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ABSTRACT

We examine the chemical evolution of QSO broad-line gas by applying spectral synthesis and chemical
enrichment models to the N v/C 1v and N v/He 1 emission-line ratios. The models indicate that BLR metal-
licities are typically ~1 to perhaps =10 times solar. The enrichment must occur in <1 Gyr for sources where
the redshift is =3 (if go = %). The higher metallicity QSOs require star formation favoring massive stars
(compared to the Galactic disk). These results imply that extensive evolution usually occurs before the QSOs
become observable. Our models of the evolution are equivalent to models proposed for elliptical galaxies and
for the bulges of disk galaxies. We conclude that the QSO phenomenon is preceded by vigorous star forma-
tion, exactly like that expected in massive, young galactic nuclei.

The observed N v/C 1v and N v/He 1 ratios can be several times larger in sources with high redshift and
high luminosity. Systematically different physical conditions could contribute to these trends, but they could
also result entirely from higher metallicities in the higher redshift/luminosity objects. We suggest that the high
metallicities are related to higher QSO (and/or host galaxy) masses at large redshifts. This implies a mass-
metallicity relation in QSOs analogous to the well-known relationship in nearby ellipticals. The trend with
luminosity also suggests that metallicity differences can influence the observed “global Baldwin effect.”

The evolution models predict a ~1 Gyr delay in the Fe enrichment due to Type Ia supernovae. The time-
scale for this delay is fixed by the (albeit uncertain) lifetimes of SN Ia precursors and is not sensitive to the
IMF or star formation rates. The expected ~1 Gyr delay could therefore be used as a clock to constrain
QSO ages if accurate Fe abundances are measured. Age constraints could in turn constrain the cosmology
(i.e., go) when applied to high-redshift sources. One-zone photoionization models suggest that the delayed rise

in Fe should be observable in, for example, the ratio of UV Fe /Mg 11 emission lines.
Most of the evolution models also predict Fe overabundances after ~1-2 Gyr, with Fe/O and Fe/Mg up to
several times solar. This overabundance might explain the strong Fe 11 emission observed in many QSOs and

active galactic nuclei.

Subject headings: cosmology: theory — galaxies: abundances — galaxies: evolution — line: formation —

quasars: general

1. INTRODUCTION

The broad emission lines of QSOs offer direct probes of the
chemical composition and enrichment history of the gas.
Unfortunately the line strengths are not sensitive to the total
metallicity (Davidson 1973; Ferland & Hamann 1993,
Baldwin et al. 1993), but some of the line ratios are sensitive to
the relative abundances, and these can be used to constrain
both the metallicity and evolution parameters. The abundance
ratios are tied to the evolution because the elements form by
different processes and on different timescales (cf. the review by
Wheeler, Sneden, & Truran 1989). For example, the O, Ne,
Mg, and Ca enrichment is very rapid because these elements
derive mostly from massive star supernovae (e.g., Type II). The
C enrichment is delayed somewhat, because it forms partly in
the envelopes of longer lived intermediate-mass stars. Simi-
larly, Fe is delayed by the contribution from Type Ia super-
novae, which also have intermediate mass precursors. The N
enrichment is also delayed because it is at least partly a

! Present address: Center for Astrophysics and Space Sciences, University
of California—San Diego, Mail Code 0111, La Jolla, CA 92093-0111.
Internet: fred @cass157.ucsd.edu.
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“secondary” element, formed by CNO burning in stellar
envelopes. By contrast, the He abundance is mostly primordial
and changes relatively little as the “ metals ” increase by orders
of magnitude.

Previous estimates of abundances in QSO broad-line regions
(BLRs) relied on measurements of several intercombination
lines (Shields 1976; Davidson 1977; Osmer 1980; Gaskell,
Shields, & Wampler 1981; Uomoto 1984). Those lines are not
only weak and undetected in most sources, but they are also
subject to collisional deexcitation at densities above ~10!°
cm 3. The results are therefore limited to selected objects and
compromised by the fact that both the densities and fluxes are
probably at least a decade larger than previously believed (see
Ferland et al. 1992 and the review by Peterson 1993). As a
result, the intercombination lines might all be controlled by
their saturation densities. Nonetheless, the early studies
suggest that the relative N abundance is usually equal to, or
several times above, solar. Recently Hamann & Ferland (1992,
hereafter HF92) extended this analysis to a much larger sample
of objects by modeling the strong lines C 1v 1550 A (hereafter C
1v) and N v 1240 A (N v). In that work we estimated N/C 2 2
times solar and metallicities Z 2 3 Z in redshift >4 QSOs,
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and a wider range of abundances, perhaps reaching Z > 10
Z s, in the large sample of QSOs with redshift ~2-4. Large
metallicities at the highest redshift require vigorous star forma-
tion, with most of the evolution occurring in <0.5 Gyr if g, &~
1 or <20 Gyr if g, = 0. The evolution models of HF92 also
indicate that initial mass functions (IMFs) favoring high-mass
stars are needed to achieve the high Z’s. The abundances and
evolution parameters are similar to those derived for giant
elliptical galaxies and for the bulges of disk galaxies (Arimoto
& Yoshii 1987; Matteucci & Tornambé 1987; Bica 1988; Bica,
Arimoto, & Alloin 1988; Rich 1988; Matteucci & Brocato
1990; Koppen & Arimoto 1990). Therefore the QSO results are
not surprising; they are consistent with QSOs residing in
massive galactic nuclei.

Line variability studies (cf. Clavel et al. 1991 ; Peterson 1993)
of active galactic nuclei (AGNs) and estimates of the N*4 and
C*3 ionization structures (e.g., Ferland & Hamann 1993) both
indicate that N v forms closer to the central source than C 1v.
One-zone photoionization models (HF92) can still be used, but
the N/C abundances derived from N v/C 1v are sensitive to the
geometry and to possible gradients in the physical conditions
across the BLR. For example, regions with limited column
density might produce N v without C 1v (Davidson & Netzer
1979), leading to overestimates of N/C. In addition, con-
straining the metallicity and enrichment history of the gas
based on just N/C is limited because the detailed evolution of
N and C are model dependent. Nonetheless, the qualitative
results for enhanced N and high Z (relative to solar) hold for
“standard ” chemical enrichment schemes and for a wide range
of densities and ionizing fluxes in the spectral synthesis (HF92).

Large N abundances were confirmed recently by analysis of
the ratio N v to He n 1640 A (He n) in several QSOs with
redshift 22 (Ferland & Hamann 1993; Baldwin et al. 1993).
This line ratio is a more robust abundance indicator than N v/
C1v because N** resides within the He* * ionization zone
(where He 11 forms as a recombination line). If N*# does not fill
the He* " zone the N v emission can be weak, but it is not
possible to produce N v without also producing He 11. Thus, N
v/He 11 provides a firm lower limit to N/He. These results might
be considered true estimates rather than just lower limits
because roughly “standard” spectral synthesis parameters
lead to N v/He 1 near its maximum (Baldwin et al. 1993; this
work). The combination of N/C and N/He abundances also
places tighter constraints on Z and the evolution parameters.

In this paper we analyze a large sample of N v/He 11 and
N v/C1v observations and estimate QSO abundance and
chemical evolution by requiring self-consistent results for both
ratios in simple one-zone models. We use abundances from the
evolution models directly in the photoionization/spectral syn-
thesis calculations. We show in detail the effects of parameter
variations in the chemical evolution and provide a limited dis-
cussion of the parameter sensitivities in the spectral synthesis.
The details of the spectral synthesis with various input param-
eters are discussed by Ferland & Hamann (1993), Hamann &
Ferland (1993a), and Baldwin et al. (1993). In the present work
we also (1) describe the abundance evolution of several ele-
ments, including H, He, C, N, O, Mg, and Fe, in various
enrichment scenarios; (2) demonstrate the utility of Fe as a
“clock ” to measure QSO ages and perhaps constrain the cos-
mology; (3) examine an observed trend for increasing N v/C 1v
and N v/He 1 ratios at higher redshifts and higher luminosities
in terms of a possible mass-metallicity-redshift correlation; (4)
describe the evolution of the stellar luminosities and super-
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novae rates in a “typical ” QSO/giant elliptical galaxy model
that reaches high metallicities at high redshift; and (5) calculate
the thermal energy from supernovae, as a trigger of galactic
winds, to place lower limits on the total masses needed to bind
the gas.

Our approach to the evolution is to develop first a reference
model of the solar neighborhood in order to fix the nucleo-
synthesis and test the results against observations of the
galaxy. With the nucleosynthesis fixed, the only free param-
eters are the shape of the IMF and the timescales for star
formation and primordial infall (i.e., the mass buildup of the
system). We then develop models for the QSOs by changing
just these parameters.

Throughout this paper we use the (nonstandard) convention
that bracketed quantities such as [H], [N], [Z], [Fe/O], etc.,
and linear mass abundances relative to solar (Grevesse &
Anders 1989). They are defined as mass fractions (or mass
fraction ratios for Fe/O) divided by the corresponding mass
fractions in the Sun.

2. CHEMICAL EVOLUTION CALCULATIONS

2.1. Methods and Assumptions

The enrichment calculations differ slightly from HF92 to
account for modest convective overshooting in the
intermediate-mass stars and include the recent massive star
nucleosynthesis results of Weaver & Woosley (1992). Our for-
mulation of the chemical evolution equations closely follows
Talbot & Arnett (1973), Matteucci & Greggio (1986), and Mat-
teucci & Tornambe (1987). The integrodifferential equations
are solved using a fifth-order Runge-Kutta method with sub-
routines adapted from Press et al. (1986). The models describe
a closed system assembled by the infall of primordial gas com-
posed of 76% H and 24% He by mass. The infall rate is
described by an exponential with a characteristic decay time.
The calculations follow the abundance evolution of all the
major elements. The enrichment delays caused by finite stellar
lifetimes are included by using the main-sequence lifetimes of
Scalo (1986). The models assume the stellar enrichment occurs
all at once at the time of the star’s death. The ejecta are instant-
ly mixed with the interstellar gas and available for further star
formation. Stars form over the mass range 0.087 < M, < 100
M, although we also consider the effects of raising the lower
mass limit to 2.5 M 4. For simplicity we use power law IMF's of
the form ® oc M _*, with a possible change in slope at M, = 1
M . The IMF is normalized so that

Mmax
f ®(m)dm =1, (1)
M min

where M, and M,,,, are the minimum and maximum masses
used in the calculation. In this notation the Salpeter IMF has
slope x = 1.35. We assume the IMF is constant in space and
time. We also assume that the stellar birthrate, P(z), scales
linearly with the gas density,

Y1) =vG6() , @

where v is a constant and G(t) is the gas density at time ¢
normalized to the final total density after all of the accretion
has occurred. The choice of a linear scaling with density is
arbitrary, but our main results are not sensitive to the form of
the birthrate function. They depend only on the timescales for
infall and star formation and on the differences that result from
changing these quantities. Had we adopted a different func-
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tional form for ¥(t), we would have simply used different scale
factors (v) to match the data and achieve the same enrichment
times.

