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ABSTRACT

We present JWST/NIRSpec R ~ 2700 spectra of four high-redshift quasars: VDES J0020-3653 (z = 6.860), DELS J0411-0907
(z = 6.825), UHS J0439+1634 (z = 6.519), and ULAS J1342+0928 (z = 7.535). The exquisite data quality, signal-to-noise ratio
of 50-200, and large 0.86 um < A < 5.5 um spectral coverage allowed us to identify between 13 and 17 intervening and proximate
metal absorption line systems in each quasar spectrum, with a total number of 61 absorption-line systems detected at 2.42 < z < 7.48
including the highest redshift intervening O141302 and Mg 1l systems at z = 7.37 and z = 7.44. We investigated the evolution of the
metal enrichment in the epoch of re-ionisation (EoR) at z > 6 and found the following: i) a continued increase in the low-ionisation
O1, C11, and Sill incidence, ii) decreasing high-ionisation CIV and SilV incidence with a transition from predominantly high- to
low-ionisation at z ~ 6.0, and iii) a constant Mg II incidence across all redshifts. The observations support a change in the ionisation
state of the intergalactic medium in the EoR rather than a change in metallicity. The abundance ratio of [Si/O] in five z > 6 absorption
systems show enrichment signatures produced by low-mass Pop III pair instability supernovae, and possibly Pop III hypernovae. In the
Gunn-Peterson troughs, we detected transmission spikes where Lya photons can escape. From 22 intervening absorption line systems
at z > 5.7, only a single low-ionisation system out of 13 lies within 2000 kms~' from a spike, while four high-ionisation systems out
of nine lie within ~2000km s~' from a spike. Most spikes do not have associated metal absorbers close by. This confirms that star-
forming galaxies responsible for producing the heavy elements that are transported to the circumgalactic medium via galaxy winds
do so in predominantly high-density, neutral environments, while lower density environments are ionised without being polluted by

metals at 7 = 6-7.
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1. Introduction

Investigations of high redshift quasars significantly contribute to
our knowledge of the physical conditions in the early Universe,
including the growth of supermassive black holes (SMBH) and
their co-evolution with galaxies, and their effect on the re-
ionisation history of the Universe. Quasars also serve as bright
beacons to illuminate the baryonic material along their lines
of sight since their high luminosity allow their detection to
very large distances. Finding high-redshift quasars has been the
focus of numerous scientific investigations. From colour selec-
tion of sources in large imaging surveys (e.g. Fan et al. 2001;
Willott et al. 2010; Wang et al. 2019; Matsuoka et al. 2022;
Bafiados et al. 2023), hundreds of quasars beyond redshift 6
have been discovered and compiled in databases (Inayoshi et al.
2020; Fanetal. 2023), while beyond redshift 7 only eight
quasars have been discovered to date (Mortlock et al. 2011;

Bafiados et al. 2018; Matsuoka et al. 2019a,b; Yang et al. 2019,
2021; Wang et al. 2018, 2021).

Spectra of quasars allow detailed studies of intervening bary-
onic material from absorption lines arising either in the environ-
ment near quasars as well as along random lines of sight through
the Universe, and are invaluable probes to analyse the intergalac-
tic medium (IGM) and the epoch of re-ionisation (EoR). Due to
the rapid decrease in quasar number densities compared to galax-
ies at the highest redshifts, quasars contribute only <7% of the
re-ionising photon budget at z ~ 6—6.6 (Jiang et al. 2022). The
neutral IGM appears as a damping wing at the red part of the
Lya absorption in quasar spectra (Miralda-Escudé 1998), and the
shape of this damping wing in quasar spectra at different redshift
can be used to compute the neutral gas fraction Xy as the re-
ionisation progresses (Bafiados et al. 2018; Davies et al. 2018,
2020). A complete absorption by the IGM in the Gunn-Peterson
(GP) absorption trough (Gunn & Peterson 1965) detected in
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z > 6 quasar spectra (Fanetal. 2001; Mortlock et al. 2011)
reveals an increase in the Ly optical depth with increasing red-
shift (Becker et al. 2021).

In the otherwise dark regions of the GP troughs, transmission
spikes in the IGM start appearing at z < 6 where ionised regions
allow the transmission of Lya photons at those redshifts. Such
spikes therefore need to lie near sources that produce ionising
radiation. Kakiichi et al. (2018) and Meyer et al. (2020) inves-
tigated the correlation between Lya forest transmission spikes
and the location of Ly« emitters and galaxies within a distance
of 60 Mpc from the line of sight towards z > 6 quasars, and they
argue that re-ionisation is primarily driven by a population of
galaxies that are fainter than the detected galaxies.

In addition to probing the EoR through studies of hydrogen
absorption, quasar spectra can be used to measure the evolution
of heavy element enrichment with cosmic time from intervening
absorption line systems to z ~ 6 (see Becker et al. 2015, for a
review of metal absorption lines). Quasars probe random lines of
sight through the Universe, and intersect galaxies either in their
circumgalactic medium (CGM) or interstellar medium (ISM) out
to the quasar redshift, all of which imprint a spectral signature in
the background quasar spectrum.

While the metallicity on the average increases with time,
metal absorption lines also reflect the ionisation state and are
therefore sensitive to the ultraviolet background radiation. Early
analyses of the Lya forest clouds and their correlations with
C1vA11548,1550 absorption lines revealed that the IGM atz = 3
is enriched to a metallicity level of ~1073 Z, (Cowie et al. 1995;
Ellison et al. 2000). While metals seem to be prevalent, absorp-
tion line densities', defined as the number of absorption line sys-
tems detected per unit (comoving) redshift path length interval,
can be used to map the evolution of the metal enrichment and
ionisation level. For example, C IV absorber line densities remain
roughly constant with redshift out to z ~ 4 and then show a
steep drop at z > 5 (Becker et al. 2011; Codoreanu et al. 2018;
D’Odorico et al. 2022; Davies et al. 2023a). A similar trend is
found for the other high-ionisation line Si1v (Cooper et al. 2019;
D’Odorico et al. 2022), suggesting a rapid physical change in
the ionisation state at these redshifts. The change in ionisa-
tion state rather than a change in metal enrichment is supported
from the observation of a change in the C1v/C1111334 ratio
(Simcoe et al. 2020; Davies et al. 2023a). Similarly, the line den-
sity of weak Mg 1112796 absorbers remain constant over a large
redshift range of 2 < z < 7 (Chen et al. 2017), whereas the line
density of O141302 increases over the range 3.2 < z < 6.5
(Becker et al. 2011, 2019) and is also interpreted as a change in
the ionisation state at the EoR, where the Universe becomes pro-
gressively more neutral.

Bright quasars also allow detailed analyses of individual
absorption systems by measuring column densities of various
atomic species, similar to studies of 2 < z < 3 strong hydrogen
absorption line systems (e.g. Prochaska et al. 2003). Focusing on
the highest redshift absorbers at z > 6, this epoch approaches the
time when the first population of massive stars produce the ini-
tial chemical enrichment. However, for intervening absorption
lines systems the absence of measurable HI column densities in
the quasars heavily absorbed Ly« forest or GP troughs makes it
impossible to derive absolute metallicities, and only a few stud-
ies of relative metallicities at z > 6 have been performed to date.
One example is the z ~ 7.5 quasar ULAS J1342+0928 whose

' Line densities are also commonly called ‘incidence rate’ or simply
‘number densities’ in the literature. These terms are identical in their
definition.
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absorption system at z = 6.84 with measured iron, carbon and
silicon suggests no alpha-element enhancement nor any special
signatures of enrichment from very massive stars (Simcoe et al.
2020). When the absorption system lies close to the quasar red-
shift, in the so-called associated or proximate absorption sys-
tems, detailed metallicity measurements can be performed since
the intrinsic HI column density can be modelled from fits to
the H1 damping wing (Bafiados et al. 2019; Andika et al. 2022).
However, proximate absorption systems do not trace a random
population, but rather probe the high-density environments near
the quasars (Ellison et al. 2010).

The connection between galaxies in emission and gas in
absorption inform us of the transverse metal enrichment in
the CGM of galaxies, albeit only along a single line of sight
to the background quasar. Hence, combining the observations
with simulations will reveal the spatial distribution of metals
in the CGM of galaxies and its evolution with redshift (e.g.
Finlator et al. 2018; Peeples et al. 2019). At z > 5 overdensi-
ties of line emitting galaxies either selected via Lya emission
(Diaz et al. 2021) or [O1I] 45007 (Kashino et al. 2023) have
been found within 200 kpc of the metal absorbers and approx-
imately at the same redshifts.

Large amounts of ground-based telescope time have in
recent years been devoted to spectroscopic studies of z >
6 quasars (e.g. D’Odorico et al. 2023). However, with the suc-
cessful launch and commissioning of the James Webb Space
Telescope (Gardner et al. 2023; Rigby et al. 2023), the ques-
tion arises of what new insights observations of high redshift
quasars obtained with JWST’s near infrared spectrograph, NIR-
Spec (Jakobsen et al. 2022), may bring to bear on the subject
matter. While the highest spectral resolution possible with NIR-
Spec of R =~ 2700 is only just adequate for intervening absorp-
tion line studies, the benefits offered by the instrument’s very
high sensitivity and wide (0.81 um < A < 5.3 um) infrared spec-
tral coverage free of the atmospheric telluric absorption and OH
sky emission lines that hamper ground based near-IR observa-
tions are self-evident.

In this paper, we present high signal-to-noise ratio R ~ 2700
JWST/NIRSpec spectra of four well-studied quasars at 6.5 <
z < 7.5. We focus our analysis exclusively on the interven-
ing absorption line systems detected. The paper is organised as
follows. Section 2 describes the observations. The spectra are
presented and analysed in Sect. 3. The measurements of metal
absorption line systems and the redshift evolution of line densi-
ties of atomic transitions in oxygen, carbon, silicon and magne-
sium, calcium and sodium are discussed in Sect. 4. In Sect. 5
we compute metal abundance patterns and compare with the
enrichment of Population III and Pop II massive star Super-
nova explosions, and in Sect. 6 we compare the metal absorp-
tion system redshifts with transmission spikes seen in the quasar
GP troughs. In Sect. 7 we present a discussion and conclude
in Sect. 8. Throughout the paper we assume a flat cosmolog-
ical model with Hy = 67.4kms™'Mpc™! and Q, = 0.315
(Planck Collaboration VI 2020).

2. NIRSpec observations

1R

In this paper we present high signal-to-noise ratio (S/N
50-200), R ~ 2700 NIRSpec spectra spanning 0.86 um < A
5.3um of the four high redshift quasars: ULAS J1342+0928
(Banados et al. 2018, z = 7.54, Jap = 20.3), VDES J0020-3653
(Reed et al. 2019, z = 6.83, Jag = 20.4), DELS J0411-0907
(a.k.a VHS J0411-0907, Pons et al. 2019; Wang et al. 2019,
z = 6.81, Jag = 20.4) and UHS J0439+1634 (Fan et al. 2019,

IA
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Table 1. Observation epochs and slit orientations.

Quasar Mode Date PA (deg)
ULAS J1342+0928 FS 31 Jan. 2023 66.8
IFU 23 Jan. 2023 55.1
VDES J0020-3653 FS 19 Nov. 2022  187.2
IFU 16 Oct. 2022 160.2
IFU 17 Nov. 2022 189.2
DELS J0411-0907 FS 18 Sep. 2022 50.6
IFU 1 Oct. 2022 61.9
UHS J0439+1634 FS 24 Jan. 2023 210.8
IFU 18 Jan. 2023 210.4

z = 6.51, Jag = 17.4). These data were obtained as part of the
NIRSpec GTO programmes 1219 (PI: N. Liitzgendorf) and 1222
(PI: C. Willott).

The NIRSpec Band I (0.86pum < A4 < 1.88um) and
Band I (1.70um < A < 3.15um) spectra were taken with
the NIRSpec Fixed Slits together with the G140H/FO70LP and
G235H/F170LP grating and filter combinations, whereas the
long wavelength Band III (2.88um < A < 5.3um) portions
were obtained employing the NIRSpec Integral Field Unit (IFU)
and the G395H/F290LP grating and filter combination (see
Jakobsen et al. 2022 and Boker et al. 2022 for details of these
NIRSpec observing modes). The dates on which the obser-
vations were carried out and the position angles of the slits
employed are summarised in Table 1.

The Band I and Band II Fixed Slit observations all
employed 65 group NRSIRS2RAPID (Rauscher et al. 2017)
full frame detector sub-integrations. For ULAS J1342+0928,
VDES J0020-3653, and DELSJ0411-0907, spectra were
obtained in both the S200A1 and S200A2 fixed slits in order to
span the detector gap, with two integrations carried out in each
of three nodded positions along the slit for G140H/FO70LP
(11554 s total exposure time) and one integration at each
nod in G235H/F170LP (5778s total exposure time). The
brighter UHS J0439+1634 was only observed in the S200A1
slit at three nodded integrations in both G140H/FO70LP and
G235H/F170LP (2889s total exposure time). These data
were reduced and combined using the NIRSpec GTO Team
pipeline (Carniani et al. in prep.). The resulting flux-calibrated
spectra refer to Barycentric vacuum wavelengths sampled at
Al = 236A per wavelength bin in Band I and A1 = 3.96 A
per wavelength bin in Band II, which by design is close to the
average native pixel sampling for these dispersers.

One noteworthy aspect of the shortest wavelength Band 1
G140H observations is that they were taken with the FO70LP
order-separation filter, rather than the default F100LP filter. This
was done to include wavelengths in the Gunn-Peterson troughs
below emitted Ly down to 0.813 um with the S200A1 slit and
down to 0.858 um with the S200A2 slit. This is permissible in
this case since there is little or no light from the quasar emerg-
ing in the trough and therefore no second order light (beyond
that of the sky background, which is subtracted out in the reduc-
tion) to contaminate the primary first order spectrum at wave-
lengths 4 > 1.26 um. However this choice did require tricking
the pipeline into reducing the full Band I spectrum in two steps.
First by running it for the FO70LP filter giving the correctly
reduced spectrum over 0.85um < A4 < 1.26 um and then run-
ning it a second time pretending that the F100LP filter was used
and then scaling the resulting red end of the spectrum covering

the 1.0 um < A < 1.88 um region by the known ratio of the trans-
mission of the FO70LP and F100LP filters. The latter correction
amounts to less than 4% in flux.

