A&A 496, 31-44 (2009)
DOI: 10.1051/0004-6361/200810421
© ESO 2009

A8§tronomy
Astrophysics

The nature of NV absorbers at high redshift*-**

C. Fechner and P. Richter

Institut fiir Physik und Astronomie, Universitéit Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, 14476 Potsdam, Germany
e-mail: [cfech;prichter]@astro.physik.uni-potsdam.de

Received 19 June 2008 / Accepted 14 January 2009
ABSTRACT

Aims. We present a study of NV absorption systems at 1.5 < z < 2.5 in the spectra of 19 QSOs, based on data obtained with the
VLT/UVES instrument. Our analysis includes both the absorbers arising from the intergalactic medium, as well as systems in the
vicinity of the background quasar.

Methods. We construct detailed photoionization models to study the physical conditions and abundances in the absorbers and to
constrain the spectral hardness of the ionizing radiation.

Results. The rate of incidence for intervening NV components is dN/dz = 3.38 + 0.43, corresponding to dNV/dX = 1.10 + 0.14.
The column density distribution function is fitted by the slope 8 = 1.89 + 0.22, consistent with measurements of C1V and O VI. The
narrow line widths (byy ~ 6kms™") imply photoionization rather than collisions as the dominating ionization process. The column
densities of CIV and NV are correlated but show different slopes for intervening and associated absorbers, which indicates different
ionizing spectra. Associated systems are found to be more metal-rich, denser, and more compact than intervening absorbers. This
conclusion is independent of the adopted ionizing radiation. For the intervening N v systems we find typical values of [C/H] ~ —0.6
and ng ~ 1073%cm™ and sizes of a few kpc, while for associated NV absorbers we obtain [C/H] ~ +0.7, ng ~ 1072 cm™
and sizes of several 10 pc. The abundance of nitrogen relative to carbon [N/C] and a-elements like oxygen and silicon [N/a] is
correlated with [N/H], indicating the enrichment by secondary nitrogen. The larger scatter in [N/a] in intervening systems suggests
an inhomogeneous enrichment of the IGM. There is an anti-correlation between [N/a] and [@/C], which could be used to constrain

the initial mass function of the carbon- and nitrogen-producing stellar population.
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1. Introduction

Studying elemental abundances in various environments is im-
portant for understanding the enrichment history and chemi-
cal evolution of astronomical objects. Of particular interest are
metal-poor objects, which are thought to be very old and to con-
serve the abundances pattern of early enrichment. In the local
Universe these are, for example, extremely metal-poor halo stars
(see Beers & Christlieb 2005, for a review). At higher redshifts,
the abundance pattern of damped Lya (DLA) systems can be
studied in detail (reviewed by Wolfe et al. 2005). Metal-rich ob-
jects like quasars at very high redshift suggest that a substantial
amount of metals must have been produced at very early epochs,
implying star formation prior to the redshift of observation (see
the review by Hamann & Ferland 1999). Measured abundances
can then be compared to predicted chemical yields of different
stellar populations (e.g. Woosley & Weaver 1995; Iwamoto et al.
1999; Heger & Woosley 2002; Limongi & Chieffi 2003; Chieffi
& Limongi 2004; Umeda & Nomoto 2005; Kobayashi et al.
2006) optionally weighted by an initial mass function (IMF) to
constrain the production site of the heavy elements.

An important tracer of the chemical evolution is the abun-
dance of nitrogen. Nitrogen is created by the conversion of car-
bon and oxygen during the CNO cycle in hydrogen-burning

* Based on observations made with VLT/Kueyen telescope ESO,
Paranal, Chile.
** Figures A.1-A.32 and Tables B.1 and B.2 are only available in elec-
tronic form at http://www.aanda.org

zones. If the seed carbon and oxygen atoms are produced in
the star itself, the nitrogen is called primary. Secondary nitro-
gen is produced if carbon and oxygen have already been present
in the gas that formed the star. Since a-elements (elements
built up of *He-cores, e.g. oxygen and silicon) are mainly pro-
duced by type II supernova explosions of massive stars, they
are released into the surrounding medium at earlier epochs than
carbon and nitrogen, which are mainly created during nuclear
burning within massive and intermediate-mass stars. Stars with
M > 8 M dominate the production of carbon at early epochs,
while stars with lower masses are the main production sites for
nitrogen released with a given time lag. Because of this time
delay, Edmunds & Pagel (1978) first proposed to use [N/O] as
an age indicator. The sensitivity for such an age indicator de-
pends on the duration of the time lag. Pettini et al. (2002) esti-
mate that the ~250 Myr inferred by Henry et al. (2000) are too
short to explain all the DLA systems with low [N/«a] abundances.
However, the time delay increases if stellar rotation is taken into
account shifting the production site of primary nitrogen to stars
with lower masses and longer evolutionary time scales (Meynet
& Maeder 2002; Meynet & Pettini 2004).

Furthermore, [N/a] traces the production process of nitro-
gen. While the presence of only primary nitrogen leads to
constant [N/a] as found in low-metallicity DLA systems (e.g.
Prochaska et al. 2002; Centurién et al. 2003; Petitjean et al.
2008; Pettini et al. 2002, 2008), [N/a] increases with metal-
licity if secondary nitrogen contributes. The early release of
a-elements also leads to an a-enhancement with respect to
carbon in the intergalactic medium (IGM; [Si, O/C]>0, e.g.
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Aguirre et al. 2004; Aguirre et al. 2008; Simcoe et al. 2004;
Simcoe et al. 2006), indicating enrichment by SN II explo-
sions of massive stars (e.g. Matteucci & Calura 2005; Qian &
Wasserburg 2005). Such estimates are based on the detection of
C1v, Si1v, and O VI features in QSO absorption spectra whose
measured column densities can be transformed into abundances
applying appropriate photoionization corrections. However, due
to the sparse detection rate of nitrogen features the nitrogen
abundance of the high-redshift IGM is rather unknown.

Though absorption features of NT and/or NI are usually
observed in DLA systems, nitrogen is rarely detected in opti-
cally thin (i.e. Ng; < 107 cm™?) intergalactic absorption sys-
tems. Features of NV are often identified in absorption systems
proximate to the background quasar (e.g. the recent work of
Fox et al. 2008). Because of its rather high ionization poten-
tial (77.5eV = 5.7Ryd to be created, 97.9eV = 7.2Ryd to
be destroyed) this ion is generated by the hard radiation of the
close-by QSO. Moreover, quasars are generally metal-rich (e.g.
Dietrich et al. 2003) and about solar [N/H] has been measured in
associated systems (e.g. D’Odorico et al. 2004) making N V eas-
ily detectable in proximate absorbers. Together with other highly
ionized species such as O VI, NV absorption is also detected in
the galactic halo and high-velocity clouds (Savage et al. 1997,
Indebetouw & Shull 2004). Fox et al. (2007) found 3 DLA sys-
tems exhibiting weak NV features in a sample of O VI-bearing
DLAs (see also Lehner et al. 2008). Recently, Prochaska et al.
(2008) report on the detection of N V absorption close to long-
duration gamma-ray bursts. The generally narrow line widths of
the features imply photoionization of the gas by the gamma-ray
burst afterglow.

In the IGM the metallicity and therefore the nitrogen content
is lower and the ionizing UV background is substantially softer
than unfiltered QSO radiation. Thus, N V features are expected
to be weak and will arise mainly in the Lya forest making the
detection and identification difficult. One might expect to detect
NV absorption preferentially when the absorbing material is ex-
posed to a locally hardened radiation field. This may occur in the
vicinity of a foreground QSO close to the line of sight generating
a so-called transverse proximity effect. Due to the locally higher
level of ionization this effect should produce a decrease in the
density of neutral hydrogen, which is, however, rarely detected
(e.g. Liske & Williger 2001; Croft 2004; Schirber et al. 2004;
Gallerani et al. 2008). Yet, combined analyses considering also
He 11 (Jakobsen et al. 2003; Worseck et al. 2007) and metal line
absorption (Gongalves et al. 2008) demonstrate the existence of
the transverse proximity effect in spectral hardness. Studying the
line of sight towards HE 2347-4342 Worseck et al. (2007) find
a foreground QSO at z = 2.282 with a transverse proper dis-
tance of 1.76 Mpc in the vicinity of the intergalactic N V system
atz = 2.2753.

In this paper we present a systematic search for Nv at z ~ 2
in QSO absorption spectra aiming to probe the nitrogen abun-
dance in the IGM and to test whether NV is a tracer for spec-
tral hardness of the ionizing radiation. Therefore we select both
intervening NV absorbers and systems associated to the back-
ground quasar. Their statistical and physical properties are stud-
ied and the characteristics of the different absorber classes are
extensively compared. After presenting our selection procedure
and the resulting sample in Sect. 2, we investigate the statisti-
cal properties of NV absorption lines like number density and
column density distribution in Sect. 3. In order to estimate ele-
mental abundances we compute photoionization models as de-
scribed in Sect. 4. The results are presented in Sect. 5 and the
implications for the enrichment of the IGM and for the presence

Table 1. Sight lines and probed redshift ranges searched for NV ab-
sorption systems and number of identified intervening and associated
systems.

QSO Zem

HE 0001-2340 2.26
HE 0151-4326 2.79
HE 0940-1050 3.08
HE 1122-1648 2.41
HE 1158-1843 2.45
HE 1341-1020 2.13
HE 1347-2457 2.61
HE 2217-2818 2.41
HE 2347-4342 2.89
PKS 0237-23 2.23
PKS 0329-255 2.70
PKS 1448-232 2.22
PKS 2126-158 3.28
Q 0002-422  2.77
Q0109-3518  2.40
Q0122-380  2.19 1.46 2.14 1.96
Q0329-385  2.44 1.46 2.38 2.74
Q 0420-388  3.12 2.03 3.05 3.41
Q 0453-423  2.66 1.46 2.60 3.46

X #intcr #assn

2.17
3.67

Zmin  <max

1.46 2.21
1.55 2.73
1.89 3.01 3.69
1.46 2.35 2.65
1.46 2.39 2.77
1.46 2.08 1.77
1.46 2.55 3.29
1.46 2.35 2.65
1.76 2.83 3.40
1.46 2.18 2.08
1.56 2.64 3.33
1.49 2.17 1.96
1.93 3.21 4.30
1.55 2.71 3.58
1.46 2.34 2.61
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of hard radiation sources close to NV absorption systems are
discussed in Sect. 6. Our conclusions are presented in Sect. 7.
Throughout the paper we use a cosmology with Qy = 0.3,
Qa = 0.7, and Hy = 70kms™' Mpc™'. Abundances are given
in the notation [X/Y] = log(X/Y) —log(X/Y)e with solar abun-
dances taken from Asplund et al. (2005).

2. Sample

We search for NV systems in the optical spectra of 19 QSOs
taken with UVES at the VLT (ESO Large Program 166.A-
0106(A)). The spectra cover the optical range redward of the
atmospheric cut-off, 1 > 3500 A, with high resolution (R ~
45000) and a typical signal-to-noise ratio of S/N ~ 35-70.
The data reduction has been performed by Aracil (Aracil et al.
2004). We identify C1v doublets and for each CIV system
we check for N v features at the same redshift. Therefore, our
sample includes only absorption systems exhibiting NV and
C1v simultaneously. Moreover, we look for various additional
transitions and estimate the column densities of all identified
species performing Doppler profile fits. For the complex asso-
ciated system towards HE 2347-4342 we adopted the param-
eters estimated by Fechner et al. (2004). The basic properties
of the investigated lines of sight are summarized in Table 1 in-
cluding the redshift range that has been searched for interven-
ing NV systems and the corresponding absorption path length

dX = (1 +2)*/ VQm(1 + 2)3 + Qu dz. The fitted line parameters
are given in Tables B.1 and B.2 in the Appendix.

Systems within |Av| < 5000 km s~ from the QSO emission
redshift are classified as associated. Absorbers selected by this
criterion may not be intrinsic to the quasar host, while systems
with velocity shifts Av < —5000km s~ may be (e.g. Richards
et al. 1999; Misawa et al. 2007). Additional indicators to dis-
criminate between intrinsic and intervening systems include par-
tial coverage or time varying line profiles. Few of our associated
systems indeed show partial coverage (e.g. z = 2.4427 towards
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HE 1158-1843) but none of the systems classified as intervening
do. Misawa et al. (2007) investigated associated and intrinsic
narrow absorption lines traced by C1V in a large sample of 37
quasars, finding that roughly 15% of the systems classified as
non-associated due to their velocity shift are probably intrinsic.
According to this estimate we would expect <3 out of 22 non-
associated NV systems to be mis-classified. This number is an
upper limit since we count only systems showing CIv and NV
absorption simultaneously whereas Misawa et al. (2007) studied
all systems traced by C1v only.

The system at z = 2.3520 towards Q 0329-385 is probably
mis-classified by the adopted velocity criterion. Its HI feature is
unusually weak for exhibiting pronounced metal lines (Ny; ~
1073 em™ in two components) and the velocity shift from the
QSO emission redshift is roughly —7670 kms~'. Furthermore,
photoionization modeling of this system (see Sect. 4) leads
to unusual high metallicity ([N/H] ~ 1.1, when adopting an
HMOL1 background) as well suggesting that it is probably intrin-
sic. Therefore, we classify this absorber as associated (see also
Levshakov et al. 2008). Note that if we enlarge the velocity in-
terval to select associated absorbers up to |Av| < 15000 km s,
the one at z = 2.3520 towards Q 0329-385 would be the only
additional associated system selected.