We consider four sites of chemical enrichment: (1) the
envelopes of intermediate-mass stars (1 < M, < 7.0 Mg), (2)
Type la supernovae (hereafter SN Ia’s), (3) the exploding He
cores of massive stars as Types II and Ib supernovae (SN
II1+1b’s), and (4) the envelopes above the He cores of massive
stars (M, 2 7.0 M ). Stars below ~1 Mg do not contribute
because their lifetimes are too long. The yields we adopt are
consistent with the most recent stellar nucleosynthesis calcu-
lations, as described below. They are nonetheless sometimes ad
hoc and contrived to produce good agreement between obser-
vations and our models of the solar neighborhood (§ 2.2
below). Ultimately none of our main results for the QSOs
depend on these choices (§ 4.1). An unavoidable assumption in
our models is that the stellar yields, which are all based on
calculations with Z < Z, remain approximately correct for
Z>Zs.

1. Intermediate-mass stars—Intermediate-mass stars are
important contributors of He, C, and N. These stars have too
little mass to ignite C in their cores and so end their lives as He
or CO white dwarfs. The yields from their envelopes were
estimated by Renzini & Voli (1981). We consider two cases that
include primary plus secondary, and secondary only N pro-
duction (their models with # =0.333 and o = 1.5 and 0.0,
respectively). “ Primary” N derives from C and O produced
within the star, while “secondary ” N derives from the C and O
available when the star formed. The relative contributions
from these processes are not well known, but some secondary
N appears in both cases we consider. Another unknown is the
amount of core convective overshooting and its affect on the
stellar yields. Renzini & Voli (1981) did not include over-
shooting, and recent work by Stothers (1991), Stothers & Chin
(1991), and Catellani, Chieffi, & Straniero (1992) suggests that
it is less extensive than some previous claims. However, it
appears that even a small amount of overshooting can signifi-
cantly alter the yields (cf. Maefer & Meynet 1987, 1989). Also,
using more recent opacities in the stellar evolution codes
increases the size of the convective core (Stothers & Chin 1991)
and thus mimics this aspect of overshooting (Becker & Iben
1979; Bertelli, Bressen, & Chiosi 1985; Maeder & Meynet
1987) even when overshooting is not present. We have there-
fore modified Renzini & Voli’s (1981) results to account for the
changes expected when modest overshooting occurs. In partic-
ular, we adopt an upper mass limit for the intermediate-mass
stars of M,, = 7.0 M. This value is smaller than the 8 Mg
used by Renzini & Voli (1981) without overshoot, but lies
within the range (~6.3 to ~7.0 M) estimated by Maeder &
Meynet (1989) with overshoot included. Lower values of M,
are expected with either overshooting or the new opacities
because of the larger core masses. We also increased Renzini &
Voli’s (1981) yields per stellar mass slightly to account for the
greater processing expected for overshooting (Greggio & Tosi
1986; Serranto 1986; Maeder & Meynet 1989). We did this by
expressing Renzini & Voli’s (1981) tabulated yields as fractions
of the stellar mass and shifting the mass grid downward by 0.5
M. This increased the C production by only <$20% in our
solar neighborhood models (§ 2.2) but had a negligible effect on
the other elements. In the case of secondary-only N pro-
duction, Renzini & Voli’s N yields. (their « = 0.0 case) did not
produce enough N in our solar neighborhood model. We
therefore used Serrano’s (1986) larger secondary N yields (with
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overshoot), which combine with the secondary N from high-
mass stars (below) to agree well with solar abundances. In the
primary + secondary N case, Renzini & Voli’s a = 1.5 models
produced too much primary N and not enough C. We there-
fore used an average of the C and primary N yields from their
o = 0.0 and « = 1.5 cases. Finally, we increased the production
of He slightly by using the yields of Serrano (1986). This gave
better agreement with observational estimates of the growth of
He relative to the metals (AY/AZ) in the solar neighborhood
(see § 2.2 below).

2. Type Ia supernovae—Type la supernovae contribute
mostly Fe and are believed to be important sources of Fe in
our galaxy (cf. Abia, Canal, & Isern 1991, and the review by
Wheeler & Harkness 1990). They are treated in our models as
exploding CO white dwarfs in close binaries (after Greggio &
Renzini 1983 and Matteucci & Greggio 1986). We assume the
secondary stars do not contribute to the enrichment. The
envelopes of the primaries contribute normally, as if they were
single stars. The exploding cores of the primaries always have a
mass of 1.4 M. For initial primary masses below ~5 M, the
cores must accrete mass from the secondary to reach 1.4 M.
The explosive yields are taken from Nomoto, Thielemann, &
Yokoi (1984; their model w7). In our models, the lifetime of the
binary is determined by the main-sequence life of the second-
ary (but see Smecker & Wyse 1991 for discussion). We consider
binaries with total masses between 3.0 and 14.0 M as poten-
tial SN Ia progenitors. The secondary masses range from 0.9 to
7.0 M, which implies lifetimes of ~ 14.6 to ~0.06 Gyr, respec-
tively (Scalo 1986). The fraction, 4, of the IMF between 3.0 and
14.0 M, that produces SN Ia’s is estimated by requiring solar
Fe abundances in the solar neighborhood models below. The
fraction we derive, 4 ~ 0.1, agrees with previous estimates
based on galactic supernova rates (Matteucci & Greggio 1986;
Matteucci & Frangois 1989).

3. Types II + Ib supernovae—The yields from massive stars,
7 < M, < 100 M, are divided into the contributions from the
envelopes and the He cores. We assume the cores explode as
core bounce supernovae of Types Ib or II. The exploding cores
are important contributors of He and all of the major metals,
but only stars with initial masses above ~12 M contribute
significantly to the heavy metal enrichment. For stars with
masses between 7 and 12 M, we adopt the small C yields
estimated by Talbot & Arnett (1973; their g, parameter), and
use He yields interpolated from the values adopted at M, =7
M, (above) and 12 M, (below). For masses between 12 and 40
M we derive core compositions from the recent nucleo-
synthesis results of Weaver & Woosley (1992). The correspond-
ing core masses were generously provided by S. E. Woosley
(1992; private communication). Above 40 M, we use an
average of the yields given by Arnett (1978) and Woosley &
Weaver (1986), which is roughly consistent with Weaver &
Woosley (1992) at 40 M, (e.g., in C/O; see below). In this mass
range (actually M, 2 35 M) we adopt He core masses from
Maeder & Meynet (1987).

Weaver & Woosley (1992) examined the influence on the
yields of the uncertain '2C(a, y)'®O reaction rate. Their pre-
ferred value is intermediate between the rates used by Woosley
& Weaver (1986) and Arnett (1978) and leads to generally
intermediate yields, most importantly of C. In HF92 we used
the results of Arnett (1978) because C production given by
Woosley & Weaver (1986) appeared too small for our solar
neighborhood models. However, Arnett’s (1978) yields of C are
almost certainly too large. In particular, for all of the IMFs
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used in this paper they predict [C/O] ~ 0.7 to 0.8 due to SN
II+1b’s alone. These ratios appear inconsistent with recent
observations of [C/O] ~ 0.1 to 0.2 in galactic halo stars (Abia
et al. 1991; Nissan 1990; see also § 2.2 below). In our solar
neighborhood models below Arnett’s (1978) yields also predict
a large ratio of [C/O] ~ 1.7 in the Sun. The new results of
Weaver & Woosley (1992), on the other hand, produce good
agreement with solar abundances and better agreement with
the observed delay in the [C/O] enrichment (§ 2.2).

The Fe yields from core bounce supernovae are theoretically
uncertain because they require an understanding of the explo-
sive nucleosynthesis. Arnett (1991) estimated Fe yields from
observations of SN 1987A (cf. the review by Arnett et al. 1989).
For stellar masses below 40 M ., we adopt Fe yields equivalent
to Arnett (1991) by converting 20% of the presupernova Si, S,
Ar, and Ca calculated by Weaver & Woosley (1992) into Fe in
the ejecta. Above 40 M , we apply the same 20% conversion to
the Woosley & Weaver (1986) yields, adopt Arnett’s (1991) Fe
production directly with the Arnett’s (1978) yields, and use the
average of the two as for the other elements.

4. Massive star envelopes—The envelopes above the He
cores in massive stars produce significant He and secondary N
via CNO shell burning. There is no primary N production in
this stellar mass range.! The envelope He production is derived
from the tables in Weaver & Woosley (1992). Their results
predict a conversion of ~4% of the envelope H into He at
M, =12 Mg and ~27% at 40 M. Above 40 M, we adopt a
constant conversion rate of 27%. For the secondary N pro-
duction, we convert 75% of the envelope C and O into N. This
conversion factor approximates the nucleosynthesis results of
Maeder (1983) and Maeder & Meynet (1987) for M, 2 40 M,
and roughly equals the conversion predicted by Serano (1986)
at 6 M, in his models with overshooting. It is also interme-
diate between the 100% conversion used by Matteucci (1991)
in her galactic disk models, and the calculations of Weaver &
Woosley (1992) which indicate ~20%-45% conversion for
12< M, <40 M, respectively. In our solar neighborhood
models (§ 2.2) the 75% conversion combines with the N from
intermediate-mass stars (above) to produce solar N abun-
dances. Although the amount of secondary conversion is
uncertain, we note that using 100% has a negligible effect on
the models and much smaller values only reinforce our main
results in § 4 (that the large N v/C 1v and N v/He 1 line ratios
in QSOs require highly evolved systems with high
metallicities).