The Band III G395H/F290LP IFU observations of
ULAS J1342+0928, VDESJ0020-3653, and DELSJ0411-
0907 employed 25 group NRSIRS2 sub-integrations at
6 dithered IFU positions (11029 s total integration time) and
UHS J0439+1634 18 group NRSIRS?2 integrations at 8 dithered
positions (10 620 s total integration time). The IFU observations
of VDES J0020-3653, and DELS J0411-0907 are presented in
Marshall et al. (2023), who along with Perna et al. (2023) also
provide the details of how the IFU data were reduced. Here we
merely employ the one dimensional G395H/F290LP spectra
extracted from the four IFU data cubes over a 1”70 diameter
aperture centred on the quasars to supplement the corresponding
Band I and II Fixed Slit spectra of primary interest. The resulting
Band III spectra are sampled at Al = 6.65 A per wavelength
bin.

The final combined one-dimensional spectra of the quasars
along with their 1o error spectra are shown in Figs. 1-4. The
signal-to-noise (S/N) ratios achieved in these four spectra are
very high. This is illustrated for the representative case of
VDES J0020-3653 in Fig. 5. The lower panel plots the Band I
and II signal-to-noise ratio per wavelength bin calculated as the
ratio of the observed signal divided by the one sigma error spec-
trum output by the GTO pipeline after median smoothing over
a 40 bin window to remove the absorption lines. It is apparent
that S/N =~ 50-100 per wavelength bin is achieved at nearly
all wavelengths. The overall variation with wavelength seen in
this plot partly reflects the blaze functions of the two grat-
ings employed and the variation in the continuum flux due to
the broad emission lines in the quasar spectrum, but also the
fact that not all wavelengths are exposed equally due to the
gap between the two NIRSpec detector arrays. When employ-
ing the G140H grating with the S200A1 fixed slit the wave-
length span 1.3021-1.3391 um falls on the detector gap. For the
S200A2 fixed slits the wavelength range 1.3479—1.3849 um is
lost to the gap. Similarly, for the G235H grating respectively
2.1825-2.2445 pm and 2.2594-2.3215 um project to the gap for
the S200A1 and S200A2 slits. Moreover, with the S200A1 slit,
the G235M spectrum falls off the red edge of the detector for
A > 3.0491 um but for A > 3.1262 um for the S200A2 slit. These
unavoidable wavelength regions of reduced S /N only covered in
one of the two slit spectra are indicated in Fig. 5.

The high S/N ratio observations of the bright (Jag =~ 20)
quasars presented here represent a radically different and rarer
regime of applicability for NIRSpec compared to the perhaps
more familiar lower spectral resolution observations of the much
fainter (Jap =~ 26-29) highest redshift galaxies that the instru-
ment was primarily designed for (cf. Curtis-Lake et al. 2023;
Bunker et al. 2023). It is therefore worth pointing out a few fur-
ther subtle quirks of NIRSpec revealed by these data that are
usually masked at lower S/N ratio.

While NIRSpec grating observations of faint high red-
shift galaxies are invariably severely detector noise limited (cf.
Appendix in Jakobsen et al. 2022), the photon noise in our quasar
spectra typically exceeds the total detector read noise and dark
current noise by a factor ~4. Furthermore, the quasar photon
signals typically exceeds that of the (zodiacal light dominated)
sky background experienced by JWST by a factor ~20. How-
ever, one important feature that these quasar spectra still share
with their fainter counterparts is that they are rather coarsely
sampled both in wavelength and spatially along the slit. As
explained in Jakobsen et al. (2022), with the aim of optimising
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Fig. 1. NIRSpec fixed slit (1 < 31 160 A) and extracted 1D spectrum from the Band I1I data (1 > 31 160 A) of VDES J0020-3653. The modulation
of the flux, which is particularly pronounced around ~18000 and ~30000 A here and also the other quasar spectra, is caused by the coarse
sampling of the spectrum described in Sect. 2. The associated error spectrum is shown in grey. With the very high S/N ratio of the spectrum, the
error spectrum appears virtually at the zero-flux level.
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Fig. 2. NIRSpec fixed slit and extracted 1D spectrum from Band III data (1 > 31 160 A) of DELS J0411-0907.
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suggests an absorbed fraction when extending power-law function continuum fit obtained from wavelengths redwards of the C 111] line.
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Fig. 4. NIRSpec fixed slit and extracted 1D spectrum from Band III data (1 > 31 700 A) of ULAS J1342+0928.

the faint-end sensitivity limit of NIRSpec, the 194 mas angular
width of the NIRSpec S200A 1 and S200A2 Fixed Slits projects on
to just under two mean 104 mas pixels on the detector. As a result,
the apparent line spread function in a given spectrum at a given
wavelength will depend on how precisely the slit width is sampled
by the between two and three pixels that its monochromatic image

happens to project to. This variable sampling issue is further exac-
erbated by the slit tilt and optical distortion that NIRSpec spectra
are subject to, which necessitate that significant resampling of the
raw 2D spectra be performed in the NIRSpec reduction pipeline
in order to rectify the spectra to a common wavelength and spa-
tial scale that will allow accurate background subtraction and
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Fig. 5. Lower panel: signal-to-noise ratio per wavelength bin as a func-
tion of wavelength for the combined Band I and Band II spectra of
VDES J0020-3653. The regions of reduced total exposure caused by the
detector gap are shown as shaded. Upper panel: corresponding antic-
ipated three sigma narrow absorption line equivalent width detection
limit as a function of wavelength.

summation of the net quasar signal along the spatial direction.
That the final spectra are assembled by co-adding several differ-
ently sampled dithered sub-exposures taken at different positions
along the slit leads to further smearing of the apparent line spread
function. Lastly, the fact that the targets observed here are point
sources, whose monochromatic images at the shorter wavelengths
are not expected to fill the full width of the slit, adds even fur-
ther variation in the spectral sampling. The net impact of these
effects can be readily seen in Fig. 6 which shows close-ups of
four representative narrow absorption lines detected in our final
spectra, overlaid by their best fit Gaussian profiles. It is evident
that the coarse sampling of NIRSpec spectra causes the apparent
widths of the absorption lines to vary randomly at the ~1 wave-
length bin level, even among lines having comparable strengths.
This stochastic variation in the apparent shape of the pixelated line
spread function due to sampling noise clearly precludes perform-
ing meaningful detailed profile fits to our unresolved absorption
lines. However, it ought not bias measurement of the main param-
eters of interest — line equivalent widths and centroid wavelengths
— provided the error propagation calculation for these measured
parameters correctly mirrors the noise level in the resampled spec-
tra.

The top panel of Fig. 5 shows the anticipated 30~ observed
equivalent width sensitivity limit to detecting unresolved absorp-
tion lines calculated from the lower S /N curve per the expression

A/l n3 /2

(S /N) FWHM
assuming the FWHM of the NIRSpec line spread function to
be a multiple of the wavelength bin size 61 = npyyyAd with
npway (the number of spectral pixels sampling the line spread
function), conservatively set to npwyy = 2.3 for both bands.
It follows that we anticipate being able to measure absorption
lines having observed equivalent widths W, > 0.2 A in our spec-
trum of VDES J0020-3653. The equivalent S/N and line sensi-
tivities achieved for DELS J0411-0907 and ULAS J1342+0928
are comparable to those of VDESJ0020-3653 as shown in
Fig. 5. However, our spectrum of the considerably brighter
UHS J0439+1634 reaches S/N =~ 90-200, albeit with actual
gaps in the spectrum at the missing S200A 1 wavelengths.

Wy >3 ey
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Fig. 6. Representative examples of normalised line profiles illustrating
the coarse wavelength sampling of the NIRSpec spectra. The shaded
error bars shown are +1o0. The best-fit Gaussian fits and their FWHM
expressed in spectral wavelength bins are also shown.

We have not attempted to quantify the S/N achieved in the
IFU-based Band III G395H extensions to our spectra. One rea-
son for this is that the STScl pipeline used to reduce the IFU
data outputs an estimate of the error spectrum that significantly
underestimates the actual noise level in the data. This does not
affect our results, since we only detect a single NaT absorption
feature in the Band III G395H data (Sect. 4.4.7).

A final consequence of the coarse sampling and optical dis-
tortion that NIRSpec spectra are subject to is worth mentioning.
The NIRSpec GTO pipeline employs a strict photon conserving
(pixel projection weighting) resampling scheme when rectifying
the native 2D spectra to a common wavelength and spatial scale.
Nonetheless, in the case of a point source, the coarse sampling
of the native 2D spectrum gives rise to Moire-style numerical
fringing in the resampled spectrum along any resampled spa-
tial row (cf. Smith et al. 2007). The amplitude of this unavoid-
able numerical fringing (or ‘wiggle’) at any given wavelength
is effectively averaged out provided the net signal is integrated
over a sufficient number of spatial rows large enough to capture
most of the light from the target. In the spectra presented here the
GTO pipeline performed this summation over a fixed five spatial
rows. This is adequate to integrate down the fringing at wave-
lengths 4 < 2.8 um, but gradually fails at longer wavelengths
and can be seen in our Band II G235H spectra due to the FWHM
of the PSF increasing linearly with wavelength in the diffraction-
limited NIRSpec, causing a varying amount of light to be missed
in the five row summation. This numerical fringing effect is par-
ticularly pronounced in NIRSpec IFU data (Marshall et al. 2023;
Perna et al. 2023), but is less obvious in our 1D Band III spectra
since these were extracted by summing over a large number of
spaxels. In any event, since the effect causes a modulation of the
entire spectrum it should not affect measured equivalent widths
and line centroids as long as the local continuum is set to follow
the modulation (Sect. 3.2).

3. Analysis of the spectra

The full one-dimensional spectra of the quasars are presented in
Figs. 1-4, with emission lines commonly seen in quasar spectra
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marked. We find a small shift in the absolute flux levels between
the Fixed Slit and the IFU spectra, and have scaled the extracted
one-dimensional Band III spectra by a factor of ~0.7 to match
the flux level at the overlapping wavelengths in the Fixed Slit
Band II spectra.

3.1. Quasar systemic redshifts

In this paper, we focus on the analysis of intervening absorp-
tion line systems, and therefore re-visit the estimated quasar
systemic redshifts in order to distinguish intervening from prox-
imate metal absorbers arising less than 3000kms™! from the
quasar redshifts. This velocity cut-off is chosen since absorbers
nearer than this limit show different physical properties such as
metallicities and ionisation levels compared to genuine interven-
ing absorption systems (Ellison et al. 2010). UHS J0439+1634
is a broad absorption line (BAL) quasar, and therefore could
potentially affect its environment to even larger velocities of
~10000km s~!. In this spectrum we find two absorption systems
that are offset by 9000kms~!, and both systems show narrow
lines. We choose to include both absorption systems in the sta-
tistical analysis having a uniform cut at 3000 kms~! for the four
quasar spectra.

Determining systemic redshifts for quasars is complex
because of the dynamical effects that present themselves in
quasar spectra. Broad emission lines can be blueshifted by sev-
eral thousand kms™! relative to the systemic redshift, and can
be composed of multiple components with peaks at distinct
wavelengths, reflecting distinct kinematic components in the
broad line regions. With the extended coverage of the rest-frame
optical Balmer lines and narrow lines from [O I1] 143727,3729
or [OT1I] 114959,5007 afforded by the NIRSpec spectra, more
accurate systemic redshifts can be derived.

Fits to Ha lines from the Band III spectra of VDES J0020—
3653 and DELS J0411-0907 and redshift measurements are pre-
sented in Marshall et al. (2023). The asymmetric [O IIT] line pro-
file of VDES J0020-3653 is caused by excess emission from
extended regions spatially offset by ~1 arcsec from the quasar
(Marshall et al. 2023). Our fit to the Ha emission line from
VDES J0020-3653 is best reproduced by a combination of a
broad Lorentzian and a broad Gaussian profile plus much weaker
narrow components of Ha and [N 11] 16584 lines from the host
galaxy, which gives a redshift of z = 6.8601 + 0.0001, that is
slightly higher than z = 6.855 based on a fit of two Gaussian
components reported by Marshall et al. (2023).

Fits of Lorentz profiles to He and HB emission from DELS
J0411-0907 suggest a systemic redshift of z = 6.8253 + 0.0002
consistent with the initial redshift reported by Pons et al. (2019),
and z = 6.8260 = 0.0007 based on [CI] 158 wm emission
(Yang et al. 2021), while multi Gaussian component fits to
[O111] 25007 and Ha emission lines suggest a smaller redshift
of z = 6.818 as the systemic one (Marshall et al. 2023). The dif-
ference in the inferred systemic redshift is caused by a narrow
component of Ha that is blueshifted by ~380kms~! relative to
the broad Hae component (Marshall et al. 2023).

The [O 1] 15007 line in the spectrum of ULAS J1342+0928
can be fit by a double Gaussian line profile, where the narrow
component suggests a lower redshift of z = 7.5317 + 0.0007
compared to the centroid of the broad component at z = 7.5435+
0.0002. In comparison, a single Gauss component fit to the HS
emission line provides an adequate fit with z = 7.5353 + 0.0004.
The redshift derived from Hg is smaller by 211 +35kms~! com-
pared to z = 7.5413 + 0.0007 measured from [C1I] 158 pm emis-
sion from the quasar host (Venemans et al. 2017).

The MgTI line profile in the spectrum of UHS J0439+1634
is asymmetric with a significant blue wing. Fitting the broad line
with a Lorentzian profile, we derive a redshift of z = 6.5102 +
0.0005 consistent with a fit to the same line in a GNIRS spec-
trum from the Gemini telescope that reveals z = 6.511 + 0.003
(Fan et al. 2019). The [C1] 158 um emission from this object
suggests a systemic redshift of z = 6.5188 + 0.0004 (Yang et al.
2019). The He line is covered by the NIRSpec Band III data,
and its line profile shows a broad component that is well fit by a
single Lorentzian profile with narrow emission line components
superimposed. The narrow emission lines are recognised as Ha
and [N 1] 116548,6584 from the host galaxy, suggesting a red-
shift of z = 6.5185 + 0.0003, consistent with that from the [C 1]
158 wm emission. The systemic quasar redshifts inferred from
our spectra and used in the following analysis are summarised in
Table 2.

