Francis, IoA Cambridge, March 1990. Modified extensively

* this version 28th June 1996

*

* Paul Francis, University of Melbourne

* pfrancis@physics.unimelb.edu.au

*-

IMPLICIT NONE

INTEGER I, J, RNUM, BMAX, SMAX, MINMN

INTEGER IFAIL, SCREEN, KEYBD, INFILE, OUTFIL

INTEGER COUNT, OSTART

INTEGER MAXSIZ, NBIN, NUM

PARAMETER (SMAX=800, BMAX=800, SCREEN=6,

: KEYBD=5, INFILE=7, OUTFIL=8, MAXSIZ=4000)

****************************************************************

* SMAX is the maximum number of spectra likely to be used.

* BMAX the maximum number of bins in each spectrum after the

* trimming and rebinning has been performed by the program.

* SMAX HAS TO BE AT LEAST AS LARGE AS RMAX. The smaller you

* can make these numbers, the less memory your program will

* take and the faster it will run.

* MAXNUM is the maximum number of bins in each input spectrum

* before trimming and rebinning

****************************************************************

REAL D(SMAX,BMAX), LAMBDA(SMAX)

REAL V(BMAX,SMAX)

REAL WAV(MAXSIZ), SIG(MAXSIZ)

REAL START, END, BINSIZ, TEMP, RBDAT(MAXSIZ)

REAL RBWAV(MAXSIZ), MEAN, SCALE, MNSPEC(MAXSIZ)

REAL MNVAR(MAXSIZ), RED(BMAX), TRED

CHARACTER*20 SPCNAM, CONAME, SPNAME(SMAX), TNAME, FILNAM

CHARACTER*1 ANS

* Find the list of spectra:
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WRITE (SCREEN,’(A)’)’ List of spectra:’

READ (KEYBD,’(A)’) FILNAM

OPEN (INFILE, FILE=FILNAM, STATUS=’OLD’)

* Set the rebinning parameters.

WRITE(SCREEN,’(A)’)’ Start of wanted rest-wavelength region?’

READ(KEYBD,*) START

WRITE(SCREEN,’(A)’)’ End of wanted region?’

READ(KEYBD,*) END

WRITE(SCREEN,’(A)’)’ Wavelength binsize to use?’

READ(KEYBD,*) BINSIZ

WRITE(SCREEN,’(A)’)’ Divide by the standard deviation? (Y/N)’

READ(KEYBD,’(A)’) ANS

WRITE(SCREEN,’(A)’)’ Output file name for components?’

READ(KEYBD,’(A)’) CONAME

WRITE(SCREEN,’(A)’)’ Output file for weights?’

READ(KEYBD,’(A)’) SPCNAM

* Prepare the rebinned wavelength scale

NBIN = INT((END-START)/BINSIZ)

TEMP=START

DO 10 I=1,NBIN

RBWAV(I)=TEMP

TEMP=TEMP+BINSIZ

MNSPEC(I) = 0.0

MNVAR(I) = 0.0

10 CONTINUE

* Loop through all the spectra in the list:

COUNT=0

DO 80 I=1,SMAX

WRITE(SCREEN,*) I
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* Read in spectrum name:

*******************************************************************

* The line below reads spectrum names from an ASCII file, using

* a fixed format read - tinker with the format if necessary

*******************************************************************

READ(INFILE,20,END=90) TNAME,TRED

20 FORMAT(A10,F9.4)

* Check the redshift

*******************************************************************

* The line below is used to do a quick "first pass" rejection of

* spectra at inappropriate redshifts - modify if necessary if IR

* and/or UV data is avaliable

*******************************************************************

IF((START.GT.(3200.0/(1.0+TRED))).AND.

: (END.LT.(10000.0/(1.0+TRED)))) THEN

* Read in the spectrum

CALL RDATA(TNAME, NUM, WAV, SIG, MAXSIZ)

* Double check the wavelength range

IF((WAV(1).LE.(START*(1.0+TRED))).AND.

: (WAV(NUM).GE.(END*(1.0+TRED)))) THEN

COUNT = COUNT + 1

SPNAME(COUNT)=TNAME

RED(COUNT) = TRED

* Bring the spectrum to its rest frame.