2.2. A Reference Model of the Solar Neighborhood

We constructed a reference model of the solar neighborhood
to fix the nucleosynthesis parameters and test the calculations
against observations of the galaxy. The models include all of
the key features of more complex descriptions of the solar
neighborhood (e.g., Matteucci & Frangois 1989; K6ppen &
Arimoto 1990), but they are not intended to be a complete
description of the galactic disk. For example, they cannot
account for the observed abundance gradients (cf. the reviews
by Pagel & Edmunds 1981 and Diaz 1989) because of the

! Nucleosynthesis calculations indicate that some primary N might be pro-
duced by high-mass stars with “zero ” initial metallicity (Woosley 1992, private
communication). However, the theoretical yields are very uncertain and we did
not attempt to include them here. We simply note that a primary N contribu-
tion from massive stars with very low Z would not effect our results concerning
the QSOs (§ 4). The important evolution occurs at much higher Z’s.

one-zone treatment. Nonetheless, we will show that the models
are consistent with all of the essential data on galactic abun-
dances and supernova rates. The models might therefore be a
good first approximation to the solar neighborhood evolution.

We adopt an infall (disk formation) timescale of 3.0 Gyr and
a present galactic age of 13 Gyr (after Matteucci 1991 and
Matteucci & Frangois 1989). The power-law IMF has a slope
of x=1.1for M, <1 Mg and x = 1.6 for M, > 1 M. This
IMF consistent with the observed present day mass function
(Scalo 1986) and is roughly intermediate between the IMFs
used in the galactic disk models of Matteucci & Frangois
(1989) and Ko6ppen & Arimoto (1990). Note that the slope of
1.6 is slightly steeper than the 1.5 adopted in HF92. The slope
x = 1.1 for M < 1, and the magnitude of the stellar birthrate,
v, are uniquely determined by the requirements that (1) the
metallicity at the time of the Sun’s formation (t ~ 8.5 Gyr) is
solar, and (2) the ratio of the mass in gas, M, to total mass in
gas, stars, and stellar remnants, M, at the present epoch
(t=13Gyr)isg = M /My = 15%.

The fraction of stars forming binary SN Ia precursors,
A =~ 0.1 (§ 2.1), leads to a current ratio of SN II+1Ib to SN Ia
rates of ~2.4 (at 13 Gyr), and an average ratio over the life of
the galaxy of ~3.8. These SN rates are consistent with obser-
vational estimates for the galaxy and for late-type spirals in
general (Evans van den Bergh, & McClure 1989; also Wheeler
& Harkness 1990 and references therein). The derived absolute
rates depend on the total mass involved. If the mass of gas,
stars, and stellar remnants in our galaxy is My = 10! M,
then the models predict a current SN II+Ib rate of ~2.4 per
100 yr, and a total number of SN II+1Ib’s over the life of the
galaxy of ~6.4 x 108, These numbers are also within the
uncertainties of observational estimates (Evans et al. 1989;
Arnett, Schramm, & Truran 1989).

Figures 1 and 2 show the abundance evolution of some of
the major elements in the various models discussed in this
paper. Each model is labeled in the upper left and the param-
eters that define the models are listed in Table 1. The IMFs are
defined by their power-law indices and the stellar birthrates are
described by v from equation 2 (§ 2.1). The rate of gas con-
sumption is characterized by #(15%), the time at which the
mass fraction in gas is g = 15%. The solar neighborhood
models are M1a and M1b. They are identical except that M1a
and all of the “a” models use only secondary N production,
while M1b and the “b” models include primary + secondary
N (§ 2.1). For convenience Figure 2 shows only the secondary
N models. The models M2-M6 are discussed in § 2.3 below.

In the solar neighborhood models M1 the ratio [Mg/O] is
nearly constant because both elements are produced mainly by
SN II+1Ib’s (Fig. 1). The N abundance is low at early epochs
because it is not newly created by massive stars (§ 2.1). The
[N/O] ratio rises abruptly in M1b when the first primary N is
ejected from the intermediate mass stars. In M1a [N/O] rises
more gradually because the N is purely secondary. Unfor-
tunately, it is difficult to choose between these models because
the true sources of N remain uncertain (cf. Wheeler et al. 1989
and references therein). When the “raw” data from galactic
dwarf stars (Tomkin & Lambert 1984) and Galactic and extra-
galactic H 11 regions (Pagel 1985) are examined in terms of the
[N/O] versus [O/H] dependence, there is evidence for mostly
secondary N production near solar metallicities. A primary
contribution may be needed to explain the apparent plateau in
N/O at very low Z (also Pagel & Edmunds 1981; Matteucci
1989). However, the large scatter in the H 11 region data would
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Relative Abundance [ele/O]

Relative Abundance [ele/O]

Age (Gyr)

FiG. 1.—Abundances relative to oxygen and normalized to solar are plotted against age for each of the models listed in Table 1. The models are identified in the
upper left of each plot. The curves are identified in the lower right. The abundances convergence toward solar in the solar neighborhood model (M1a), but exhibit
large deviations from solar in the other models.
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FiG. 2—Abundances of several elements normalized to solar are plotted against Z for each of the secondary N models M1a—-Mé6a. The curves are identified in the
upper left-hand panel. The abundances converge toward solar at Z = Z in M1a, but deviate substantially from solar in the QSO models M4a—Mé6a. The curves are
double-valued in M3a and M4a because the metallicity declines after the star formation is halted (see Fig. 3 and § 2.3). The calculation stops in M5a when the
interstellar H is exhausted.

TABLE 1

SUMMARY OF CHEMICAL EVOLUTION MODELS

TIMESCALES
v Infall t(15%)
MOoDEL N PRODUCTION® IMF® (Gyr™Y)  (Gyr) (Gyr) COMMENTS
Mila ......... Secondary x=11for M, <1Mg 0.27 3.0 13.0 Solar neighborhood
Mib......... Primary x=16for M, >1M, 0.27 30 13.0
M2a......... Secondary x=10 0.42 30 13.0 Solar neighborhood timescales
M2b ......... Primary x =10 042 30 13.0 with “shallow” IMF
Secondary x=11for M, <1M, 5.0 0.05 0.5 Low-metallicity QSO (?)
Primary x=16for M, >1M, 50 0.05 0.5 (“solar” IMF + short times)
Secondary x =11 6.7 0.05 0.5 High-metallicity QSO (?)
Primary x=11 6.7 0.05 0.5 ~ giant elliptical model
Msa ......... Secondary x=10,M,, =25M, 7.6 0.05 1.8 “Extreme” QSO (?)
MSb......... Primary x=10,M_, =25M, 7.6 0.05 1.8 (truncated “shallow” IMF)
Mé6a ......... Secondary x=16 M, =25Mg, 7.6 0.05 1.3 “Extreme” QSO (?)
M6b ......... Primary x=16 M, =25M, 7.6 0.05 1.3 (truncated “solar ” IMF)

2 “Secondary ” N implies secondary only, while “ primary ” implies primary + secondary (see § 2.1).
® The IMF is a power law with slope(s) —x. The mass range is from 0.087 to 100 M, except in M5 and M6, where the lower mass
cutoffis M, = 2.5 M.
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suggest very different amounts of primary N in different
sources (Pagel & Edmunds 1981). It is also not clear that the
data from present-day H 11 regions can be interpreted in terms
of an evolutionary sequence in [N/O] (Matteucci 1989). Also,
when the stellar data are corrected for a mysterious tem-
perature dependence, the rise in [N/O] identifying secondary
N nearly disappears (Carbon et al. 1987). Thus N probably
does have a primary contribution, but it can be no larger than
in our “b” models. Otherwise N would exceed the require-
ments that [N] ~ 1 and [N/O] ~ 1 att = 8.5 Gyr in M1b.

Note that the growth of [N] in M1a scales roughly as [Z]?
(Fig. 2). This is because the rate of secondary N production
depends on the initial abundance of C and O in stellar
envelopes. Since C and O scale roughly linearly with Z, we
have to a good approximation dN/dZ o«c Z and thus
[N] ~ [Z]* This relation breaks down for rapidly evolving
systems (§ 2.3 below) because the finite stellar lifetimes delay
the enrichment by lower mass stars. In particular, the yield of
N is no longer proportional to the current gas phase C and O
abundances. The strict equality [N] = [Z]? holds only in the
“instantaneous recycling” approximation, where the finite
stellar lifetimes are ignored.

The formation of C in intermediate-mass stars produces a
delay in the C enrichment relative to the SN II+Ib products
(e.g., O; Fig. 1). At early epochs C also derives from SN
II+1Ib’s, but these events account for only ~25% of the
current gas phase C (at ~13 Gyr in M1a). In M1b the yield
and final abundance of C are slightly lower because some of
the newly created C in intermediate-mass stars is converted to
primary. As noted in § 2.1, the early value of [C/O] ~ 0.25 and
the delayed rise to [C/O] ~ 1 are both within the uncertainties
of the observed behavior of C in our Galaxy (Abia et al. 1991;
Nissan 1990; Wheeler et al. 1989).

At early epochs the Fe abundance is controlled by SN
II+1Ib’s (Fig. 1). The additional Fe enrichment from SN Ia’s is
delayed by the finite lifetimes of SN Ia precursors (§ 2.1).
Because most of the enrichment comes from the more numer-
ous lower mass systems, a “ typical ” timescale for the Fe rise is
~1-2 Gyr (Fig. 1). Models M1 predict that ~80% of the
current gas phase Fe (at ¢t = 13 Gyr) derives from SN Ia’s. This
result, and the calculated rise in [Fe/O] from ~0.2 to ~1.0
beginning at ~1 Gyr (corresponding to Z ~ 0.1 Z, or [Fe/
H] ~ 0.04), are consistent with observations of Fe in the
Galaxy (cf. Abia et al. 1991 ; Bessel, Sutherland, & Ruan 1991;
and the reviews by Wheeler et al. 1989 and Pagel 1992).
However, some estimates of [Fe/O] and [Fe/Ca] indicate that
these ratios have minimum values of ~0.3 to ~0.5 at low Z
(Nissan 1990). Therefore Fe may be underproduced by SN
II+1Ib’s in our models by up to a factor of ~2. Such a change
would lower the SN Ia rates we derive by ~25% (see above).

Hydrogen and He change relatively little from their primor-
dial values. The growth rate of He relative to Z over the life of
the model galaxy is AY/AZ ~ 1.1, where AY and AZ are the
mass fraction gains in He and Z, respectively. Recent observa-
tional estimates of AY/AZ range from ~1 to 23 (Peimbert
1986; Pagel, Terlevich, & Melnick 1986; Pagel 1989; Baldwin
et al. 1991; Pagel et al. 1992). There are several possibilities for
increasing AY/AZ in the models if needed (cf. Maeder 1990;
Schild & Maeder 1985). However, these changes would not
significantly alter the line ratios in most cases. For example,
increasing AY/AZ to 3 in M1 would only raise the He abun-
dance from ~26% to ~30% at Z = 1 Z,. The more impor-
tant changes for the line ratos occur in the metal abundances,

which increase by decades relative to He. Nonetheless, we note
that AY/AZ =3 in any model would limit Z to <10 Z,
because of the rapid hydrogen depletion. In our models
M2-M6 below, much higher Z’s can occur because AY/AZ is
less than unity.

