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1 INTRODUCTION 

ABSTRACT 
Published data on the average metallicities and abundance ratios for absorption-line 
systems in high-redshift quasars suggest that a dichotomy may exist between the 
chemical composition of damped Lyman oc (Lyoc) systems (interpreted as intervening 
galaxies in the QSO line of sight) and the Zabs ~ Zem absorption-line systems associated 
with the quasar. Intervening systems have smaller than solar metallicities, whereas 
associated absorbers have solar or greater than solar metallicities and small N/C 
ratios. While these results have to be confirmed by more precise abundance 
determinations, we argue that they may be explained by an early phase of efficient 
metal enrichment occurring only in the close environment of high-z QSOs, and 
characterized by an excess type-II supernova (SNII) activity. This is reminiscent of 
the SNII phase required to explain the abundance ratios (favouring oc- over Fe-group 
elements) observed in the intracluster (IC) medium of local galaxy clusters. We 
explore the following scenario, to be tested by forthcoming observations of QSO 
absorption lines using very large optical telescopes. (a) Well-studied damped-Lyoc, 
Lyoc and metal lines in intervening systems trace only part of the history of metal 
production in the Universe - the one concerning slowly star-forming discs or dwarf 
irregulars. (b) The complementary class of early-type and bulge-dominated galaxies 
formed quickly (atz;<: 4-5) through a huge episode of star formation favouring high
mass stars. (c) The nucleus of the latter is the site of the subsequent formation of a 
quasar, which partly hides from view the dimmer host galaxy. (d) The products of a 
galactic wind, following the violent episode of star formation in the host galaxy and 
metal pollution of the IC medium in the forming cluster, could be directly observable 
in the Zabs ~ Zem associated absorption systems on the QSO line of sight. 

Key words: galaxies: clusters: general - galaxies: elliptical and lenticular, cD -
galaxies: formation - galaxies: ISM - galaxies: nuclei - quasars: absorption lines. 

Explorations of the distant Universe have been tried follow
ing a number of different approaches, with the aim of 
understanding the formation and early evolution of cosmic 
structures on the galaxy to galaxy cluster scale. The naive 
expectation of a sizeable number of luminous emission-line 
galaxies to be detected in the formation phase at high red
shifts has proven incorrect: spectroscopic searches for 

objects as faint as B '" 24-25 have failed to reveal any such 
populations. Only the advent of the 10-m class of telescopes 
and the use of colour techniques suitable to sample the rest
frame Lyman limit have recently allowed the detection of 
moderately luminous galaxies at z > 1 and up to ~ 3 (e.g. 
Steidel, Pettini & Hamilton 1995). 

A more indirect approach to access the distant Universe 
was to look for absorption features corresponding to distant 
intervening objects in the spectra of high-redshift quasars. 
Galaxies in a very wide redshift interval, 0 < z < 5, have been 
selected in this way. *E-mail: Franceschini@pdmida.pd.astro.it (AF) 

© 1997 RAS 

© Royal Astronomical Society • Provided by the NASA Astrophysics Data System 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/286/1/235/1010558 by guest on 19 M
ay 2023

http://adsabs.harvard.edu/abs/1997MNRAS.286..235F


1
9
9
7
M
N
R
A
S
.
2
8
6
.
.
2
3
5
F

236 A. Franceschini and R. Gratton 

All these efforts have led to the discovery of a numerous 
class of objects, with fairly unifonn properties, which may be 
understood as forming disc galaxies and dwarf irregulars. In 
particular, the star fonnation (SF) rates, inferred from the 
intensity of the LylX or HIX lines and from the ultraviolet 
(UV) continuum luminosity, are not typically larger than 
several M0 yr-l, i.e. within a factor of a few of the current 
SF rate in the Milky Way. Building up an M* galaxy from 
such a low rate of SF would require an entire Hubble time. 
Also, the metallicities of the interstellar medium (ISM) 
estimated from the absorption-line fitting are typically one 
per cent of the solar value at high redshift (with large disper
sion) and slowly grow to half the solar value by Z ~ 0.5 (e.g. 
Petitjean, Riediger & Rauch 1996). Altogether, these 
results explain why it has been so difficult to pick up such 
high-redshift galaxies from flux-limited samples: the 
inferred luminosities, colours, and emission-line intensities 
are not appreciably different from those of local galaxies. 