3. Line statistics
3.1. Number density

In 19 sight lines we find 21 intervening NV systems in 61
individual components and 11 associated systems with 46 in-
dividual components, where we exclude two (sub-) DLAs
towards PKS 0237-23 and two mini-BAL systems towards
HE 1341-1020 (see also Levshakov et al. 2008). This sample
is NV selected from 198 intervening and 30 associated C1V
systems for which NV is (in principle) observable. Thus, the
fraction of intervening CIV systems showing N V absorption is
~11%, while roughly 37% of associated C IV absorbers (within
5000kms~! from the background QSO) exhibit N v as well.

The probed redshift path in total is Az = 18.06 in the range
1.5 < z < 2.5 corresponding to a total absorption length of
AX = 55.50. Thus the rate of incidence for intervening N V sys-
tems is dNgys/dz = 1.16 +£ 0.25 and dN'/dz = 3.38 + 0.43 for in-
dividual components, corresponding to dNsys/dX = 0.38 + 0.08
and dN/dX = 1.10 + 0.14. These numbers are calculated ex-
cluding a proximity zone of |Av| < 5000kms™" for each line of
sight. If an enlarged proximity zone |Av| < 15000 km s~ is con-
sidered, the probed total redshift path and the corresponding total
absorption length reduce to Az = 15.79 and AX = 47.97, leading
to slightly higher number densities (dNsys/dX = 0.44 £0.10 and
dN/dX = 1.27 £ 0.61, respectively).

Our sample is most likely incomplete due to blending with
the Lya forest. Furthermore, we select only N V systems exhibit-
ing C 1V features and possibly neglect systems showing N V but
no corresponding C 1V absorption. Therefore the actual rate of
incidence might be higher, in particular for low column density
features. The column density distribution function for the inter-
vening components shown in Fig. 2 suggests that our sample
may be complete for column densities log Nnv = 12.7. This sub-
sample includes 41 individual components in 17 systems leading
to dN/dz = 2.3 + 0.4 and dNyy/dz = 0.9 + 0.2, respectively, for
Nyv = 4.5%x 102 cm™2.

The estimated number density of N V components is roughly
6 times lower than that of CIv as Songaila (2001) finds
dNcv/dX = 6.8 = 2.7 in the same redshift range and half the
number of SiTv components (dNs;iy/dX = 3.5+ 1.0), according
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Fig. 1. Distribution of measured NV column densities (left panel) and
Doppler parameters (right panel) for individual components. The black
histograms present the values of the intervening systems, the red ones
show the distributions for the associated N V components.
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Fig.2. Column density distribution function of intervening N V. For
log Nxyv = 12.7 die column density distribution function is fitted by
a power law f o N;Iﬁ, with 8 = 1.89 = 0.22.

v

to the values given in her Table 1. The reduced rate of incidence
for N vV in comparison to C1V is roughly consistent with the frac-
tion of C IV systems showing N Vv absorption (~0.11). This prob-
ably reflects the lower abundance of nitrogen with respect to car-
bon and silicon. Due to the low nitrogen content fewer systems
showing features of nitrogen are expected.

At low redshift (z < 0.4) Danforth & Shull (2008) detect N v
with a rate of incidence of dN/dX = 3 + 1. Thus, N V appears to
be more numerous at low redshift than at z ~ 2. At low redshift
NV is correlated with O VI, which is mainly collisionally ionized
due to shock heating contributing to the warm-hot intergalactic
medium (WHIM, see e.g. the review by Richter et al. 2008).
Thus, Danforth & Shull (2008) conclude that NV is also a tracer
of the WHIM and therefore is collisionally ionized. In contrast,
O vIas well as NV are photoionized at z ~ 2 (e.g. Bergeron et al.
2002; Levshakov et al. 2003; Bergeron & Herbert-Fort 2005;
Reimers et al. 2006, discussion below). Therefore, N v absorbers
at high and low redshift may represent different populations.

3.2. Column density distribution and line widths

The distributions of the observed NV column densities of the
intervening and associated components, respectively, are pre-
sented in the left panel of Fig. 1. While the distribution for the
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Fig. 3. Comparison of column densities of observed N vV and C 1V features for intervening (left) and associated (right panel) systems, respectively.
The correlation for the intervening systems can be described by a slope of 0.40 + 0.07 while the slope of the associated components is steeper

yielding 0.64 + 0.10.

intervening components is clearly peaked at log NNy =~ 12.8 and
no components with Ny > 10'*cm™ are detected, the column
densities of associated systems are distributed more smoothly
over a broader range with values up to ~10'48 cm=2.

In case of intervening systems the distribution of the esti-
mated Doppler parameters shown in the right panel of Fig. 1
has a pronounced maximum at ~6km s~ and a slight tail with
values upto ~20kms™!. If interpreted as thermal broadening,
bxv ~ 6kms™! corresponds to a temperature of 7 ~ 30000 K.
The narrow lines imply photoionization of nitrogen. According
to the computations of Sutherland & Dopita (1993) and Gnat &
Sternberg (2007), in collisional ionization equilibrium the ion-
ization fraction of NV peaks at T ~ 2 x 10° K, corresponding
to a line width of » ~ 15kms™'. Only 10% of the interven-
ing components are broad enough to be collisionally ionized,
clearly suggesting photoionization as dominant ionization pro-
cess. This, however, is probably a selection bias since the ion-
ization fraction of C 1V in hot, collisionally ionized gas strongly
decreases (fcv ~ 0.03 at 2 x 10° K; Gnat & Sternberg 2007)
while the dominating species is C V. Thus, our selection proce-
dure favors photoionized intervening N V absorbers.

Associated components on average show broader line
widths. Their Doppler parameter distribution peaks at
~10kms™" with a significant tail up to ~30kms™'. Even
though our sample is too small to draw robust conclusions
there might be a bimodality in the b-parameter distribution
showing one pronounced peak at 10kms™' corresponding to
T ~ 84000K, and a second smooth maximum at ~22 km sh
The broader absorption lines may be affected by QSO outflows.
The fraction of components with b > 15km s~!, which may
possibly be collisionally ionized, is ~26%.

The column density distribution function is defined as the
number N of absorbers within a given column density bin AN
per observed absorption path length X, i.e. f = N/(AN - AX)
and is usually parameterized as f = A - N, For the intervening
components the column density distribution function is shown
in Fig. 2. Our sample appears to be complete down to log NNy =
12.7. Above this threshold we estimate 8 = 1.89 = 0.22 and
logA =112+209.

At z < 0.4 the column density distribution function of Nv
yields Sy = 1.87 £ 0.17 (Danforth & Shull 2008) in excellent
agreement with the slope at z ~ 2. Comparing to other species,
this slope is slightly steeper than Sc v = 1.44+0.05 as estimated

for C1v absorption at z ~ 3 by Ellison et al. (2000) but fully
consistent with B¢y = 1.8 £ 0.1 found by Songaila (2001) in-
dependent of redshift in the range 1.5 < z < 5.5. Using an pixel
optical depth-based technique Songaila (2005) finds B¢y = —1.7
considering only features with log Nc;y > 13.0 but a flatter
slope of —1.44 if low column density absorbers are additionally
taken into account and an incompleteness correction is applied.
Our sample of intervening NV absorbers exhibits mainly high
C1V column densities (see below). Thus, the agreement of the
slopes at N > 10'3 cm™ may suggest a common origin of both
ions. However, due to incompleteness in the low column density
range we cannot conclude whether the NV distribution func-
tion flattens at log Nyy < 10'3 cm™. Our best-fit slope is also
consistent with Boy; = 1.7 £ 0.5 estimated by Bergeron &
Herbert-Fort (2005) for O VI absorbers with 13.0 < log Nov; <
14.3 at z ~ 2.3. The consistency of the slope of the column den-
sity distribution function for strong absorbers of the three species
C1v, Nv, and O VI indicates that they may have a common ori-
gin in the probed redshift range. At z ~ 2 this is likely photoion-
ized gas.

3.3. Comparison to C IV

Since the NV absorbers are selected from a sample of C1V sys-
tems, line parameters of NV and C IV can be compared directly.
Figure 3 presents the measured N vV column densities versus C IV
for intervening and associated systems, respectively. Both ab-
sorber classes show well-correlated N v and C1v. While NV is
systematically weaker than CIV in intervening absorbers, asso-
ciated systems exhibit similar NV and CIV column densities.
Furthermore, the slope of the correlation is different for both
classes of absorbers. Fitting Nxv o N, leads to @ = 0.40+0.07
for the intervening systems. The slope in case of the associated
systems is considerably steeper yielding @ = 0.64 + 0.10.

The different slopes are likely due to the different ionizing
radiation fields the absorbing gas is exposed to. While associ-
ated absorbers see the hard radiation of the background QSO
in addition to the general intergalactic UV background, inter-
vening absorption systems are presumably ionized solely by
the background radiation. Worseck et al. (2007), however, find
an intervening NV system at z = 2.2753 towards the quasar
HE 2347-4342 in the vicinity of a foreground quasar close to
the line of sight, which is also part of our sample. This system
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Fig. 4. Velocity offset between individual C 1V components and cor-
responding NV (black) and O VI features (blue) for the total sample.
While N v absorption arise predominately at the same velocity as C1V,
O VI is significantly shifted to positive velocities.

therefore is supposed to be exposed to a harder radiation field
even though it is intervening. If intervening NV arise preferen-
tially close to foreground QSOs, the N V/C1V ratio is expected
to be rather similar for intervening and associated absorbers. The
detection of different slopes for both types of absorbers indicate
that the absorber towards HE 2347-4342 may arise from a par-
ticular configuration and intervening N V absorption does not di-
rectly trace hard radiation sources close to the line of sight.

However, the problem might by degenerated since associ-
ated and intervening absorbers are expected to have different
abundances. While associated systems usually show about so-
lar metallicity and solar nitrogen abundance (e.g. reviewed in
Hamann & Ferland 1999), intervening systems are expected
to have typically lower abundances. Since DLA systems be-
lieved to probe the inner parts of high-redshift galaxies are usu-
ally metal poor and underabundant nitrogen is detected, a sim-
ilar abundance pattern is expected for intergalactic absorption
systems even farther away from early (proto-)galactic systems.
Therefore, intervening systems are supposed to exhibit weaker
NV features as a consequence of their lower nitrogen content.
This, however, should affect the offset of the N V/CIV rela-
tion but not its slope, supporting the conclusion that interven-
ing NV systems do not strictly trace hard foreground radiation
sources like quasars close to the line of sight. In Sect. 6.1 we will
additionally argue that no evidence of a generally harder radia-
tion at the location of intervening NV systems is found from
photoionization modeling adopting several ionizing spectral
energy distributions.

Inspection of the line profiles shows that the N vV absorption
is usually well-aligned with C1v while the features of O VI are
apparently shifted slightly to the red. In Fig. 4 the distribution
of the velocity difference between C1v and NV is shown in
comparison to voy; — vcy- While vny — vepy clearly peaks at
Okms~!, O VI is shifted to positive velocities with a maximum
at ~+4kms™!. The usual interpretation of this often observed
velocity shift between O VI and C1V (e.g. Reimers et al. 2001;
Carswell et al. 2002; Simcoe et al. 2002) is that the lines do

not arise from the same volume. By observing multiple lines of
sight of gravitationally lensed QSOs, Lopez et al. (2007) showed
that O VI absorbing gas is much more extended compared to
other species. However, in a simple picture where O VI and C1V
arise from spatially distinct volumes one would expect to find
O VI shifted statistically to higher as well as lower velocities.
Checking the O VI selected systems reported by Carswell et al.
(2002) and Simcoe et al. (2002), O V1 features at high redshift
seem to be shifted to positive velocities with respect to CIV if
they are displaced at all. At low redshift Tripp et al. (2008) have
recently found a displacement between H1 and O VI in particular
for complex O VI systems. They detect a trend for O VI shifted
to higher velocities, too. However, the origin of the shift remains
uncertain.

In summary, we find the NV features are well-aligned with
C1v, implying that these both species arise from the same gas
phase.

4. Photoionization modeling

For each of the systems we construct photoionization models
using CLOUDY (v05.07.06; Ferland et al. 1998) in order to es-
timate the nitrogen abundance. For a given radiation field the
ionization parameter U = n,/ny, which is the ratio of ionizing
photons and hydrogen density, can be determined by matching
the observed column density ratio of two species. The metallic-
ity of the absorber and its relative elemental abundances are then
adjusted in course of the modeling procedure. In particular, we
obtain estimates of [N/H] and [N/C] for all modeled systems.
For some absorbers additional estimates of [N/O] and/or [N/Si]
can be derived. Solar abundances are taken from Asplund et al.
(2005).

In a first approach we adopt the UV background from Haardt
& Madau (2001) at the appropriate redshift scaled to Jy, =
10725 ergs~'em™2Hz 'sr™! at 1 Ryd (Scott et al. 2000). This
energy distribution consists of the radiation of QSOs and galax-
ies whose spectra are filtered while propagating through the
IGM. Since associated absorbers are additionally exposed to the
radiation of the background QSO, we add a power law spectrum
fv o« v® to model these systems. The spectral index « is adopted
from the literature if possible, otherwise we assume @ = —1.0.
The used values are listed in Table 2. Levshakov et al. (2008) re-
cently reconstructed the ionizing radiation for a few associated
systems. They find a depression of the intensity at £ > 4 Ryd,
possibly due to the He I Lyman continuum opacity of a quasar
accretion disk wind. If such a depression is present for all as-
sociated systems, a pure power law QSO continuum definitely
overestimates the hardness of the radiation. For comparison we
therefore construct models adopting the pure HMO1 background
and can thus estimate the systematics, which may be introduced
by the uncertainties of the hard QSO spectrum.