2.3. General Abundance Evolution

All of the remaining models listed in Table 1 use the same
nucleosynthesis parameters as the solar neighborhood cases,
including the fraction 4 ~ 0.1 of SN Ia precursors. They differ
only in the shape of the IMF and/or the timescales for infall
and star formation. In § 4.1 below we will show that shorter
timescales and IMFs favoring massive stars are required to
match the observed N v/C 1v and N v/He 1 line ratios in
high-redshift QSOs (also HF92). Here we describe the general
trend in the abundance/metallicity evolution in those models.

The metallicity evolution in all six models is plotted Figure
3. The detailed shapes of the curves depend on the functional
form of the star formation rate, W¥(t) (eq. [2]). However, the
relative differences between the models, and the “final ” metal-
licities they attain, are not sensitive to the birthrates. For
example, if the birthrates followed the square of the density, all
of the curves would rise more quickly at younger ages and less
quickly later on. But their relative positions in Figure 3 would
not change and their “final ” metallicities would be very similar
to those shown.

The solar neighborhood case M1 has the lowest Z at all
epochs. Model M2 uses a flatter IMF (x = 1 for all masses)
which leads to more processing by high-mass stars and thus
higher Z’s. This IMF requires a higher star formation rate, v,
compared to M1 in order to preserve the timescale for gas
consumption #(15%) = 13 Gyr (Table 1). The greater role of
high-mass stars is evident in the lower C/O and Fe/O ratios at
late epochs. Also, the secondary N from high-mass stars domi-
nantes the N production even when primary N is included (in
the “b” models in Fig. 1).

Model M3 uses a solar neighborhood IMF but shorter evo-
lutionary timescales. The infall time for model M3 (and

Metallicity (Z/Z,)

001 ’ AR N | P
.01 A 1 10

Age (Gyr)

F1G. 3.—Metallicity evolution normalized to solar is plotted for each of the
models M1-M6. The solar neighborhood model (M1) achieves Z = Z, at the
time of the Sun’s formation (~8.5 Gyr) but the other models reach substan-
tially higher values of Z.
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M4-M6 below) is 0.05 Gyr, which is roughly the free-fall time
used in models of massive galaxies (Arimoto & Yoshii 1987;
Koppen & Arimoto 1990). The star formation rate in M3 is
almost 20 times larger than M1 so that the g ~ 15% mass
fraction occurs at t(15%) = 0.5 Gyr. The net result is that Z
rises much more quickly in M3 than M1 or M2. The metal-
licity reaches a peak at ~1 Gyr and then declines in M3 (and
M4 and M6 below) because the star formation is stopped when
the gas fraction reaches g = 3%. After this point Z declines as
low-mass stars continue to die and eject lower Z gas into the
system. Note that the decline in Z causes the curves in Figure 2
to be double-valued (also for M4). The rapid early star forma-
tion and the low gas fractions later on combine to produce
large delayed enrichments in both Fe and C (Fig. 1). Only
~10% of the “final” gas phase Fe is due to SN II + Ib’s com-
pared to ~20% in M1. There is also a small delayed rise in
[Mg/O] and [Si/O] (not shown) due to SN Ia’s in models
M3-M6. The Fe enrichment is discussed further at the end of
this section and in § 4.5.

Model M4 combines a relatively flat IMF (x = 1.1) with the
short timescales of M3. These parameters are almost identical
to the one-zone models of giant elliptical galaxies developed by
Arimoto & Yoshii (1987), Matteucci & Tornambé (1987), and
Angeletti & Giannone (1990). In § 4.1 we will show that M4
also provides a good fit to many of the high-metallicity-high-
redshift QSOs. M4 produces considerably higher Z’s than
models M1-M3, peaking at ~10 Z (Fig. 3), and produces a
large N overabundance due to secondary processing in
massive stars (Figs. 1 and 2). Note that the secondary N domi-
nates the N production in M4b even more than in M2b. The
substantial -delayed enrichment of C and Fe in M4 is less than
model M3 because of the flatter IMF (Fig. 1). Also, the ratio
AY/AZ peaks at ~0.5 in M4, about half the value in M1,
because of the lesser emphasis on intermediate-mass stars. The
evolution of the main-sequence stellar luminosities and the
supernova and star formation rates are described in detail for
M4 in § 4.5 below.

Model M35 has slightly faster star formation compared to
M4. It also has a flatter IMF (x = 1.0) with a lower mass cutoff
of M, = 2.5 M. The resulting lack of low-mass stars leads to
much less mass locked up in stars and stellar remnants and
therefore high gas fractions g for a given Z. As a result the
metallicities grow very large, exceeding 20 Z; after ~0.84 Gyr.
At 20 Z the [N/C] and [N/He] abundances are ~25 and
~95, respectively, in both M5a and M6a (below). The system
never runs out of gas as in M3 and M4, but the enrichment
eventually stops when the interstellar hydrogen is exhausted
and the metallicities reach ~35 Z; (Fig. 2). Obviously, the
calculations are uncertain under these conditions because the
high Z’s and depleted H would alter the stellar structure and
nucleosynthesis. Nonetheless, truncated IMFs like that used in
M35 have been proposed for starburst galaxies (cf. the review by
Scalo 1990), and the timescales are still comparable to the
models of giant elliptical galaxies. Also, the abundance ratios
at early epochs, when Z < 10 Z,, evolve almost identically
with the giant elliptical model M4 (Figs. 1 and 2). M5 becomes
extreme, and possibly unphysical, only in the late stages when
the star formation is allowed to run its course.

Model M6 shows that high metallicities and large N/O
ratios can also occur with a steep IMF, as in M1, if the IMF is
again truncated at M, ~ 2.5 M. This IMF consumes gas
faster than M35, so g eventually reaches 3% and the star forma-
tion is halted before the H is exhausted. Nonetheless large Z’s
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are attained, exceeding [Z] =20 Z, after ~1.8 Gyr. The
greater role of intermediate-mass stars is evident in the larger
late rise in C/O and Fe/O and the larger peak value of AY/
AZ =~ 0.7 compared to models M4 and M5 (Fig. 1).

Finally, the Fe overabundances in models M3-M6 are
caused by the combined effects of the rapid early star forma-
tion, the time delays intrinsic to SN Ia events, and the relative
numbers of SN Ia’s and SN Il +1Ib’s caused by the IMF. In
general, IMFs favoring low-mass stars produce more SN Ia’s
and thus larger Fe enhancements, e.g., [Fe/O]. For example,
M3 and M6 have larger Fe enhancements than M4 and M5
because their steep IMFs produce more SN Ia’s. The impor-
tance of rapid evolution can be seen by comparing M1 and
M3. Both models use a solar neighborhood IMF, but the fast
evolution in M3 causes a large disparity in the SN Ia and SN
II+1Ib rates. In particular, in M3 the SN Ia rate peaks (at
t 2 0.5 Gyr) then the gas is greatly depleted (g < 10%) and the
star formation and SN IT + Ib rates are only about 14% of their
earlier peak values. In fact, in M3, M4, and M6 the star forma-
tion and SN II +Ib’s have stopped altogether while the SN Ia’s
are still occurring frequently (see Fig. 9 n § 4.5). Consequently,
the Fe abundance grows rapidly at late epochs compared to
the SN II+1Ib products such as O. The low gas fractions at
later times also enhance the impact of each SN Ia on the
abundances. The net result is a rapid rise in [Fe/O] from ~0.2
to ~5in M3, to ~2 in M4 and M5, and to ~10 in M6 after
~1-2 Gyr (Fig. 1).

3. SPECTRAL SYNTHESIS CALCULATIONS

Before we apply the evolution models to the observed line
ratios, we must be able to predict the line strengths for different
chemistries in the broad line gas. We use the photoionization
spectral synthesis code CLOUDY (Ferland 1993) with abun-
dances from the enrichment models discussed above. The cal-
culations are made fully self-consistent by feeding the
abundances directly into the spectral synthesis code at each
time step. In this way we predict the evolution of the line
strengths and ratios in each of the enrichment models. We
implicitly assume that the QSO emission lines form in well-
mixed interstellar gas. The models are intended to apply only
to the (inner) high-ionization part of the BLR where the N v,
He 11, and C 1v emission lines form. We are not interested in the
lower ionization regions, e.g., of C 1] 1909 A, which could well
have different physical conditions (Ferland et al. 1992).

The shape of the incident continuum is an important param-
eter in the photoionization simulations. Observationally, the
continuum from typical AGNs is defined better now than ever
before. The new observations have brought with them new
questions of just how much of the observed continuum is
formed within the BLR radius, and just what continuum the
BLR clouds actually see (see, for example, Barvainis 1990). For
instance, it now seems clear that the continuum longward of 1
um is formed by grains outside the BLR radius (Sanders et al.
1989). The soft X-ray continuum is probably modified by the
“Compton reflector ” (Lightman & White 1988).

We begin with the continuum derived by Mathews &
Ferland (1987, hereafter MF). This continuum was chosen to
have the correct X-ray—-to-UV continuum power index o, for
radio-quiet objects (~ 1.4), and an overall spectrum consistent
with the observations. We then modified this continuum as
follows. We choose an infrared break at 1 um, with the contin-
uum slope given by f, oc v¥/2 for longer wavelengths. This is
done to minimize free-free heating, and to be consistent with
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current theories concerning the origin of the near-IR contin-
uum (Sanders et al. 1989).