On the other hand, fundamental insights into the past 
history are gained from studies of fossil remnants, such as 
the stellar populations in local galaxies, the intracluster 
medium (ICM) and the hot plasma haloes in early-type 
galaxies. The ICM, in particular, is observed to include 
substantial amounts of heavy elements, which have to be 
processed by stars and released in some sorts of galactic 
winds or outflows. The metallicities and abundance ratios of 
these plasmas, recently measured with good confidence 
from X-ray spectroscopic observations, are found to imply 
large fractions of IX-elements (0, Si, Mg) but relatively lower 
amounts of iron, consistent with production by mostly type
II supernovae (SNII). In addition, the overall amount 
inferred for these elements is very large, if compared with 
the mass in stars available to build them. As such, these data 
imply a very enhanced activity of massive stars during a 
period of time (t ~ 108 yr) short enough to avoid significant 
contributions of Fe-enriched material by type-I SN. 

Finally, arguments based on the observed photometric, 
dynamical and chemical properties of early-type galaxies 
(the observed tightness of the fundamental plane, the red 
colours of high-z cluster ellipticals, the tight colour-velocity 
dispersion relationships; see ReIlZini 1995) also indicate an 
early intense fonnation event for the bulk of stars which 
does not appear to have been detected in deep dedicated 
surveys. 

Is there a fundamental inconsistency between inferences 
based on observations of the local fossil remnants, and what 
is found from a direct inspection of the distant Universe, 
e.g. through the line-of-sight absorbers of the OSO? 

We argue in this paper that such an inconsistency may 
disappear if we accept that damped-LylX, LylX and metal 
lines from intervening systems trace only part of the history 
of metal production in the Universe, the part concerning 
slowly star-forming spirals, dwarf spheroidals and irregu
lars. The fonnation histories of early-type, bulge-dominated 
galaxies and of the related hot plasma remnants could have 
been quite different, and mostly confined to an early epoch 
at z> 3. We explore in Section 2, based on published 
although uncertain data, the possibility that this phase may 
be traced by the associated OSO absorption-line systems 
withzabs ~Zem' which are often suggested to have high metal
licities. Available, although sparse, data also seem to indi
cate a low [N/C] abundance ratio to be typical of many of 

these associated absorbers, at variance with the high N/C 
ratios observed in the broad-line regions (BLR) of 
quasars. 

We argue in Section 3 that, because of these peculiar 
abundance ratios, the associated systems look unrelated to 
the quasar itself (in particular to the material in the BLR 
and in the broad-absorption lines - BAL), and may be 
interpreted as material processed by the host galaxy of the 
OSO and/or by galaxies in a cluster or group hosting the 
quasar, and deposited through a galactic wind. In these 
associated systems we may directly see the fonnation of the 
ICM. As shown in Section 4, the anomalous N/C abundance 
ratio, if confinned, might require that the galactic wind 
following the phase of enhanced fonnation of massive stars 
and of SNII should have occurred quickly after the onset of 
SF in the galaxy. We finally discuss that, because of the 
time-scales for heavy-element production, the optically 
bright phase of quasars may follow that of the fonnation of 
the main galactic body. The latter, as well as the fonnation 
of the super-massive black-hole of the OSO, are likely to 
happen either at very high redshifts and/or enshrouded by 
dust produced by the earliest stellar generations. 

2 SITES OF METAL ENRICHMENT IN THE 
HIGH-RED SHIFT UNIVERSE 

Among the various classes of spectral absorption features, it 
has been natural to associate the damped LylX, the Lyman 
limit and the metal systems, which display the highest values 
of the column density for the absorbing material, with full
size galactic bodies (e.g. Wolfe 1995). 