3.2. Normalisation of spectra

For computations of absorption line equivalent widths, we need
to determine the level of the continuum emission around the
lines. First, we make a global fit of the continuum level across
the entire spectrum using the Astrocook code (Cupani et al.
2022), using nodes with a velocity spacing of 1000kms~!, and
reject nodes that deviate at the 5o level within each velocity-
window. Some of these outliers are caused by the presence of
absorption lines. A spline function is then fit between the remain-
ing node-points. A small window-size is necessary in order to
also fit the broad emission lines of the quasars. The spectra in
Figs. 1-4 show strong modulations in the continuum flux level
in the fixed slit spectra around 1.8 um and 3.0 um as described
in Sect. 2. We therefore choose to manually correct the contin-
uum node points within Astrocook before the normalisation of
the spectra, fnorm(4), and their associated error spectra, o( fuorm.1)
are computed. The normalised spectra are shown in Appendix A
with the lines belonging to the identified absorption systems at
different redshifts overlaid.

With normalised spectra the observed equivalent widths
(Wobs) and their uncertainties are computed by

A2
Wobs = Y (1 = from(D)AL by
A
A
0 (Wops) = Z O-Z(fnorm,))A/12 3
Ay

where A is the wavelength bin per pixel in the spectra.

In order to analyse the quasar spectra bluewards of their Ly«
emission, we have to take a different approach to normalise the
quasar spectra since the IGM has effectively absorbed most of
the emission in the Gunn-Peterson trough at these redshifts. We
use the python module PyQSOFit (Guo et al. 2018) to construct
a model of the quasar continuum emission and broad Ly« emis-
sion line. We choose to model the continuum as a power-law
function at wavelengths not affected by broad emission lines and
superimpose best fits of the quasar Lya emission line on top of
the continuum, using a set of Gaussian functions with differ-
ent widths, including both broad and narrow components. The
observed spectra are divided by the constructed model spectra
and the normalised spectra show the relative transmission in the
IGM. We use these normalised spectra to explore the connec-
tion between the metal absorption line systems and transmission
spikes in the IGM in Sect. 6.

A82, page 7 of 44



Christensen, L., et al.: A&A 680, A82 (2023)

Table 2. Systemic quasar redshifts derived from fits to the Balmer emission lines in the NIRSpec spectra.

Quasar Zsys,JWST Zsys,[C] JaB

VDES J0020-3653  6.8601 +0.0001 20.40+0.10
DELS J0411-0907  6.8253 +£0.0002 6.8260 +£0.0007 20.02+0.14
UHS J0439+1634 6.5185+0.0003 6.5188 +£0.0004 17.46+0.02
ULAS J1342+0928 7.5353 £0.0004 7.5413 +£0.0007 20.30+0.02

Notes. The third column lists the quasar systemic redshifts derived from [CII] 158 um emission (Venemans et al. 2017; Yang et al. 2019, 2021),
and the last column the J band magnitude (Yang et al. 2021; Reed et al. 2019).

4. Metal-line absorption systems

In the four quasar spectra we identify metal absorption line sys-
tems at several different intervening redshifts as well as in the
vicinity of the quasar redshifts. Compared to the IGM where
metal ions are typically highly ionised, intervening ISM or CGM
lines are typically recognised via low-ionisation absorption lines
from OI, Sill, C1, S11, Alll, Zn1I, Cril, Mn1I, Fell, Mg1,
and Mg1, but also may have higher ionisation lines from Al 111,
C1v, and Si1v. We used the atomic line list in Krogager (2018),
which is compiled from the Vienna Atomic Line Data Base
(Piskunov et al. 1995; Ryabchikova et al. 2015).

The discovery and classification is done through visual
inspection searching for systems of lines commonly detected
in quasar damped Lya systems (e.g. Prochaska et al. 2003)
and Gamma-ray burst afterglow spectra that include strong
damped Lya systems (e.g. Christensen etal. 2011). Visual
identifications, just as machine generated ones, are aided by
the presence of line doublets, such as Mgl 112796,2803 or
C1v A11548,1550 whose wavelength separations and fixed rela-
tive strengths given by their oscillator strengths are well known.
The relative line strengths are different by a factor of two in the
optically thin regime, while in the optically thick regime, the line
strengths are identical. In addition, absorption lines may have
multiple kinematic components and blending with other lines
makes the identification of line doublets more complex. In order
to identify an absorption line system, we require that at least two
or more lines are found for each system such that the identity
of the lines and the redshift of the absorption system is uniquely
determined.

In the spectrum of VDES J0020-3653 we identify 16 absorp-
tion systems, in DELS J0411-0907 we find 13 systems, in UHS
J0439+1634 17 systems, and in ULAS J1342+0928 we find 15
individual absorption systems. In total, 61 identified systems are
detected at 2.4 < z < 7.5. Appendix A presents the four nor-
malised quasar spectra with identified absorption line systems
overlaid. The systems and individual absorption lines are pre-
sented in both graphical and tabular form in Appendix B.

4.1. Distinguishing C v doublets from O /Sin absorbers

We need to pay particular attention to the identification of
C1V A11548,1550 doublet and O141302-Si11 21304 absorbers
since the two pairs of transitions have transition wavelength
ratios of 0.99834 and 0.99831, respectively. These two separa-
tions cannot be distinguished at the R ~ 2700 spectral reso-
lution of the NIRSpec spectra, and weak systems may not be
detected at the signal-to-noise level needed to unambiguously
detect the C1v A11548,1550 doublet. To single out potential
0111302-Si11 11304 absorption systems, absorption lines from
Si1r 21260 and SiI1 11526 should be detected too, since they are
stronger by a factor of 8.9 and 1.6, respectively, relative to the
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Si1mmA1304 line. The SimmA1260 line may, however, fall in the
Lya forest region and be completely absorbed in the GP troughs.
In addition to other silicon transitions, we also search for other
associated lines from C1A41334 or MgI1442796,2803. When
none of these lines are detected, we classify the absorber as a
C1V system.

4.2. Comparison with known absorption systems

As surveys detect more and more high-redshift quasars, an
increasing number of studies of intervening absorption lines
have been performed. The recent XQR-30 survey is based on
a sample of 30 quasars at 5.8 < z < 6.6 observed with
VLT/X-shooter at higher-resolution (D’Odorico et al. 2023).
The only quasar in common with the NIRSpec sample is UHS
J0439+1634, where Davies et al. (2023b) identify a total of
43 absorption line systems from z = 2.2-6.48. All of the
17 systems we detect, apart from the Mg 11 doublet at z = 6.208,
are also detected in Davies et al. (2023b). In contrast, in our
lower spectral resolution data we are not able to clearly iden-
tify and detect the other absorption line systems. In particular,
Davies et al. (2023a) find several weak C 1V doublets in the range
from z = 5.0-5.3 and also weak rest-frame equivalent width
(W, < 0.05 A) Mg11 absorbers at z ~ 2.3-5 that we cannot
confirm in the NIRSpec data. The non-confirmation is either
due to blending with other stronger absorption lines from dif-
ferent redshifts, or the fact that only one of the two lines in the
doublet can be detected in the NIRSpec data, while the other
component is clearly ruled out from the knowledge of the fixed
line strengths between the two doublet lines. We are also not
able to confirm several of the reported SiIv doublets. We note
that around z ~ 5 C1V falls in a wavelength region affected by
(weaker) telluric absorption lines and also strong sky emission
lines, that Davies et al. (2023b) do, however, correct for in their
analysis.

Turning to absorption line systems at z > 5, Cooper et al.
(2019) report two systems at z = 5.936 and 6.178 towards DELS
J0411-0907, and at z = 5.889, 6.271 and 6.843 towards ULAS
J1342+0928. These strong systems are all clearly detected in
the NIRSpec spectra. In addition, we also detect a few weaker
z > 5 Mgl or C1v doublets towards DELS J0411-0907,
whereas towards ULAS J1342+0928, we also find several addi-
tional low-ionisation systems at z > 7 identified through multiple
lines. ULAS J1342+0928 was observed with both X-shooter at
the VLT and with FIRE at the Magellan Telescope at a higher
spectral resolution as presented in a detailed case study of the
z = 6.84 absorption system in Simcoe et al. (2020). We retrieved
the processed 2-dimensional X-shooter spectra Advanced Data
Products from the ESO archive in order to verify whether the
high-redshift absorption line systems detected in the NIRSpec
data are also present in the higher resolution spectra. For the
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Fig. 7. Sensitivity functions, g(z), for the coverage of 0111302,
C1A1334, SinmA1526, C1v 11548, Si1v 41393, and Mg1142796. The
coloured lines illustrate how many of the quasar spectra contribute to
the search of metal absorption lines as a function of redshift.

higher redshift system at z = 7.368, the X-shooter data reveals
a clear detection of Sim 141260 whereas Mg1I falls in a noisy
region of the spectrum and is not detected. None of the absorp-
tion lines from the z = 7.443 or z = 7.476 systems can be
detected in the X-shooter data, consistent with the less sensitive
detection-limit in the ground-based data.

4.3. Line densities

Theoretically we expect a detection limit of absorption lines
observed equivalent widths at Wy, = 0.2—-0.5 A as described in
Sect. 2 and Fig. 5. With the wide redshift range of the absorption
systems, this implies that the detection limit on the rest-frame
equivalent width W, = Wgs/(1 + zaps) depends on the absorber
redshift. The typical detection limit of W, is 0.025-0.03 A. When
comparing line densities with those of from the literature, we
adopt the same W, cut-off.

To compute line densities, we combine all tables in
Appendix B, extract the individual absorption transitions of
interest, for example, C1v 11548, 0141302, or Mg1142796,
and compute their W,. Line densities from metal-absorption
lines should represent random lines of sight through the Uni-
verse, and we therefore exclude absorbers at redshifts closer
than 3000 km s~! from the quasar systemic redshift, since these
absorption lines represent proximate systems that may be influ-
enced by the quasars.

We compute the redshift path length, which is defined as the
full spectral range in each spectrum where it would be possi-
ble to detect the chosen absorption line. For each quasar we
determine the minimum and maximum redshift where a cho-
sen absorption line can be discovered, excluding regions in the
spectra where there are gaps or where the signal-to-noise ratio is
low. The sum of this gives the sensitivity function, g(z), which
presents for each redshift the number of lines of sight probing the
absorption line of interest with an observed Wy,s > 0.3 A. The
result is presented in Fig. 7 which illustrates that the NIRSpec
observations in this study are sensitive to intervening O1.41302
and C11 11334 absorbers at 6 < z < 7.5, SinA1526 and C1v
absorbers at 5 <z < 7.5, Mgnat2.2 <z < 7.5, and Si1v 41393
at5.5<z<575.

By integrating the sensitivity function one can compute the
line density dn/dz, defined as the number of absorbers n within a

chosen redshift interval dz. However, when analysing the line
density over a very large redshift range it is conventional to
instead analyse the comoving density (Bahcall & Peebles 1969)
and use the comoving absorption path length X defined as:

(1+2)?

dX = dz “
VQM(] + Z)3 + QA
The line density is then computed as
22 n;
fz] g(z)dX

where n; is the number of absorbers of the chosen species in
quasar number i, summed over the redshift interval between z;
and 7, in all the quasar spectra. The denominator is the integral
of the absorption path length in that redshift interval.

To derive uncertainties of the line densities we assume that
the distribution of absorbers is Poissonian in nature. For the
small number statistics relevant in this work we use the upper-
and lower 68% confidence intervals tabulated in Gehrels (1986).

4.4. Absorption line density redshift evolution

Among the many different atomic species detected in the four
quasar spectra, in this work we focus on the previously well-
studied ones among the low-ionisation and high-ionisation lines.

For each atomic transition we compute the line density as
a function of redshift and compare the JWST data with line
densities at lower redshifts from the literature. Additionally, we
compare the line densities with the predicted evolution of both
low- and high-ionisations column density distribution from sim-
ulations in the redshift range 5 < z < 8 (Huscher et al., in prep.).
The simulations are based on updates to the TECHNICOLOR
DAWN cosmological hydrodynamic simulation (Finlator et al.
2018, 2020). By probing random lines of sight through the sim-
ulation volumes from redshifts z = 5 to z = 10, one can
identify various absorption lines (e.g. Doughty & Finlator 2019,
2023) and compute their equivalent widths and column densities.
Compared to previous simulations, the model of Huscher et al.
includes predictions of equivalent widths and column densities
of other atomic transitions for the modelled absorbers, allowing
us to compare with the observations of a range of elements in
different redshift bins from z = 5 to z = 10. For comparison
with the NIRSpec observations, we restrict our attention to the
relevant redshift interval 5 < z < 7.5.

4.4.1. 0141302 absorbers

We detect seven O 141302 absorbers listed in Table 3 within the
total absorber path length interval AX = 7.68. The highest red-
shift absorption system at z = 7.476 lies close to the ULAS
J1342+0928 quasar redshift at z = 7.535, and is considered
proximate according to the cut-off of at 3000 kms~!, and is not
included in the analysis of the statistics of line densities. The
two other OT systems at z > 7 represent the highest redshift
detections of neutral oxygen absorption along the line of sight to
high-redshift quasars reported to date. In all cases, when OT is
detected, we also detect more than one other line at the same red-
shift, so we can be confident to clearly identify the O I absorption
systems (see Appendix B).

Figure 8 shows the line density of O1 absorbers with
W, > 0.05A as a function of redshift for the new NIRSpec
measurement compared with values at lower redshifts from
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Table 3. 0111302 systems.

Quasar Zabs Wiest (A)

VDES J0020-3653 6.4535  0.091 +0.007
VDES J0020-3653 6.5625  0.062+0.008
VDES J0020-3653 6.6690  0.115+0.010
UHS J0439+1634 6.2880  0.119+0.006
ULAS J1342+0928  7.3680  0.061 +0.011
ULAS J1342+0928  7.4430  0.031+0.010
ULAS J1342+0928  7.4760 ) 0.045+0.010

Notes. (" The highest redshift system at z = 7.4760 lies ~2000 km s~
from the quasar redshift and is considered as a proximate system, and
therefore not included in the computation of line densities.

Becker et al. (2019). The line density for the highest redshift
point has a significant uncertainty, implying that even though the
line density shows an increase from z = 6 to z = 7 the values are
also consistent with being constant.