The flux of the QSO radiation reaching the absorber depends
on the luminosity of the source and the distance of the absorbing
material to the quasar. Since the location of the absorber is usu-
ally unknown, several models are derived changing the intensity
4nJ, of the QSO power law at 1 Ryd relative to the HMO1 back-
ground from 0.1, i.e. little contribution of the QSO to the ioniz-
ing radiation, to 100, i.e. the ionizing radiation is dominated by
the QSO. The tested spectral energy distributions are illustrated
in Fig. 5 showing a pure HMO1 background at z ~ 2 and spectra
combined with a f, oc v~0 power law with Joso/Jimor = 0.1,
0.3, 1, 3, 10, 30, 100 at 1 Ryd. From the resulting model parame-
ters a mean value of the abundances is estimated with error bars
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Table 2. Abundance estimates from photoionization modeling for the intervening (upper part) and associated systems (lower part), respectively.

QSO Zabs @  Ratio [C/H] [N/H] [O/H] [Si/H] [N/C] [N/a] [a/C]
PKS 1448-232 1.5855 Simr/Sitv. —0.82 -1.33 +0.41 -0.51 - 1.74 +1.23
PKS 0237-23  1.5966 Simr/Sitv. -0.93 -1.33 +0.48 —-0.40 - 1.81 +1.41
PKS 1448-232 1.7236 Simr/Sitv. —-0.85 -0.97 . -0.31 -0.12 - 0.66 +0.54
HE 2217-2818 1.9656 Civ/OvI -0.63 -1.09 - +0.05 -0.45 -1.13 +0.68
Q 0122-380 1.9744 Simr/Sitv +0.17 +0.22 . -0.29 + 0.05 +0.51 -0.46
PKS 0237-23  2.0422 Civ/OvI +0.23 —-0.08 - -0.30
Q 0122-380 2.0626 Civ/OvI1 +0.16 +0.17 - e 0.00 . e
Q 0329-385 2.0764 Civ/OvI -0.59 -0.37 - -0.37 +0.22 0.00 +0.22
PKS 1448-232 2.1098 Civ/Ovi1 -0.38 -0.59 - -0.21
HE 1347-2457 2.1162 Civ/OvI -0.87 -0.96 - -0.54
HE 1347-2457 2.1162 Civ/Ovi1 —-0.65 - 1.19 - . -0.09 . .
HE 0940-1050 2.2212 Simr/Sitv. -0.84 -0.75 ... -0.71 +0.10 -0.04 +0.14
HE 1158-1843 2.2354 Crii/Civ -1.74 <-0.82 -1.36 e <+092 <+0.54 +0.38
Q 0420-388 2.2464 Simr/Sitv - =2.27 -2.07 ... —-1.06 +0.20 -1.01 +1.21
Q 0329-385 2.2510 Crui/Civ -1.19 - 1.84 -1.33 -0.72 - 0.65 - 1.11 +0.46
HE 2347-4342 2.2753 Civ/OvI -0.19 -0.15 - -0.04 . .
HE 0151-4326 2.4686 Cri/Civ —-0.08 +0.15 +0.28 +0.22 -0.13 +0.35
HE 0151-4326 2.4686 ... Crur/Civ +0.08 +0.31 +0.43 +0.22 -0.13 +0.35
HE 1341-1020 2.1462 -1.0 Cur/C1v  +0.82+01% +0.66+0% +0.62+02 021508 +0.01£029 —0.22+097
HE 1341-1020 2.1462 -1.0 Crur/Civ +0.73i8§2 +0.52i8§§ +0.51i$%§ . —0.16i§;§§ +0.05+ E —0.21i8:é£
HE 1341-1020 2.1475 -1.0 Cu/Crr —0.44i8;§g —0.83i8;}% _0'72i8§§ -0.73x547 —0.40i8;]§ -0.1 1i8%§ —0.29i8;21
Q0329-385 23520 -0.37* Cur/C1v  +1.82+,; +2.04i8§% +1.2655 .. +0.22i8:§2 +0.78+4 —0.56+( ¢
HE 1158-1843 24278 -1.0 C1v/OvI +O.08i8§é +0.63+)37 - +0.55i8:8{
HE 1158-1843 2.4427 -1.0 Cur/C1v +1.18+75 +1'54i8:ié +1.18 +0.3618:8% +0.36£59)  0.00
Q0453423 26362 -089" Cul/C1v. —0.12e08 ~0.61xgce +0.12608 —0.24550 04920, —03720y ~0.12408
PKS 0329-255 27091 -1.0 Cury/Crv +0.69+(7 +0.10i0:§9 +0.28+03 oo —0.58+p0) —0.18+00 —0.40+0;
HE 2347-4342 2.8916 .. Cui/Civ +0.99 +0.84 +0.27 -0.15 +0.58 -0.72
HE 2347-4342 2.8972 ..! Cui/Civ +1.37 +0.57 0.00 —0.80 +0.57 -1.37
HE 2347-4342 29027 +0.56° C11/C1v  +0.9820% +0.61+0% -0.37001

@ Cheng et al. (1991); ® no additional power law spectrum adopted (see discussion in Sect. 5.2); ¢ Telfer et al. (2002b).

L rrrT R "7 Generally, we assume @ = —1.0 except for 3 systems that are
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Fig. 5. Adopted ionizing spectra. The lowest curve represents the pure
Haardt & Madau (2001, HMO1) UV background at z ~ 2. Upper curves
indicate the HMO1 background in addition with a QSO spectrum de-
scribed as a power law f, o< v~ for increasing dominance of the QSO
(Jgso/Jamor = 0.1, 0.3, 1, 3, 10, 30, 100 at 1 Ryd).

reflecting the spread of the values in the considered parameter
range.

In order to test whether foreground quasars close to the line
of sight provide high-energy photons generating the intergalac-
tic NV systems, models with a joint HM01+QSO power-law
radiation are computed for each intervening system as well.

relatively close to the background QSO with known spectral in-
dices from the literature. These are the systems at z = 2.0422
(v~ =17400km s7!) towards PKS 0237-23 (@ = —0.48; Zheng
& Malkan 1993), at z = 2.1098 (v ~ —10300kms™") towards
PKS 1448-232 (o = —0.61; Chengetal. 1991),and at z = 2.2510
(v * —16500kms™") towards Q 0329-385 (a = —0.37; Cheng
et al. 1991).

If possible, we chose two ions of the same element to con-
struct the model to not depend on any assumption about the rel-
ative abundances. Models are based on C1/C1v for 14% of
the intervening and 75% of the associated systems. SiIIl/SiIV
is used in case of 29% of the intervening systems. For 33% of
the intervening and one associated system we adopt C1v/O VI
to estimate the ionization parameter assuming solar O/C abun-
dance since no other appropriate species are observed. Since
C1v and O VI features are often shifted by ~4kms™!, both ions
may not arise from the same gas phase (see Sect. 3). Therefore,
photoionization models based on the C1v/O VI provide only a
rough estimate. However, we have verified that our main con-
clusions are valid even if those models are excluded. The iden-
tified absorption features together with the line profiles com-
puted from the best-fit models are presented in the Appendix
in Figs. A.2 to A.17 (intervening) and Figs. A.18 to A.27 (asso-
ciated), respectively.

Adopting different column density ratios to constrain the
photoionization models might introduce systematic uncertainties
to the abundance estimates since it is assumed that all species
reside in the same gas phase. In order to check whether this
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assumption is justified we compute models based on the ratios
Cur/Crv, Sitm/Si1v, and C1v/O VI for the same system. Such a
comparison is possible for the intervening system at z = 2.2510
towards Q 0329-385 and the associated system at z = 2.6362 to-
wards Q 0453-423, which exhibit features of all relevant species.
We find that the resulting abundances spread over 0.5 dex. This
roughly corresponds to the size of the error bars due to the uncer-
tain quasar contribution to the ionizing spectrum for the associ-
ated systems (see Table 2). Therefore, the estimated abundances
could have an additional uncertainty of ~0.5 dex due to a possi-
ble multi-phase nature of the absorbing material.

The intervening system at z = 1.5771 towards HE 0001-2340
has to be modeled based on the CII/CIV ratio since CIII and
O VI would both arise outside the observed spectral range and
no Silll feature is detected (Fig. A.1). Due to the different ion-
ization potentials (1.79 versus 4.74 Ryd) C 11 and C 1V absorption
may not arise from the same gas phase questioning the results.
Adopting a HMO1 background, indeed, leads to rather unusual
abundances ([C/H] = +0.74, [N/C] = +0.76, [N/Si] = +1.95).
Since a model based on the C1I/C1V is not robust, we exclude
this system from further discussion. Moreover, there are 5 sys-
tems (4 intervening (19%) and 1 associated) that cannot be mod-
eled since they exhibit features of H1, C1v, and NV only. The
observed species and the profiles obtained from Doppler profile
fitting are presented in Figs. A.28 to A.32 in the Appendix.

5. Results

The abundances derived from the photoionization modeling of
the intervening (associated) systems are summarized in the up-
per (lower) part of Table 2 and are displayed in Figs. 6 and 7.
As expected, associated systems are more metal-rich (median
[C/H] ~ +0.66) than intervening systems ([C/H] ~ -0.63),
which can be seen from the lower panels of Fig. 6. Furthermore,
intervening systems show enhanced abundances of a-elements
resulting in lower [N/a] values (median —0.58 in compari-
son to +0.05 for associated systems) and higher [@/C] (+0.41
and —0.29, respectively; upper panels of Fig. 6). In the follow-
ing the results will be discussed in detail.

5.1. Intervening systems

For the intervening systems we find metallicities in the range
—1.2 < [C/H] < +0.2 (mean —0.46, median —0.63). The nitro-
gen abundances are spread over a slightly wider range —1.8 <
[N/H] < +0.3. In particular, more than 40% of the absorbers
contain less nitrogen than 1/10 solar. A clear correlation between
[N/H] and the nitrogen abundance relative to carbon [N/C] is
seen in the upper left panel of Fig. 7.

There are two outliers where our models lead to high [N/C]
values but low overall metallicity ([N/H] < —1.0 corresponding
to [C/H] ~ —-2.0). Both systems suffer from large uncertainties
in important column density estimates. The estimate at [N/H] ~
—0.8 is an absorber at z = 2.2354 towards HE 1158-1543. The
NV 11238 feature of this system is completely blended. Thus
the column density measurement relies on the second compo-
nent whose profile might be disturbed by an interloper as well
(see Fig. A.13). To be conservative the column density estimate
and therefore the [N/C] and [N/H] values should be regarded
as upper limits as indicated in Fig. 7. The second outlier at
[N/H] ~ -2.0 is the system at z = 2.2464 towards Q 0420-388.
The model is based on the SiIIl/Si IV ratio. Unfortunately, both
components of SiTV are at least partially blended (see Fig. A.14).
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Fig. 6. Distribution of relative elemental abundances [N/C], [@/C], and
[N/a] (upper panels from left to right) and metallicity traced by [N/H],
[C/H], and [a@/H] (lower panels) for intervening (black) and associated
systems (red histograms).

Thus, the adopted SiIv column densities might be biased and the
abundance estimates may suffer from large uncertainties.

Excluding the upper limit, we find a Spearman rank-order
correlation coeflicient of ry = 0.61 for a correlation be-
tween [N/H] and [N/C]. If the second outlier is excluded as well,
the correlation is tighter yielding r¢ = 0.82. A linear fit results in
[N/C] = (0.35+0.07) - [N/H] + (0.06 + 0.06).

Furthermore, the abundance of nitrogen relative to a-
elements like silicon and oxygen is correlated with [N/H] (lower
left panel of Fig. 7). The rank-order coefficient is 7y = 0.69 and
a linear fit leads to a steep slope of 0.61 + 0.20. The large er-
ror of the fitted slope reflects the large scatter in this correlation.
Even though individual abundance estimates may have large un-
certainties, the presence of a correlation of [N/a] with metallicity
indicates that the observed absorbers are predominantly enriched
with secondary nitrogen (see Sect. 6.2). However, in contrast to
associated systems, the [N/a] abundance in intervening systems
is clearly sub-solar (see upper right panel of Fig. 6). The median
of the distribution is [N/a] = —0.58 and values down to ~—1.8
are found. At the same time, a-elements appear to be enhanced
with respect to carbon to a median level of [a/C] = +0.41.

