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Abstract. We describe two ongoing studies of QSO broad emission-
line regions (BELRs). The first employs the N V A1240/Heli A1640 and 
N v/C iv A1549 line ratios as diagnostics of QSO metallicities. Hamann & 
Ferland and Ferland et al. showed that many observed N v ratios require 
enhanced N abundances and Z > ZQ. Here we present new measure
ments of large line ratios at redshifts z > 4, which indicate super-solar 
abundances within ~1 Gyr of the Big Bang (for go « 0.5). We also note 
that the N V line is relatively stronger in more luminous QSOs, in con
trast to the well-known Baldwin effect in Lya, C IV, and 0 vi A1034. This 
unusual behavior in N v could be due to a luminosity-metallicity correla
tion among QSOs that is coupled to a mass-metallicity relation in their 
host galaxies. 

Our second study involves Ne vili A774 as a probe of highly ionized 
gas. We show that a broad emission feature near 774 A is common in 
QSOs. Photoionization models indicate that Nevm is the most likely 
identification for this feature. The models also indicate that the Nevm 
emitting gas covers > 40% of the continuum source, has a total hydrogen 
column density of Nn > 1022 cm- 2 (for solar abundances) and an ioniza
tion parameter of U > 5 (for a nominal QSO continuum shape). This 
gas would be an X-ray "warm" absorber — with 0 v n - 0 vm bound-free 
edges — if it lies along our line-of-sight to the X-ray continuum source. 

1. NVA1240 and QSO Metal Abundances 

Strong emission lines due to heavy elements in QSOs imply some degree of 
chemical enrichment out to redshifts of nearly 5. However, extracting quantita
tive abundance information from the lines is notoriously difficult. Early efforts 
using ratios of semi-forbidden lines revealed at least occasional nitrogen over
abundances (compared to C and 0 ) and total metallicities above solar (Shields 
1976; Osmer 1980). These studies were limited, however, by the weakness of the 
lines and the pitfalls of collisional quenching (also Uomoto 1984). Hamann & 
Ferland (1992, 1993) and Ferland et al. (1996) recently applied both chemical 
evolution and photoionization calculations to the analysis of several strong per
mitted lines. Their evolution models demonstrate the importance of nitrogen 
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as a tracer of the enrichment because of the predominance (at least at high Z) 
of 'secondary' processing, which causes the N abundance to increase roughly as 
the square of the total metallicity (see also Shields 1976). The photoionization 
calculations show that the N v Al240/Heli A1640 flux ratio can provide robust 
lower limits on the N/He abundance and thus the overall metallicity. N V forms 
within the H e + + recombination zone and, although N v can be relatively weak 
in many circumstances, it is not possible to produce strong N v without sig
nificant Hell emission. The same calculations show that N v / C i v A 1 5 4 9 can 
constrain the N / C abundance, although this line ratio is more sensitive to the 
uncertain geometry and physical conditions because the emission regions are not 
necessarily co-spatial. 

1.1. Recent Resu l t s 

We obtained spectra of 25 z £ 4 QSOs with the Multiple Mirror Telescope, 
spanning wavelengths from shortward of 1200 A to longward of 1700 A in the 
QSO rest frame (see Shields et al., this volume; also Shields & Hamann 1996). 
Figure 1 shows preliminary measurements of the N v /He II and N v / C IV line 
flux ratios for 15 of the 25 z £, 4 sources. The Figure also shows line ratios from 
the literature for QSOs at lower redshifts (see Hamann & Ferland 1993). The 
data from the literature are incomplete for redshifts 2 ;$ z £ 4 in the sense that 
lower limits were not usually reported for lines not detected. In particular, the 
Hell line is often absent while N v is detected, and we expect that more large 
N v /He II ratios would appear at these redshifts in a well-measured sample. 

Many of the line ratios in Fig. 1 are considerably larger than expected for 
solar abundances. The dotted lines in the Figure show the ratios predicted by 
photoionization models for solar abundances and BELR conditions (i.e., density, 
ionizing flux, and continuum shape) that nearly maximize these ratios (Hamann 
& Ferland 1993). Extensive photoionization calculations (also Ferland et al. 
1996) show that much smaller ratios (by > 1 dex) can occur naturally in the 
BELR, while ' tuning' the model parameters can yield ratios up to ~ 2 times 
higher than the dotted lines in the Figure. However, it is not possible to explain 
the upper envelope of measured line ratios (e.g., N v / H e l l ) unless nitrogen is 
relatively over-abundant and the overall metallicity is above solar. In some cases 
(Ferland et al. 1996), the derived lower limits are Z > 5Z@. These results are 
supported by independent evidence for Z > Z& from absorption lines that are 
intrinsic to QSO environments, such as the broad absorption lines (BALs) and 
at least some of the so-called associated (za « ze) systems (see Hamann 1996 
and references therein). 