The big bump component of the MF continuum was orig-
inally constrained to reproduce the observed equivalent width
of He 11 1640 A, but is very poorly constrained in the region
between 4 ryd and 500 eV. The C 1v/N v ratio has little depen-
dence on continuum shape at these energies, since the lines
have fairly similar excitation and ionization potentials.
However, the N v/He 11 ratio is a ratio of collisional to recom-
bination lines and hence is sensitive to the shape of this contin-
uum because of the resulting temperature dependence (this is
discussed extensively in Baldwin et al. 1993). We altered the
X-ray continuum to better match the observations of both
N v/He 1 and N v/C 1v (e.g., Figs. 4-6 below). In particular, we
raised the flux at 365 eV by a factor of 4 (see Table 1 of MF)
resulting in «,, &~ 1.24. Increasing the continuum by this
amount had little effect on the N v/C 1v ratio, but raised the
N v/He 1 ratio by ~ 50%. The increase in the MF continuum
at these energies is further supported by the fairly common
detection of a very soft X-ray excess (Wilkes & Elvis 1987) and
by the fact that the observed X-ray continuum is probably
diminished by the Compton reflector. Other than these
changes in the IR break and 365 eV flux, the adopted contin-
uum is identical to the MF one. No attempt has been made to
change the continuum shape with luminosity (Avni & Tannan-
baum 1986).

To complete the photoionization simulations, we must also
specify the pressure law, density, column density, and flux of
ionizing photons. We use constant density clouds to avoid the
radiative instability problems inherent in constant pressure
clouds at these radiation densities (Elitzur & Ferland 1986).
Actually, the choice of pressure law has little influence on the
emergent continuum. We make all clouds thick enough to have
fully formed the He 11, N v, and C 1v emission lines. Finally, we
choose a total hydrogen density of 10'° cm ™3 and a flux of
ionizing photons of 102° cm~2 s~ ! as our fiducial case. This
corresponds to an ionization parameter of %, defined here as
the dimensionless ratio of ionizing photon to H number den-
sities. This pair of density and flux provides a good simulta-
neous match to the N v/He 11 and N v/C 1v observations for
the adopted continuum (§§ 4.1 and 4.2, below). It also nearly
maximizes the N v/C 1v and N v/He 1 ratios for a given Z, so
that the data are “fit” with conservatively low values of Z and
the N/C and N/He abundances. The work of Ferland &
Hamann (1993), Hamann & Ferland (1993), and Baldwin et al.
(1993) shows that the largest N v/He 11 and N v/C 1v ratios
obtain generally for ionization parameters ~3%. However,
larger fluxes and densities would increase the predicted ratios
somewhat. For example, increasing both the flux and density
by a decade would raise the line ratios by less than a factor of 2
(Baldwin et al. 1993; Hamann & Ferland 1993). Some calcu-
lations with different parameters are discussed in §§ 4.1 and 4.2
below. Detailed discussions of the sensitivity to the flux,
density, and continuum shape are given by Baldwin et al
(1993). That work also shows that models with “optimized ”
continuum shapes or in collisional ionization equilibrium also
fail to match many of the observed line ratios with solar abun-
dances.

The densities discussed in this paper apply strictly to the
total hydrogen number density in solar metallicity gas. At
higher metallicities H becomes depleted, i.e., the mass fraction
[H] declines, as Z rises. If we had kept the H density fixed
while increasing Z, the enhanced metals and the free electrons
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they provide would have cooled the gas extensively. We there-
fore scaled the H density in the models by a factor equal to the
depletion of H relative to solar, i.e.,, by [H]. This essentially
fixes the free electron density and thus preserves the ionization
structure of the gas. (In practice the free electron density
declines by <20% between Z ~ 1 Z, and Z ~ 10 Z;.) The
scaling can therefore be thought of as fixing the ionization
parameter, if that parameter is redefined as the ratio of ionizing
photon to free electron densities.

4. CHEMICAL EVOLUTION IN QSOS

4.1. Comparisons with N v/C1v and N v/He 11 Observations

Figure 4 compares the predicted and observed N v/C 1v and
N v/He 11 ratios using abundances from § 2 and spectral syn-
thesis parameters from § 3. This figure is similar to Figure 2 in
HF92, except that it includes N v/He 11 and the model curves
are plotted for only one cosmology (H, = 75 km s~ ! Mpc™!
and g, = 3). As in HF92, we assume the chemical evolution
begins immediately after the big bang. A significant delay
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F1G. 4—Theoretical N v/C 1v (top panel) and N v/He 11 (bottom) line ratios
for models M1a-M6a are compared to QSO observations for a cosmology
with Hy =75 km s™! Mpc™! and g, = 1. The model curves are plotted
against redshift assuming the evolution begins with the big bang. The ages
given at the top can be used to identify the model abundances using Figs. 1 and
3. The open circles in the N v/He 11 plot are lower limits because He 11 is not
detected. The crossed circles might be lower limits if the broad feature near
He 11 1640 A has some contribution from O mi] 1663 A. Note that the solar
neighborhood model (M1a) clearly does not match the data. Good fits to most
of the high-redshift sources are achieved only if the timescales are shortened
and the IMF favors massive stars (e.g., M4a—the giant elliptical model). See
§4.1.
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would shift the model curves to the left. The data points in
Figure 1 were measured by us from published spectra in
Kinney et al. (1991), Sargent Steidel, & Boksenberg (1989), and
Schneider, Schmidt, & Gunn (1989a, b, and 1991), or were
taken directly from tabulated line strengths in Baldwin et al.
(1992), Barthel, Tytler, & Thomson (1990), Baldwin, Wampler,
& Gaskell (1989), Wilkes (1984, 1986), Uomoto (1984), Young,
Sargent, & Boksenberg (1982), Baldwin & Netzer (1978), and
Osmer & Smith (1977). For the Barthel et al. data we converted
equivalent widths to flux ratios by assuming all of the continua
vary as f; oc A~ !5, For the few sources with repeated observa-
tions, we used the most recent results. We excluded sources
with obvious broad absorption lines because they can diminish
the emission line fluxes.

The N v 1240 A line is usually blended with Ly 1216 A in
QSO spectra. We “deblended” these lines by estimating the
Lya wing and attributing the flux above the wing to N v. When
N v is weak or severely blended, it is impossible to assign a
reliable upper limit to the N v flux. We therefore recorded
N v/C1v and N v/He 11 ratios only if N v could be measured
directly. None of the sources with redshift >4 were excluded
for this reason, but there are generally more low line ratio
objects than are shown in Figure 4. (Note that the need to
deblend N v introduces a bias against very broad line sources
in our sample.) The true N v/He 1 distribution should also
contain more large line ratios than appear in Figure 4, because
many sources have N v but no measurable He 1. Also He 11
upper limits were usually not available from the literature and
the flux in He 11 1640 A is sometimes blended with O 11] 1663
A. In both our measurements (from the Kinney et al. 1991
spectra only) and those taken from the literature we distinguish
between true 3 ¢ upper limits on He 11, where no measurable
line was present, and the cases where a broad line is present but
the contribution from O 1] is unknown. In Figures 4-6 the
ratios derived from the true upper limits are designated by
open circles, and those with a possible O 11] contribution are
crossed circles.

The model fits to the N v/C 1v and N v/He 11 observations
reaffirm the conclusions in HF92. In spite of the changes made
here to the nucleosynthesis (§ 2.1), and the new self-consistent
treatment of the abundances (§ 3), the same trends emerge. The
solar neighborhood model (M1a) does not fit the data, espe-
cially at high redshift, because the timescales are too long and
the N/C and N/He abundances are too low. Including primary
N (M1b—not shown) raises the ratios at higher redshifts, but
only to about the same maximum level shown for Mla.
Increasing the role of high mass stars by flattening the IMF
(model M2a) produces greater N abundances (and
metallicities), but the timescales are still too long to fit the
high-redshift data. Shortening the timescales while keeping the
solar neighborhood IMF (model M3a) causes [N] and [Z] to
rise sooner, but the resulting line ratios are too small and can
only match some sources.

The only way to fit the large ratios at high redshift is to both
shorten the timescales and use an IMF that favors high-mass
stars. The model that fits many of the high-redshift sources
(M4a) has a star formation timescale of #(15%) ~ 0.5 Gyr and
an IMF slope of x = 1.1 (Table 1). This is essentially the
longest timescale allowed by the data if g, ~ 1. Timescales as
long as ~2 Gyr could also fit if g5 ~ 0 (HF92). At ~1 Gyr in
M4a the metallicities reach a peak near ~10 Z; and the
[N/C] and [N/He] abundances are ~10 and ~ 38, respec-
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tively. Including primary N in this model (M4b) does not sig-
nificantly alter the results shown in Figure 4.

The largest line ratios in Figure 4 might require more
“extreme” evolution (to Z 2 10 Z) as described by models
MS5a or Méa. However, Baldwin et al. (1993) have shown that
the largest N v/C 1v and N v/He 11 ratios (excluding the prob-
ably spurious point at N v/He 11 = 155) can be fitted with
Z ~ 10 Z, abundances if the flux, density, and continuum
shape are simultaneously optimized in the spectral synthesis.
The optimized parameters would predict <3 times larger line
ratios for a given Z. However, they are also finely “tuned ” and
there is no reason to believe they apply generally to the QSOs.
Additional “tuning” would be required to fit N v/He 1 and
N v/C 1v simultaneously at each Z (as we have tried to do
here; see §§ 3 and 4.2, below) because the conditions that maxi-
mize N v/He 11 do not necessarily maximize N v/C 1v. In any
case, even the optimized parameters require enhanced [N/He]
and [N/C] abundances in many high redshift sources (Ferland
& Hamann 1993; Hamann & Ferland 1993; Baldwin et al.
1993). Without making severe and probably unphysical
changes to the stellar yields, the only way to meet this require-
ment is to use an IMF that favors high-mass stars—or at least
excludes the low-mass ones—and produces high metallicities

(§2.3).

4.2. The N v/He 11 versus N v/C 1v Correlation

Figure 5 shows that the observed N v/He 11 and N v/C 1v
line ratios are correlated and well predicted by the models if
the fiducial physical parameters from § 3 are used. The data are
the same as in Figure 4 and the theoretical curves represent
models M1a-M6a. The metallicities labeled on the curves
strictly apply for M5a, but they are also approximately correct
for M2a, M4a, and M6a where they overlap (see Fig. 2). The
good fit to the data using a one-zone photoionization model
with fixed parameters suggests that the observed trend results
largely from abundance/evolution differences. The scatter can
be explained by different physical conditions in each object. It
is worth emphasizing that changes in the physical conditions
alone for any fixed Z < Z,, cannot account for the full range

100F E
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FiG. 5—Observed N v/C 1v and N v/He 1 line ratios are shown to be
weakly correlated with each other and well predicted by the models. The data
symbols and the model lines are the same as in Fig. 4. The tick marks labeled 2,
4,6,9, 12, and 18 indicate the metallicity [Z] in model M5a (short dashed line).
These [(Z) labels are also approximately correct for models M2a, M4a, and
MG6a across the metallicity ranges they encompass. See Fig. 3 and § 4.2.
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of observed ratios. It is possible to match the range of observa-
tions by varying the physical parameters in a Z ~ 10 Zg
model (Hamann & Ferland 1993; Ferland & Hamann 1993;
Baldwin et al 1993). However, simple changes in the physical
conditions would not follow the overall slope in Figure 5
without fine tuning several parameters at once. Different physi-
cal conditions are therefore likely to contribute more to the
scatter in Figure 5 than to the correlation.