Two of the intervening systems with [N/H] ~ —1.3 show
rather low [N/a] abundances (~—1.8) below the expected range
for enrichment with secondary nitrogen (see also Fig. 9 dis-
cussed in detail in Sect. 6.2). These systems are at z = 1.5966
towards PKS 0237-23 and z = 1.5855 towards PKS 1448-232,
representing the lowest redshift absorbers in our sample. The lat-
ter is a rather unusual system obviously including multiple gas
phases showing absorption features of MgI, Mg11, Al1, Al,
Fet, Sim, Simi, Sitv, C11, C1v, and NV and an unusual low
HT column density of log N =~ 14.4 (see Fig. A.2). A third sys-
tem with [N/H] ~ —1.0 yielding low [N/a] is at z = 1.9656
towards HE 2217-2818. Besides NV and C1V this system ex-
hibits features of O VI and Si1v. Thus we have to assume so-
lar C/O to derive a model and independently use silicon as tracer
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Fig.7. Abundances derived from photoionization calculations. Left panels show results for the intervening absorbers adopting the HMO1 back-
ground at the appropriate redshift. Right panels display the abundances for the associated systems using the HMO1 background and an additional
QSO power law spectrum (see text). Error bars are derived from models with varying dominance of the hard QSO radiation. Data points without
error bars are derived assuming the HMO1 background as ionizing radiation. The lower panels present the relative abundance of nitrogen versus

a-elements like oxygen (circles) and silicon (triangles).

for a-elements even though similar Si/C and O/C ratios would
be expected.

There are few measurements of relative abundances in the
IGM, all of them suggesting enhancement of @-elements with
respect to carbon. For the low-density IGM at z > 2 Aguirre
et al. (2004) find [Si/C] = +0.77 + 0.05. Values in the range
+0.1 < [Si/C] < +0.5 are derived by Simcoe et al. (2006) in
metal line systems close to high-redshift galaxies at z ~ 2.5. At
low redshift Tripp et al. (2002) measure [Si/C] = +0.2 + 0.1
in an absorption system in the Virgo Supercluster. Estimates of
the oxygen abundance at z > 2 lead to +0.3 < [O/C] < +1.3
(Bergeron et al. 2002; Telfer et al. 2002a). Simcoe et al. (2004)
find [O/C] ~ +0.5 for absorbers at z ~ 2.5 and recently Aguirre
et al. (2008) have measured [O/C] = +0.66 + 0.21 in the low-
density IGM at similar redshifts. Investigating 7 O VI systems
at z ~ 2 Bergeron et al. (2002) detect no or very weak NV,
concluding that [N/O] < 0 but [O/C] > 0 in general agreement
with our results.

Besides abundances the photoionization models provide in-
formations of typical values of the absorbers’ physical param-
eters. The typical densities derived for intervening absorbers
are ny ~ 1073%cm™ or slightly less. Temperatures are typi-
cally ~32000 K in agreement with the b-parameters of the NV

profiles discussed in Sect. 3. Combining the model parameters it
is possible to estimate the sizes of the absorbers according to

[ = Ny (1
ny fuy 10NVHI(N/H),

where fyy denotes the ionization fraction of N V. For interven-
ing systems typical sizes of a few to several 10kpc are found
(median 4.8 kpc). About 32% of the modeled components are
smaller than <1.5 kpc. Since most of them are metal-rich (mean
[C/H] = —0.26), they may belong to the population of compact,
metal-rich absorbers found by Schaye et al. (2007). The authors
argued these absorbers are short-lived and could therefore be re-
sponsible for the dispersion of heavy elements into the IGM.
As a consequence the enrichment of the IGM is supposed to be
inhomogeneous. In this picture the wide spread in the relation
between [N/a] with metallicity would naturally follow from the
enrichment mechanism.

5.2. Associated systems

The associated systems are modeled assuming a HMO1 back-
ground and an additional QSO power law spectrum. Since the
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distance of the absorbing material from the QSO is generally un-
known, we construct models for different intensity ratios of the
background and QSO spectrum in the range 0.1 < Jgso/Jumor <
100 resulting in spectra like those displayed in Fig. 5 where the
slope a of the power law for each QSO is listed in Table 2.
Therefore, we give error bars for the results reflecting the un-
certainties of the derived parameters with respect to the influ-
ence of the QSO radiation and the unknown distance between
absorber and background quasar. Furthermore, it should be kept
in mind that metal line systems proximate to the quasar may ex-
ist in time-variable conditions due to inflows, outflows, or vari-
ations of the background source. Thus, the absorber might not
be in equilibrium. Though we assume a single-phase absorber,
there may exists multiple gas phases remaining unrecognized. In
this case our models would overestimate the HI column density
for the considered phase and therefore underestimate the metal-
licity. In the following we first will give some remarks on indi-
vidual systems and then present the results from our sample of
associated absorbers.

The complex associated system towards HE 2347-4342 has
been analyzed to constrain the spectrum of the ionizing radia-
tion by Fechner et al. (2004) and more recently by Levshakov
et al. (2008). For our study of the N V absorption we consider
three groups of absorption features at z = 2.8916, 2.8972, and
2.9027 (Figs. A.25—-A.27). The latter complex has been found
by Fechner et al. (2004) to be exposed to an extremely hard ra-
diation field, while the former two complexes are ionized by a
softer spectrum, possibly by the filtered radiation of the back-
ground QSO (see also Levshakov et al. 2008). Therefore adding
a power law with @ = +0.56 (Telfer et al. 2002b) to the UV back-
ground will result in an ionizing spectrum too hard for the two
lower redshift absorption complexes. Such a spectrum, indeed,
leads to unrealistically high metallicities [C/H] ~ +4.4. Testing
a slightly softer spectrum with @ = 0.0 reduces the metallicity to
[C/H] ~ +3.6, which would still mean a metallicity of ~4000 so-
lar. Consistent with the results from Fechner et al. (2004) and
Levshakov et al. (2008) we assume a HMO1 background as ion-
izing radiation, which should lead to more realistic models. The
results for these models are indicated in the right panels of Fig. 7
without error bars.

A special system is at z = 2.1475 towards HE 1341-1020, re-
cently analyzed by Levshakov et al. (2008). Features of various
low and high ionized species are detected in three components
Mg, Alm, Al, Sim, Sitm, Sitv, Cin, C, Civ, N1I, N1,
Nv, and O VI, see Fig. A.19). Since all highly-ionized species
are severely saturated, the NV gas phase cannot be modeled re-
liably. However, a feature of CII* A 1335 is detected as well.
Therefore, it is possible to estimate the electron density from
the ratio of the measured C I1*/C 1T column densities (Bahcall &
Wolf 1968) using

Ajy (NCH*)
Ne=—|\—"1>
vi2 \ Ncu

where A, is the transition probability for spontaneous radia-
tive decay and 7y, is the rate coefficient for collisional exci-
tation by electrons. For the strongest component we measure
log Ncyp = 14.20 £ 0.01 and log Ncy» = 12.49 + 0.03. Adopting
Ay =229 x 107057 (Silva & Viegas 2002) and y;» = 1.58
1077 cm? s~ (Tripp et al. 1996) yields n. =~ 0.278 cm™>. This
value is assumed to equal roughly the hydrogen density ny.
Then photoionization models can be computed where the metal-
licity and the relative abundances are the only free parameters.
Since these models describe the low-ionization gas phase, the
nitrogen abundance is constrained by the well-measured N1I
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Fig. 8. Comparison of the abundances derived under the assumption of a
hard ionizing spectrum (HMO1 background and additional QSO power
law; see text) and the HMO1 background only as limit for the softest ion-
izing spectrum. The left panel shows the metallicity traced by carbon,
nitrogen, and the a-elements, respectively, where the resulting metallic-
ity is generally higher for harder spectra. The outliers are the three as-
sociated sub-systems towards HE 2347-4342. The right panel presents
the relative abundances [N/C], [N/«], and [@/C], which are rather inde-
pendent of the hardness of the adopted ionizing radiation.

column density. Remarkably, the observed features of all lowly
and highly ionized species are reproduced best if the ionizing ra-
diation is strongly dominated by the QSO power law spectrum.
The best-fit model is found for Joso = 100 - Jumor at 1 Ryd
yielding [C/H] = +0.32, [N/C] = -0.18, [Si/C] = +0.43,
[Mg/C] = +1.01, and [Al/C] = +0.05, i.e. super-solar metal-
licity with slightly underabundant nitrogen and enhancement of
a-elements.

Three of our associated systems (z = 2.4427 towards
HE 1158-1543, z = 2.6362 towards Q 0453-423, and z = 2.7091
towards PKS 0329-255; Figs. A.22, A.23, and A.24) are also
part of a sample of associated systems studied by D’Odorico
et al. (2004). While the column density estimates are in excel-
lent agreement, we generally find higher metallicities. This dis-
crepancy is clearly due to the different spectral energy distribu-
tion of the ionizing radiation assumed in the models. D’Odorico
et al. (2004) adopt a composite QSO spectrum from Cristiani &
Vio (1990), which is described by f o v® with a spectral in-
dex of @ = —1.6 above the HI Lyman limit (E > 1 Ryd). This
means their spectrum is softer compared to the combination of
HMO1 and a substantial contribution of the @ = —1.0 power law.
Generally, adopting softer ionizing spectra would shift the re-
sults presented in the right panels of Fig. 7 to the upper left, i.e.
would lead to lower metallicities (up to 1 dex depending on the
degree of softening). This is further illustrated in Fig. 8, which
shows the metallicities (left panel) and relative abundances (right
panel) of the associated systems derived under the assumption of
a hard ionizing radiation including the QSO power law spectrum
versus the results for a HMOI background only. Assuming the
HMO1 background as ionizing spectrum means that the associ-
ated absorbers are completely shielded from the QSO radiation.
Thus the estimated abundances are yielded in the limit of the
softest ionizing radiation. The outliers in the left panel of Fig. 8
leading to extremely higher metallicity when adopting the hard
spectra are the three systems towards HE 2347-4342 that are
known to have particular characteristics and have been discussed
above. Excluding these systems, the metallicity estimated for the
hard ionizing spectrum is on average (0.7 + 0.3) dex higher for
each considered element. Thus a rough estimate of the system-
atic error due to the uncertain spectral energy distribution of the
QSO is ~0.7 dex. However, the relative abundances are rather
robust with respect to the hardness of the ionizing radiation as
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Fig.9. Abundance of [N/a] versus metallicity [N/H] (left panel) and [a/H] (right panel), respectively. The results from this work (black cir-
cles/triangles indicate oxygen/silicon estimates) for the total sample of intergalactic N Vv systems (without error bars) and systems associated to a
background QSO (with error bars, but see text) are compared to values measured in damped Ly« systems (blue dots; following the compilation
given by Pettini et al. 2008 and adding the measurement of Richter et al. 2005), extragalactic HII regions (green crosses; Kobulnicky & Skillman
1996; Ferguson et al. 1998; van Zee et al. 1998; Izotov & Thuan 1999; van Zee 2000; Melbourne et al. 2004; van Zee & Haynes 2006; Mallery
et al. 2007), and metal-poor stars(red squares; Israelian et al. 2004; Spite et al. 2005). The dotted line in the left panel represents a linear fit
[N/a] = (0.53 £ 0.09) - [N/H] — (0.14 £+ 0.10) to the measurements in intervening and associated systems. In the right panel the dotted line

indicates the expected distribution for secondary nitrogen.

can be seen from the right panel of Fig. 8. While for [N/C] and
[a/C] the soft radiation yields on average slightly higher values
(0.1 £ 0.2 and 0.1 + 0.3 dex, respectively), the average offset is
negligible for [N/a] (0.0 = 0.2 dex). Therefore, we are confident
about our results of the relative abundances derived for the as-
sociated absorbers despite the severe uncertainties regarding the
ionizing spectral energy distribution.

However, the estimated metallicity in associated systems is
generally higher than in intervening absorbers (lower panels of
Fig. 6) independent of the ionizing spectrum. The median val-
ues derived for the associated systems are [N/H] = +0.61 and
[C/H] = +0.66, respectively, about 1.3 dex higher than for the
intervening systems. If all intervening N V systems were exposed
to radiation harder than the standard UV background, the es-
timated metallicities increase by ~0.9 dex to median values of
[N/H] = +0.23 and [C/H] = +0.26. This is still 0.4 dex lower
than the values derived under the same assumptions for the as-
sociated systems. On the other hand, if the associated systems
would be exposed to a considerable softer radiation field, e.g. to
a HMO1 background as the limit for the softest spectrum (see
above), the metallicity estimates are lower but the median abun-
dances are still slightly super-solar. We then find [N/H] = +0.11
and [C/H] = +0.18, roughly 0.8 dex larger than intervening sys-
tems exposed the same background. Thus the finding of associ-
ated systems being statistically more metal-rich than intervening
absorbers is independent of the hardness of the adopted ionizing
radiation. High metallicities of roughly solar values are usually
found in associated absorbers (e.g. Petitjean et al. 1994; Tripp
et al. 1996; Wampler et al. 1996; Hamann et al. 1997; Papovich
et al. 2000; D’Odorico et al. 2004; Gabel et al. 2006; Ganguly
et al. 2006) consistent with studies of QSO emission lines (e.g.
Hamann & Ferland 1999; Dietrich et al. 2003; Bradley et al.
2004). Due to the simplifying assumption of the pure power
law continuum for the QSO spectrum, our estimates tend to
higher values though they are broadly consistent with estimates
from the literature in case of the softest spectra, i.e. when the

contribution from the background QSO to the ionizing radiation
is small.

The [N/a] abundance for the associated absorbers is tightly
correlated with the metallicity [N/H] (lower right panel of
Fig. 7). The Spearman rank-order coefficient yields r; = 0.87
and the relation is very well fitted by [N/a] = (0.35 = 0.09) -
[N/H] — (0.00 + 0.10). A correlation between [N/H] and [N/C]
is noticed in the upper right panel of Fig. 7. The Spearman rank-
order coefficient is r¢ = 0.75 and a linear fit yields [N/C] =
(0.30 £0.14) - [N/H] — (0.35 + 0.13). The slope, which is inde-
pendent of a systematic bias in the metallicity is consistent with
the best fit for the same correlation in intervening systems.