DO 30 J=1,NUM

SIG(J) = SIG(J)*1.0E7

WAV(J) = WAV(J)/(1.0+TRED)

30 CONTINUE

CALL REBIN(NUM,NBIN,WAV,SIG,RBWAV,RBDAT)

* Find the mean flux

MEAN = 0.0

DO 40 J=1, NBIN
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MEAN = MEAN + RBDAT(J)

40 CONTINUE

MEAN = MEAN/REAL(NBIN)

* Scale by the mean, and construct the bin mean and varience

DO 50 J=1, NBIN

D(COUNT,J) = RBDAT(J)/MEAN

MNSPEC(J) = MNSPEC(J) + D(COUNT,J)

MNVAR(J) = MNVAR(J) + D(COUNT,J)**2

50 CONTINUE

END IF

END IF

80 CONTINUE

90 CLOSE(INFILE)

WRITE(SCREEN,’(A)’)’ Number of spectra used:-’

WRITE(SCREEN,*) COUNT

WRITE(SCREEN,’(A)’)’ Loading finished, mean subtraction starting.’

* Find the mean spectrum, and subtract it off each.

* Loop through the spectra, subtracting the means

DO 100 I=1, NBIN

MNSPEC(I) = MNSPEC(I)/REAL(COUNT)

MNVAR(I) = SQRT(MNVAR(I)/COUNT - MNSPEC(I)**2)

100 CONTINUE

DO 120 I=1, NBIN

DO 110 J=1, COUNT

D(J,I) = D(J,I) - MNSPEC(I)

IF (ANS.EQ.’Y’ .OR. ANS .EQ. ’y’) THEN

D(J,I) = D(J,I)/MNVAR(I)

END IF

110 CONTINUE

120 CONTINUE

WRITE(SCREEN,’(A)’)’ Mean subtraction finished, SVD starting.’

* Perform the Singular Value Decomposition on D

IFAIL = 0
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MINMN = MIN(COUNT,NBIN)

* Set excess rows to zero if COUNT .lt. NBIN

RNUM = COUNT

IF (COUNT .LT. NBIN) THEN

DO 140 I= 1, NBIN

DO 130 J=COUNT+1, NBIN

D(J,I) = 0.0

130 CONTINUE

140 CONTINUE

RNUM = NBIN

ENDIF

CALL SVDCMP(D,RNUM,NBIN,SMAX,BMAX,LAMBDA,V)

* Turn the values in Lambda into proportions of the variation.

SCALE = 0.0

DO 150 I=1,MINMN

SCALE = SCALE + LAMBDA(I)

150 CONTINUE

* Output the components found, with their strengths

WRITE(SCREEN,’(A)’) ’ Component Eigenvalues:’

DO 155 I=1, 10

WRITE(SCREEN,*) I, LAMBDA(I)/SCALE

155 CONTINUE

OSTART=1

OPEN(OUTFIL, FILE=CONAME, STATUS=’NEW’)

DO 170 J=1,NBIN

IF (ANS.EQ.’Y’ .OR. ANS .EQ. ’y’) THEN

WRITE(OUTFIL,180) RBWAV(J),MNSPEC(J),MNVAR(J),

: (V(J,I)*MNVAR(J),I=OSTART,OSTART+9)

ELSE

WRITE(OUTFIL,180) RBWAV(J),MNSPEC(J),MNVAR(J),

: (V(J,I),I=OSTART,OSTART+9)

END IF

170 CONTINUE
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180 FORMAT(1X,F6.1,12F10.6)

CLOSE(OUTFIL)

* Output the component weights in each spectrum

OPEN(OUTFIL, FILE=SPCNAM, STATUS=’NEW’)

DO 200 I=1,COUNT

WRITE(OUTFIL,210) SPNAME(I),RED(I),

: (LAMBDA(J)*D(I,J),J=OSTART,OSTART+9)

200 CONTINUE

210 FORMAT(1X,A10,F10.4,F11.5,9F9.5)

CLOSE(OUTFIL)

END

SUBROUTINE REBIN(NUM,NUMB,WAVI,DATI,WAVB,RBDAT)

*-

* REBIN

* Rebins the spectrum in WAVI, DATI, to the wavelength scale

* of WAVB, putting the result in RBDAT.