Figure 1 shows that the largest N V emission ratios occur at redshifts z > 
1. The underlying relationship might actually be with the QSO continuum 
luminosities (Hamann & Ferland 1993), because luminosity and redshift are well 
correlated in this sample. Several studies that examine a range of luminosities 
in limited redshift intervals (Laor et al. 1995; Osmer et al. 1994; Veron-Cetty, 
Veron, & Tarenghi 1983) show that the N v line ratios are, in fact, correlated 
with luminosity. (We are presently measuring spectra of faint QSOs at the Keck 
Observatory to define the luminosity behavior at z « 3.) N v does not participate 
in the well-known 'Baldwin effect', which describes an empirical trend for lower 
line equivalent widths in more luminous objects (Baldwin 1977; Kinney et al. 
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Figure 1. Measured line ratios in QSOs. The triangles are the new 
MMT data for z > 4. Open symbols indicate lower limits. The dot
ted lines define the threshold above which super-solar abundances are 
required by standard photoionization models. 
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1990; Zheng et al. 1995). Although there is no consensus explanation for this 
effect, it is not clear why it should be absent in Nv but strong in lines such as 
CIV A1549 and 0 vi A1034, which have the same electronic structure as N V and 
bracket N v in ionization. We suggest that the unusual luminosity behavior of 
N v is due to more enhanced nitrogen abundances and higher overall metaUicities 
in more luminous sources. 

1.2. QSO MetaUicities and Host-Galaxy Evolution at High Redshift 

The origin of the metals in QSOs is not known. However, gas-phase metaUicities 
up to ~10 ZQ are consistent with the normal stellar enrichment of a well-mixed 
interstellar medium in the cores of massive galaxies. The stars in those environ
ments today exhibit a range of metaUicities distributed about mean values of 
typically ~1 to ~ 3 Z S . Simple enrichment models indicate that the gas-phase 
abundances near the end of the star formation episode (when the gas is nearly 
exhausted) should be several times larger than these stellar means — consistent 
with the high-Z tail in the stellar distributions (cf. Tinsley 1980; Rich 1990). 
Although the high-Z gas might not remain in galaxies today — having been 
ejected in a galactic wind or consumed by the black hole — it could dominate 
QSO environments at early epochs. 

In the local Universe, there is a well-known correlation between galaxy 
masses (luminosities) and metaUicities (cf. Zaritsky, Kennicutt, & Huchra 1994 
and references therein). Metal-rich stellar populations are found only in massive 
galaxies. This galactic mass-metallicity relation could explain the tentative 
luminosity-metallicity trend among the QSOs, if QSO luminosities are somehow 
coupled to the host galaxy's mass. In any case, if the high QSO metaUicities are 
due to normal stellar enrichment, as discussed above, then (at least) the cores of 
massive galaxies are highly evolved at redshifts z > 4, within about 1 Gyr of the 
Big Bang (for qo x 0.5). If the stellar initial mass functions do not excessively 
favor high-mass stars, the galaxy components that feed metals into QSOs must 
have already converted most of their mass into stars and stellar remnants before 
the QSOs 'turn on' (or become observable). 

2. Broad NeVIIIA774 Emission 

The ionization energy required for Nevm A774 (207 eV) is nearly twice as large 
as for 0 VI A1034 (114eV) and more than four times larger than C iv (48eV). For 
BEL clouds photoionized by a standard QSO continuum, significant Ne vm A774 
emission requires ionizing fluxes (i.e., ionization parameters) at least 10 times 
larger than needed for 0 vi and 100 times larger than for C iv (Hamann et 
al. 1995a). Measurements or upper limits on broad NeVlllA774 are therefore 
important, not only to probe the highly ionized components of the BELR, but 
also to study the possible relationship of this component to other high-ionization 
phenomena, such as X-ray 'warm' absorbers and the source of the near-UV 
continuum (i.e., the 'big blue bump;' BBB). Warm absorbers (Halpern 1984) 
are characterized by Ovil-Ovill absorption edges near 0.8keV or by X-ray 
continuum opacities that vary inversely with the X-ray flux. Hamann et al. 
(1995a) showed that the Ne vni-emitting gas would produce a warm absorber 
if it lay along our line-of-sight to the continuum source. The BBB is generally 
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at tr ibuted to thermal emission from either an optically thick accretion disk or 
a more distant optically thin region. Hamann et al. (1995a) showed that the 
temperatures needed for N e v m emission could be comparable to the BBB-
emitting gas, although the N e v m region itself is not sufficient to produce the 
BBB. 