For OT as well as for other low-ionisation line species, the
model predicts an increase in line density with increasing red-
shift up to z ~ 7 and at higher redshifts (z > 7) the line
density decreases. The reason for this behaviour is a combi-
nation of a decreasing metallicity of the CGM with increas-
ing redshift, while the turnover from z = 7 — 6 is caused
by the increasing level of ionisation of the CGM with time
(Doughty & Finlator 2019). With increasing cosmic time, O1
absorbers have a smaller covering fraction as the clouds’ out-
skirts become increasingly ionised while the total metallicity of
oxygen and its distribution in the CGM of galaxies does increase
with time (Doughty & Finlator 2019).

4.4.2. Cu 11334 absorbers

In the JWST spectra we identify eight intervening CI1 11334
absorption systems listed in Table 4 over a full path length inter-
val of AX = 11.10 at 5.9 < z < 7.5. Due to the available search
path, some of the C1I lines do not have detected OT absorption,
since these lie bluewards of the quasar Lya wavelength. The
upper right hand panel in Fig. 8 illustrates the C1I line densities
with W, > 0.03 A.

In comparison, Becker et al. (2019) find that most of their
O1 absorbers also have C1I lines, but this is primarily caused by
selection since to identify OT absorption lines, the presence of
other lines (e.g. from C1I) at the same redshift is required. The
line density of CII at z < 5 therefore shows a redshift evolution
similar to that of O1I. Using the absorption line catalogue of car-
bon absorbers in Davies et al. (2023b), we compute the C 1T line
densities in three redshift bins at 5.0 < z < 6.5 as illustrated
in Fig. 8. Including the line density at z > 6 from the NIRSpec
data we find a general trend of an increasing line density with
redshift.

4.4.3. SinA1526 absorbers

Several Sill transitions can be detected in the spectra with UV
transitions at rest-frame wavelengths at 1260, 1304, 1526, and
1808 A. Due to the wide range of oscillator strengths and possi-
ble contamination with other absorption lines, not all absorption
lines are detected for any given system. When deriving the line
density of SillI it is convenient to use a line which is both a strong
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transition and also has a large redshift path length. The 1808 A
line has the longest redshift path length, but it is the weakest
transition of the four, whereas the strongest 1260 A line can only
be detected in a very short path length interval because its wave-
length is close to Lya. Therefore we choose to investigate the
line density based on the 1526 A line, which is also a strong tran-
sition, and has a larger redshift path length interval.

In the JWST spectra we identify 12 intervening SiIl absorp-
tion systems listed in Table 5 over a full path length interval of
AX =29.0at5 < z < 7.45. We compare the inferred line density
with that derived from the database in Davies et al. (2023b) in
the lower left hand panel of Fig. 8. It is apparent that the evolu-
tion of the Sill line density could either be constant or show a
mild increase with redshift to z ~ 7.

In the models of Huscher et al. (in prep.), rest-frame equiva-
lent widths are computed for the Sill 11260 transition. For non-
saturated lines, the relation between two lines in the linear part
of the curve of growth scale as Wy, /W,, = A7 f1/(43 f>), where 1,
and A, are the rest-frame wavelength of the two transitions and
f1 and f, are the oscillator strengths. We can therefore convert
the estimated SiIll 41260 line densities to that for SimtA1526.
The model predicts a constant line density of dn/dX =~ 0.04
from z = 5 to z = 8 for absorbers with W, < 0.025 A, which
is smaller by a factor of ~12 compared to the NIRSpec obser-
vations. Alternatively, the model predicts SilI equivalent widths
that are a factor of 2.5 smaller than the observed ones.

4.4.4. Mg 2796 absorbers

The classical MgI1142796,2803 doublet is one of the most
commonly studied atomic transitions in quasar spectra (e.g.
Bergeron & Boissé 1991; Churchill et al. 1999). It is easily dis-
tinguishable in absorption because of its known line separation
and the fact that the 2796 line has twice the oscillator strength as
the 2803 line. The line doublet enters the optical range at z = 0.3
and can be traced up to z ~ 7 in ground-based near-IR spec-
tra (Matejek & Simcoe 2012; Chen et al. 2017). In comparison
to ground-based observations of MgII absorbers at z > 2.5 that
are heavily affected by the presence of sky emission- and tel-
luric absorption lines, the NIRSpec spectra are much cleaner,
allowing easy visual identification of Mg1I absorbers even at the
highest redshifts. It is therefore not surprising that we find some
previously undetected absorption systems in these well-studied
high-redshift quasars.

The 30 detection limit of the W, for MgII systems in the
NIRSpec spectra is 0.3 A. Above this limit, we find 49 Mg
absorbers from z = 2.4 to z = 7.45 including the highest red-
shift detection of an intervening absorption system to date (see
Appendix B). As for the other lines, absorption line systems that
lie closer than 3000 km s~ to the quasar redshift are omitted in
the computation of line densities. The highest redshift proximate
absorption system at z = 7.476 is also detected in Mg1I, and is
excluded in the line density computation.

The total redshift path length for MgII absorption systems
covered by the four spectra is AX = 73.3. To compare with
other studies, we focus on the absorbers with W, > 0.3 ;\, where
we detect 30 systems. The lower right hand panel in Fig. 8
illustrates that the line density for MgII absorbers with W, >
0.3 A remains constant or at most exhibits a shallow decrease
to the highest redshifts in agreement with previous findings at
7 < 6 (Matejek & Simcoe 2012; Chen et al. 2017; Bosman et al.
2017). The observed distribution agrees with the model predic-
tion of a shallow decrease in line density with redshift at z > 6.
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Fig. 8. Line densities as a function of redshift for low-ionisation lines. In all panels, coloured symbols represent the JWST data, where error bars
for the line densities represent 68% confidence intervals for small-number Poisson uncertainties (Gehrels 1986). The line densities are compared
to predictions from numerical models (Huscher et al., in prep.) computed from the same selection of W, as from the NIRSpec observations. Upper
left panel: O111302 absorption line densities for systems with W, > 0.05 A showing an increase in line density at z > 6.5 from the NIRSpec
data compared to lower redshifts (Becker et al. 2019). Upper right panel: C 1111334 absorption line densities for systems with W, > 0.03 A
compared to lower redshift values derived from the catalogue in Davies et al. (2023b). Lower left panel: Sill 11526 absorption line densities for
systems with W, > 0.025 A compared to that derived from the absorption database in Davies et al. (2023b). The model prediction at dn/dX =~ 0.04
under-produces the Sill line densities by a factor of ~12. Lower right panel: Mg 11 12796 absorption line densities for systems with W, > 0.3 A.
Compared to the Mg I study in (Chen et al. 2017), the NIRSpec data suggest that the line density could be constant or have a shallow decrease
with increasing redshifts in agreement with the model prediction.

Table 4. C 1111334 systems.

Quasar Zabs Wiest (A)
VDES J0020-3653  6.4535 0.103 +£0.010
VDES J0020-3653  6.6690 0.168 +£0.010
DELS J0411-0907 6.1774 0.215+0.006
UHS J0439+1634 5.9280 0.008 +0.007
UHS J0439+1634 6.2880 <0.086 +0.007 ("
ULAS J1342+0928 6.8427 0.626 +0.011
ULAS J1342+0928 7.3680 <0.063 +0.010
ULAS J1342+0928 7.4430 0.072 +0.009

Notes. (VThe upper limit to the equivalent width is quoted because the
line is blended with another absorption line at a different redshift (see

Appendix B).

Table 5. Si1141526 systems.

Quasar Zabs Weest (A)

VDES J0020-3653 5.4695 0.028 +0.011
VDES J0020-3653 5.7910 0.074+0.014
VDES J0020-3653  6.4535 0.028 =0.012
VDES J0020-3653  6.5625 0.059+0.012
VDES J0020-3653 6.6690 0.092+0.013
DELS J0411-0907 5.9350 0.143+0.010
DELS J0411-0907 6.1774 0.127 +£0.008
UHS J0439+1634 5.8190 0.047 +£0.006
UHS J0439+1634 6.2840 0.286 +0.009
ULAS J1342+0928 6.8427 0.186+0.012
ULAS J1342+0928 7.3680 <0.03

ULAS J1342+0928 7.4430 0.018+0.010

Notes. P The Si11 41526 line is not detected in the spectrum, but the
system is nevertheless included in the analysis since both Si1 11260

and SiIT 21304 are detected at this redshift.
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Fig. 9. Distribution of Mg II equivalent widths from all systems across
the redshift interval from z = 2.5-7.5. The best fit is illustrated by the
solid line. Compared to much larger quasar surveys at lower redshifts
(Chen et al. 2017), where the dashed line is the best fit, there is no evi-
dence for a different distribution in the NIRSpec data.
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Fig. 10. Strong Mg 11 12796 absorption line densities for systems with
W, > 1A. The JIWST data are compared with the strong Mg1I line
densities in a large quasar sample (Chen et al. 2017) and with the XQ-
100 survey (Christensen et al. 2017), and are consistent with a decrease
in the line densities to the highest redshifts.

Focusing on all the detected Mgl systems including both
strong- and weak lines, we derive the rest-frame equivalent width
distribution described by a powerlaw function

dn _ n.
dw W
where dW is the rest-frame equivalent width increment. We do
not include a redshift dependence, since the line density is con-
stant with redshift. The best fit parameters are W, = 0.758 and
n,. = 1.82. Figure 9 presents the distribution compared to a large
quasar sample examined in Chen et al. (2017), and compared to
ground-based observations, we see no evidence for a change in
the W, distribution in the NIRSpec spectra.

Strong Mg1142796 absorption lines with rest-frame W, >
1 A have received particular attention since these absorbers are
found to have the same redshift evolution as that derived from the
integrated [O IT] luminosity of galaxies and are proposed to trace
the cosmic star-formation rate density at z = 1 (Prochter et al.
2006; Ménard et al. 2011). It is therefore relevant to investigate

exp(-W/W.,) (6)
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Table 6. Strong Mg 11 systems.

Quasar Zabs Wiest (A)
VDES J0020-3653  3.4087 2.72+0.02
VDES J0020-3653  3.6040 1.39+0.02
VDES J0020-3653 4.0738 2.08 +0.02
DELS J0411-0907  2.5771 1.77+0.02
DELS J0411-0907  3.4290 1.79+0.02
DELS J0411-0907  3.7760 1.00+0.02
DELS J0411-0907  4.2815 2.54+0.01
UHS J0439+1634 3.1700 1.31+0.01
UHS J0439+1634 45230 1.16+0.01
ULAS J1342+0928 3.3758 1.48+0.02
ULAS J1342+0928 6.8427 1.38+0.04
Table 7. C1v systems.
Quasar Zabs Wrest (A)
VDES J0020-3653 5.2005 0.044 £ 0.008
VDES J0020-3653 5.3275 0.170 £ 0.008
VDES J0020-3653 5.4699 0.228 £0.013
VDES J0020-3653 5.7913 0.357+0.014
VDES J0020-3653 6.5030 0.070 £ 0.013
VDES J0020-3653  6.8550 ™  0.201 +0.007
DELS J0411-0907 5.4258 0.052 +£0.009
DELS J0411-0907 5.9349 0.067 +0.009
UHS J0439+1634 5.2740 0.179 +£0.007
UHS J0439+1634 5.3945 0.808 +0.006
UHS J0439+1634 5.3945 0.808 +0.006
UHS J0439+1634 5.5228 0.108 +£0.007
UHS J0439+1634 5.7360 0.123 +0.006
UHS J0439+1634 6.2840 0.390 +0.007
UHS J0439+1634 6.4877 ™ 0.238 +0.004
ULAS J1342+0928 5.8888 0.263 +0.010
ULAS J1342+0928 6.7490 0.103 +0.010

Notes. W These absorption systems lie within 3000 km s™" of the quasar
systemic redshift and are excluded from the line density computation.

the strongest Mg1I lines at the highest redshifts with the new
NIRSpec data. We identify 11 strong Mg 11 12796 absorbers with
W, > 1 A listed in Table 6. The line density dn/dX is illustrated
in Fig. 10. Since we only have four JWST spectra, small-number
Poisson statistics dominate the uncertainties (Gehrels 1986), but
overall we see that the line density is consistent with other high-
redshift quasar and gamma-ray burst afterglow samples that find
adecrease in strong W, > 1 A systems at z > 3 (Chen et al. 2017;
Christensen et al. 2017; Zou et al. 2021). None of the absorbers
detected at z > 7 fall in the strong-line category.

4.4.5. Cv absorbers

Turning to the high-ionisation transitions, we identify
17 C1v A11548,1550 absorption systems at 5.20 < z < 6.86
in our spectra as listed in Table 7. The total path length inter-
val for C1v is AX = 30.8. Two of the absorbers lie closer
than 3000kms~' from the quasar systemic redshifts, and
are excluded in the computation of absorption line density
shown in Fig. 11. The NIRSpec data reveal that the CIV line
density continues to decrease with redshift beyond z > 6.
Compared to the observed line densities, the model predicts a
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Fig. 11. Line densities of high-ionisation lines. The left hand panels shows the CIV absorption line densities with W, > 0.05 A. The C1v line
densities at the highest redshifts from the E-XQR-30 survey (D’Odorico et al. 2022) are illustrated for comparison. The same E-XQR-30 data set
was analysed in Davies et al. (2023a) and has been corrected for incompleteness. The right hand panel shows SiTv absorption line densities. The
Si1v line densities for systems with W, > 0.03 A from D’Odorico et al. (2022) are illustrated for comparison.

Table 8. Si1v 11393 systems.

Quasar Zabs Wiest (A)
UHS J0439+1634 6.173  0.096 +0.007
ULAS J1342+0928 6.746 0.041 +0.012

much lower line density. This discrepancy was also noted in
D’Odorico et al. (2022), who discussed the mismatching C 1V as
a problem in the models in Finlator et al. (2020). If models are
forced to match the line density of C1v, then the line densities
for Si1v would be over-predicted.

4.4.6. Siwv absorbers

In the spectrum of ULAS J1342+0928 we detect a candidate
Si1v 41393 line at z = 6.476, which is also detected in CIV.
The spectrum does not clearly reveal the fainter Si1v 41402 line.
In the spectrum of J0439+1634 we detect a single SiIv doublet,
also reported by Davies et al. (2023b), but we note that both tran-
sitions in this doublet lie at the wings of two broad absorption
line features in the quasar spectrum. These absorbers are listed
in Table 8.