The effects of varying the flux, density, and «,, are illustrated
in Figure 6. All of the curves in this figure use the same abun-
dance model, M5a. The solid line in the center panel marks the
“standard ” parameter case (§ 3) and is identical to the M5a
curve in Figure 5. The good fit of this line to the data moti-
vated our original choice of parameters in § 3. In a later paper
we will consider how systematic trends in the continuum

-—--11,21
12,21 :
&8 o
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FiG. 6—Observed N v/C 1v and N v/He 11 line ratios are compared to the
abundance model MS5a for different values of the density, photon flux, and o,
used in the spectral synthesis. Different values of a,, are used in each panel, as
labeled in the lower right. The combinations of density and ionizing photon
fluxes are indicated in the top panel. For example, 10, 20 indicates a density of
10'° cm ™2 and a flux of 102° cm ™2 s, The solid line in the center panel uses
the fiducial parameters as shown for M5a in Fig. 5. The data symbols are the
same as in Fig. 4. See also § 4.2.
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shape, that might be correlated with abundance (see § 4.3
below), can influence the fits in Figure 6.

4.3. Evidence for a Mass-Metallicity-Redshift Relation

The observed trend for larger N v/C 1v and N v/He 1 line
ratios at high redshift in Figure 4 is not due to measurement
errors. However, the low-redshift data were measured exclu-
sively by us (from the Kinney et al. 1991 spectra) while the
high-redshift results derive from various references (§ 4.1). We
therefore consider the possibility of systematic errors in the
measurements. First, we not that among the high-redshift data
there are no substantial differences between the various data
sets. Second, to understand the uncertainties in our low-
redshift measurements we each (the authors) measured the
lines from Kinney et al. (1991) and compared our results. One
set of measured ratios was systematically higher—typically by
~20%-30% but as much as a factor of ~2—because the
deblending of N v from Lya is largely subjective. We adopted
the measurement set with the largest line ratios to minimize the
difference between the high- and low-redshift data. Nonethe-
less, the largest ratios at low redshift are <% of the largest
high-redshift ratios.

This trend was first noted by HF92 for N v/C 1v only. Sys-
tematic changes in the continuum shape and physical condi-
tions with redshift could contribute (§ 4.2). However, the
different N/C and N/He abundances predicted by the enrich-
ment models, with fixed spectral synthesis parameters, provide
a neutral explanation for the trends in Figures 4-6. Thus the
models predict metallicities that are typically several times
higher at high redshift. If the high-redshift QSOs evolve into
lower redshift QSOs and AGNs, the trend in the line ratios
with z suggests declining metallicities and N/C and N/He
ratios as the systems age. This would require an influx of low-
metallicity gas, such as by galaxy mergers or by the continuing
infall from a galactic disk or halo. Alternatively, if the high-
redshift QSOs are short lived and unrelated to the low-redshift
systems, the models imply that the most extensive chemical
evolution occurs only at early cosmological epochs.

In nearby elliptical galaxies there is a well-known trend for
higher metallicities in more massive systems (cf. Tinsley 1980;
Pagel & Edmunds 1981; Vader 1986a; Bica 1988). This corre-
lation is believed to be due to the action of galactic winds
driven by supernovae (Arimoto & Yoshii 1987; Matteucci &
Tornambe 1987; Angeletti & Giannone 1990). The massive
ellipticals are more tightly bound and thus better able to retain
their gas while they evolve toward high Z. Less massive
systems lose their gas before high metallicities are attained. By
analogy with the ellipticals, the highest metallicity QSOs might
also be the most massive. In this case a metallicity-redshift
correlation would suggest that the most massive QSOs (and/or
host galaxies) form preferentially at early epochs. Studies of
elliptical galaxies suggest that the highest Z’s we infer at high-
redshift require the deep gravitational well of systems with
total mass ~ 10'% M (also Bica et al. 1988).

Some support for a mass-metallicity-redshift relation in
QSOs can be found in the correlation between the line ratios
and the luminosities. We derive approximate luminosities, vL,
at ~ 1450 A, for as many of the sources plotted in Figure 4 as
possible. For some of the uncalibrated data, e.g., of Barthel et
al. (1990), we use continuum fluxes from the other references
when available (§ 4.1). We deduce distances from the redshifts
assuming Hy, =75 km s™! Mpc™*! and g, = 3. We do not
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attempt to correct for Galactic extinction, although the
resulting changes should be negligible for sources at high
Galactic latitude (Burstein & Heiles 1978). The results are
plotted in Figure 7. There is a weak but clear tendency for
larger N v/C 1v and N v/He 11 ratios in more luminous sources.
A trend consistent with Figure 7 is also evident in the com-
pilation of low-redshift AGN spectra by Véron-Cetty, Véron,
& Tarenghi (1983). In particular, a quick inspection of their
composite spectra grouped by luminosity (their Fig. 5) reveals
that sources with vL, < 5 x 10° L, typically have at least ~5
times lower N v/C 1v and N v/He 11 ratios than those with
vL, 2 5 x 10'° L. Furthermore, the ratios in Véron-Cetty et
al. (1983), although not measured by them, appear to represent
an extension of the correlations in our Figures 4-7 to lower
redshifts and luminosities. A well-known example of a low-
luminosity AGN with small line ratios is NGC 5548 (Clavel et
al. 1991), for which we estimate roughly solar abundances
(Hamann & Ferland 1993b).

These trends are naturally explained if there is a correlation
between the source luminosity and metallicity. This correlation
can, in turn, be interpreted in terms of a mass-metallicity rela-
tion if the luminosity is related to the mass of the system and
the depth of the galactic potential. Recent work suggests that
the luminosities of QSOs and AGNss are indeed well correlated
with at least the mass interior to the broad-line regions
(Padovani & Rafanelli 1988; Padovani, Burg, & Edelson 1990;
Koratkar & Gaskell 1991a). Therefore, the line ratios might be
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F1G. 7—Observed N v/C 1v and N v/He 1 line ratios are shown to be
weakly correlated with the QSO luminosities. The data symbols are the same
asin Fig. 4. See § 4.3.
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indicators of not only the chemical enrichment, but also the
total mass that binds the gas.

The luminosity-metallicity correlation also has implications
for the well-known “ global Baldwin effect ” observed in AGN's
and QSOs (Baldwin 1977; Kinney, Rivolo, & Koratkar 1990).
This “effect ” describes a relationship between the source lumi-
nosity and the C 1v equivalent width, in the sense that the C 1v
line is weaker at larger luminosities. Several factors could con-
tribute to this, but the metallicity correlation implied by Figure
7 is yet another. We are now pursuing this possibility further.
Our preliminary results suggest that, even for fixed photoion-
ization conditions, The C 1v equivalent widths do indeed
decline with increasing Z.

Note that care must be taken in interpreting the line ratio—
luminosity correlation across such a wide range in redshift.
Magnitude-limited samples will prefer luminous sources at
higher redshifts, possibly leading to false luminosity corre-
lations (see for example Cheng, Gaskell, & Koratkar 1991),
With J. Baldwin and J. Shields, we are now involved in a
program to quantify and distinguish between the trends with
luminosity and redshift. This work will use expanded samples
at low redshift, include a range of source luminosities in several
redshift bins, and consider the influence of systematic trends in
the continuum shape for relating the observed line ratios to Z.

4.4. Galactic Winds: Constraints on the Masses and Radii

Even if the mass-metallicity relation in QSOs is not regulat-
ed by galactic winds, or if there turns out to be no mass-
metallicity relation at all, it is clear that the QSO environments
must be bound tightly enough to retain their gas while the
chemical enrichment occurs. Galactic winds will “turn on,”
and presumably halt the enrichment, when the thermal energy
input by novae, supernovae, stellar winds, etc., exceeds the
gravitational binding energy of the gas. For a given evolution
model, the minimum binding energy needed to reach high Z’s
leads to an estimate of the minimum mass of the system. In this
section we derive the thermal energies from supernovae in
models M4-M6 to place lower limits on the masses that bind
the QSO star-forming regions.

The thermal energy deposited per supernova e(t) is a func-
tion of the kinetic energy of the explosion and the density of
the surrounding gas (Cox 1972; Arimoto & Yoshii 1987). The
total thermal energy of the system at any time ¢ is the integral
over all previous times of €(t) times the supernova rates. We
calculate the rates of SN Ia’s and SN II +Ib’s separately (after
Matteucci & Greggio 1986), but assume that all SN events
have the kinetic energy of 10%! ergs. We therefore add the rates
together when deriving the thermal energies. This is mostly a
formality because the SN II +Ib’s dominate the total SN rates
by factors of at least several in the models.

The total thermal energy of the gas is

Eu@) =M, J:e(t’)RSN(t — thdt' (3)

where M is the total mass in gas, stars, and stellar remnants,
and Rg(t — t) is the combined supernova rate per unit mass at
time ¢t — ¢’ (see also Matteucci & Tornambé¢ 1987 and Angeletti
& Giannone 1990). Clearly the calculation of E,(t) is uncer-
tain. For example, in a given model the SN rates depend criti-
cally on the lower mass limit of stars producing SN II +Ib’s.
Arimoto & Yoshii (1987) used a very low value of 3 M, com-
pared to the 7 M 5 adopted here (§ 2.1). Raising the mass cutoff
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from 3 to 7 M lowers the SN II +1Ib rates by factors of ~4 to
~10 for IMF slopes between 1.0 and 1.6, respectively. The
supernova rates are also sensitive to the stellar lifetimes, partic-
ularly in the short-timescale models M3-M6. For example, the
approximate lifetimes adopted by Arimoto & Yoshii (1987) are
larger than Scalo’s (1986) by factors of ~4 at 8 M and ~3 at
18 M. Using the longer lifetimes in M4 would lead to SN
rates which are ~2 to ~3 times smaller and thermal energies
for t < 0.4 Gyr. Another uncertainty is the efficiency of radi-
ative cooling of the supernova remnants. Our treatment (from
Cox. 1972 as expressed by Arimoto & Yoshii 1987) does not
consider metallicity effects, but high Z’s could enhance the
radiative cooling and thus lower the thermal energy. The
amount of radiative cooling is also sensitive to the unknown
density of the gas into which the SN remnant expands (see
below). Finally, the coupling between the hot expanding rem-
nants and the cooler ambient gas is uncertain. Galactic wind
calculations generally assume that the gas is thermally mixed,
but in actual galaxies the expanding remnants could blow out
a hot gas component while some of the cooler denser gas
remains behind.