*-

INTEGER NUM,NUMB,K,I,J,LOLIM,HILIM

REAL WAVI(NUM),DATI(NUM),

: WAVB(NUMB),RBDAT(NUMB),A,B,C,D,

: INI,INB,STI,STB

* Find start and interval of both spectra.

STI=WAVI(1)

INI=(WAVI(NUM)-WAVI(1))/(NUM-1)

STB=WAVB(1)

INB=(WAVB(NUMB)-WAVB(1))/(NUMB-1)

* Prepare array to hold rebinned first spectrum.

DO 5 K=1,NUMB

RBDAT(K)=0.0

5 CONTINUE

* Perform rebinning.
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DO 7 I=1,NUM

LOLIM=INT((WAVI(I)-0.5*(INI+INB)-STB)/INB)

HILIM=INT((WAVI(I)+0.5*(INI+INB)-STB)/INB)+2

DO 6 J=LOLIM,HILIM

IF ((J.GE.1).AND.(J.LE.NUMB)) THEN

A=WAVI(I)-0.5*INI

B=WAVI(I)+0.5*INI

C=WAVB(J)-0.5*INB

D=WAVB(J)+0.5*INB

IF ((C.LE.B).AND.(A.LE.D)) THEN

IF (C.LT.A) THEN

IF (D.LT.B) THEN

RBDAT(J)=RBDAT(J)+(D-A)*DATI(I)/(B-A)

ELSE

RBDAT(J)=RBDAT(J)+DATI(I)

ENDIF

ELSE

IF (D.LT.B) THEN

RBDAT(J)=RBDAT(J)+(D-C)*DATI(I)/(B-A)

ELSE

RBDAT(J)=RBDAT(J)+(B-C)*DATI(I)/(B-A)

ENDIF

ENDIF

ENDIF

ENDIF

6 CONTINUE

7 CONTINUE

* Eliminate edge effects.

DO 20 I=1,NUMB

IF (((WAVB(I)-0.5*INB).LT.(STI+0.5*INI)).OR.

: ((WAVB(I)+0.5*INB).GT.(STI+NUM*INI-0.5*INI))) THEN

RBDAT(I)=0.0

ENDIF

20 CONTINUE

END

SUBROUTINE RDATA(TNAME, NUM, WAV, SIG, MAXSIZ)
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*-

* RDATA

* Given a character string TNAME, this subroutine reads into the

* arrays WAV, SIG the ascii file

*

* Paul Francis, University of Melbourne, Dec 1993

*-

INTEGER I, FILNUM, NUM

PARAMETER (FILNUM=9)

REAL WAV(MAXSIZ), SIG(MAXSIZ)

REAL WAVE, FLUX

CHARACTER TNAME*20

* Open the file for read access only.

OPEN(FILNUM, FILE=TNAME, STATUS=’OLD’)

* Read in the spectrum, discarding zero wavelength rows.

NUM = 0

DO 10 I=1,10000

READ(FILNUM,*,END=20) WAVE,FLUX

IF (WAVE .GT. 1200.0 .AND. WAVE .LT. 10000.) THEN

NUM = NUM + 1

WAV(NUM) = WAVE

SIG(NUM) = FLUX

END IF

10 CONTINUE

* Close the file.

20 CLOSE(FILNUM)

END

SUBROUTINE SVDCMP(A,M,N,MP,NP,W,V)

PARAMETER (NMAX=800)

DIMENSION A(MP,NP),W(NP),V(NP,NP),RV1(NMAX)
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G=0.0

SCALE=0.0

ANORM=0.0

DO 25 I=1,N

L=I+1

RV1(I)=SCALE*G

G=0.0

S=0.0

SCALE=0.0

IF (I.LE.M) THEN

DO 11 K=I,M

SCALE=SCALE+ABS(A(K,I))