The total path length for Si1v systems in the JWST spectra
is AX = 18.60. Figure 11 compares the SiIV line density from
the highest redshift NIRSpec data to the lower redshift measure-
ments of D’Odorico et al. (2022). As for the C1V systems, SiIV
line densities are known to exhibit a rapid decrease in line den-
sity at z > 5 (D’Odorico et al. 2022), which we confirm with our
very few detections of SiIV absorption lines.

4.4.7. Canand Nailines

Most of the strong absorption lines arising in the ISM, CGM and
IGM are from rest-frame UV lines, but the extended NIR wave-
length coverage of the NIRSpec Band III G395H data allows
us to search for rest-frame optical absorption lines associated
with any of the absorption systems. Since the ionisation poten-
tial of Ca11413934,3969 and Na1115891,5897 is less than that
of hydrogen, these absorption lines arise in neutral regions and
are frequently associated with dusty absorbers at lower red-

shifts detected in quasar spectra (z < 1; Heckman et al. 2000;
Wild et al. 2006). Weak and strong Call absorbers, with a divi-
sion at W, = 0.7A, probe either galaxy disc gas or halo-
components, respectively (Fang et al. 2023). We detect Call
lines in three absorption systems at z = 3.17, 3.631, and 3.37,
however, the signal is not sufficient to recover both lines in the
doublet in any of the systems. Two of the absorbers fall into the
weak line category with W, 3934 < 0.7 A, while the z = 3.631
system towards ULAS J1342+0928 is a strong one.

The other rest-frame optical line of interest, the doublet
Na11415891,5897 is covered by the Band III data for the highest
redshift absorbers. However, as discussed in Sect. 2, the statis-
tical errors on the Band III portions of the spectra are poorly
defined. We therefore choose to only focus on absorption line
systems that were identified in the Bands I and II Fixed Slit
data, and test whether an associated NaI doublet is present in
any of the z > 3.9 systems. Only a single high-redshift absorber
at z = 5.6814 towards ULAS J1342+0928 has a potential NaI
absorption line doublet detection.

4.5. Combined line density redshift evolution

To compare the evolution of the atomic species, all the line den-
sities in previous subsections are combined in Fig. 12, which
shows the evolution with redshifts for different elements derived
in the literature with an extension to the highest redshifts (z >
6.0) detected in the NIRSpec data. All the computed line densi-
ties from the JWST data are listed in Table 9.

Both C1v and SiIV experience a drastic drop in line densities
continuing at the highest redshifts (z > 6.5) detected in the NIR-
Spec data, while the line densities of the low-ionisation species
O1 and C1I continue to increase at these redshifts. The evolu-
tion of Sill from low redshift (z < 5) is not constrained, and
with the large uncertainties from the NIRSpec data, the SiII line
density could be constant at the redshifts covered in this work,
but could also trace the same increase in line density as detected
for O1 and C11. The transition in line densities of both carbon
and silicon from predominantly low-ionisation at high redshifts
to high-ionisation species at low-redshifts occurs at z = 6.0. In
contrast, the line density of MgII remains constant throughout
the range from z = 3 to z = 7, or may even experience a shallow
decline towards higher redshifts as predicted by the model.
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Fig. 12. Comparison of the redshift evolution of the line densities
of 0141302, C11A1334, Si1A1526, Mg 12796, C1v 11548, and
Si1v A1393. The highest redshift data points for each of the coloured
curves represent the NIRSpec analyses in this work, extending from
the lower-redshift line densities from OT (Becker et al. 2019), Si1I and
C1I from the catalogue in Davies et al. (2023b), C1v (D’Odorico et al.
2022; Davies et al. 2023a), Si1v (D’Odorico et al. 2022), and MgII
(Chen et al. 2017).

Table 9. Compilation of line densities for all elements from the NIR-
Spec data.

Element 7 AX n  dn/dX
) ) B @ O

0111302 (W, > 0.03A)  6.25-7.45 6.60 6 09103
0141302 (W, > 0.05A) 625745 660 5 07603}
CiA1334 (W, > 0.03A) 5.95-7.45 10.64 6 0.66:93
SimA1526 (W, > 0.025A) 5.1-63 17.60 6 04502
Sim 1526 63-7.5 1096 6 055033
SiTv 21394 (W, > 0.03A)  55-75 1860 2 0.11*0M
CIv 21548 (W, > 0.05A) 5.13-5.88 10.70 11 1.03*03!
CIv 11548 5.88-6.63 1349 4 030102
CIv 11548 6.63-738 5.19 1 0.19%0%
Mg 42796 (W, > 0.3A)  25-35 1330 8 0.60793¢
Mg 11 2796 3545 1527 7 046103
Mg 11 12796 45-55 1736 4 0231018
Mg 11 2796 55-6.5 1856 8§ 0437021
Mg 11 12796 65-7.5 749 2 027°0%

Notes. Column (2) presents the redshift range, (3) the absorption path-
length interval, (4) the number of detected absorbers, and (5) the line
density.

5. Metal abundances
5.1. Metal abundance ratios

The spectral resolution and sampling (Sect. 2) of our NIRSpec
spectra is insufficient to accurately model the absorption line pro-
files via Voigt profile fitting techniques with the aim of deriving
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column densities for the different ions. However in simple cases,

we can extract the same information from the measurements of

the rest-frame equivalent widths. In the optically thin regime

when the optical depth is 7, < 1, the column density N scales

linearly with the rest-frame equivalent width (Spitzer 1978):

N =1.13x 10”@ [em™2], (7
FA(A)

where f is the oscillator strength, and A the rest-frame transition
wavelength.

We derive the relative abundances assuming that the singly
ionised atoms and neutral oxygen are the dominant state of ion-
isation in the absorption systems. This is a reasonable assump-
tion, since none of the systems with O1 absorption show any
associated high-ionisation transitions. Moreover at the highest
redshifts, the metallicities are expected to be low, so the optical
depths of the transitions are low too. Finally, the column den-
sity ratios are compared to the solar photosphere abundances
in Asplund et al. (2021). The silicon-to-oxygen and carbon-to-
oxygen ratios are computed as:

. Nsin Ni
[Si/O] = 1o (—)—lo (—) ®)
g Not g No /,
Nen Nc
[C/O] =10 (—)—10 (—) , ©)
g Noi g No /o
where the solar values are log(%—z)o = —1.18 = 0.05 and

log (fj—f))@ = —0.23 + 0.06 (Asplund et al. 2021).

5.2. Pop Il enrichment signatures in [Si/O]

To date, no secure discovery of metal-free Pop-III stars has been
made and the nature of the first generation of stars remains
unknown. Pop-III stars leave behind a signature in the form of
distinct metal-abundance patterns created by the stellar explo-
sions of the massive stars. These patterns make their imprint on
the chemical abundances of extremely metal-poor halo stars in
the Milky Way (e.g. Frebel & Norris 2015), but also absorption
line systems at high redshifts can be used to trace the nature of
the first stars, since the time span for metal-enrichment of gas in
the Universe is small.

In this section we focus on the six systems at zp,s > 6.5
with identified O141302 absorption lines in Table 3. Since no
high-ionisation lines are detected in these absorption systems,
they are predominantly neutral and we do not require ionisa-
tion corrections to derive metal abundance ratios. We examine
whether the absorption lines are likely to be intrinsically satu-
rated. Even though the spectra in Figs. B.1-B.61 suggest that
none of the lines are saturated, at the low spectral resolution
some lines could have hidden saturation. Indeed some of the
lower-redshift strong absorption lines such as the strong Mg Il
lines are clearly saturated. For each of the absorption line sys-
tems we construct a conventional curve-of-growth with a best fit
Doppler parameter between 20 and 40kms~! from unblended
Sill lines, where two or three separate transitions are detected.
For the uncontaminated O1, C1I, and FeTI lines, we verify that
the transitions in W, /4 vs. NfA fall on a straight line in the lin-
ear, non-saturated part of the curve of growth. This confirms that
most lines are not saturated and that we can reliably derive the
metal abundance ratios listed in Table 10.

Figure 13 shows the abundance ratios in a diagram of [Si/O]
vs. [C/O] for the six z > 6 OT absorbers in our sample. Since
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Fig. 13. Abundance ratios of [Si/O] versus [C/O]. The background
coloured map with contours illustrates the metal yields from differ-
ent stellar explosions coloured as follows: red region: Pop III Pair-
instability Supernovae (PISN); green: Pop III Hypernovae; blue: Pop III
Core-collapse Supernovae; grey and purple: Pop II Supernovae. Yields
from the different stellar populations are scaled assuming a Salpeter
IMF. The magenta circles illustrate that the NIRSpec absorption sys-
tems listed in Table 10 have values of [Si/O] similar to Pop III mod-
els, although some overlap with the yields of a single 15 M, Pop II
star. Other intervening absorption-line systems at 4.5 < zps < 6
(Becker et al. 2019; Cooper et al. 2019; orange circles) fall in the same
region of the abundance pattern space, whereas the grey circles repre-
senting very metal-poor damped Ly« absorbers at z,,s ~ 3 (Cooke et al.
2011, 2017; Welsh et al. 2019) are also consistent with enrichment of
Pop II core collapse SNe (Kobayashi et al. 2006; Nomoto et al. 2013;
Limongi & Chieffi 2018, annotated as K06, N13, and L18).

C1I in two of the six absorbers is partly contaminated by other
absorption lines at other redshifts, and one is not detected, we
provide only upper limits for three [C/O] ratios.

To compare the observed abundance pattern with the chem-
ical enrichment from various types of stellar explosions, Fig. 13
illustrates the predicted ratios where the combined yields are
weighted by the number of stars in a Salpeter initial mass
function (IMF), reflecting the combined enrichment pattern
generated by a stellar population. Pop III pair-instability SNe
(PISN) with initial masses of 140—-260 M, are illustrated by
red coloured contours, and occupy a distinct region with a
high [Si/O] and low [C/O] ratio (Heger & Woosley 2002).
Pop III hypernovae (shown in green contours) and Pop III
supernovae (blue contours) with a range of energies and ini-
tial masses of 10—100 M also display distinct abundance pat-
terns (Heger & Woosley 2010). Hypernovae are defined as hav-

ing explosion energies of >10°? erg, roughly ten times more than
that of core-collapse SNe.

Several theoretical works have computed yields from metal-
enriched Pop II. Using the yields table in Nomoto et al. (2013),
stars with initial stellar masses between 10—-40 My and 5%-—
100% solar metallicity (illustrated in grey colour in Fig. 13)
produce an abundance pattern that overlaps with that of hyper-
novae. The yields in Kobayashi et al. (2006) gives more or
less identical results. A more recent yields table that includes
Pop II stars with higher initial stellar masses between
13-120 M, (Limongi & Chieffi 2018) (purple contours) pro-
duce an IMF weighted yield with a higher concentration around
[C/O] 0.1 and [Si/O] = 0.3.

Variations of abundance ratios from Pop III and Pop II stel-
lar yields have been used to infer the enrichment patterns pre-
dicted in Gamma-ray burst hosts (Ma et al. 2017), observed
in low-metallicity absorption-line systems (Cooke et al. 2017;
Welsh et al. 2019, 2023), and used to predict the yields in
absorbers at the highest redshifts (Jeon et al. 2019). Stars in the
local Universe also retain chemical signatures originating from
the first populations of stars reflecting distinct abundance ratio
patterns (Vanni et al. 2023a,b; Salvadori et al. 2023). See also
Maetal. (2017), Vanni et al. (in prep.) and D’Odorico et al.
(in prep.) for abundance ratio diagrams other than [Si/O]
and [C/O].

Figure 13 illustrates that also other intervening absorption-
line systems at 4.5 < z < 6 (orange circles; Becker et al. 2019;
Cooper et al. 2019) fall in the same region as the JWST absorp-
tion systems. However, several of these other absorption line
systems at z < 5 have detected SiIv and CIV absorption lines
that display different kinematical profiles and therefore arise in
a different medium than the low-ionisation lines (Becker et al.
2019). In such cases a direct conversion from W, of Sill and C 11
to a total Si and C column density is not valid. In fact, some of
the absorption systems at z < 4.2 in Becker et al. (2019) have
hydrogen column densities N(HT) < 10?° cm™? for which ionisa-
tion corrections are necessary, and when these are included, all
the absorbers at 3.0 < z < 4.2 have [Si/O] < 0.4 (Saccardi et al.
2023). For seven absorption systems at 5 < z < 6.2 their [Si/O]
ratios without ionisation corrections remain close to the solar
value (Becker et al. 2012), suggesting that Pop III enrichment
does not dominate these systems.

In higher HT column density Damped-Lya systems (DLAs),
where the hydrogen column density is N(HT) > 2 x 10*° cm~2,
the clouds are self shielded, such that the dominant contribu-
tions to the metal column densities are from the low-ionisation
species. Above metallicities of 1% solar, C,N,O absorption lines
are saturated in DLA systems and only lower limits on the col-
umn densities can be derived (e.g. Berg et al. 2016). The grey
circles in Fig. 13 illustrate that metal-poor DLAS at z,,s ~ 3 with
metallicities from 1073 to 1072 Z, in oxygen (Cooke et al. 2011,
2017; Welsh et al. 2019) generally have abundance patterns sim-
ilar to solar values and consistent with Pop II SNe enrichment
patterns, albeit with an overlap from the high-mass Pop III
hypernovae enrichment pattern. However, when analysing other
elements (Fe and Al), one of the DLA systems has an enrichment
pattern which is better matched by Pop III SNe (Cooke et al.
2017; Welsh et al. 2023).

For the three absorption systems detected by NIRSpec with
limits on the carbon abundance the enrichment could possibly
be created by Pop III PISN. Two of the other absorbers show
abundance ratios with high values of [Si/O] that are consistent
with either enrichment by primarily lower mass (<15 M) Pop
II hypernovae or even Pop III core-collapse SNe for one of
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Table 10. Metal abundance ratios of absorption systems.