A fundamental infonnation on the evolutionary state and 
SF history of the absorbing objects is provided by analyses 
of the gas metallicity (Pettini et al. 1995). We have collected 
in Fig. 1 data on the average observed metallicities for a 
representative sample of absorption systems over a wide 
redshift interval, 1.5 < Z < 5. The gas metallicities are 
plotted here as a function of the redshift difference between 
the emission-line quasar and the absorption-line cloud, 
which we have taken as a measure of the OSO-to-absorber 
distance and expressed in tenns of the escape velocity 
vej =c(r2 -1)/(r2 + 1), r= (1 +zem)/(l +Zabs)' It is usually 
argued, on statistical grounds, that absorbers with vej < 5000 
(hence Zabs ~zem) are generally associated with the back
ground quasar or its environment (Foltz et al. 1988), 
whereas higher values are taken to indicate an intervening 
system occurring by chance on the OSO line of sight. 

The data in the figure, though possibly subject to system
atic effects (see below), appear to emphasize a remarkable 
dichotomy in the metallicity values between the two classes 
of absorbers, in the sense that virtually no intervening 
absorbers have a metallicity higher than a small fraction of 
the solar value, while virtually ~l associated systems have 
roughly solar values or higher. This suggests a possibly dif
ferent history of SF between the fonner class, which we 
associate with slowly star-forming discs and irregulars, and 
the latter one which we interprete to trace a quick and 
efficient SF phase in early-type systems. Claims of relatively 
higher metallicities in the latter associated lines have been 
reported for individual objects (Petitjean et al. 1994; Sav
aglio et al. 1994; Moeller et al. 1994), but what we stress here 
is the apparent systematicity of the effect. 
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Figure 1. Plot of the average metallicity (in solar units) of the 
absorber versus escape velocity from the quasar. The metallicity 
refers mostly to C, Si, and 0, or is an average estimated value for 
various elements. For negative velocities (infall) we plot the mod
ulus in abscissa. The two dotted lines mark half-solar metallicity 
and an escape velocity of 5000 km s-" the usual value separating 
the intervening from the associated absorbers. Data are mostly from 
Petitjean, Rauch & Carswell (1994), Savaglio, D'Odorico & Moel
ler (1994), Moeller, Jakobsen & Perryman (1994), Vogel & Reim
ers (1993) and Meyer & Roth (1990). 

This indication is qualitatively different from the one con
cerning the high inferred metallicities in the BLR of quasars 
(Hamann & Ferland 1993). Indeed, the values of the ioniza
tion parameter estimated for the associated absorbers imply 
distances from the quasar up to several hundred kpc or 
more (Tripp, Lu & Savage 1996; Morris et al. 1986), 
whereas data on the QSO BLR concern material processed 
in the inner quasar ( ~ 1 pc scale). So the environment of 
the quasar, on the scale of the host galaxy to that of a galaxy 
cluster, appears to have been enriched early on to high 
metallicity values. Our tentative conclusion is that the 
presence of a quasar marks a unique site in the high-z universe 
as for the metal fraction in the environmental medium. 

We have also tried other correlations with redshift of the 
average metallicity and found nothing significant within the 
large spread of values at any given redshifts, at least for 
2 <z < 4. This agrees with the lack of significant depend
ences on z found by Smith et al. (1996) and Lu et al. (1996) 
for the intervening absorbers. 

A basic warning when interpreting these data concerns 
the evaluation of the ionization state of the gas in the associ
ated systems, due to the strong UV flux from the quasar, 
which makes abundance analyses uncertain. In fact, the 
error bars to be associated with single datapoints are large, 
in particular in the right upper comer of Fig. 1. In spite of 
that and because consistent results are found by various 
independent groups, we regard the plot in Fig. 1 as an 
interesting, though tentative, argument in favour of the idea 
that optical quasars trace the formation of early-type galaxies 
at high redshifts. 

© 1997 RAS, MNRAS 286, 235-240 
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Figure 2. Plot of the [N/C] = (N/C)/(N/C)o abundance ratios for 
absorption-line systems versus escape velocity from the quasar (see 
caption to Fig. 1). The two dotted lines mark solar metallicity and 
an escape velocity of 5000 km s-" the usual value separating the 
intervening from the associated absorbers. Data are mostly from 
Vogel & Reimers (1993), Petitjean et al. (1994), Savaglio et al. 
(1994), Moeller et al. (1994) and Tripp et al. (1996). 