11 CONTINUE

IF (SCALE.NE.0.0) THEN

DO 12 K=I,M

A(K,I)=A(K,I)/SCALE

S=S+A(K,I)*A(K,I)

12 CONTINUE

F=A(I,I)

G=-SIGN(SQRT(S),F)

H=F*G-S

A(I,I)=F-G

IF (I.NE.N) THEN

DO 15 J=L,N

S=0.0

DO 13 K=I,M

S=S+A(K,I)*A(K,J)

13 CONTINUE

F=S/H

DO 14 K=I,M

A(K,J)=A(K,J)+F*A(K,I)

14 CONTINUE

15 CONTINUE

ENDIF

DO 16 K= I,M

A(K,I)=SCALE*A(K,I)

16 CONTINUE

ENDIF

ENDIF

W(I)=SCALE *G

G=0.0

S=0.0

SCALE=0.0

IF ((I.LE.M).AND.(I.NE.N)) THEN

DO 17 K=L,N
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SCALE=SCALE+ABS(A(I,K))

17 CONTINUE

IF (SCALE.NE.0.0) THEN

DO 18 K=L,N

A(I,K)=A(I,K)/SCALE

S=S+A(I,K)*A(I,K)

18 CONTINUE

F=A(I,L)

G=-SIGN(SQRT(S),F)

H=F*G-S

A(I,L)=F-G

DO 19 K=L,N

RV1(K)=A(I,K)/H

19 CONTINUE

IF (I.NE.M) THEN

DO 23 J=L,M

S=0.0

DO 21 K=L,N

S=S+A(J,K)*A(I,K)

21 CONTINUE

DO 22 K=L,N

A(J,K)=A(J,K)+S*RV1(K)

22 CONTINUE

23 CONTINUE

ENDIF

DO 24 K=L,N

A(I,K)=SCALE*A(I,K)

24 CONTINUE

ENDIF

ENDIF

ANORM=MAX(ANORM,(ABS(W(I))+ABS(RV1(I))))

25 CONTINUE

DO 32 I=N,1,-1

IF (I.LT.N) THEN

IF (G.NE.0.0) THEN

DO 26 J=L,N

V(J,I)=(A(I,J)/A(I,L))/G

26 CONTINUE

DO 29 J=L,N

S=0.0

DO 27 K=L,N

S=S+A(I,K)*V(K,J)

27 CONTINUE

DO 28 K=L,N

V(K,J)=V(K,J)+S*V(K,I)
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28 CONTINUE

29 CONTINUE

ENDIF

DO 31 J=L,N

V(I,J)=0.0

V(J,I)=0.0

31 CONTINUE

ENDIF

V(I,I)=1.0

G=RV1(I)

L=I

32 CONTINUE

DO 39 I=N,1,-1

L=I+1

G=W(I)

IF (I.LT.N) THEN

DO 33 J=L,N

A(I,J)=0.0

33 CONTINUE

ENDIF

IF (G.NE.0.0) THEN

G=1.0/G

IF (I.NE.N) THEN

DO 36 J=L,N

S=0.0

DO 34 K=L,M

S=S+A(K,I)*A(K,J)

34 CONTINUE

F=(S/A(I,I))*G

DO 35 K=I,M

A(K,J)=A(K,J)+F*A(K,I)

35 CONTINUE

36 CONTINUE

ENDIF

DO 37 J=I,M

A(J,I)=A(J,I)*G

37 CONTINUE

ELSE

DO 38 J= I,M

A(J,I)=0.0

38 CONTINUE

ENDIF

A(I,I)=A(I,I)+1.0

39 CONTINUE

DO 49 K=N,1,-1
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DO 48 ITS=1,30

DO 41 L=K,1,-1

NM=L-1

IF ((ABS(RV1(L))+ANORM).EQ.ANORM) GO TO 2

IF ((ABS(W(NM))+ANORM).EQ.ANORM) GO TO 1

41 CONTINUE

1 C=0.0

S=1.0

DO 43 I=L,K

F=S*RV1(I)

IF ((ABS(F)+ANORM).NE.ANORM) THEN

G=W(I)

H=SQRT(F*F+G*G)

W(I)=H

H=1.0/H

C= (G*H)