Hamann et al. (1995b) studied a sample of 5 QSOs from the Hubble Space 
Telescope (HST) Absorption Line Snapshot Survey (Absnap) to estimate the 
strength and character of NevmA774 emission. That sample includes radio-
loud and radio-quiet QSOs with (1) emission redshifts that include N e v m and 
0 vi A1034 between the observed wavelengths of ~1350 to ~2400 A (i.e., zem be
tween ~ 0.8 and ~ 1-4), (2) no Lyman-limit absorption across the N e v m wave
length, and (3) 'measurable' 0 vi emission. The last selection criterion serves 
mainly as a signal-to-noise discriminator, although it could introduce a bias to
ward sources with more high-ionization gas. The sources were not chosen based 
on their N e v m characteristics. Nonetheless, 3 of the 5 sources, and possibly all 
five, have a broad emission feature near 774 A. Photoionization calculations by 
Hamann et al. (1995a) show that N e v m is the most likely identification for this 
feature. 

Here we supplement that work with new and archival spectra obtained with 
HST. We derive an additional sample of 6 QSOs from the archived Absorption 
Line Key Project spectra, using the same selection criteria as for the Absnap 
sample above. We reobserve 2 of the 5 Absnap sources to improve the signal-to-
noise ratio across NevmA774. We also discuss spectroscopy of another bright 
QSO not included in these samples, PG 1522+101 (previously reported by Cohen 
et al. 1995). 

2 .1 . M e a n Spectra 

Figure 2 plots mean spectra of the 5 Absnap sources, the 6 Key-Project sources, 
and the total sample of 11. The rest wavelengths were derived from the peak 
centroid of 0 vi A1034, assuming that feature is due entirely to 0 vi at 1033.8 A. 
The spectra are shown normalized to unity in the continuum by fitting with low-
order polynomials. The dotted line in the Figure shows the fit to the continuum 
and the Lya emission profile. The fit to Lya is based on the line's peak and 
blue-side profile and is symmetric about 1217.5 A. Note that the results for C m*, 
Lya and N V derive from a subset of each sample because not all of the spectra 
include these wavelengths. 

The N e v m line is clearly present in both the mean and median spectra. 
(Also note the presence of the excited state line C m * A1176, discussed by Laor 
et al. in this volume). Table 1 lists the line centroids (Ares<) and rest equivalent 
widths (REWs) measured from the total mean spectrum in Fig. 1. The line 
blends centered on 0 vi and Lya were divided among the components by simply 
integrating the flux above the dotted line in Fig. 1 between the wavelengths 
indicated by AA in the Table. The broad unidentified feature at ~1070A was 
also noted by Laor et al. (1995). 

2.2. S o m e Individual Spectra 

Figure 3 shows our at tempts to fit two well-measured NevmA774 profiles in 
PKS 0355-483 and PG 1522+101, using CivA1549 as a template. The two 
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Figure 2. Normalized mean spectra showing NevmA774 and other 
emission lines. The upper spectra are shifted by adding 1.0 and 2.0. 

Table 1. Mean Line Parameters 

Line 

Nevm A774 
Cm A977 
NniA990 
OviA1034 

??? 
Cm*A1176 
LyaA1216 
NvA1240 

"rest 

(A) 
776.8 
976.0 
991.4 

1032.6 
1070.3 
1177.5 
1217.5 
1245.1 

REW 
(A) 
8.7 
2.5 
2.1 

17.4 
3.8 
2.3: 

74.8 
8.1 

AA 
(A) 

968.0 - 983.5 
983.5 - 997.5 
997.5 - 1059.5 

1059.5- 1084.5 
1164.0- 1190.0 

1227.0- 1256.0 
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Figure 3. Fits (thin lines) to the normalized NevmA774 profiles 
(bold lines) using CIVA1549 as a template. Zero velocity corresponds 
to 774.4 A. 

components of the Nevm doublet (770 and 780A) were assigned the same red-
shift and profile as the C iv line in each spectrum. The only free parameters 
in the fits were the line strengths. In both cases, the poor fits suggest that the 
Nevill lines are broader than Civ. More data are needed to determine if this 
is a general property of Ne vin A774 emission. 

2.3. NeVIIIA774 and the Highly Ionized BELR 

We conclude that broad Ne vm A774 emission is common in QSOs, with a mean 
strength of ~50% of 0 VIA1034. The Ne VIII emitting gas identifies a previously 
unknown, highly ionized component of the BELR. Photoionization calculations 
(Hamann et al. 1995a) indicate that the ionization parameter (the dimensionless 
ratio of hydrogen-ionizing photon to hydrogen particle densities U) must exceed 
5 in this region for a nominal QSO continuum shape. The calculations also show 
that the Nevm emitting gas must cover £ 40% of the continuum source and 
have a total hydrogen column density AH ~ 1022 cm- 2 (for solar metal abun
dances). This gas would be an X-ray warm absorber if it lay along our line of 
sight to the continuum source. 
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