In spite of these uncertainties we proceed, mainly to show
that standard wind calculations do not place strong con-
straints on the galaxy masses needed to reach large Z’s in
QSOs. If the gas and stars are uniformly distributed in a spher-
ical volume, and the system is in virial equilibrium, the gravita-
tional binding energy of the gas is

3GM2

Q) =—x— 929, @)
where R is the radius, g is the ratio of mass in gas to total mass
(§ 2.2), and G is the gravitational constant. The time depen-
dence results from the decline in g as the system evolves.
Strictly speaking, M, in equation (4) is the total gravitational
mass, which could exceed the mass in gas and stars in equation
(3) if dark matter is present. Ignoring the possible dark matter,
we use the ratio of equations (3) and (4) to derive the minimum
total mass needed to bind the gas and reach a given Z as a
function of the system radius. Figure 8 plots the average
minimum mass needed to reach Z = 10 Z, in models M4,-M6.
The individual models deviate from the plotted average by less
than 35%. The solid lines show the average model results for
gas densities surrounding the supernovae of ny, = 1, 100, and
10* cm~3 In general, the thermal energy and thus the
minimum mass scale as ng °-32% (Arimoto & Yoshii 1987).
Masses above these lines are “allowed ” in the sense that they
have enough binding energy to reach Z = 10 Z, before the gas
is expelled. For example, if n, = 100 cm ™3 and the radius of
the system is ~ 1000 pc, then ~10° M, is needed to bind the
gas. Less massive systems would lose their gas before Z ~ 10
Z is attained. The error bar at the left in Figure 8 shows the
approximate shifts required for different choices of Z. The
dotted lines in the figure show the loci of constant mean total
densities, 7. If the gas densities surrounding the supernovae are
greater than or equal to the mean total density (i.e., ny 2 n),
then the “allowed” regions in Figure 8 are confined to the
wedge-shaped section in the upper right bordered by the lines
of constant n, = n.

4.5. Luminosity Evolution of the Stellar Population

In this section we estimate the evolution of the stellar UV
and bolometric luminosities in the QSO/giant elliptical model
M4. For simplicity we assume the stars emit like blackbodies
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Fi16. 8—Minimum total masses required to reach metallicities of Z ~ 10
Z, are plotted as a function of the system radius for an average of the QSO
models M4-M6. The models are represented by a single curve for each of three
gas densities n,. Systems with total masses below these curves are “not
allowed ” because they will lose their gas in a galactic wind before Z ~ 10Z; is
achieved. See § 4.4. The error bar at the left shows how the location of the
curves depends on the choice of Z. The densities n,, apply to the environment
into which the supernova remnants expand. The dotted lines show various
mean densities of the entire system, i.e., in gas, stars and stellar remnants.

and consider only stars on the main sequence. These approx-
imations do not significantly affect the UV luminosity because,
as long as there is ongoing star formation, the high mass on the
main sequence will dominate the UV flux and their spectra are
close to blackbodies at the wavelengths of interest (~ 1450 A).
The bolometric luminosity is more sensitive to the neglect of
post-main-sequence phases because cool supergiants can con-
tribute at later epochs. However, on the short timescales of
interest here, only high-mass stars will evolve off the main
sequence. They evolve at nearly constant luminosity and, even
though they are short lived on the main sequence, their post—
main-sequence lifetimes are even shorter (Iben 1967). There-
fore, with ongoing star formation, the high-mass population on
the main sequence will outnumber and outshine their post—
main-sequence counterparts. Thus the high-mass main-
sequence stars will also dominate the bolometric luminosity for
ages <1Gyr.

We calculate bolometric luminosities for the main-sequence
stars assuming a stellar mass-luminosity relation of the form
L,=M;, witha =27for M, <1 Mg anda=34for M, >
1 M. This relation approximates the empirical results of
Scalo (1986). We estimate “ UV luminosities,” i.e., vL, at 1450
A, by first deriving stellar temperatures from the bolometric
luminosities L, and the stellar radii R, in the blackbody
formula, L, = 47zRi aT:. The radii are interpolated from
Thompson (1984) for M, > 1 M, and Allen (1976) for M, < 1
M. This procedure yields a consistent set of blackbody
parameters from which we derive vL, using the Planck equa-
tion.

The top panel of Figure 9 shows the bolometric luminosities
contributed by stars of various masses (thin solid lines), as well
as the total bolometric luminosity (thick solid line) and the total
UV luminosity (vL,; dotted line). The lower panel shows the
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F1G. 9—Top panel: luminosity evolution of the main-sequence stellar
population in the QSO/giant elliptical model M4. The thin solid lines are the
bolometric luminosities contributed by stars in the mass ranges shown. The
thick solid line shows the total bolometric luminosity of the whole (main-
sequence) population. The dotted line is the total “ UV luminosity,” i.e., vL, at
1450 A, derived assuming the stars emit like blackbodies at this wavelength.
Bottom panel: Star formation (thick line) and supernovae (thin) rates for model
Ma4. The scales at the left applies for the star formation rates, while the right
applies for both the SN Ia and SN II +Ib rates. The star formation stops at ~ 1
Gyr when the gas mass fraction drops below 3%. The high-mass stars domi-
nate the total luminosities before the star formation stops. Soon afterward the
high-mass stars have all died and the lower mass stars control the luminosities
and continue to produce SN Ia’s. See §§ 2.3 and 4.5.

corresponding rates of star formation (thick line) and super-
nova events (thin lines) in the same model. The rates and lumi-
nosities scale linearly with the mass of the system. All are
plotted for a total evolving mass My = 10! M. The peak
luminosities coincide with the peak in the star formation rate
at ~0.1 Gyr. The peak bolometric luminosity scales roughly as
~3 x 10'3(M/10** M) L. The UV luminosity is ~2 to ~3
times less than bolometric because, even though 1450 A is close
to the peak in L,, the expression vL, underestimates the full
width of the stellar spectra. The figure shows clearly that the
hottest, most massive stars dominate the luminosity as long as
there is ongoing star formation. Their spectra peak at roughly
1000 A with nearly a factor of ~2 drop at the Lyman edge—
912 A (Kurucz 1979; Leitherer, Gruenwald, & Schmutz 1992).

4.6. Delayed Fe Enrichment as a Test of q,

The ~1 Gyr delay in the Fe enrichment depends on the
lifetimes of SN Ia precursors (§§ 2.2 and 2.3) and is not sensitive
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to the IMF or the timescales used in the models. Therefore, in
as much we understand the evolution of SN Ia precursors, the
Fe abundance can be used as a “clock” to constrain QSO
ages. When applied to sources at high redshifts, the Fe clock
could provide an indirect test of the cosmology. Figure 10
shows explicitly how the redshifts are related to the maximum
QSO ages, i.e., the time since the big bang. Observations of Fe
abundances above the nominal SN II+Ib ratios (e.g.,
[Fe/O] = 0.5) would imply that SN Ia’s are involved and the
QSOs are older than ~1 Gyr (Fig. 1). At redshift ~ 5, ages >1
Gyr would require g, < 1 for any H, > 45 km s~! Mpc™*
(Fig. 10). Thus, high Fe abundances at these redshifts would
suggest that the mean density in the universe is less than criti-
cal. The converse is not necessarily true, however. Low Fe
abundances do not require ages <1 Gyr because the contribu-
tion of SN Ia’s might be limited by other factors. For example
we can imagine extreme IMFs with high lower mass cutoffs
that virtually eliminate SN Ia’s altogether. Nonetheless, if the
IMF is not so greatly skewed toward massive stars, low Fe
abundance in the broad line gas would imply young ages.

This reasoning has already been applied to observations of
local galaxies. For example, Worthey, Faber, & Gonzalez
(1992) note that low values of [Fe/Mg] in the metal-rich stars
of giant ellipticals suggest short evolution timescales. The same
conclusion has been drawn from measurements of low [Fe/O]
in metal-rich Galactic bulge stars (Matteucci & Brocato 1990;
Barbuy & Grenon 1990). The observations of high Z but low
[Fe/O] and [Fe/Mg] imply substantial enrichment in less than
~1 Gyr. Analogous observations of low [Fe/O] in metal-poor
Galactic halo stars suggest that the halo formed in <1 Gyr
(Truran 1987; Wyse & Gilmore 1988; but see also Smecker &
Wyse 1991).

The validity of Fe as a clock depends on the identification of
long-lived SN Ia systems as a major source of Fe enrichment.
Edmunds et al. (1991) and Worthey et al. (1992) and pointed
out that if SN II+1Ib’s of different masses produce different
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FiG. 10—Redshift vs. age of the universe is plotted for cosmologies with
Hy,=75km s~ ! Mpc™! and g, = 0 and }. The “error” bars at redshifts 0.1
and 5 show the range of variation possible for H, between 50 and 100 km s~ *
Mpc~1. The figure shows that ages estimates for high-redshift QSOs can be
used to constrain the value of g, (see § 4.6).

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


http://adsabs.harvard.edu/abs/1993ApJ...418...11H

' No. 1, 1993

ratios of Fe/O, Fe/Mg, etc., as the nucleosynthesis results
suggest {e.g., Arnett 1991; Woosley & Weaver 1992), then the
observed trends for increasing Fe/O, Fe/Mg, etc., with Fe/H

2 might be produced by changes in the distribution of exploding

core masses with metallicity. The sense of the changes would
have to be for fewer high-mass cores at high metallicities
and/or later epochs. Such variations with metallicity might be
caused, for example, by larger mass loss rates and thus smaller
“final ” core masses at higher Z (Edmunds et al. 1991). In this
scenario SN Ia’s might play a negligible role in the Fe enrich-
ment and there would be no connection to a particular time-
scale. However, we point out that this scenario is ad hoc and
may conflict with recent estimates of the rates and yields of SN
Ia’s in the Galaxy. In our solar neighborhood models, the
yields from SN II+1Ib’s and SN Ia’s and the expected lifetimes
of SN Ia precursors, combine to give good agreement with
both the SN rates and the Fe abundance trends (§ 2.2).