S=-(F*H)

DO 42 J=1,M

Y=A(J,NM)

Z=A(J,I)

A(J,NM)=(Y*C)+(Z*S)

A(J,I)=-(Y*S)+(Z*C)

42 CONTINUE

ENDIF

43 CONTINUE

2 Z=W(K)

IF (L.EQ.K) THEN

IF (Z.LT.0.0) THEN

W(K)=-Z

DO 44 J=1,N

V(J,K)=-V(J,K)

44 CONTINUE

ENDIF

GO TO 3

ENDIF

IF (ITS.EQ.30) PAUSE ’No convergence in 30 iterations’

X=W(L)

NM=K-1

Y=W(NM)

G=RV1(NM)

H=RV1(K)

F=((Y-Z)*(Y+Z)+(G-H)*(G+H))/(2.0*H*Y)

G=SQRT(F*F+1.0)

F=((X-Z)*(X+Z)+H*((Y/(F+SIGN(G,F)))-H))/X

C=1.0
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S=1.0

DO 47 J=L,NM

I=J+1

G=RV1(I)

Y=W(I)

H=S*G

G=C*G

Z=SQRT(F*F+H*H)

RV1(J)=Z

C=F/Z

S=H/Z

F= (X*C)+(G*S)

G=-(X*S)+(G*C)

H=Y*S

Y=Y*C

DO 45 NM=1,N

X=V(NM,J)

Z=V(NM,I)

V(NM,J)= (X*C)+(Z*S)

V(NM,I)=-(X*S)+(Z*C)

45 CONTINUE

Z=SQRT(F*F+H*H)

W(J)=Z

IF (Z.NE.0.0) THEN

Z=1.0/Z

C=F*Z

S=H*Z

ENDIF

F= (C*G)+(S*Y)

X=-(S*G)+(C*Y)

DO 46 NM=1,M

Y=A(NM,J)

Z=A(NM,I)

A(NM,J)= (Y*C)+(Z*S)

A(NM,I)=-(Y*S)+(Z*C)

46 CONTINUE

47 CONTINUE

RV1(L)=0.0

RV1(K)=F

W(K)=X

48 CONTINUE

3 CONTINUE

49 CONTINUE

RETURN

END
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Appendix B

Notes on Data for Individual Objects

The UV spectrum of one object is either from HST archives or from

our new observations, and in general the optical spectra were obtained at

McDonald Observatory. There are a few cases where we use data from other

sources (see also Figure 2.1 and Table 2.2). Wavelengths here are all in the

observed frame.

PG1048+342 Due to the very low flux measured from IUE data, this object

would have required an unreasonable amount of HST time to observe,

and therefore the observation was not proposed. It turned out later

that the IUE data spectrum was weak, probably because of a pointing

problem.

PG1116+215 Most data (1668–8231Å) are from our new observations (both

HST and McDonald), while a small part of the spectrum (1239–1774Å,

including Lyα) is from the HST archive.

PG1202+281 Archival UV data in the wavelength range 2400–3277Å are

also used to increase the signal-to-noise ratio. The flux density of this

spectrum agrees very well with the new HST spectrum, although this

object is highly variable.

PG1226+023 (3C273) Some optical data (3200–8183Å) are from 1981 and

1988 observations using the UVITS spectrograph and image dissector
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scanner (IDS) on the 2.7m telescope at McDonald Observatory (Wills,

Netzer, & Wills 1985). A higher resolution spectrum (feb96lcs, 4600–

6000Å) is also used.

PG1512+370 The blue part of our optical spectrum (shown in Figure 2.1,

3201–5631Å) is not used due to poor quality, instead, data are from

observations by Jack Baldwin (3174–5570Å), Boroson and Green (BG92)

(6120–7052Å) and Bev Wills’ McDonald IDS data (5567–6230Å).