Several authors report on enhanced nitrogen abundances in
absorption systems close to a background quasar and AGN out-
flows (e.g. Petitjean et al. 1994; Petitjean & Srianand 1999;
D’Odorico et al. 2004; Gabel et al. 2006; Arav et al. 2007;
Fields et al. 2007). From the 11 associated systems investi-
gated in this work 3 (27%) show clearly enhanced nitrogen
with [N/C] > 0. This number would increase to 4 (36%) if
the softer HMO1 background is adopted as ionizing radiation.
Misawa et al. (2007) defined a category of N V-strong intrinsic
absorbers with large N vV equivalent widths and rather weak C 1v
and HT features. They classified 11 out of 28 systems (39%)
as N v-strong. By definition such absorbers should have a low
CIV/NV ratio. Our nitrogen-rich absorbers seem to belong to
this category when comparing the measured column density ra-
tios. The mean CTV/NV ratio of the nitrogen-rich components
is log (Nc1v/Nnv) = —0.25 + 0.35 (median —0.26), which is
clearly lower than the average column density ratio of the associ-
ated components with [N/C] < 0 (+0.55 £ 1.14, median +0.27).
Moreover, our nitrogen-rich absorbers show on average weak
HT1 (log Nyg; =~ 12.9), while the other components have stronger
HT features (log Ny, =~ 14.5). Therefore, our sample of asso-
ciated absorbers suggests that systems classified as N V-strong
according to Misawa et al. (2007), are indeed nitrogen-rich with
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[N/C] > 0. Within our rather small sample these are ~30% of
the associated N V systems.

Regarding the physical parameters, associated absorbers
are denser than the intervening yielding typically ny =
10728 cm~3. The distribution shows indication for a second peak
at ~10~%cm™3, which may be an effect of the small numbers
statistics. The temperatures are ~ 30 000 K or slightly less com-
parable to those of the intervening systems. Absorber sizes esti-
mated according to Eq. (1) are a few 10 to a few 100 pc, roughly
one order of magnitude smaller than the intervening absorbers.

6. Discussion
6.1. Indications for hard ionizing spectra and local sources

Comparing the column densities of related NV and C1v, we
have argued in Sect. 3 that the different slopes found for inter-
vening and associated systems indicate a different ionizing ra-
diation field. This is in disagreement with the hypothesis that
intervening NV systems might arise preferentially close to ra-
diation sources locally hardening the UV background. In order
to test this conclusion independently we compare the results ob-
tained with the soft HMO1 models to those assuming an addi-
tional contribution of a power law spectrum ocv® with spectral
index @ = —1.0. The harder models are computed for different
intensity ratios 0.1 < Jgso/Jumor < 100 at 1 Ryd and are dis-
played in Fig. 5. We find that the intervening systems are gener-
ally consistent with ionization by the soft HMO1 background.

Furthermore, for 7 out of 16 intervening systems (~44%)
a very hard spectral energy distribution can be excluded. Any
power law contribution to the radiation ionizing the system at
z = 1.5855 towards PKS 1448-232 leads to very high metallic-
ities and inconsistent models. Similar problems arise for spec-
tra with Joso/Jumor > 0.1 for the systems at z = 2.0626 to-
wards Q 0122-380 and z = 2.0764 towards Q 0329-385. The
system at z = 1.7236 towards PKS 1448-232 cannot be mod-
eled with very hard spectra Joso/Jumor > 3.0. Absorption fea-
tures of C 11 and Si I, respectively, are overestimated for systems
z = 2.2510 towards Q 0329-385, z = 1.9744 towards Q 0122-
380, and z = 2.2212 towards HE 0940-1050 when applying
some of the tested energy distributions. While the former are
inconsistent with Joso/Jumor > 0.1, the latter can be modeled
with harder spectra up to Joso/Jamor ~ 0.3.

To summarize, none of the intervening N V systems requires
a harder ionizing radiation field than the HMO01 background to be
modeled consistently. In contrary, for about half of the systems
the contribution from a hard power law spectrum has to be low
(Joso/Jumor < 0.3) to produce consistent models. Therefore,
intervening NV absorption does not arise predominately in the
vicinity of foreground QSOs where the radiation field is sup-
posed to be harder, but rather in “normal” intergalactic absorp-
tion systems.

6.2. Implications for metal enrichment

Nitrogen is mainly produced in intermediate-mass stars and
is therefore released later into the interstellar and intergalactic
space compared to a-elements whose main production sites are
type II supernova explosions. Thus, the relative abundances of
these elements in astronomical objects depend on the overall
level of enrichment. In low-metallicity environments a@-elements
are usually enhanced with respect to carbon while nitrogen is un-
derabundant. We therefore expect to find different distributions

of [@/C] and [N/«] for the intervening absorbers, which are gen-
erally metal-poor ([C/H] < 0) and the metal-rich ([C/H] > 0)
associated systems. Comparing the abundance estimates in the
upper panels of Fig. 6, intervening absorbers have generally
lower [N/a] and higher [@/C] values (median —0.58 and +0.41,
respectively), whereas for associated systems we find about so-
lar [N/a] (median +0.05) and slightly subsolar [a/C] =~ —0.29.
Thus, we confirm that [@/C] and [N/a] trace the overall metal-
licity in the sense that metal-poor systems show enhanced
a-abundances compared to carbon and nitrogen.

In Fig. 9 we compare our estimates of [N/a] versus metallic-
ity (traced by [N/H] (left panel) and [a/H] (right panel), respec-
tively) to results collected from the literature. The abundance of
nitrogen has been measured in various objects such as DLAs
(e.g. Prochaska et al. 2002; Centuridn et al. 2003; Petitjean et al.
2008; Pettini et al. 2002, 2008), extragalactic HII regions (e.g.
Kobulnicky & Skillman 1996; Ferguson et al. 1998; van Zee
et al. 1998; Izotov & Thuan 1999; van Zee 2000; Melbourne
et al. 2004; van Zee & Haynes 2006; Mallery et al. 2007), and
stars in the halo of the Milky Way (Israelian et al. 2004; Spite
et al. 2005). At metallicities [N/H] = —1 (or [a/H] = —0.4) the
nitrogen abundance appears to be dominated by secondary ni-
trogen and [N/a] increases with metallicity. At lower metallicity
there is a plateau of nearly constant [N/a], which is attributed
to primary nitrogen. Measurements in extragalactic H I regions
in the local Universe and in metal-poor stars in the Milky Way
find [N/a] ~ —0.7 as plateau value. Abundance estimates in
metal-poor DLA systems lead to even lower values and a sec-
ond plateau near [N/a] ~ —1.5 is discussed (Prochaska et al.
2002; Centurion et al. 2003; Richter et al. 2005; Petitjean et al.
2008; Pettini et al. 2008). Our abundance estimates generally
follow the distribution from the literature approximately down
to [N/a] ~ —1.0, except two severe outliers that have been dis-
cussed in Sect. 5.1.

The estimated [N/a] abundances at [N/H] > —2.0 can be
fitted with [N/a] = (0.53 + 0.09) - [N/H] — (0.14 + 0.10) con-
sidering both intervening and associated systems. The relation is
indicated as dotted line in the left panel of Fig. 9. It is in very
good agreement with the measurements in extragalactic H1I re-
gions and halo stars in the same metallicity range. Therefore,
the majority of the analyzed absorption systems appears to be
enriched with secondary nitrogen. The expected distribution in
case of enrichment with secondary nitrogen is represented by
the dotted line in the right panel of Fig. 9. In particular, the as-
sociated systems tracing metal-rich environments (>0.1 solar)
follow a tight relation. The estimated values for the interven-
ing systems show a larger scatter, indicating inhomogeneous en-
richment with nitrogen. This can be interpreted in the sense of
Schaye et al. (2007) who argue that the IGM is enriched by short-
lived metal-rich clouds leading to inhomogeneous enrichment
with heavy elements.

The second plateau of primary nitrogen at [N/H] < —-2.8
in DLA systems is not probed with the present sample since
the lower, non-DLA H1 column densities of the intervening ab-
sorbers and our C 1v-based selection procedure favor metal-rich
absorption systems. For a typical absorber with logny ~ —3.5,
log Ng; < 16, and [a/H] ~ -2.8 at z ~ 2 we would expect
log Nny < 11.214f [N/a] ~ —1.5, which is below our detection
limit. In order to investigate the nitrogen abundances of inter-
vening absorbers at this metallicity level the dominant ionization
stage NIV has to be studied, which arises in the UV (rest wave-
length 765.148 A; Verner et al. 1994). For this species a roughly
0.5 dex higher column density is expected.
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Fig. 10. Abundance of [N/a] versus [@/C]. The results from this work
(black circles/triangles indicate oxygen/silicon) for the total sample of
intergalactic (without error bars) and associated (with error bars) ab-
sorbers are compared to values measured in damped Lya systems (blue
dots; D’Odorico & Molaro 2004; Richter et al. 2005; Erni et al. 2006;
Pettini et al. 2008), extragalactic HII regions in metal-poor galaxies
(green crosses; Garnett et al. 1999; Kobulnicky & Skillman 1998, and
references therein) and metal-poor halo stars (red squares; Spite et al.
2005). The dotted line represents a linear fit to our data points yielding
[N/a] = —-(1.04 £0.13) - [/C] - (0.15 £ 0.08).

Out of the 11 modeled intervening systems 5 yield [N/a] <
—1.0. Except the unusual multi-phase absorber at z = 1.5855 to-
wards PKS 1448-232 all these systems show rather strong HT ab-
sorption. From the absorbers with [N/a] > —1.0 only 2 have
comparable strong HI features. However, 3 of the 5 low-[N/a]
systems are at low redshifts. The combination of low-redshift
and strong HT absorption means that the HI column density re-
lies on the measurement for a saturated Lya feature since higher
orders of the Lyman series are beyond the observed spectral
range. We therefore might underestimate the hydrogen content
of these absorbers and overestimate the metallicity. Moreover,
a possible multi-phase structure of the absorbers may bias the
estimated metallicities. In Sect. 4 we have estimated the corre-
sponding uncertainty in the derived abundances to be <0.5 dex.
Furthermore, the ionizing radiation might be harder than as-
sumed. Studies of metal lines systems suggest that the UV back-
ground at z < 2.0 is significantly harder than at higher redshifts
(Fechner et al. 2006; Agafonova et al. 2007). If a power law
spectrum with spectral index —1.0 is added to the appropriate
HMO1 background, the outliers in Fig. 9 shift to larger [N/H]
and [N/«] but are still below the expected parameter range.

The nitrogen-poor absorbers exhibit large [a/C] abundances
(and low [N/C]). Since both, low [N/a] and large [@/C] are ex-
pected for low metallicity systems, an anti-correlation between
these quantities is expected. Figure 10 shows [N/a] versus [a/C]
and a clear anti-correlation in seen. Considering the total sam-
ple of systems with a-element abundance measurements in the
range —1.0 < [a/C] < +1.5, the rank-order coefficient is
rs = —0.82. The anti-correlation can be fitted with a straight
line yielding [N/a] = —(1.04 £ 0.13) - [@/C] — (0.15 = 0.08)
indicated as dotted line. If a harder ionizing radiation is assumed
for the low-redshift systems, the abundances are adjusted but do
not modify the fitted relation.

The abundances of metal-poor halo stars adopted from Spite
et al. (2005) appear to be consistent with this relation even

though the values cluster at [@/C] ~ +0.7. Akerman et al.
(2004) find [O/C] ~ +0.5 as a typical value in metal-poor
halo stars depending on [O/H]. The authors relate the increasing
[O/C] value with decreasing oxygen abundance to the metallic-
ity dependence of the carbon yields of massive stars with mass
loss. However, the origin of carbon in the Milky Way is com-
plex. While some authors argue the main production site of car-
bon should be massive stars (e.g. Gustafsson et al. 1999; Henry
et al. 2000, where the latter also include extragalactic HII re-
gions), others find carbon has to be produced mainly in low-
and intermediate-mass stars in the Milky Way and other galax-
ies (Chiappini et al. 2003a,b). More recently, Bensby & Feltzing
(2006) suggest that massive stars dominate the carbon produc-
tion at low metallicities while intermediate- and low-mass stars
become important at higher metallicities (see also Carigi et al.
2005).

Kobulnicky & Skillman (1998) find a relation between [IN/O]
and [O/C] in metal-poor galaxies. Their data points together with
measurements obtained by Garnett et al. (1999) are also pre-
sented in Fig. 10. They cover the range 0.0 < [a/C] < +0.5
and follow well the fitted relation. The authors conclude that
the correlation reflects the global enrichment of the interstellar
medium resulting from the star formation history in each inves-
tigated galaxy. The slope of the relation is supposed to depend
on the initial mass function fixing the ratio of carbon and ni-
trogen producing stars. Garnett et al. (1999) find that [N/C] is
independent of [O/H] while [O/C] depends on the metallicity
in extragalactic H1I regions. Therefore, carbon and nitrogen are
supposed to be produced in similar stellar mass ranges.