3 ABUNDANCE RATIOS IN QUASAR 
ABSORPTION-LINE SYSTEMS 

Analyses of abundance ratios add significantly to our under
standing of the high-z quasar absorbing systems. Within the 
uncertainties in the ionization model and dust depletion 
fractions, they potentially allow relevant tests of the SF 
history in galaxies. 

We defer to Smith et al. (1996) and Lu et al. (1996) for 
studies of the chemical enrichment dedicated to the inter
vening systems. The general conclusion is that the very low 
metallicities observed are coupled to abundance ratios quite 
reminiscent of those observed in the halo stars of the Milky 
Way, consistent with the hypothesis that they trace a popu
lation of forming spiral galaxies and dwarf spheroidals. The 
observed ratios may require up to 0.5 dex of metal deple
tion, which however does not affect our conclusions in Sec
tion 2. 

As for the associated systems, the vicinity of the quasar 
and its strong ionizing flux allows only the highest ionization 
species to be detected and makes abundance analyses more 
uncertain. With this warning in mind, we can see in Fig. 2 a 
collection of data on the N/C ratio derived by various 
authors from NV/CIV line analyses. We see that, with one 
noticeable exception, all associated systems have [N/C] :::;0. 
For five objects this result seems to be highly significant. 

This tentative result is supported by a more general argu
ment. While C IV is always observed and strong, N v is often 
weak or absent. At the high values of the ionization param
eter a very steep decrease of the C IV is expected, with N v 
keeping appreciable densities up to very high ionization 
fluxes (U ~ 1). The apparent lack of high-luminosity quasars 
with detectable N v and no C IV absorption with Zabs ~ Zorn 
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may be evidence for a low nitrogen fraction with respect to 
carbon in these associated systems (Moeller et al. 1994; 
Moeller & Jakobsen 1987). Note that depletion into dust 
grains would lower further the N/C ratios, as carbon has a 
greater tendency than nitrogen to be locked. 

On the contrary, the few intervening systems for which 
N/C measurements are available (Vogel & Reimers 1993) 
show values in excess of solar, though probably not incon
sistent with solar given the effect of dust depletion. 

We finally compared observed ratios of O/C and Si/C for 
some absorbers of the two classes: strong excesses above 
solar value are observed, with large dispersion, but the 
effect of dust depletion is again unknown. In particular, 
values of 10 times solar or higher are found for Zabs ~Zem. 

It is instructive to compare the results in Fig. 2 with the 
abundance ratios observed in the BLR and the BAL of 
quasars. Both show large excesses of nitrogen with respect 
to the solar value and relatively lower amounts of carbon 
(Hamann & Ferland 1993; Matteucci & Padovani 1993). 
The N/C ratio maybe roughly an order of magnitude larger 
than solar in the BLR (Shields 1995) and 3-10 times solar in 
the BAL (Turnshek 1995). 

This comparison provides relevant clues to the nature of 
the Zabs ~Zem systems, and indicates a different origin with 
respect to the material in the quasar nucleus. In particular, 
it seems hard to keep the often discussed notion of a direct 
link between associated systems and the BAL region. The 
star formation processes and stellar generations that 
enriched the gas in the Zabs ~Zem lines had a specific charac
ter, as will be discussed in the next section. 

4 DISCUSSION 

We have suggested that high-z quasars and their environ
ment mark unique sites in the universe where rapid and 
efficient production of heavy elements has occurred at high 
redshifts. The spatial scales over which such an excess pro
duction of metals is observed (through the Zabs ~ Zern absorp
tion systems) range up to values typical of groups or clusters 
of galaxies containing the quasar. 

On the contrary, intervening systems like damped LylX and 
metal lines atzabs «zern perhaps correspond to an unrelated 
population of forming spiral galaxies and dwarf spheroidals. 
Confining the analysis to the latter class of absorbers allows 
us to trace back the high-z evolutionary path for only a 
fraction of galaxies. A most relevant chapter in the history 
of metal production, related to a vigorous process of SF 
leading to the genesis of early-type galaxies, can perhaps be 
read in the associated absorption systems. 