PG1543+489 We were not able to obtain the UV spectrum between 2307–

3200Å because the data were supposed to be obtained for another HST

proposal before ours, but were never obtained. Its optical spectral data

miss part of the Hα red wing (Figure 2.6).
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Carballo, R., González-Serrano, J. I., Benn, C. R., Sánchez, S. F., & Vigotti,

M. 1999, MNRAS, 306, 137

Cheng, F. H., Gaskell, C. M., & Koratkar, A. P. 1991, ApJ, 370, 487

285



Clavel, J., Wamsteker, W., & Glass, I.S. 1989, ApJ, 337, 236

Clavel, J. et al. 1991, ApJ, 366, 64

Cohen, M., Walker, R. G., Barlow, M. J., & Deacon, J. R. 1992, AJ, 104, 1650

Corbin, M. R. 1990, ApJ, 357, 346

Corbin, M. R. & Boroson, T. A. 1996, ApJ, 107, 69

Collier, S. J. et al. 1998, ApJ, 500, 162

Collier, S. J., Horne, K., Wanders, I., & Peterson, B. M. 1999, MNRAS, 302,

24

Cox, A. N. 1999, Allen’s Astrophysical Quantities, 4th Edition, ed. A. N. Cox,

(New York: Springer-Verlag)

Cristiani, S., & Vio, R. 1990, A&A, 227, 385

Croom, S. M. et al. 2002, MNRAS, 337, 275

Dietrich, M., Hamann, F., Shields, J. C., Constantin, A., Vestergaard, M.,

Chaffee, F., Foltz, C. B., & Junkkarinen, V. T., 2002, ApJ, 581, 912

Dunlop, J. S., McLure, R. J., Kukula, M. J., Baum, S. A., O’Dea, C. P., &

Hughes, D. H. 2003, MNRAS, 340, 1095

Elvis, M., Wilkes, B. J., McDowell, J. C., Green, R. F., Bechtold, J., Willner,

S. P., Oey, M. S., Polomski, E., & Cutri, R. 1994, ApJS, 95, 1

Elvis, M. 2000, ApJ, 545, 63

Espey, B. R. et al. 1994, ApJ, 434, 484

286



Espey, B. R., & Andreadis, S. 1999, in ASP Conf. Series 162, Quasars and

Cosmology, ed. G. J. Ferland, & J. A. Baldwin (San Francisco: ASP), 351

Fabian, A. C. 1999, MNRAS, 308, L39

Fabian, A. C., Iwasawa, K., Reynolds, C. S., & Young, A. J. 2000, PASP, 112,

1145

Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9

Ferland, G. J. 1996, HAZY, a Brief Introduction to CLOUDY, University of

Kentucky Physics Department Internal Report. http://www.pa.uky.edu/

~gary/cloudy.

Ferland, G. J., & Baldwin, J. A. 1999, ASP Conf. Series 162, Quasars and

Cosmology (San Francisco: ASP)

Filippenko, A. V. & Halpern, J. P. 1984, ApJ, 285, 458

Filippenko, A. V. 1985, ApJ, 289, 489

Foltz, C. B., Chaffee, F. H., Jr., Weymann, R. J., & Anderson, S. F. 1988,

in QSO Absorption Lines: Probing the Universe, ed. J. C. Blades, D. A.

Turnshek, & C. A. Norman (Cambridge: Cambridge Univ. Press), 53

Forster, K, Green, P. J., Aldcroft, T. L., Vestergaard, M., Foltz, C. B., &

Hewett, P. C.

Franceschini, A., Bassani, L., Cappi, M., Granato, G. L., Malaguti, G., Palazzi,

E., & Persic, M. 2000, A&A, 353, 910

Francis, P. J., Hewett, P. C., Foltz, C. B., Chaffee, F. H., Weymann, R. J., &

Morris, S. L. 1991, ApJ, 373, 465

287



Francis, P. J., Hewett, P. C., Foltz, C. B., & Chaffee, F. H. 1992, ApJ, 398,

476 (FHFC)