If in low-metallicity environments carbon is mainly gen-
erated in massive stars, those stars are expected to contribute
most of the carbon in the IGM. The estimate of [Si/C] =
0.77 with small scatter in the low-density IGM (Aguirre et al.
2004) indicates no inhomogeneity in [Si/C], suggesting a com-
mon origin of silicon and carbon, presumably massive stars.
Considering very massive stars (500—1000 M) exploding as
core-collapse supernovae, Ohkubo et al. (2006) reproduced the
observed [Si/C] value. On the other hand, Matteucci & Calura
(2005) studied the chemical enrichment due to very massive
Population IIT stars, and according to their calculations pair-
instability supernovae cannot account for the observed [Si/C]
at z ~ 5 derived by Songaila (2001). Furthermore, enrichment
by Pop III stars predict far too little nitrogen to be consistent
with the abundance ratios in DLA systems. Therefore, a sig-
nificant contribution to the carbon and nitrogen abundance by
intermediate- and low-mass Pop II stars is required.

DLA systems with reliable estimates of the carbon abun-
dance are rare (D’Odorico & Molaro 2004; Richter et al. 2005;
Erni et al. 2006; Pettini et al. 2008) since the CII features are
usually saturated. The existing measurements are indicated in
Fig. 10 as well. Though there are only 5 data points and one up-
per limit, [N/a] in DLAs appears to be systematically lower than
in intergalactic systems with the same [@/C]. Since the DLAs
with existing carbon measurements are the most metal-poor (e.g.
Erni et al. 2006), their [N/a] is believed to represent the value
for enrichment with primary nitrogen and thus is supposed to be
constant. The discrepancy to the [N/a]-[a/C]-relation for inter-
vening and associated systems therefore confirms that the latter
are enriched by secondary nitrogen.

Summarizing, we speculate about the origin of carbon and
nitrogen in the IGM. Provided that the nitrogen abundance is
dominated by secondary nitrogen as concluded from Fig. 9, the
absorbers are supposed to be enriched by intermediate-mass
stars. That means the enrichment should have occurred only
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recently due to the time delay between the release of a-elements
created in massive stars and nitrogen produced in intermediate-
mass stars. Carbon can be produced in stars of very different
masses. Therefore, the carbon in the observed systems might
be dominated by material produced in intermediate-mass stars
as well. Thus, the correlation might indicate a common origin
of carbon and nitrogen as suggested by Garnett et al. (1999).
However, the yields of C and O from massive stars are affected
by the mass loss during the stellar evolution which in turn de-
pends on the metallicity. On the other hand, if [N/C] correlates
with [N/H] as indicated by our measurements, a different ori-
gin of nitrogen and carbon is suggested with carbon released
earlier. From the observed correlations only we speculate that
a-elements presumably are released into the IGM first, then car-
bon, and most recently nitrogen, thus in an order that reflect the
decreasing masses of their stellar production sites. However, re-
sulting abundances then depend on the IMF making the inter-
pretation of observed abundance ratios a complex problem (e.g.
Matteucci & Chiappini 2005). For a detailed interpretation mod-
els applying nucleosynthesis yields for different types of the IMF
would be required, which is beyond the scope of this work.

7. Summary and conclusions

We have performed a survey for NV absorption systems in the
spectra of 19 QSOs observed with VLT/UVES. The N V systems
are selected from 198 intervening and 30 associated metal line
systems exhibiting CIV features, where absorbers within |Av| <
5000kms~! from the QSO emission redshift are classified as
associated.

1) In total, 21 intervening systems with 61 individual compo-
nents and 11 associated systems with 46 individual com-
ponents are identified in the redshift range 1.5 < z < 2.5.
Thus, the fraction of C1V systems exhibiting N v features is
roughly 11% and 37% for intervening and associated ab-
sorbers, respectively. The rate of incident for intervening
NV systems is dN/dz = 3.38 + 0.43, corresponding to
dN/dX =1.10+0.14.

2) The column density distribution function can be described
by the slope 8 = 1.89 + 0.22. This slope is consistent with
measurements for CIv and O VI, suggesting a common ori-
gin of these species, which is photoionized gas. Further ev-
idence for photoionization is provided by the narrow line
width of the NV components (bxy ~ 6 km s~! for the inter-
vening systems), implying temperatures of 7 ~ 3 x 10*K
too low for collisional ionization that produces N v at much
higher temperatures of 7 ~ 2 x 10° K. The NV features in
the individual systems are detected at the same position as
C1v while O VI is shifted in velocity space to slightly higher
values, typically by voy — ey = +4 km s~ Therefore, Nv
is apparently in the same gas phase as C 1V despite its higher
ionization potential.

3) The column densities of the NV and CIV components are
closely correlated with different slopes for intervening and
associated absorbers where intervening systems exhibit gen-
erally weaker N V features than associated systems. The dif-
ferent slopes indicate a different spectral energy distribution
of the ionizing radiation. While associated absorbers are ex-
posed to the hard spectrum of the background QSO, the
intervening systems are ionized by the substantially softer
radiation of the intergalactic UV background (Haardt &
Madau 2001, HMO1). In conclusion, intervening NV fea-
tures arise in rather “normal” intergalactic metal absorption

systems and do not trace locally hardened radiation. This in-
terpretation is supported by extensive photoionization mod-
eling testing several spectral energy distributions. No indica-
tions for ionizing spectra substantially harder than the HMO1
background are found in case of intervening systems.

4) Detailed photoionization models are derived for each sys-
tem in order to estimate the elemental abundances of the ab-
sorbers. We estimate a systematic error of roughly 0.7 dex
for the individual metallicities of the associated absorbers
due to the uncertain spectral energy distribution of the back-
ground QSO. The resulting metallicities for intervening sys-
tems are typically low with a median of [C/H] = —0.63.
a-elements like oxygen and silicon are enhanced yielding
median values [@/C] = +0.41 and [N/a] = —0.58, respec-
tively. The typical density is ny ~ 1073%cm™ and sizes of
a few to several 10kpc with a median ~5 kpc are found. In
contrast, associated systems are more metal-rich indepen-
dently of the adopted radiation field, having solar metallic-
ity or even higher (median [C/H] = +0.66) and nearly solar
relative abundances ([a/C] = —0.29 and [N/a] = —0.05,
respectively). These absorbers are denser, yielding ny >
10728 ¢m3, and about one order of magnitude smaller with
typical sizes of 10 to a few 100 pc.

5) For both intervening and associated systems [N/C] and
[N/a] are correlated with metallicity where nitrogen is more
abundant in metal-rich absorbers. The increase of [N/a] with
[N/H] suggests that the nitrogen content is dominated by
secondary nitrogen. The best-fit slope is ~0.5 consistent
with abundance measurements in extragalactic HII regions
and metal-poor halo stars. The values inferred for interven-
ing systems show a larger scatter around this relation, indi-
cating more inhomogeneous enrichment of the IGM. With
our sample we only probe systems with [N/H] > —2.0. In
order to detect nitrogen in lower-metallicity, intervening sys-
tems NIV has to be surveyed whose main transition would
arise in the UV at z = 2.

6) The relative abundances [a/C] and [N/a] trace the over-
all metallicity in the sense that metal-poor systems show
enhanced a-abundances compared to carbon and nitro-
gen. [N/a] is anti-correlated with [@/C]. A linear fit yields
[N/e] = —(1.04 £ 0.13) - [@/C] — (0.15 £ 0.08). This
correlation is consistent with abundance measurements in
metal-poor halo stars and extragalactic HII regions, whereas
the most metal-poor DLA systems do not fit the relation,
probably reflecting the difference between primary and sec-
ondary nitrogen enrichment. Since the investigated sample
is selected by NV, the systems are expected to be rather
nitrogen-rich and therefore dominated by secondary nitro-
gen. The relation between [N/a] and [a/C] could be used in
future studies to constrain the initial mass function of the
carbon- and nitrogen-producing stellar population.
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Smooth lines indicate the profiles for the favorite HMO1 model.
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Fig. A.9. Intervening system at z = 2.0764 towards Q 0329-385.
Smooth lines indicate the profiles for the favorite HMO1 model.
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Smooth lines indicate the profiles for the favorite HMO1 model.
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Fig. A.27. Associated system at z = 2.9027 towards HE 2347-4342.
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Fig. A.29. Intervening system at z = 1.6109 towards PKS 0237-23. Due
to few detected species no photoionization model can be constructed.
Smooth lines indicate Doppler profile fits.
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Fig. A.32. Associated system at z = 2.8780 towards HE 2347-4342.
Due to few detected species no photoionization model can be con-
structed. Smooth lines indicate Doppler profile fits.
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Appendix B: Fitted line parameters
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Table B.1. Line parameters of intervening NV absorption systems. The ionization parameter has been estimated adopting a Haardt & Madau
(2001) UV background at the appropriate redshift normalized to log J(1 Ryd) = —21.15.

QSO Zsys log Ny(H1)  # logU  ion v(kms™) log N b(kms™)
HE 0001-2340 1.5770 14.198+0.105 1 -190 NV -12+0.3 13.054+0.023  4.61 £0.57
Civ -33+0.0 13.704 £0.004  6.14+0.03

Cu -03+03 12.785+0.028  2.80+0.49

Sitv -1.6+1.0 11.956+0.099  1.21+1.28

Mg It -1.1£03 11.366 +0.041  1.50 = 0.00

HE 0001-2340 1.5815 13.475+0.025 1 .. Nv 0.5+04 12.718 £0.071 1.73 £ 0.89
Civ -5.1+04 13.100 £0.099  4.20 + 0.63

PKS 1448-232  1.5855 14415+0.050 1 -1.07 NV 0.6+0.5 13235+0.031  8.66+0.80
Civ -1.0+0.0 14508 +0.014  8.85+0.08

Cu —0.0+0.1 13.858+0.024 4.74+0.18

Sitv 04+0.1 13.694+0.059 6.22+0.25

Sim 1.6+£0.7 13.037+0.088  9.11+1.01

Sin -02+02 12.679+0.019 2.83+0.33

Mg It —0.7+0.0 12.632+0.010  3.12+0.07

Mgl 0.0+0.7 10.516+0.063  3.10+0.00

Al —0.1+0.1 12.083+0.011 4.47+0.21

Al1l -09+0.6 11.082+0.047 5.76+1.21

Fell 04+02 11.554+0.023 2.14+0.64

PKS 0237-23 1.5965 15277+0950 1 =072 Nv -131.1+0.7 12.268 +0.081 2.32+1.96
Civ  -1334+0.2 12.582+0.010 7.42+0.26

2 -042 Nv -1059+0.6 12.997+0.032 12.63 +1.00
Civ  —-106.5+0.0 13.406 + 0.004 7.72 £ 0.08

Sirv. -116.8 1.0 11.943 £0.037 14.76 +1.44

3 =078 Nv =73.4+0.5 13.271 £ 0.040 7.36 +0.56
Crv =73.0+0.1 14.437 £0.015 7.53+0.13

Si1v =76.0+19 12.235+0.132 7.09 +1.67

Sitv -68.6+04 12.106 +0.162 241 +£1.17

Simt -68.2+0.8 11.940 +0.051 8.03 £ 1.40

4 =052 Nv -56.2+13 13.094 +£0.066 11.29 +1.56
Civ -57.8+1.4 13.170 £0.048 25.51 +1.42

Civ -55.6+0.2 13.825+0.014 7.27+0.18

Sitv =575+1.1 12.135+0.059 9.58 £1.29

Sim  -51.2+189 11.001 +0.508 1.20 +16.38

5 -046 Nv 0.1+0.7 13.137+0.038 7.94 +£0.85
Civ 04+0.0 13.970 £ 0.002 9.89 + 0.06
Sitv 1.1+0.2 12.132+0.018 4.55+£0.40
Sitn 1.0+£22 10921 +£0.169 1.50 £ 0.00
6 -059 Nv 11.2+1.3 12.120 + 0.305 1.64 £5.28
Civ 187+0.2 12984 +0.014 6.09 £ 0.18
Si1v 176 £ 0.5 11.900 + 0.038 7.42+0.97
7 -050 Nv 564+1.1 12.826 £0.051 12.09 +1.70
Civ 59.5+0.2 13.596 £0.006 11.78 +£0.14
8§ -0.74 Ny 793+0.2 13.363 £0.019 6.85+0.42

Civ 76.6 0.2 14.998 +0.310 3.79 £0.36
Sitv 782+0.1 12518 £0.050 5.95+0.38
Simn 788+0.7 11.937+£0.117 7.07 +1.30
9 -099 Ny 102.0+0.1  13.951 +£0.007 10.09 +0.18
Civ 100.0+0.2  14.826 +0.013  11.93 +0.09
Sitv 98.6 0.5 12.841+£0.084 12.22+0.76
Sitn 102.6 + 1.0 12500 +0.198  16.77 + 2.68

PKS 0237-23 1.6108  14.601 +£0.031 1 . Nv 0.6+0.2 13.892 +0.024 6.19 £ 0.30
Civ 1.1£0.0 13.963 + 0.007 5.83 +£0.09

2 . Nv 26.0+0.2 13.457 £ 0.067 6.99 +0.78

Civ 249+0.0 13.555+0.003 6.78 = 0.05

PKS 1448-232  1.7236  14.717+0.119 1 o Nv -56.1+0.7 12.788 +0.153 4.73 +1.81
Civ -583+0.2 12988 +0.045 5.09 +£0.49

2 Nv -51.6+1.0 13.451+0.034 17.53 +1.44

Civ -51.3+0.2 13591 £0.012 1297 +0.14

3 -133 Nv 14+0.7 13.067 £0.027 14.18 £1.02

Civ -03+£0.1 13.840 +0.007 6.59 = 0.09

Sitv 02+0.1 12791 £0.011 4.25+0.18
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Table B.1. continued.