Analyses of abundance ratios add valuable constraints on 
this SF history. Indications of relatively low values, on aver
age, of the N/C ratio in the medium responsible for the 
associated systems allowed us to question the often pro
posed association between this kind of absorber and the 
BAL quasar phenomenon. More generally, the observed 
abundance ratios in the BLR of quasars seem to imply that 
the materials in the Zabs ~Zern systems and in the quasar 
nucleus have been processed by different stellar populations 
or mass ranges. 

We tentatively group the associated absorbers in two 
classes. Those displaying a solar carbon metallicity, [C/H] 
~ 0, also show sub-solar nitrogen fraction ([N/C] ~ - 0.5) 

and excess a and Si ([O/C] ~ 1, [Si/C] ~ 1). The systems 
showing large carbon excesses ([C/H] ~ 0.5-1) also display 
[N/C] ~ O. All this is likely to imply rather peculiar events of 
star formation. To test them we have produced a model of 
galaxy photometric and chemical evolution (a more exhaus
tive description of which will be given separately). 

Basically, a power-law initial mass function (IMF) is 
assumed with freely parametrized exponent, with continu
ous SF and gaseous recycling from stars. Stellar theoretical 
isochrones come from Bertelli et al. (1994) and chemical 
yields from Woosley & Weaver (1995) for massive stars and 
from Renzini & Voli (1981, properly adjusted to fit observa
tions of the Milky Way) for intermediate-mass stars. 

Two different SF branches are considered: a slow one, 
corresponding to quiescent galaxy formation, represented 
by a Schmidt law with unit exponent; and a fast one, corre
sponding to a burst of SF, see e.g. Elbaz et al. (1995). The 
same IMF was used during both SF phases, as in Gibson 
(1996). The effect of a galactic wind is computed from a 
balance of gravitational pull and SN energy injection. 

At any given time we compute average metallicity and 
abundances for the important species, cumulated in the 
ISM, in the wind, and locked into stars. The most sensitive 
ingredient in our models is the IMF. Good matches to 
present-day galactic properties, including baryonic mass-to
light ratios, colour and average metallicity versus luminosity 
relations, and the ratio of the Fe mass in the wind to galactic 
luminosity, were achieved for IMF slopes of 1.0 (i.e. flatter 
than that needed to reproduce observations in the Galaxy, 
the Salpeter value 1.35). Other parameters (including 
epoch, strength and duration of the burst, the quiescent SF, 
galaxy size, mass and dark matter content) simply affect the 
final galactic luminosity. 

In all burst models the ratio between the abundances of a 
and IX-elements to that of Fe is much larger than solar, 
insofar as the burst occurs on a time-scale shorter than 
1 Gyr (owing to the time delay for type-Ia SN explosions). 
On the other end, given the specific nature of C and N 
production in massive stars (primary the former and 
secondary the latter), low N/C values are a robust indicator 
of a huge star formation event of very short duration, after 
which a large number of type-II SNe eject processed 
material into the surrounding medium through partial out
flows or a galactic wind. We suggest that the Zabs ~Zern absorb
ers may be the accumulation fronts of such stellar ejecta. A 
high SF efficiency is required to produce them and to 
explain the large amount of gas involved and its high 
metallicity. 

Typical patterns for the time evolution of metal abun
dances in the ISM within an elliptical galaxy are shown in 
Fig. 3. The pre-wind and wind phase is characterized by a 
very quick production of all primary elements (C, 0, Fe), 
with an overabundance of oxygen and deficiency of the 
secondary element nitrogen. The time-scale for production 
of N is short, in 30 Myr N/C becomes almost solar. On the 
contrary, the Fe/O and O/C ratios attain solar values on a 
much longer time-scale ('" 1 Gyr). The fast rise of the 
[N/C] ratio only depends on the assumptions that N is a 
secondary element with respect to a and that a is largely 
overabundant with respect to C in massive star ejecta, and it 
is then a rather robust feature of models with initially fast 
SF. For the model in panel (a) the SF is arbitrarily stopped 
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Figure 3. Panel (a): time evolution for abundances in the ISM for one representative model of elliptical galaxies. Basic parameters are: final 
galactic mass: 2.4 x 1011 Mo; baryon ejected fraction: 1.6 x 10" Mo; final M/Lv=8.8; Fe mass in the wind to Vluminosity: 10-2 solar units; 
average stellar metallicity [Z/H] =0.27, V -K=3.35 after 15 Gyr. Note that most of the SF and the enrichment of the Ie medium occurs 
before or during the wind phase (marked in the figure), after which the ISM involves only a small fraction of the total mass. Panel (b): 
abundances for a model in which SF occurs during the wind phase. 