Francis, P. J. 1993, ApJ, 407, 519

Francis, P. J., & Wills, B. J. 1999, in ASP Conf. Series 162, Quasars and

Cosmology, ed. G. J. Ferland, & J. A. Baldwin (San Francisco: ASP), 373

Francis, P. J., & Koratkar, A. 1995, MNRAS, 274, 504

Francis, P. J. 1996, Publ. Astron. Soc. Australia, 13, 212

Ganguly, R., Eracleous, M., Charlton, J. C., & Churchill, C. W. 1999, AJ,

117, 2594

Gebhardt, K. et al. 2000, ApJ, 539, L13

Gebhardt, K. et al. 2000, ApJ, 543, L5

Georgantopoulos, I., et al. 1999, MNRAS, 305, 125

George, I. M., Nandra, K., Laor, A., Turner, T. J., Fiore, F., Netzer, H., &

Mushotzky, R. F. 1997, ApJ, 491, 508

Gilbert, K. M., & Peterson, B. M. 2003, ApJ, 587, 123

Gilli, R., Salvati, M., & Hasinger, G. 2001, A&A, 366, 407

Giveon, U., Maoz, D., Kaspi, S., Netzer, H., & Smith, P. S. 1999, MNRAS,

306, 637

Goldschmidt, P., Miller, L., La Franca, F., & Cristiani, S. 1992, MNRAS, 256,

65

288



Green, P. J. et al. 1995, ApJ, 450, 51

Green, P. J. 1998, ApJ, 498, 170

Green, P. J., Forster, K., & Kuraszkiewicz, J. 2001, ApJ, 556, 727

Green, R. 2002, private communication.

Grupe, D., Beuermann, K., Mannheim, K., & Thomas, H.-C. 1999, A&A, 350,

805

Hamann, F. & Ferland, G. 1992, ApJ, 391, L53

Hamann, F. & Ferland, G. 1993, ApJ, 518, 11

Hamann, F., Barlow, T. A., Cohen, R. D., Junkkarinen, V., & Burbidge, E. M.

1997a, in ASP Conf. Ser. 128, Mass Ejection from Active Galactic Nuclei,

ed. N. Arav, I. Shlosman, & R. Weymann (San Francisco: ASP), 19

Hamann, F., Barlow, T. A., & Junkkarinen, V. 1997b, ApJ, 478, 87

Hamann, F., Barlow, T. A., Junkkarinen, V., & Burbidge, E. M. 1997c, ApJ,

478, 80

Hamann, F., Cohen, R. D., Shields, J. C., Burbidge, E. M., Junkkarinen, V.,

& Crenshaw, D. M. 1998, ApJ, 496, 761

Hazard, C., McMahon, R. G., Webb, J. K., & Morton, D. C. 1987, ApJ, 323,

263

Horne, K. 2001, in Astrotomography, Indirect Imaging Methods in Lecture

Notes in Physics, vol. 573, Observational Astronomy, ed. H.M.J. Boffin, D.

Steeghs & J. Cuypers (Berlin Heidelbery:Springer-Verlag) 386

289



Iwasawa, K., Fabian, A. C., & Ettori, S. 2001, MNRAS, 321, L15

Jannuzi, B. T., et al. 1998, ApJS, 118, 1

Kaspi, S., Smith, P. S., Maoz, D., Netzer, H., & Jannuzi, B. T. 1996, ApJ,

471, L75

Kaspi, S., Smith, P. S., Netzer, H., Maoz, D., Jannuzi, B. T., & Giveon, U.

2000, ApJ, 533, 631

Kellermann, K. I., Saramek, R., Schmidt, M., Shaffer, D. B., & Green, R.

1989, AJ, 98, 1195

Kendall, M. G. 1980, Multivariate Analysis, (Charles Griffin & Co.: London),

Chap. 2.

Kinney, A. L., Rivolo, A. R., & Koratkar, A. P. 1990, ApJ, 357, 338

Kinney, A. L., Calzetti, D., Bohlin, R. C., McQuade, K., Storchi-Bergmann,

T., & Schmitt, H. R.

Kolman, B. 1984, Introductory Linear Algebra With Applications, (Macmillan

Publishing Company: New York).

Korista, K. T. & Gaskell, C. M. 1991, ApJ, 370, 61

Korista, K. T. et al. 1995, ApJS, 97, 285

Korista, K. T., Baldwin, J. A., & Ferland, G. J. 1998, ApJ, 507, 24

Korista, K. T. 1999, in ASP Conf. Series 162, Quasars and Cosmology, ed.