QSO Zsys log Ny(H1)  # logU  ion v(kms™) log N bkms™)
Simr 28+02 12.392+0.018 4.07 +£0.31

4 Nv 84.1+0.5 13.276 +0.028 9.29 +0.81
C1v 81.0+0.1 13.694 +0.017 6.74 +0.19

Q 0109-3518 1.8749 14419 +0.013 1 Nv 0.7+0.8 12.636 +0.049 7.69 +1.17
Civ -03+0.1 13.021 +0.004 6.80 £ 0.10

HE 1158-1843  1.9144 15.017 £0.021 1 Nv —36.1+ 1.1 12509 +0.144 6.75 + 1.80
Civ -29.6+0.6 12.961 +0.029 9.84 +0.66

2 Nv -105+87 13.075+0.359 1491 +9.25
Civ -132+1.0 12.838+0.128 5.75+1.42

3 Nv 1.7+0.9 13266 +0.218 6.40 + 1.56
Civ 0.1+0.8 13.566 +0.191 6.66 + 1.04

4 Nv 126+25 12.821 £0.213 5.89 +1.77
Civ 8.6+33 13.441+0.239 9.03 + 1.57

5 Nv 50.7£3.6 12.681 +0.248 7.12 £3.47
Civ 513+03  13.170 £ 0.033 5.64 +0.29

6 Nv 63.5+23 12.792+0.184 6.47 £2.12
Civ 632+04 13.318 +0.024 7.20 £ 0.35

HE 2217-2818 1.9657 16266+0.063 1 -086 NV -58.1+0.9 12407 +£0.138 7.30 +2.43
Civ -64.0+0.1 13277 £0.020 5.62 +0.22

OVl  —-63.6+09 14.049+0036 14.67 +1.71

Sitv. —645+0.6 11.621 +0.098 3.01 +1.78

2 -095 NV -46.1+108 12.892+0.134 32.36+11.13
C1v -524+0.6 13.579+0.011  16.25+0.44

OVl —402+10 13.764 +0.103 5.46 + 1.75

Silv =534+ 1.7 11.421+0.156 5.47 £2.61

3 -080 Nv ~13.8+4.0 12.754+0266  12.95+5.45
C1v -173+0.7 13771 £0.033  13.74 +0.86

Ovi  —19.6+22 14245+0.151  10.75+2.95

Sitv - —-18.7+22 11.407 +£0.122 8.84 +3.22

4 -090 NV 1.8+04 13.014 +0.077 5.90 + 0.63
C1v 0.1+02 14.099 +0.015 837 £0.14

ovI 27+25 14474+0.082  13.96+2.09

Sitv -08+03 12.176 +0.022 7.12 £0.42

Q 0122-380 1.9745 16.904 £0.194 1 Nv  -1109+04 12.708 +0.085 4.89 +0.91
Civ  —1147+01 15498 +0.015 20.73 +0.12

Sim  -1163+0.9 13.645+0.037  17.67 +£0.52

Mgn —1152+29 12201 +0.171  10.03 £2.11

Aln —1179+1.1 11.431+0.045 1353 +1.11

2 -176 Nv -04+03 13.739+£0.014  10.95+0.40
C1v 14+0.1 15.057£0.036  11.71 +0.25

cu 34+1.1 13.621 £0.043  12.03+0.89

Sitv -53+32 13.033+0.166  11.21 +1.60

Sitv -04+0.2 13.209 +0.069 3.87 £0.56

Sim  -10.6+13 12.201 £0.112 471 £0.95

Sin 37+£08 12116 £0.036  12.20 +0.65

Mg It -0.6+0.7 11.904 +0.044 7.01 +0.89

Al 53+09 11.819+0.033  12.90+0.92

3 -198 Nv 140+£0.6 12749 +0.122 4,66 +1.13
cu 13.6 0.2 13.200 + 0.099 3.96 +0.79

Sitv 120+£02 13.519 +0.021 5.08 +0.17

Simt 13.9+0.6 13.479 +0.172 4.68 +0.49

Sin 10.0£0.9 12.128 +0.070 557+1.52

Sin 12.8+0.1  12.126 +0.033 2.15+0.52

Mg 129+0.3  12.044 +0.030 5.03 £ 0.43

Al 132+£03 11.556 +0.037 1.11 £0.61

Al 122+0.9 10.752 +0.071 5.66 + 1.64

4 Nv 135.9+0.2  13.159 + 0.009 9.35+0.26
Civ 1356 £0.0 14.292 +0.009 8.02 £ 0.06

Cu 139.0+ 0.3 12.903 + 0.024 6.41 £0.56

Sitv 1402 +0.3  12.375 +0.027 439 +0.51

Simr 142.0+ 03  12.177 +0.019 4.60 +0.33
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Table B.1. continued.

QSO Zsys log Ny(H1)  # logU  ion v(kms™) logN b(kms™)

Sinm 141.0£0.7 11.352 £0.055 1.55+2.23

PKS 0237-23 2.0422  13.275+0075 1 -0.80 Nv 20+0.1 13.592+0.003 11.40+0.09
Civ -0.4+0.0 13.599 +0.003 9.37 +£0.11

OovI 50+04 14.198 £0.015 12.60 £ 0.67

2 -0.57 Nv 264 +0.2 12730 +0.016 7.28 +0.38

Civ 23.9+0.3 12.676 +0.014 9.55 +0.39

[OA%1 300+ 1.3 13.365+0.073 10.04 +1.42

Q 0122-380 2.0626 12.625+0.024 1 -091 Nv 1.2+1.1 12.032 +£0.141 3.70 = 0.00
Civ 0.4+0.1 12.953 +0.009 6.74 £0.21

OovI 53+0.7 13.354+0.031 11.30+1.09

Q 0329-385 2.0764 13.678 0014 1 -1.04 Nv 0.3+04 12.834 +0.062 6.57 +1.02
Civ 0.2+0.1 13.229 +0.005 5.87 £0.10

O VI 44+04 13.237 +£0.029 7.86 +0.71

Sitv -0.7+24 11.440 +0.895 1.31£8.23

PKS 1448-232  2.1098 13.738 +0.021 1 -0.37 NV 1.0£0.6 12.904 £0.029 10.95 +0.97
Civ 0.2+0.1 13.126 +0.004 7.18 +0.10

OovI 04+02 14321 +0.017 10.42+0.28

2 -0.17 Civ 245+0.3 12247 +0.024 5.61 +0.54

OovI 29.6+0.3 13.717 £0.018 7.30 +0.50

HE 1347-2357 2.1162 14264 +0.010 1 -042 Nv -109+23 12318+0.144 9.05 +£2.60
Civ -14.6+05 12.298 +£0.062 4.89 +0.99

2 -030 Nv 1.1+£03 12.650 +0.036 3.63 +0.53

Civ 0.3+0.1 13.345 +0.006 6.98 £0.15

O VI 22+02 14.442+0.013 12.96 +0.50

HE 0940-1050 2.2206 15.610 £0.033 1 .. Nv -=57.6+0.0 12421 +0.054 6.50 + 0.00
Civ  -57.7+£02 12.547 £0.012 6.53 +0.26

Simr -50.9+2.3 12294 +£0.061 38.74 +3.66

2 -142 Nv -384+0.0 12408 +0.077 8.20 = 0.00

Civ  -384+0.1 12.712+0.010 8.21 £0.29

Sitv. =397+ 1.3 11.572 +0.224 1.27 +£3.03

Sim -37.0+0.3 11.624 +0.069 1.63 £ 1.61

3 -1.63 Nv -0.8+0.0 12.466 +0.058 5.90 = 0.00

Civ -0.8+0.1 13.609 + 0.005 5.88 +0.07

Sitv -0.1+0.1 12.485+0.011 3.03+0.23

Simmn 1.8+0.1 12.378 = 0.009 4.32+0.19

4 =218 Nv 41.5+0.0 12.512+0.092 18.50 +£0.00

Civ 41.5+0.7 12780 +£0.020 18.52 +0.91

Sima 43.7+0.8 12549 +£0.024 21.28 +1.01

5 -1.85 Nv 61.5+0.0 11.846+0.247 5.20 = 0.00

Civ 61.5+0.2 13.270 = 0.021 5.21+0.18

Sitv 61.2+04 12.543 +0.109 3.05 +0.59

Sima 64.8+0.9 12.827 £0.075 5.58 £0.68

6 -228 Nv 88.9+00 11.487 +0.534 7.00 = 0.00

Civ 88.8+£0.1 13.329 +0.006 6.99 +0.11

Sitv 89.2+0.1 12.403 +0.009 5.12+0.22

Simn 923 +0.2 12.767 = 0.009 7.93+0.19

HE 1158-1843 22354 14.545+0.034 1 -132 NV 347+0.5 12422 +0.102 2.04 +2.51
Civ 20.8 £ 1.2 12.030 + 0.082 717 +1.71

(@11} 25.0+£0.9 11.955+0.086 5.51 £2.06

Ovi -47.1+06 12.900+0.034 10.47 £1.10

Oovl -163+14 13.350+0.054 12.88 +1.51

2 -1.08 Nv -8.7+0.8 12.800+0.134 7.69 +£2.03

Civ -04+0.2 12955+0.011 10.19+0.34

Cm 0.6+05 12.658+0.024 11.44+0.94

OovI 6.0+£0.6 13.373 £0.039 8.88 +£0.61

Q 0420-388 2.2462 15968 £0.018 1 -1.31 Nv -1.1+£04 13.415+0.059 9.32+0.73
Civ -5.6+0.1 14.253 +£0.008 7.03 +0.10

Ca -106+0.7 12.693 +0.063 3.75 £ 0.99

Sitv -6.4+0.5 12.890+0.041 11.55+0.85

Sima -8.8+0.2 12.259 +£0.052 2.59 £0.76

2 -093 Nv -09+27 13207 +£0.104 2293+2092

Civ -04+0.2 13.560 +0.022 23.51+0.52

Cn -1.5+04 12.829 +0.053 1.71 £ 1.19
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Table B.1. continued.

QSO Zsys log Nys(H1)  # logU  ion v(kms™) log N bkms™)
Si 04+04 12248 £0.115 1.75 £0.97

3 -095 Nv 13.1+£04 13.127+£0.065  6.15+0.57
C1v 10.5+0.1 14.003 +0.008  7.38 +0.09

Cu 144+1.0 12.555+0.053  9.66 + 1.61

Sim 151+05 11.506+0.151  2.73+1.95

Q 0329-385 22514 15528+0.039 1 -1.54 Nv —27.0+1.9 12942 +0.063 17.21 +2.99
Civ  -315+0.1 14.044 +£0.003 11.62 +0.09

Cm  -315+06 13.778 £0.035 13.48 +0.54

OVl  -249+03 14.293+0.016 13.11+0.79

Sitv. -334+03 12316+0.016  8.78 +0.47

Sim  -34.8+05 11.998+0.026  9.82+0.96

2 -084 Nv 26+08 12904 +0.056  7.73 +1.35
Civ 0.0+0.3 13.992+0.015 883+0.23

Cu 6.5+0.5 13.773+0.031 13.59 +0.87

O VI 58+02 14.415+0.009 10.66 +0.30

Sitv 29+12 12.060+0.151 4.72+1.81

Sim 79+04 12.187+0.018 12.54+0.76

3 -099 Civ 40.0+0.1 13.127+0.006  8.86+0.19
Ci 420+04 12.517+0.052  4.62+0.70

OVI 412 +04 14220+0.012 1537 +0.40

Sitv 372+28 11275+0.199  6.97 +6.03

HE 2347-4342 22753 13.981+0.008 1 -1.03 Nv —111.2+1.1 13.143+0.033 23.38+1.38
Civ  -1066+0.9 13.222+0.050 10.81 +£0.56

Civ  -943+04 13.287+0.043 820+0.24

Oovl -104.1+0.9 13.792+0.075 6.75+1.20

Ovi -855+1.8 13.184+0.128  6.20 +0.00

2 -043 NV -43.0+1.0 12.528+0.320  6.08 +2.55
Civ  -454+01 12.762+0.036 523 +0.33

Ovli -458=+17 13.902+0.082 837+1.53

3 -020 Nv -37.6+25 12919+0.120 14.44 +2.57
Civ  -31.7+1.1 12.812+0.038 15.09+1.01

Ovi -281+10 14299+0.188  6.00+0.00

4 -065 NV 03+0.8 13.118+0.025 14.41 +1.05
Civ 04+00 13.161+0.003  6.18 +0.07

OvI 51+0.6 13.841+0.042 10.00 +0.00

5 -058 NV 42.1+08 12.612+0.046  7.87 +0.95
Civ 454 +0.1 12531 +0.011 547 +0.23

6 -128 NV 85.6+1.0 12.162+0.104  5.01+1.99
Civ 920+0.1 12.803+0.006 4.90+0.14

OVvI 998 +1.6 13.167+0.123  5.80 +2.79

HE 0151-4326 24681 13.244+0.015 1 -0.82 NV 0.7+0.3 12.765+0.029  6.26 +0.62
Civ -04+0.1 12968 +0.004  6.42+0.10

OVvI 3.8+02 14.131+0.013  6.66+0.19

2 -1.11 Civ 40.7 1.1 12.725+0.035 17.18 +0.82
OVvI 182+0.7 13.341+0.123  6.94+1.56

ovI 379+32 13376 +£0.262 12.02 +5.99

3 -1.03 NV 499+0.7 12559+0.057 6.49+1.16
Civ 524+0.1 13.111+0.013  6.01 +0.15

Ci 556+0.3 12.807+0.012  6.31+0.24

OVvI 55.1+2.0 13.504+0.153 10.10 +1.23
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Table B.2. Line parameters of associated N V absorption systems. The ionization parameter has been estimated with an superposition of a Haardt
& Madau (2001) UV background and a QSO power law spectrum with a slope a where the relative intensity of the QSO radiation is varied between
0.1 < Jgso/Jumor < 100. The quoted uncertainties of log U represent the resulting parameter range. If no « is given, a pure Haardt & Madau
(2001) background has been adopted.