Quasar Zabs [Si/O] [C/O]
ULAS J1342+0928 7.3680 ™ 0.98 +0.10 <—0.17+0.11
ULAS J1342+0928 7.4430 0.43+0.24 0.19+0.15
VDES J0020-3653 6.4535 0.15+0.16 -0.13+0.08
VDES J0020-3653 6.5625 ™ 0.64+0.11 <-0.26
VDES J0020-3653 6.6690 0.49+0.11 -0.02+0.07
UHS J0439+1634  6.2880 ™ 0.73 £0.06 <-0.07 +0.06

Notes. (VUpper limits for [C/O] are computed because the column den-
sities of carbon lines are overestimated due to line contamination from
other systems, or an upper detection limit on C1I in the case of the
7 = 6.5625 system.

them. Models predict that the abundance ratio 0.5 < [Si/O] < 1.0
is produced by energetic Pop III SNe (with explosion ener-
gies >10°' erg) from stars with initial stellar masses in the
range from 10-15My; (Heger & Woosley 2010). However,
also single 15M; star Pop II explosions produce a high
[Si/O] =~ 0.5 ratio (Woosley & Weaver 1995; Thielemann et al.
1996; Nomoto et al. 2006, 2013), so the enrichment by a sin-
gle Pop II star remains a possibility. We do have to consider that
gas clouds seen in absorption may not only be polluted by a sin-
gle star alone, but by several SNe explosions over a range of
stellar masses. When integrating the yields over the IMF, stars
with masses in the range from 13-40 M, with initial popula-
tion metallicities less than solar all produce an integrated ratio
of [Si/O] £ 0.1 (Woosley & Weaver 1995; Kobayashi et al. 2006;
Nomoto et al. 2013).

6. Transmission spikes in the Gunn-Peterson
trough

One of the most debated questions arising from studies of the
high-redshift Universe in the past decades, is what sources re-
ionised the IGM. To further investigate this, we examine whether
the sources associated with metal absorbers have ionised their
surroundings.

We investigate the narrow transmission spikes at z > 5.7
in the Ly« forest region and in the GP troughs covered by the
NIRSpec data using the normalised quasar spectra bluewards of
the quasars Lya lines described in Sect. 3.2. To locate narrow
transmission spikes we search for peaks with a 3-0 prominence
above zero, using the normalised spectrum divided by the nor-
malised noise spectrum, namely a spectrum of the S/N ratio. We
require that the peaks extend over three or more pixels to avoid
detections from a single noisy pixel. The identified spikes have
relative transmissions of 2-5% or higher. Figure 14 illustrates
the location of the Lya wavelengths for the identified metal-
absorption line system redshifts plotted on the normalised spec-
trum in the GP trough region of the four spectra. The blue and red
coloured dashed lines mark high- and low-ionisation absorption
systems, respectively. The green triangles mark the spikes in the
IGM where there is a significant transmission of Lya photons,
and Table 11 lists the redshifts of the encountered Ly transmis-
sion spikes.

We briefly compare the detected IGM transmission spikes
with previously published results. Yang et al. (2020) examine
transmission spikes at z > 5.5 based on ground-based spec-
tra of a large sample of high-redshift quasars including two of
the quasars in this paper (DELS J0411-0907 and VDES J0020—
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Table 11. Redshifts of transmission spikes in the GP troughs.

Quasar

ULAS J1342+0928
VDES J0020-3653
DELS J0411-0907

Zspikes

5.9214

5.7333, 6.0125

5.7178, 5.8497, 5.9059
5.9756, 6.2781, 6.5127
5.70232,5.7702, 5.8787
5.9117, 6.1017

UHS J0439+1634

3653). They list four spikes in DELS J0411-0907, with three
being multiple peaks at an almost identical redshift of z ~ 5.7.
We also detect these four spikes in the NIRSpec data but in addi-
tion we also detect spikes at even higher redshift. For VDES
J0020-3653, Yang et al. (2020) do not report spike redshifts.
Due to the higher S /N ratio of the JWST spectra and the absence
of noise due to telluric features, we can detect weaker spikes in
the GP troughs.

Only a single low-ionisation absorption system (at z =
5.928 towards UHS J0439+1634) out of the total of 13 inter-
vening low-ionisation absorption systems (red dashed lines in
Fig. 14) match the transmission spikes in the IGM to within a
velocity offset of 2000 km s~!, whereas four out of nine of the
high-ionisation system lie within ~2000 kms~! of transmission
spikes, all of which at z ~ 5.8. Not surprisingly, the two proxi-
mate absorption systems in the spectra of UHS J0439+1634 and
VDES J0020-3653 are indeed high-ionisation systems. Con-
versely, from the total of 21 absorption systems at z > 5.7,
16 spikes do not match any metal-absorption system within
+2000km s~!. The fact that most of the low-ionisation systems
are not associated with a transmission spike supports the hypoth-
esis that the metal-enrichment arises from star-formation fol-
lowed by heavy element productions by supernova explosions
preferentially in higher density regions that may be the last
regions to be re-ionised (Oh 2002). On the other hand, half of
the high-ionisation systems at 5.7 < z < 6.8 appear in regions
of the IGM that are ionised to a degree that allows the escape of
Lya photons.

7. Discussion
7.1. A forest of lines or discrete absorption line systems?

Oh (2002) has suggested that as the Universe becomes progres-
sively more neutral, a forest of weak metal lines may appear at
redshifts close to the EoR. Analogous to the HI Ly« forest aris-
ing from neutral clouds of hydrogen in the IGM that becomes
more numerous towards higher redshifts, metals in the IGM
would also progressively become more neutral. For example an
0111302 forest could give rise to a depression of the quasar
continuum at the 10-20% level (Oh 2002). Other atoms such as
C11, or Sill have ionisation potentials close to that of HI and
have oscillator strengths that also make the lines useful as trac-
ers of the enrichment and the increasing neutral IGM towards
the re-ionisation epoch. Likewise, the Mg 11 112796,2803 dou-
blet is easily detected, and could give rise to a continuous Mg I
forest provided the neutral IGM is globally enriched with met-
als (Hennawi et al. 2021). However, ground-based spectra of high
redshift quasars have not yet revealed any signature from a Mg I
forest (Tie et al. 2023). In the NIRSpec data we detect a line den-
sity of MgII that remains constant out to z = 7.5. MgII lines
are identified as discrete absorption systems rather than a global
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Fig. 14. Relative transmission in the GP trough after normalising the spectra to a model of the quasar continuum in the Lya forest. The individual
absorber redshifts are marked where their expected Lya wavelength falls. Red dashed lines are absorbers that are only low-ionisation systems,
and blue dashed lines mark absorbers with high-ionisation lines from CIv. Two of the absorbers lie close to the quasar redshift, and their Ly«
wavelengths fall in the proximity region of the quasar spectrum. A single low-ionisation absorber at z = 5.928 is associated with a transmission

spike in the intervening IGM illustrated by the green triangles, while four
transmission spikes at z ~ 5.8.

decrease in the continuum in the form of a Mg1I forest. Also in
the case of O1, we are only able to detect discrete absorbers that
likely arise in the CGM or ISM of intervening galaxies. Further
analysis of JWST/NIRSpec data using more advanced methods
such as auto-correlation techniques may be able to find a metal
forest, but that is beyond the scope of the analysis of individual
absorption systems in this work. Detecting a Mg I metal-line for-
est with a global decrease in the continuum flux at the few percent
level is difficult due to the wiggles in the NIRSpec data described
in Sect. 2, but also the broad emission-line composite from Mg I
and Fe 11 in the quasar spectrum will make it difficult to accurately
determine the level of the unabsorbed continuum emission.

7.2. High-redshift metallicities

In the absence of measurable HI column densities, we can only
measure relative metallicities. In the redshift interval 2 < z < 6
absorption systems display a relatively constant relative abun-
dance pattern in [Si/O] and [C/Fe] with redshift and do not reveal
clear signatures of Pop III SNe enrichment (Becker et al. 2012;
Kulkarni et al. 2014), with a couple of possible exceptions from
DLA systems at z = 3 (Welsh et al. 2023). A relevant question is
therefore if we have overestimated the [Si/O] or [C/O] ratios for
the z > 6 absorption systems. In comparison with ground-based
spectroscopic studies, the NIRSpec data have low spectral resolu-
tion and could potentially have hidden saturation, or be composed
of multiple components rather than a single one assumed for the
O1 systems in this work. We argue against the possibility of hid-
den saturation based on the analysis of the curve of growth for the
absorption lines in any of the O Tabsorbers where we find that they
are consistent with being on the linear, optically thin region of the
curve of growth. In agreement with our finding, numerical simu-
lations at z ~ 7 also find that O I absorption lines along random
sight-lines are optically thin (Doughty & Finlator 2019).

of the high-ionisation absorbers lie within +2000km s~' from the IGM

Alternatively, multiple absorption components in the
observed spectra could have variations in abundance patterns
between them, but in order to display a high [Si/O] ratio, some
of the components will inevitably have to have an extreme value.
Ultimately, we need higher spectral resolution measurements
to reveal and decompose the absorption lines in distinct com-
ponents but this may have to wait until the arrival of high-
resolution spectrographs on future extremely large telescopes
(e.g. Maiolino et al. 2013).

Another possibility leading to inaccurate abundance ratios
arises if the atoms exist predominantly in ionisation states other
than Si1I or CII in which case ionisation corrections are needed
to derive [Si/O] and [C/O] ratios accurately. However, we do
not regard this as likely for following reasons. Firstly, the inter-
vening absorption systems are primarily neutral because there
are no high-ionisation CIvV or SiIV lines associated with the
O1 systems. Secondly, the OT absorbers are not associated with
a transmission spike in the GP troughs at these redshifts, and
consequently the environment is predominantly neutral. OT is
charge-exchanged locked with H1, so OT is the dominant state
of oxygen. Possibly, Silll and CIII could be present, but these
atomic states do not have absorption lines in the spectral range
covered by the NIRSpec data. However, if that were the case,
then the total [Si/O] and [C/O] would be even higher than
detected in the high-redshift absorbers. For similar z ~ 6 absorp-
tion systems, Cooper et al. (2019) argue that the low-ionisation
systems are equivalents to z ~ 3 DLA systems in which metal-
licities derived without ionisation corrections are reliable.

7.3. lonisation state of the CGM

Our finding that the number density of the high-ionisation
ions CIV and SiIV continues to drop at z > 6.5 extends the
trends observed at slightly lower redshifts (Cooper et al. 2019;
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D’Odorico et al. 2022; Davies et al. 2023a). The disappearing of
these absorption lines cannot be attributed to a change in metal-
licity, since CII and Sill are frequently detected with column
densities that are ten times higher than in the high-ionisation
states (Becker et al. 2011; Bosman et al. 2017; Cooper et al.
2019). Moreover, we find that the MgII line density appears to
be constant throughout the redshift range probed out to z ~ 7.5,
or at least only display a modest decrease to the highest redshifts
covered, z ~ 7.5. This supports the contention that the change
in the high-ionisation line densities is caused by a softening of
the UV radiation field dominated by star-forming galaxies rather
than by the harder radiation of active galactic nuclei at these
redshifts.

The under-production of CIV at z > 6 is known to be
a problem in cosmological simulations (Keating et al. 2016;
Finlator et al. 2018; Doughty et al. 2018) although interestingly
we find that the number density of CII absorbers agrees with
observations. We detect only two SiIV absorbers in the JWST
spectra, and confirm that the line density of this transition contin-
ues to decrease with redshift consistent with model predictions.
The fact that the observed line density of SiIV at z > 5.5 matches
the simulations (D’Odorico et al. 2022), whereas the observed
Sill line density is higher than in simulations, is not likely due to
the hardness of the UV background in the simulations, because
the ratio of these lines does not depend on the spectral hardness
(Doughty et al. 2018). In the epoch where re-ionisation has not
yet been completed, the low-ionisation ions will be the dominant
ones, and may be present out to large distances from the galaxies
(Doughty & Finlator 2023).

7.4. Environments of the metal absorbers

To date, not many studies have attempted to match metal-
absorption lines to galaxies at z > 6 primarily due to the
lack of instrument sensitivity since the galaxies are very faint.
From ground-based observations, targeting Lya emitters has
recently been the best option due to the increased contrast of
the emission lines above the background. By studying correla-
tions of high-ionisation CIV systems at z ~ 5 with Lya emit-
ters Diaz et al. (2021) found emitters within 200 kpc in projec-
tion from the absorbers. The environments of the even higher
redshift low-ionisation systems are less clear from observations.
Using JWST/NIRcam slitless spectra of one z = 6.3 quasar field
Kashino et al. (2023) identify galaxies with [O III] emission lines
at 5.3 < z < 6.2 and find that most of the detected galaxy
redshifts match either high- or low-ionisations absorption-line
systems in the quasar spectrum. Conversely, out of the eight
intervening absorption line systems, only four of the systems
have detected galaxies within 200kpc of the quasar sight line
(Kashino et al. 2023), where most of the non-detections are from
low-ionisation absorber systems.

In a survey of eight quasars at z > 6, Meyer et al. (2020)
detect a weak correlation between transmission spikes and z =
6 Lya emitters and Lyman-break galaxies (LBGs) within 1—
10 proper Mpc in projection along the line of sight, but argue
that fainter galaxies below the detection threshold are neces-
sary to drive the re-ionisation. In a similar analysis of a single
quasar at z = 6.4 Kakiichi et al. (2018) find that three out of
six LBGs lie close in redshift space to the IGM transmission
spikes, and also conclude that fainter galaxies clustered around
the brighter LBGs are needed to drive re-ionisation, but also
argue that luminous quasars do contribute to the ionising flux at
the latest stages of the re-ionisation. In a recent analysis of JWST
NIRcam slitless data, Kashino et al. (2023) measure a clear cor-
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relation between galaxy redshifts at 5.7 < z < 6.1 and transmis-
sion spikes in the Lya forest, but find that metal-absorption sys-
tems are not connected to the transmission spikes. This is con-
sistent with our finding of no clear association of low-ionisation
absorbers with IGM transmission peaks.

Whether any of the absorption systems have detectable
galaxy counterparts nearby can be investigated with the Band III
JWST integral field spectra. The 3 arcsec field of view of the
IFU limits the search to within 7-10kpc in projection from
the quasar, which is much smaller than the typical size of
100 kpc of the metal-enriched CGM around high-redshift galax-
ies (Tumlinson et al. 2017). The sizes and covering fractions of
the metal-enriched CGM depend on the galaxy masses and red-
shifts, where simulations predict that the median separation of
an OT absorber at z = 7 to its host galaxy is about 250 4!
comoving kpc or a physical size of about 45 kpc, and that the
absorber may probe either the CGM or the ISM of the host
(Doughty & Finlator 2019). Even though the IFU of NIRSpec
has a small field of view, there is a non-negligible chance of
detecting the associated galaxy through emission lines at the
absorber redshift in the IFS data cube, especially if the strongest
absorbers probe the ISM. This association of metal absorption
lines with galaxies will be investigated in forthcoming papers.