G. J. Ferland, & J. A. Baldwin (San Francisco: ASP), 429

290



Kormendy, J., & Ho, L. C. 2000, in The Encyclopedia of Astronomy and

Astrophysics (Institute of Physics Publishing), astro-ph/0003268

Kormendy, J., & Gebhardt, K. 2001, in 20th Texas Symp. on Relativistic

Astrophysics, ed. Martel H. & Wheeler J. C. (AIP:New York), 363, (astro-

ph/0105230)

Kriss, G. A. 1994, in ASP Conf. Series 61, Third Conference on Astrophysics

Data Analysis and Software Systems III, ed. D. R. Crabtree, R. J. Hanisch

& J. Barnes (ASP:San Francisco), 437

Krolik, J. H., Horne, K., Kallman, T. R., Malkan, M. A., Edelson, R. A.,

Kriss, G. A. 1991, ApJ, 371, 541

Kuraszkiewicz, J., Wilkes, B. J., Czerny, B., & Mathur, S. 2000, ApJ, 542, 692

Lacy M., Laurent-Muehleisen S.A., Ridgway S.E., Becker R.H., & White R.L.,

2001, ApJ, 551, L17

Laor, A., & Netzer, H. 1989, MNRAS, 242, 560

Laor, A., Fiore, F., Elvis, M., Wilkes, B. J., & McDowell, J. C. 1994, ApJ,

435, 611 (L94)

Laor, A., Bahcall, J. N., Jannuzi, B. T., Schneider, D. P., Green, R. F., &

Hartig, G. F. 1994, ApJ, 420, 110

Laor, A., Bahcall, J. N., Jannuzi, B. T., Schneider, D. P., & Green, R. F. 1995,

ApJS, 99, 1

Laor, A., Fiore, F., Elvis, M., Wilkes, B. J., & McDowell, J. C. 1997a, ApJ,

477, 93 (L97)

291



Laor, A., Jannuzi, B. T., Green, R. F., & Boroson, T. A. 1997b, ApJ, 489, 656

Laor, A. 1998, ApJ, 505, L83

Lee, J. C, Iwasawa, K, Houck, J. C., Fabian, A. C., Marshall, H. L., &

Canizares, C. R. 2002, ApJ, 570, L47

Magorrian, J. et al. 1998, AJ, 115, 2285

Mannucci, F., Basile, F., Poggianti, B. M., Cimatti, A., Daddi, E., Pozzetti,

L., & Vanzi, L. 2001, MNRAS, 326, 745

Markarian, B. E., Lipovetsky, J. A., Stepanian, J. A., Erastova, L. K., Sha-

pavalova, A. I. 1989, Commun. Special Astrophys. Obs., 62, 5

Marziani, P., sulentic, J. W., Dultzin-Hacyan, D., Calvani, M., & Moles, M.

1996, ApJS, 104, 37

Marziani, P., sulentic, J. W., Zwitter, T., Dultzin-Hacyan, D., & Calvani, M.

2001, ApJ, 558, 553

Mathur, S., Elvis, M., & Wilkes, B. 1995, ApJ, 452, 230

Mathur, S., Wilkes, B., & Elvis, M. 1998, ApJ, 503, L23

McIntosh, D. H., Rieke, M. J., Rix, H.-W., Foltz, C. B., & Weymann, R. J.

1999, ApJ, 514, 40

McLeod, K. K., & McLeod, B. A. 2001, ApJ, 546, 782

McLeod, K. K., & Rieke, G. H. 1994a, ApJ, 420, 58

McLeod, K. K., & Rieke, G. H. 1994b, ApJ, 431, 137

292



McLeod, K. K., & Rieke, G. H. 1995, ApJ, 454, L77

McLeod, K. K., Rieke, G. H., & Storrie-Lombardi, L. J. 1999, ApJ, 511, L67

McLure, R. J., & Jarvis, M. J. 2002, MNRAS, 337, 109

Manly, B. J. F. 1994, Multivariate Statistical Methods – A Primer 1994 2nd.

(Chapman & Hall: USA), Chap. 6.
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