at the beginning of the wind (as in usual practice). In panel 
(b) the SF is allowed to proceed during the wind, a situation 
that may mimic a non-homogeneous ISM in which portions 
in the galaxy blow-up while others go on producing stars and 
cooking metals. 

On the whole, abundance ratios of the ISM during the 
wind phase match well those inferred for most associated 
absorbers in QSO spectra. In particular, the very high C/H 
ratio sometimes observed in the associated absorbers is 
reproduced in Fig. 3(b), where the assumption of instanta
neous and perfect mix in the ISM of the galaxy is aban
doned. 

We argue that this phase of vigorous SF traced by the 
Zabs ==:Zem systems could be essentially the same as advocated 
by various authors (Elbaz et al. 1994; Loewenstein & Mush
otzky 1996) to explain the observed metallicities and the 
anomalous abundance ratios observed for the hot plasma in 
clusters of galaxies. Our suggestion is that the phase of metal 
enrichment of the Ie plasma in forming groups and clusters of 
galaxies may be directly observable in the associated absorp
tion lines in high-z quasar spectra with ve(.:;;5000 Ian S-l. 

The low Fe/O ratios measured in the IC plasmas provide 
a loose constraint on the SF event and its duration, which is 
bound not to exceed 1 Gyr. On the contrary, a low N/C is 
much more demanding for the chemical models. To get it, 
the burst phase should be very short and the bulk of SNII 
should come from progenitor stars formed by mostly pri
mordial gas. 

© 1997 RAS, MNRAS 286, 235-240 

We finally note that the large N and Fe abundances 
obtained in Fig. 3 after ~ 1 Gyr of the formation are quite 
reminiscent of those observed in the quasar BLR and BAL. 
Such observed super-solar values require processing by low
mass stars (e.g. Matteucci & Padovani 1993) over time
scales much longer than those inferred above for the bulk of 
the star formation in the galaxy. Then the same stellar 
generations produced during the initial SF burst are prob
ably those whose stellar ejecta feed the nuclear black hole. 
In such a scheme the quasar activity follows, at least from a 
chemical point of view, the formation of the host galaxy. 
Since quasars are observed all over the 2 <z < 4 redshift 
interval, the main formation phase of early-type galaxies 
could pardy be confined to very high redshifts, z~4-5. 

5 PERSPECTIVES 

This paper is to emphasize the possible relevance of 
Zabs ==:Zem absorption-line systems among the variety of 
absorption features in high-z QSO spectra. Published, 
though preliminary, reports on the average metallicities and 
abundance ratios in these systems suggested to us that 
associated absorbers could trace events of SF (perhaps 
related to the formation of elliptical galaxies) qualitatively 
different from those working in intervening absorbers. We 
have explored how such SF events could be related to other 
fundamental questions of structure formation, including 
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early-type galaxy and quasar formation and the origin of the 
ICM in galaxy clusters. 

The basic limitation so far for obselVations of gas in the 
high-z quasar environment is as a result of the strong ioniz
ing flux of the QSO. This problem can now be significantly 
attenuated by the advent of the lO-m class of telescopes, 
allowing study of line systems in quasars ~ 2 mag fainter 
than usually carried out with smaller instruments (e.g. keep
ing high-resolution figures for z ~ 4 objects of Mv> - 27). 
We support the idea that a substantial obselVational effort 
should be aimed at the associated absorbers. Checking and 
substantiation of Figs 1 and 2 would be of crucial import
ance to test the scheme outlined here. 

Also, high spectral resolution and signal-to-noise ratio 
will allow studying of the kinematical properties of 
the lines to infer the geometry and physical state of such 
primeval gas. 
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