One-zone photoionization models indicate that the ensem-
ble flux in the UV Fe 1 lines is sensitive to the Fe abundance
(this work; Wills, Netzer, & Wills 1985). If the gas is in photo-
ionization equilibrium and the physical conditions are the
same in a sample of objects, relative Fe abundance differences
will be discernible. The ratio Fe 1 (UV)/Mg 1 (2798 A) offers
some promise as an abundance indicator because the ions have
similar ionization energies and the ratio Fe/Mg is predicted to
increase by factors > 3 (Fig. 1).

One complication for measuring Fe abundances from Fe 11 is
that Fe might be depleted by dust grains in the cool Fe™*
environment (Gaskell et al. 1981). Another is that the Fe-rich
gas in SN Ia remnants might not cool enough to appear as
observable Fe 11 in the broad-line regions, or might be ejected
from the Galaxy altogether. The predicted Fe overabundances
occur when the gas content is low, i.e., g < 10% (§ 2.3), allow-
ing easy ejection of the hot remnants via a supernova-driven
wind (§ 4.4). If ejection does occur, the high Z and [Fe/O] gas
would enrich the intergalactic medium (also Vader 1986b and
1987).

4.1. Delayed Fe Enrichment and the Strength of Fe 1 Emission

Models M3-M6 also predict that Fe becomes overabundant
after ~1-2 Gyr due to the SN Ia contribution (§ 2.3 and Figs. 1
and 2). These overabundances, relative to solar ratios, might
explain the well-known strong Fe 11 emission from QSOs and
AGNSs (cf. Osterbrock 1977; Phillips 1978; Wills et al. 1985).
The total flux from Fe 1 sometimes rivals that of all other
species combined. Photoionization/spectral synthesis models
that use solar abundances have so far failed by factors of ~2 to
~ 10 to account for the strength of the Fe 11 emission (Netzer &
Wills 1983; Wills et al. 1985; Netzer 1985; Collin-Souffrin,
Hameury, & Joly 1988). Of particular note is the failure to
match the observed Fe 1 (UV)/Mg 11 (2798 A) ratio. Wills et al.
(1985) note that this requires either an overabundance of Fe or
some selective excitation of Fe 1m not yet included in the
models. We are presently pursuing the possibility that the Fe i1
flux is enhanced by resonant absorption of Lya (Penston 1987).
Our preliminary results show that Lya pumping can play a
significant role (Hamann, Ferland, & Johansson 1993).
However, the Fe overabundances of [Fe/O] ~ 2 to 10 predict-
ed here (Fig. 1) are probably sufficient by themselves to match
the observations. If we express the overabundance in terms of
[Fe/Mg], models M3 and M6 predict close to the mean value
of [Fe/Mg] ~ 3 required to fit the data (Wills et al. 1985).
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5. SUMMARY AND DISCUSSION

We have combined chemical evolution and spectral synthe-
sis models to interpret the N v/C 1v and N v/He 1 broad
emission line ratios of QSOs. Our main results are the follow-
ing.

1. The line ratios usually imply large N/C and N/He abun-
dances, from ~1 to > 10 times solar. This requires chemically
enriched gas with metallicities from ~1 to perhaps 210 Z.
IMFs favoring high-mass stars compared to the solar neigh-
borhood are also required for at least the high-Z sources. To
match the high-redshift data, the evolution/star formation
must occurin $1.0Gyrif g, ~ 4, 0or $2Gyrifgy = 0.

2. Redshift 22 QSOs often have higher metallicities than
lower redshift sources. It is difficult to quantify this result
because the line ratios used to derive the metallicity are also
influenced by the physical conditions in the gas. Nonetheless,
metallicity differences do exist, and they provide a natural
explanation for the trend with redshift. We suggest that there is
a mass-metallicity-redshift relation in QSOs analogous to the
well-known relationship in nearby ellipticals. Thus, the high-
mass QSOs (and/or host galaxies) form preferentially at high
redshifts. Some support for a mass-metallicity-redshift relation
comes from the positive correlation between the line ratios (i.e.,
the metallicities) and the source luminosities (possible tracers
of the mass). The analogy with the ellipticals suggests that the
highest metallicity QSOs reside in galaxies of mass ~10'2 or
more (§ 4.3). The trend in the line ratios with luminosity also
suggests that metallicity differences can play a role in the
“ global Baldwin effect.”

3. The delayed enrichment of Fe by SN Ia’s can be used as a
“clock ” to constrain QSO ages and perhaps the cosmology if
accurate abundances are measured. The ~ 1 Gyr timescales of
this clock depends only on the (albeit uncertain) lifetimes of SN
Ia precursors and not on the evolution timescales used in the
models. One-zone photoionization models suggest that the
ratio of Fe /Mg 11 UV lines is one possible abundance indica-
tor.

4. Most of the QSO evolution models predict that Fe
becomes overabundant after ~1 to ~2 Gyr by factors of ~2 to
~ 10 relative to solar (i.e., in [Fe/O]). This overabundance
could explain the strong Fe 11 emission observed in QSOs and
AGN:E.

5. Perhaps the most important result is that the models
derived for the QSOs are completely consistent with the evolu-
tion expected in massive galactic nuclei. The model that is
“typical” of the high-redshift-high-metallicity QSOs, M4, is
nearly identical to the models proposed for giant elliptical gal-
axies (Arimoto & Yoshii 1987; Matteucci & Tornambé 1987,
Angeletti & Giannone 1990). These models are, in turn, consis-
tent with the metallicities and evolution derived from observa-
tions of ellipticals using population synthesis techniques (Bica
1988; Bica et al. 1988). In M4 the rapid star formation leads to
~85% of the mass locked up in stars and stellar remnants
when the system is only 0.5 Gyr old. The short timescales and
greater proportion of high-mass stars compared to the solar
neighborhood leads to a metallicity of ~6 Z, at 0.5 Gyr and
nearly 10 Z; at 1.0 Gyr.

The lower line ratios, particularly at low redshifts, require
lesser enrichment and metallicities less than a few times solar.
These systems might be in an earlier phase of evolution before
Z and [N/O] have reached their “final” values. They might
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also be analogous to lower mass ellipticals or to the bulges of
disk galaxies, where the evolution is “complete ” but lower Z’s
are attained. In lower mass ellipticals the lower Z’s are attrib-
uted to galactic winds that halt the star formation before the
gas is fully processed (§ 4.4). In the bulge of our Galaxy the
lower Z, compared to giant ellipticals, is attributed to the
steeper IMF (Matteucci & Brocato 1990; Képpen & Arimoto
1990). Observations of the Galactic bulge reveal a broad metal-
licity distribution among the stars, peaking at ~2 Z, and
reaching as high as ~10 Z, (Rich 1988). McWilliams & Rich
(1993) claim these estimates are a factor of ~ 2 too high. None-
theless, the metallicity in the gas is always greater than the
mean metallicity in the stars, so the point remains that the gas
in the bulge has (or had) Z > Z,. Models of the bulge evolu-
tion indicate that the enrichment occurred in less than ~ 1 Gyr
and that the IMF favored massive stars slightly more than the
solar neighborhood (Matteucci & Brocato 1990; Koppen &
Arimoto 1990). These timescales are comparable to our models
M3-M6, and the power-law IMFs applied to the bulge,
ranging from x = 1.1 to 1.35, are bracketed by M3 and M4.

Unfortunately, the total mass in gas and stars contributing
to the QSO enrichment is unknown. Our results apply strictly
to just the broad-line gas, which, according to standard accre-
tion disk models, occupies a region <1 pc across (Peterson et
al. 1991; Peterson & Gaskell 1991; Clavel et al. 1991; Korat-
kar & Gaskell 1991b). The chemical evolution we describe
probably involves a stellar population in a larger volume that
could include entire galaxies. The similarities with ellipticals
suggest that whole galaxies are involved, although the central
cores where QSOs reside could reach higher metallicities
and evolve more quickly than the rest of the galaxy (cf. Pagel &
Edmunds 1981). In either case, even just the cores of massive
galaxies can involve considerable mass. In § 4.5 we showed
that a stellar population evolving like M4 would produce
peak luminosities =10'3(M;/10'* M) L, and SN rates
2 50(M /10 M) yr~'. The observed QSOs have lumi-
nosities (vL,) between ~10!° and almost 10'% L, (Fig. 7).
Therefore main-sequence stars controlled by evolution like M4
can rival the observed QSO luminosities if sufficient mass is
involved.

Lower mass systems could achieve similarly large lumi-
nosities and SN rates if the star formation proceeds more
rapidly. The only limitation is that there is enough time
for several generations of high mass stars to enrich the gas.
We chose the timescales in our models M3-M6 to be essen-
tially the longest allowed by the high-redshift data (assuming
do ~ %). We could have increased the star formation rate (v) by
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a factor of ~5 in M4, and made the infall instantaneous, to
match the observed line ratios and achieve roughly the same
Z’s and [N/C] and [N/He] abundances in about one-fifth of
the time. The resulting peak luminosity would have increased
by nearly an order of magnitude for a given mass. Thus an
evolving system of mass ~10'® M could also achieve lumi-
nosities 2103 L, from just the main-sequence stars.

The flux contributions from normal stellar processes are also
stressed by the starburst models of AGNs and QSOs (cf. Terle-
vich 1990; Terlevich et al. 1992). These models attribute all of
the light from QSOs to the starburst. Terlevich & Boyle (1993)
recently showed that only ~5% of the total mass of elliptical
galaxies need participate in the bursts to explain the observed
luminosities and luminosity function of QSOs with redshift
2 2. However, the evolution discussed here differs from the
starburst models because it requires at least several gener-
ations of massive stars. The minimum enrichment timescales of
~0.1 to ~0.2 Gyr (above) are still several times longer than
the bursts discussed by Terlevich & Boyle (1992). Furthermore,
the distribution of line ratios (Fig. 4) implies that the evolution
toward high Z occurs before the QSOs become observable. In
contrast, the starburst models assume the gas is already
enriched when the burst begins (Terlevich et al. 1992).

The important point is that our models require a population
of galaxies or galactic nuclei evolving rapidly at redshifts > 2.
The hottest stars will dominate the stellar luminosity, as long
there is ongoing star formation, and that luminosity scales
linearly with the mass of the evolving population (§ 4.5 and Fig.
9). Spectrophotometric searches for these systems might even-
tually place limits on their total masses and star formation
rates.
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