QSO Zeys log Nyo(HT)  # @ log U ion v(kms™) log N b(kms™)
HE 1341-1020  2.1463 13.983+0.014 1 -1.0 -179+037 Nv  -30.7+03 12.741£0.020 8.27+0.50

Crv -333+0.5 13.163 +0.048 4.63 +0.49
Civ -23.6+0.6 13.085 +0.061 4.83 +0.64
Cim -277+09 13.129 +0.066 8.36 £ 1.63
Oovi1 -27.0+09 13.725 +0.093 7.16 +£1.02
Sitv -293+09 11904 +0.036 13.04 +1.40
Sitn -23.6+0.2 12.860 +0.006 23.01+0.23

2 -10 —0.9418;;; Nv -0.1+£0.1 13.530+0.004 16.16 +0.21

Civ -02+02 13.613+0.005 16.23 +0.21

Cim -44+17 12.606 +0.097 7.31 £3.00

Oovi1 47+1.0 15.065+0.046 16.05+1.75

HE 1341-1020 2.1474 17.112+0.053 1 -1.0 . Nv -17.3+0.5 14.526+0.021 13.52+0.28
Ci -351+1.6 13599 +0.117 10.19+1.71

Cu -20.8+0.2 13.375+0.016 6.57 £0.28

Oovi1 -11.6+0.5 15430 +0.021 27.76 + 0.46

Sitv -7.8+03 15281 £0.043 11.99 +0.15

Sin -21.7+0.3 11.815+0.029 3.31+£0.59

Mg -21.6+0.2 11938 £0.016 4.40+0.32
Al -20.5+1.8 11.657 +0.109 891 +2.44

Al -182+10 11.016+0.067 656+ 1.54
2 -10  -3.07£%3 Ny 3404 14361 £0031  930+0.52
Nm  -02+04 15.663+0.191 16.84 + 1.00

NI 0804 13.144+0021  9.86+0.62

Civ  -22200 16.884+0050 15.68+0.13

Cu 0.1+0.1 14204+0.008  9.08%0.19

Sim  -05+0.1 17.441+0333  9.78+035

Sim -22+0.0  12791+0.006  8.05+0.19

Mg -1.5+0.0 13.058+0.004  848+0.12

Al 0.8+04 12309+0.028  9.83+0.86

Alnt 0.6+05 11.325+0.037 720+ 1.10

30410 . Nv 222405 137320030  9.55+0.35
N1 24.1+12 12328+0.138  2.00+0.00

Cu 109+2.0 14.502+0260 17.89+2.23

Cu 235402 13.029+0.018  6.21+035

Ovl 31.8+0.5 13.463 +0.064 3.57+1.13
Sitv 23.0+0.3 13.669 +0.032 6.21 £ 0.20
Sin 20.1+1.4 11.834+0.056 12.11+1.53
Mgt 20.5+0.3 12.221 £0.015 8.84 +0.38
Al1n 247+1.0 11.636 +0.070 7.84 +1.68

Q0329385 23520 13.015+0.117 1 -037 -160+22 Nv 04+02 12.888+0.042  1.69=0.45
Civ  —04+03 13.144£0058  5.13+028

2 -037 -200£0% Nv 55402 13501 +0.011 10.36+0.18

Crv 9.0£0.7 13243+0.047  827+0.51

Ccm 72+08 13.020+0.075 1079 = 1.37

ovi 52403 13321+0.072  3.94+0.96

ovi 83+0.3 14.001 £0.019 14.54+0.39

HE 1158-1843 24278 13.617+0.003 1 -10 -093x)% Nv ~0.402 134200005 2037 +0.23
Crv 0.0£04 127190012 20.96 +0.62

ovi 83+0.1 14.167+0.010 18.36+0.20

HE 1158-1843 24427 143500002 1 -10 -1.54£0% Nv  -1888+ 1.1 12273+0.060 10.04 + 1.57
Crv  —187.4+07 11.460+0.114  2.80+2.08

Cur  -187.4+00 109180472  2.80%0.00

Ovi  -1872+02 13.118+0.034  5.82+0.44

2 10 -0.63%0% NV -1668+0.6 12467 +0.050 844+ 1.18
Civ  -1622+08 12436+0.036 16.34 = 1.63

Cur —-1622+00 11.051 £0.445 16.30 0.0

OVl -1674+02 13.822+0013 14.90 + 0.43

310 -1.02+0%  Nv  -1265+02 12932£0.037  7.11=045
Civ  -127.0+£05 13.084£0.030 13.68 = 0.65

Cur 127000 11.928£0.051  13.70 0.0

4 -1.0  -1.00£0% Nv  -123.0+03 13.500+£0.009 2634 +0.86
OVl 121401 145520003 24.15+0.19




Table B.2. continued.

C. Fechner and P. Richter: The nature of N v absorbers at high redshift , Online Material p 16

QSO Zeys log Nyyo(HT) # @ log U ion v(kms™) log N b(kms™)
Crv  -102.1+1.0 12789 +0.069  14.31 +1.98

Cm  -1022+0.0 11.518+0.151  14.30+ 0.00

5  -10 -140+0% Nv  -751+03 12.886+0.044 8.60 + 0.63
Civ  -751+02 13.193+0.015  10.57 +£0.29

Cm  -75.1+0.0 12344+0015  10.60 +0.00

6 -10 -0.69+3% Nv = -363+02 14.227+0.004 29.95+042
Cv  -389+1.0 13.827+0.030  20.77 +0.77

Cm -39.0+0.0 12375+0.035 13.54+1.05

7 -10 -0520%9 Nv  -283x02 12.984=0.033 4.89 + 0.49
Crv  -28.1+0.7 12.736 +0.259 8.41 +1.99

Cm —-28.1+0.0 10.575+1.180 8.40 + 0.00

8 -1.0 -077£)% Nv 0.0+0.1 13.903 +0.012 6.36 £ 0.18
Civ 02+0.5 13.783 +0.038 9.40 + 0.58

cur 02+0.0 12.376 + 0.020 9.40 + 0.00

9 -10 -0.64+2% Nv 10.7 0.1  13.764 +0.028 2.00 + 0.00
Civ 133+0.7 13.274+0.126 7.04 £ 1.14

cur 13.2+£0.0 11.936 +0.060 7.00 £ 0.00

ovI 127+0.1 16.677 £0.023  39.46 + 0.23

10 -10 -0.69+)% Nv 22002 13.983+0.017  13.54+0.61
Civ 26.8+0.4 13.174 +0.049 6.72 + 0.55

cur 26.8£0.0 11.822+0.044 6.70 + 0.00

11 -1.0 -1.07£0% Nv 46.9+0.2 13.763 +0.011 9.71 £ 0.17
Civ 451+0.1 13.525+0.007  11.44+0.19

cur 452+0.0 12401 £0.015  11.40 +0.00

ovI 48.8+0.0 15.000+0.000  15.00 + 0.00

12 -10 -L12+04% Nv 78.9+0.1 13.806+0.003  12.43 +0.10
Civ 78.4+0.1 13.450 £0.002  11.90 + 0.09

cur 784+0.0 12360+0.016  11.90 + 0.00

ovI 86.5+0.0 15.000+0.000  15.00 + 0.00

13 -1.0 -1.15£%% Nv 1009 0.1 12277 +1.272 0.60 + 1.23
Cv  1029+03 12.015+0.035 470 £0.71

Cm  102.9+0.0 10.950 +0.256 470 £ 0.00

14 -1.0 -124£52 Nv 125003 12.479 + 0.042 4.46 +0.77
Cv  1252+04 12529+0.035  10.05 +0.60

Cm  1252+00 11.620+0.152  10.00 + 0.00

15 -10 -1.95+03%  Nv 135008 13.121 £0.016  30.62 + 1.40
Ovl  1339+0.1 13.919+0.005  10.65+0.15

Cv  1503+20 12.339+0.057  19.09 +2.37

Cm 150300 12.245+0.087  19.10 +0.00

Ovi  1584+02 13.510+0.011  10.81+0.30

Q 0453-423 26362 14.757+0.003 1 -0.89 -2.07+)%7 Nv -0.6+£0.6 12392+0.026  12.07+091
Civ -02+0.0 13.639 +0.002 9.57 + 0.04

cur 1.8+15 13.470 +0.131 8.91 + 1.42

ovI 50+02 13.748 £0.006  14.77 £ 0.27

Sitv 0.6+0.1 12.355 + 0.009 8.46 +0.22

Sim 26+0.5 11.726 +0.038 7.30 + 0.62

PKS 0329-255 27089 14.712+0.048 1  -1.0 -0.64+}% Nv 0.4+0.1 13.280 + 0.009 5.60 +0.19
Civ 02+0.0 13.575+0.004 6.17 + 0.06

c 03+0.6 12.115+0.048 491 + 1.04

ovI 6.0+03 14902+0.054  11.22+0.68

HE 2347-4342  2.8780 13.786 +0.008 1 Nv -1.0+0.7 12747 £0.097  11.76 + 1.30
Civ 03+02 12939+0.009  14.40+0.36

2 Nv 8.1+1.5 13.060+0.048  26.88 +1.58
Civ 30.0£09 12.161+0.047  11.17 +1.39

HE 2347-4342 28916 14.857 £0.041 1 CIv  -170.6+53 12247+0209  14.24 +8.10
Cm -161.5+78 12328 +0.245 21.08+12.35
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Table B.2. continued.

QSO Zeys log Nyo(HT)  # @ log U ion v(kms™) log N b(kms™)
2 -0.30 NV —103.2+45 12901 +0.118  21.81 +6.70
Civ  —107.7+42 12443+0.147  16.63 +6.53

Cm  —1049+30.8 11.395+1.597 11.86+51.06

OVl -1040+04 14502+0.031  13.45+0.65

3 +0.29 Nv -49.0+03 13.928 £0.013  13.40 +0.43
Crv —48.8+0.4 13.574+0.014  13.59 +0.50

Cmr —485+16.6 115181206  7.26 +30.71

O VvI —449+15 15.043+0.081  17.68 + 1.44

4 +0.21 NV -2.1+£03 13.872+0.016  10.50 +0.39
cim -1.0+68 12.078 +0.458  7.97+11.22

Crv -03+02 13.715+0.015 1021 +0.34

OoVvI 04+15 14.934+0.070 16.83+1.62

5 NV 521+8.0 12.640 0217 23.60 +12.82
Crv 46.0+7.5 12.122+0.288 14.60 + 11.44

cur 59.0+16.1 11.290 + 1.883  4.37 +38.94

OVvI 450+ 1.4 14.064 +0.099 8.57 + 1.62

O VvI 64.9+4.0 13.826+0.179  12.59 +5.04

HE 2347-4342  2.8984 14359 +0.124 1 Civ  -1833+0.5 12.873+0.041 4.13+0.93
Cmr -183.4+129 11550+ 1.671  2.96 +38.21

Oovi  —-180.7+1.7 12.851+0.176 3.37+4.73

2 NV -954+0.4 14.529 +0.090 8.16 +0.78
Civ -93.6+13 14.898+£0.183  10.33+1.13

cur -80.7+3.9 13.773 £0.068  34.80 +4.49

3 NV -748+18 14.018+0.109  30.37+2.16
Civ -60.6+1.6 14.639+0.108  12.74 +1.23

O VvI 74207 15481 +0.140  23.50 +1.96

4 Nv -60.4+1.0 13.832+£0.097 1026+ 1.54
O VvI -56.8 4.1 14.598 +0.057 89.01 + 11.12

5 +0.03 NV -02£0.6 13.360 +0.030 9.97 +0.93
Crv 02+0.2 14.014 +0.017 8.48 +0.24

Ci 13+£69 127040305  12.98 +7.92

oI 22405 14.245+0.044 9.15 +0.86

HE 2347-4342 29027 16.302+0.021 1 +0.56 NV —1003+43 12.855+0.124  21.64 +6.59
Civ  -107.1+£57 12796 +0.254 33.09 + 12.66

OVl —101.7+1.0 15.082+0.045  26.12+2.43

2 +0.56 Nv -293+14 13.010+£0.069  10.86 +2.36
Crv -26.9+0.8 13.323+0.038 1218+ 1.15

Cm -292+11.3 11.653+0.857  6.68 +21.30

O VvI 35170 14919+0.381  14.28+5.20

34056 -0.11x%2 Nv -1.4+0.7 13.272+0.038 8.90 + 1.12
Crv -02+0.4 13.514 +0.029 9.30 + 0.86

cur 13+53 12.329+0268 1221 +8.83

4 4056 -026£0% Ny 1068 + 1.4 13.415+0.041  19.25+2.06
Crv 107.0+£0.8 13.663 £0.025  19.82+1.12
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