8. Summary and conclusions

We have presented JWST/NIRSpec spectra of four z > 6.5
quasars covering the wide spectral range 0.8-5.3 um. Targeting
luminous quasars with magnitudes of Jag = 17-20, the data
shows an exquisite signal with a § /N ratio of 50-200 per spectral
bin allowing for an in-depth analysis of each of the quasar lines
of sight. We detect metal-absorption line systems from interven-
ing absorbers and systems associated with the quasars. In each
of the four spectra we identify between 13 and 17 absorption
line systems with a total of 61 systems at redshifts ranging from
z = 2.4 to z = 7.5. Since the line of sight towards the quasars
probe random locations, the identifications include detections of
intervening metal-enriched gas in the CGM or the ISM of inter-
vening galaxies at the highest redshift to date. Most absorption
line systems are identified in multiple atomic transitions due to
the high quality of the NIRSpec data, while some weaker sys-
tems are only detected through Mg II or C1V doublets.

At the quasar redshifts, the Ly« transitions of each absorp-
tion system fall in the Gunn-Peterson trough, so deriving hydro-
gen column densities or metallicities based on the JWST data
is impossible, and likewise is it impossible to derive the neutral
hydrogen gas fractions. Instead, we use low-ionisation lines such
as OT as a proxy to examine the changing ionisation state of the
IGM (Oh 2002). Rather than detecting a forest of metal lines
in the IGM at the end of the EoR, we detect instead a number
of discrete O1 (and Mg II) absorbers, as logically expected since
winds from galaxies are responsible for distributing the heavy
elements out into the CGM of the host galaxies.

From the number statistics of the low-ionisation absorbers
0111302, C1rA1334, SinmA1526, and MgI1 42796, we derive
the redshift evolution of the line densities beyond z > 6.
Combined with other studies of lower redshift quasar spectra
(Becker et al. 2019; Chen et al. 2017; Davies et al. 2023b), we
find that the line densities of O1I, C1I, and Sill derived from
the NIRSpec data reveal a continued increase beyond z > 6,
whereas Mg 11 shows a redshift evolution that is consistent with
being constant or mildly decreasing with increasing redshift. In
all atomic species, the number of detected absorbers remains
small and the redshift path-length interval is also limited in our
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NIRSpec data set of just four quasars. Consequently, the Pois-
son uncertainties are large and the line density evolution could
also be constant to within ~ 1o uncertainties for all atomic
species. Nevertheless, compared to numerical simulations, the
observations follow the predicted redshift dependence for the
low-ionisation lines at z = 5 — 8, where the model predicts
an increase with increasing redshift to z ~ 7 due to the increased
neutral content and a decreasing UV ionising background flux.
At z > 7 the model predicts that line densities decrease with red-
shift as a consequence of the decreasing metal enrichment of the
CGM.

For the high-ionisation transitions CIV and SiIV we derive a
decrease in line density beyond z > 6 following the previously
reported rapid decrease seen for these lines from z = 4 — 6
(D’Odorico et al. 2022; Davies et al. 2023a). Again, the drop
is consistent with the model prediction. The transitions in line
densities from a predominantly low-ionisation level to a high-
ionisation level occurs at z = 6.0 for both carbon and silicon. The
observations therefore suggest that there is a continuous change
in the ionisation state rather than a drastic change in the distri-
bution of metals at z > 6.

We matched the redshifts of the absorption line systems at
z > 5.7 with spikes of transmission of Lya photons in the
GP troughs, and find that half of the intervening absorbers that
have high-ionisation absorption lines fall within +2000km s
of the Lya redshift of a matching transmission spike. For low-
ionisation absorbers on the other hand, only a single system out
of 13 intervening absorbers falls within +2000 km s~! of a spike.
This demonstrates that low-ionisation systems are found in envi-
ronments that are not ionised sufficiently to allow Ly« photons to
escape. Low-ionisation metal-absorption line systems therefore
likely trace higher density environments in the Universe that are
among the last ones to become re-ionised.

While we are not able to derive absolute metallicities, our
relative metallicity ratios are accurate provided that the absorp-
tion lines are not saturated, and that ionisation corrections are
insignificant. We argue that the systems traced through OI
absorption lines are reliable tracers, since in none of the cases do
we detect high-ionisation lines and they are not associated with
IGM transmission spikes. Focusing on silicon, carbon and oxy-
gen atoms, we derive high values of the metal line ratio [Si/O]
in the range from 0.5-1.0 in five of the z > 6 absorption sys-
tems. Such high values of [Si/O] are consistent with the enrich-
ment pattern expected from energetic Pop III hypernovae with
initial stellar masses from 10—15 M, or even from Pop III core-
collapse SNe (Heger & Woosley 2010). However, explosions of
single Pop II stars with a stellar mass of 15 M, can also produce
a high [Si/O] ratio (Woosley & Weaver 1995; Kobayashi et al.
2006; Nomoto et al. 2013), so this scenario cannot be ruled out
if the absorption system happen to probe a gas cloud enriched by
a single star alone. Absorbers with the highest [Si/O] ratios and
upper limits on [C/O] could be enriched by Pop III pair insta-
bility supernovae. The high [Si/O] ratio and limit on the carbon
abundance cannot be explained by the yields produced by Pop II
SNe. We therefore suggest that the CGM of the neutral absorp-
tion systems at z > 6 are dominated by the enrichment from
Pop III explosions.

In the near future, surveys from LSST and Euclid will detect
an increasing number of (fainter) quasars at z > 7. Also with
the increasing depth and completed wide-field surveys with
JWST, new detections of quasars at z > 10 are being made
(Goulding et al. 2023; Maiolino et al. 2023). Follow-up near-IR
spectroscopic observations with NIRSpec and future ELT spec-
trographs will allow to extend this work to even higher redshifts

into the first half of the re-ionisation epoch beyond z > 7.5.
Higher resolution spectra compared to the R ~ 2700 NIRSpec
observations are needed to fit the absorption line profiles with
conventional Voigt fitting techniques to verify metal column den-
sities, and with an increasing number of high redshift quasar
spectra the larger path length interval will provide line densi-
ties with smaller Poisson uncertainties. Future observations of
the fields surrounding the four quasars presented in this paper
may be able to identify the galaxies responsible for the interven-
ing absorption line systems and single out the galaxies that are
possibly responsible for the Pop III metal-enrichment at z > 6.
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Appendix A: Normalised spectra and absorption are colour coded to mark lines belonging to the same redshift

line systems absorbers. Figures with zoom in on individually detected absorp-

tion lines for each system are presented in Appendix B. We note

For visualisation purposes the normalised Fixed Slit spectra of ~that the Ly forest is ignored, and we do not include the Band III

the quasars are shown here, with all the different intervening data from 3-5.3 um, because only a very few absorption lines are
and proximate absorption line systems overlaid. Absorption lines ~ detected at these wavelengths.
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Fig. A.1. Normalised spectrum of VDES J0020-3653. Absorption line systems are identified via multiple absorption lines at the same redshifts.
Here, 16 different absorption systems are detected at z = 3.4087, 3.6040, 3.6265, 3.7930, 4.0738, 4.2510, 5.2005, 5.3277, 5.4695, 5.6540, 5.7910,
6.4535, 6.5028, 6.5625, 6.669, and 6.855. Each absorption system is specified with a distinct colour. The absorber at the highest redshift lies at the
quasar redshift.
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Fig. A.2. Normalised spectrum of DELS J0411-0907. Absorption line systems are identified via multiple absorption lines at the same redshifts.
Here, 13 different absorption systems are detected at z = 2.52, 2.5771, 2.969, 3.156, 3.3943, 3.4290, 3.7760, 4.2498, 4.2815, 5.1935, 5.4258,
5.935, and 6.1774.
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Fig. A.3. Full spectrum of UHS J0439+1634. The normalisation of the quasar continuum emission is not accurate around 10,000-11,000 A, where
the quasar spectrum has strong BAL features. Absorption line systems are identified via multiple absorption lines at the same redshifts. Here, 17
different absorption systems are detected at z = 2.4161, 3.170, 3.4081, 4.3445, 4.523, 5.1728, 5.274, 5.3945, 5.5228, 5.736, 5.819, 5.928, 6.028,
6.173, 6.284, 6.288, and 6.4877. The highest redshift absorber is at the quasar redshift.
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Fig. A.4. Full spectrum of ULAS J1342+0928. Absorption line systems are identified via multiple absorption lines at the same redshifts. Here, 15
different absorption systems are detected at z = 2.9145, 3.3758, 3.430, 3.593, 3.631, 3.6735, 5.6814, 5.8888, 6.1234, 6.271, 6.749, 6.8427, 7.368,
7.443, and 7.476. The highest redshift absorber is associated with the quasar, being offset by ~2000 km s~! from the quasar systemic redshift.
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Appendix B: Individual absorption systems

The appendix presents each of the detected absorption line sys-
tems. In each of the quasar spectra we have identified between
13-17 intervening absorption line systems at different redshifts,
ranging from lower redshifts (z = 2.4) to absorbers located at the
quasar redshifts.

In the figures in this appendix all panels illustrate the nor-
malised quasar spectrum around the detected absorption line
species within +600 km s~! for each of the absorption systems.
Flux errors per spectral pixel are overlaid, and the y-axis of each
absorption line is scaled to match the depth of the line. Equiv-
alent widths in the observed frame are computed by integrating
the lines from within +200 km s~!, while for the stronger sys-
tems that display broader lines, the lines are integrated within
+300 km s~!. The reported wavelengths of the absorption lines
in all tables are computed from weighted mean flux values rather
than based on absorption line fits. Line profiles for narrow line
systems for a single absorption system may appear visually dif-
ferent as explained in Fig. 6 in Section 2. Some lines are blended
or partially contaminated with other identified lines from other
absorption systems. We describe in the comments to the tables
which lines are blended with a line from another system. Some
weak lines or lines towards longer wavelengths are dominated by
errors from the complex normalisation of the quasar spectrum.

J0020-3653, z = 3.4087
I —
0.5] W Fell 2344
1_04_;—1‘_ —
W L'—L._:—o—H
0.8 Fell 2374
1.0 =]
| ’\"—‘W—‘—'—"
Fell 2382
x 1.00{= _'j_'—I_‘_Jr—'—\ w —
=)
3 w
5 0.751
D Fell 2586
2 1.0/
©
I
S 051
=z Fell 2600
N L
Mgll 2796
101
0.5
Mgl 2803
10}_1 — s IO sy SO .
0Ly ‘ gl
0.9 W Mgl 2852
-600  -400  -200 0 200 400 600

Velocity [km/s]

Fig. B.1. Absorption system at z = 3.4087 towards J0020-3653. Note

that the y-axis range changes according to the strengths of the absorp-
tion lines in this and all other panels.

Table B.1. J0020-3653, z = 3.4087

/lobs 1D Wobs
10334.94  Fe1 2344.21 2.821+0.119
1046829 Fem2374.46  1.916+0.098"
10504.90 Fe112382.76  6.216+0.104*
11403.76  Fell 2586.65 2.574+0.104
11463.38 Fe1m 2600.17  7.266+0.095
12328.28 Mg 2796.35 12.011+0.081
12359.93 Mg 2803.53 11.204+0.081
12577.86 Mg12852.96  0.700+0.107

T Line blended with Crir 12062 at z = 4.0738. *Line partly blended
with C1v 21548 at z = 5.791

___J0020-3653, z = 3.604

0.51 w Mgll 2796
1.00 — m—
Mgll 2803
—-600  —-400  —200 0 200 400 600
Velocity [km/s]

10f——

Normalised flux

Fig. B.2. Absorption system at z = 3.604 towards J0020-3653.

Table B.2. J0020-3653, z = 3.604

/lobs ID Wobs

12874.40 Mg112796.35 6.396+0.095
12907.46 Mg 2803.53 4.372+0.105

10020 3653, z=3. 6265

X 1.0] ‘
2 W
D 091 Fj—'ﬁ Mgll 2796
)
® 0] : et
g Lo . H—’ =t
o) Mgll 2803
Z 09

—600 —400 -200 200 400 600

VeIOC|ty [km/s]
Fig. B.3. Absorption system at z = 3.6265 towards J0020-3653.

Table B.3. J0020-3653, z = 3.6265

/lobg ID Wobs
12937.32 Mg112796.35 0.872+0.098
12970.54 Mg 2803.53 0.320+0.102

Table B.4. J0020-3653, z = 3.793

/lobs 1D Wobs
13402.92 Mgm 2796.35 1.977+0.070
13437.32 Mg 2803.53 0.770+0.089
13674.26 Mg12852.96 0.190+0.125
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10020-3653, z=3.793 J0020—3653 z=4.0738
1.00 {—== Sm————
w 1.0 1 f {
3 073 MgII 2796 0] LMH Crll 2056
T L0 Fe 101 p—
0
g 100'? Mall 2803 081 w Crll 2062
2 1.oo~ | | ﬁw == Lf%ﬁg 104 ;
| Mg' Fell 2249
o5 W ] Lo—LW W o
—600 —400 —200 200 400 600 1.01
VeIouty [km/s] 05
Fig. B.4. Absorption system at z = 3.793 towards J0020-3653. 1.01 Fell 2344
Table B.5. J0020-3653, z = 4.0738 o5 T
. Fell 2374
1.0
/lobs ID Wobs 0.5 M_
10433.02  Cr112056.25 0.128+0.093 101 Fell 2382
10463.36  Cri2062.23  1.813+0.085"
1141542  Fem2249.88  0.614+0.093 % 051
11894.07 Fe1r2344.21 5.535+0.073 e Lot Fell 2586
12047.54 Femn2374.46  4.390+0.053 3 '
12089.67 Fem2382.76  6.750+0.052 2 054
13124.14  Fe11 2586.65 5.113+0.140 E Fell 2600
13192.76  Fel2600.17  6.237+0.135 S 1ol T e
13074.56 Mn112576.88  0.265+0.157 o W - 2576
13163.97 Mnm2594.50 0.289:0.156 1091
13224.65 Mnir2606.46  0.866=0.163 L oo) T T [T
14188.13  MgI12796.35 10.553+0.095 0'95 al | T nn 2504
14224.56 Mg 2803.53 10.212+0.097 '
1447537 Mg12852.96  0.842+0.118 1.0 ﬂ‘ﬂﬂ‘ﬂ
17173.49  Tim3384.74  0.718+0.150 o) W
: Mnll 2606
 Line blended with Fe It 12374 at z = 3.4087 1
Table B.6. J0020-3653, z = 4.251 M
] Mgll 2796
V=
Aobs ID Wobs
14683.64 Mg 2796.35 2.392+0.098 04 Hall 2603
14721.34 Mg 2803.53  1.630+0.096 1.0 m ot
0.91 Mgl 2852
Table B.7. J0020-3653, z = 5.2005 Lof kT oy m P g P
0.94 w Till 3384
Aobs ID Wobs —600  -400  -200 . 0 200 400 600
9599.58 CIV 1548.19  0.274+0.052 Velocity [km/s]
9615.55 C1v 1550.77 0.168+0.053 Fig. B.5. Absorption system at z = 4.0738 towards J0020-3653.
Table B.8. J0020-3653, z = 5.3277 J0020-3653, z=4.251
é 1.001 }_‘_'_j e |
Aobs ID Wobs § 0.751 Mgll 2796
9796.51 C1v 1548.19 1.075+0.053 5 10 : —
9812.81 C1v 1550.77 0.396+0.056 £
g 0.8 Mgll 2803
—-600 —400 —200 0 200 400 600
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Table B.9. J0020-3653, z = 5.4695

J0020-3653, z = 5.2005
3 10
; /lobs ID Wobs
8 1981 9877.03  Sim1526.71  0.181+0.069
© 0] = - e 10016.05 CIv 1548.19  1.477+0.084
E 1.00 1 T |
£ gosl ﬂJ LT Qv 1550 1003271 C1v 1550.77  0.697+0.087
= , , , , , 10809.16 Al 1670.79  0.499+0.079
-600  -400  -200 0 200 400 600 15165.89  Fell2344.21  0.342+0.118
Velocity [km/s] 1541530 Fem2382.76  0.469+0.136
Fig. B.7. Absorption system at z = 5.2005 towards J0020-3653. 16734.33  Fel12586.65  0.774+0.145
16821.82  Fer2600.17  0.588+0.152
100203653, 7 = 5.3277 18091.00 MgI12796.35 2.264+0.135
« 10l = J0020-3653, 2z =5.3277 18137.44 Mg112803.53 1.734+0.164
2 - L
8 0.81 CIV 1548
=2 T e 10020-3653. z =
g 1.01 — é 1.0 ‘—'—‘
S o] LO—\ CIV 1550 ° v 154
= : : 8 os
-600 —400 —200 200 400 600 © 1.0
VeIOC|ty [km/s] £ %
§ 0.9 CIV 1550
Fig. B.8. Absorption system at z = 5.3277 towards J0020-3653. _600 400 =300 200 500
Veloaty [km/s]
10020-3653, z = 5.4695 Fig. B.10. Absorption system at z = 5.654 towards J0020-3653.
1.0 Ty
sill 1526 Table B.10. J0020-3653, z = 5.654
0.9
1.04 g et
L‘_\_'J M Aobs D Wobs
0.5 clvisas 10301.69 C1v 1548.19  0.805+0.093
10/ ety E— 10318.82 C1v 1550.77 0.706+0.102
03] 1 L’T_,_,—oﬁlr CIV 1550
101 }_HT_F_‘_\_J—H 1 et Table B.11. J0020-3653, z = 5.791
091 w Alll 1670 /1 D W
X o] TP L, et LTI o> : obs
= o W Y 10367.86  Sim1526.71  0.501+0.093
2 ool Fell 2344 10513.79  C1Iv 1548.19  2.426+0.095"
S NS Y s P e 1053128 CIv 1550.77  0.936+0.097
£ . “‘w RN 15919.56  Fel 234421  0.3170.132
S o8l Fell 2382 16181.36 Fe1r2382.76  0.405+0.131
I LT ‘ 1765777  Fem2600.17  1.029+0.149
' Lt W 18990.03 MgI12796.35  1.684x0.168
0.91 ell 2586 19038.78 MgI12803.53  1.926+0.145
1o{ Lt T iy " Line partly blended with Fe I 12382 at z = 3.4087
0.91 W Fell 2600
1.00 { "1 N W—
0.751 T—UJ Mgll 2796
1.0
081 w Mgll 2803
—-600 —400 —200 200 00 600

Veloaty [km/s]

Fig. B.9. Absorption system at z = 5.4695 towards J0020-3653.

A82, page 27 of 44



Christensen, L., et al.: A&A 680, A82 (2023)

J0020-3653, =z =5.791
104 }_,_'J_’_LH#H—H W
091 Sill 1526
) I—‘——’—,‘
CIV 1548
03 FTT
1.0
0.9 F’J w CIV 1550
1.05
3 100/
3L
= o) W W—P W
(]
n -
T 10{ ot HIW iy ‘ -
£ L’Lﬁj L+t
]
S . Fell 2382
1.0 “ﬂf‘mj\_p w Ww 4
Fell 2600
0.81
1.0 EEEITIE-. et
0.8 LHLJ—J Mgll 2796
1.0 W"’Mﬁ
Mgll 2803
0.81 , , , , o
-600  -400  —200 0 200 400 600

Fig. B.11. Absorption system at z = 5.791 towards J0020-3653.

Velocity [km/s]

Table B.12. J0020-3653, z = 6.4535
/lobs ID Wobs
9705.71 011302.17  0.680+0.050
9946.94 Cm1334.53  0.768+0.077
11379.31  Sim 1526.71  0.212+0.089
17472.60 Fe1r 234421 0.083+0.159
17698.05 Fem2374.46 0.094+0.148
17759.94 Fem 2382.76  0.406+0.159
19279.60 Felr 2586.65 0.741+0.187
19380.39  Fem 2600.17  0.139+0.094
20842.61 Mgm 2796.35 2.301+0.175
20896.12 Mg112803.53 1.956+0.170
Table B.13. J0020-3653, z = 6.5028
/lobs ID Wobs
11615.80 C1v 1548.19  0.524+0.096
11635.12 C1v 1550.77  0.114%0.092
17877.41 Fe1 2382.76  0.383+0.150
20980.47 Mg 279635 1.642+0.167
21034.33 Mgm 2803.53 1.086+0.175
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Fig. B.12. Absorption system at z = 6.4535 towards J0020-3653.
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Fig. B.13. Absorption system at z = 6.5028 towards J0020-3653.



Christensen, L., et al.: A&A 680, A82 (2023)

J0020-3653, z =6.5625 J0020-3653, z=6.669
1.0)—\_'_h0—-—¢ﬁ\_0_,_'_r—‘—\ sy 10/ — e
0.91 011302 L—LH
% }_‘ — 0.8 Sill 1260
5 109 Lo ‘ — o oy 10] e B —
T 097 W Sill 1526 w
K% 0.8 0l 1302
© 1.0‘)_:—H1'_‘_'_‘*ﬂ4_‘—’_‘ T Py
£ W 101 P =
2 sl Mgll 2796 ol T’J Lmj LT sl 13F
1.01 Cans } ; } \_‘_‘_\_{ 1-04 —t— —— :»L_‘ :
= B .
0.9 Mgll 2803 0.81 ‘\w
. : r - - ’ Cll 1334
-600 —-400 -200 0 200 400 600
Velocity [km/s] 1.0{ == iy =
Fig. B.14. Absorption system at z = 6.5625 towards J0020-3653. 0.91 M CI 1335
1.0«M~H“%1 ey
Table B.14. J0020-3653, z = 6.5625 091 w Sill 1526
= 1.0 (- y i e e SO I e |
Aobs ID Wobs 2 L"LJ—H
- 0.94 Alll 1670
9847.65 O11302.17 0.472+0.059 e
1154572  Sim 1526.71  0.445+0.091 é 10 %W | @_Prh
1009239 Ci 1334.53 <04 5 Wm;jmmﬁ
2114741 Mgu2796.35 1.6330.185 = %
21201.70 Mgi2803.53 1.553+0.175 ool HLL
- m ‘ w L ren2ata
T C11 is not clearly detected in this system. A 30 upper limit is listed 0.951
because the limit is used in Section 5. 5 . L ]
1.04 ===} T T ]
L'—LOJ—H Fell 2382
0.9
Table B.15. J0020-3653, z = 6.669 -
1.0 = } — } P, o S } s } r_’_\—‘ﬁ_';r_{
W Fell 2586
Aobs ID Wobs 0.9 o
9668.71  Sim1260.75  0.964+0.055 101 i ot
9986.33 0O11302.17 0.884+0.074 091 w Fell 2600
1000322 Sim1304.37  0.368+0.081 e m— m—
10234.53  Cm 133453  1.292+0.078 bl S
10243.54  CIr* 133571  0.447+0.073 ol il 2796
11708.31 Sim1526.71  0.707+0.078 N — — ——
1281327 Al 1670.79  0.318+0.090 101 A S AR T
17977.78"  Fem234421  0.947+0.171 Vil 2803
18209.74  Fem 2374.46  0.139+0.175 0.8 . . . . .
1827342 Fem2382.76  0.362:0.180 e VI P
19837.02  Fe1r 2586.65 0.469+0.137
1994073 Fem2600.17  0.595+0.128 Fig. B.15. Absorption system at z = 6.669 towards J0020-3653
2144522 Mgu2796.35 1.857+0.167
21500.28 Mg 2803.53 1.729+0.157

 Line blended with unidentified feature.
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J0020-3653, =z =6.855 Lo J0411-0907, z=2.5771
104 B S ’
W NV 1238 051
0.9 Mgll 2796
1.0 J
ix’ 1.04— 1 — m 35 .
s J S—— W NV 1242 £ 054
g 93 Q Mgll 2803
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Fig. B.16. Absorption system at z = 6.855 towards J0020-3653 Fig. B.18. Absorption system at z = 2.5771 towards J0411-0907.
Table B.18. J0411-0907, z = 2.5771
Table B.16. J0020-3653, z = 6.855
/lobs ID Wobs
Aobs ID Wobs 10002.83 MgII2796.35 6.342+0.068
973094 Nv1238.82 0.638+0.056 10028.51 Mg 2803.53 5.164+0.075
976223 NV 1242.80 0.202+0.058 10205.34 Mg12852.96 1.218+0.068
12161.07 C1v1548.19 1.582+0.058 10995.57 Tim3073.88  1.340+0.068
12181.30 C1v1550.77 1.176+0.063
J0411 0907, = 2.969
1.0~hL‘_I—‘ﬁ : | -
10411-0907, z=2.52 5 M Fell 2600
1.0 e 3 0.9]
T ) L= =——— w
X 081 Mgll 2796 8 w
% Lol Tg 0.9 Mgll 2796
E - w Ml 2603 § 1.0 M w __'gr—’—u
o [ 0.9 Mgll 2803
=
1.00 —F_FPHLH 1 ﬂ;j;jz ' ;
- -600  —400  —200 200 400 600
0.95 1 ‘ ‘ ‘ ‘ ‘ Velouty [km/s]
-600  -400  -200 0 200 400 600

Velocity [km/s] Fig. B.19. Absorption system at z = 2.969 towards J0411-0907.

Fig. B.17. Absorption system at z = 2.52 towards J0411-0907. Note
that the y-axis range changes according to the strengths of the absorp-
tion lines in this and all other panels.

Table B.19. J0411-0907, z = 2.969

/10bs ID Wobs
10320.09 Fe12600.17  0.370+0.067
Table B.17. J0411-0907, z = 2.52 11098.72 Mg112796.35 0.804+0.061

1112721 Mg12803.53  0.459+0.062

/lobs ID Wobs

9843.16 Mgl 279635 1.315+0.067

9868.437  MgI12803.53 0.967+0.072

10042.43  Mg12852.96 0.216+0.084

 Line blended with Fe 11 12374 at z = 3.156
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2—3156
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W w Fell 2344
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0.81
W e SR [ —

Fell 2374 0.9 M
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Fell 2374
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05 Mgll 2796 x 0.751 ﬂ
sl wmw “?-J = B o o
0.91 Mgll 2803 E 0.8l L—D—J Fell 2586
600  —400 400 600 S 1.00]
VeIOC|ty [km/s] = L—LLJI
Fig. B.20. Absorpti = - 0731 Fell 2600
g. B.20. Absorption system at z = 3.1560 towards J0411-0907. 101
Table B.20. J0411-0907, z = 3.1560. 1o Mgl 2796
Aobs Wobs 0.51 m Mgll 2803
974255  Fel2344.21  0.344+0.054 -600  —400 -200V | ‘ 400 600
9868.26  Fel2374.46  0.857+0.053" cocty ki)
11621.64 Mg 2796.35  1.012+0.065 Fig. B.22. Absorption system at z = 3.429 towards J0411-0907.
1165147 Mg12803.53 0.485+0.061

T Line blended with Mg 11 12803 at z = 2.520

Table B.22. J0411-0907, z = 3.429

/10bs ID Wobs

_z=3.3043 1038252 Fem234421  0.930+0.066"
x 107 ] e 10516.49  Fel 237446  0.518+0.060
= L} (J 1055327 Fen2382.76  1.827+0.063
2 osl Mgll 2796 11456.27 Fem 2586.65  1.013+0.057
3 10l s R 11516.17  Fem2600.17  1.764+0.060
£ M” i 12385.04 MgI12796.35  7.222+0.048
Z 091 Mgl 2803 12416.84 MgI12803.53  4.273+0.068"

—-600  —400 200 40 600

VeIouty [km/s]

Fe11 12600 at z = 3.776

Fig. B.21. Absorption system at z = 3.3943 towards J0411-0907.

Table B.21. J0411-0907, z = 3.3943

Table B.23. J0411-0907, z = 3.776

¥ Line blended with Mgl 12796 at z = 4.2814. * Line blended with

/10bs ID Wobs

1119597 Fem2344.21 1.418+0.061

Aobs Wobs 11340.43  Fel 237446  0.475+0.062
12288.01 Mg112796.35 0.596+0.057 11380.09  Fe1r 2382.76 1.948+0.053
12319.56 Mg112803.53 0.412+0.059 12353.84 Fem 2586.65  0.694+0.060
12418.43 Fe12600.17  4.225+0.054F

13355.38 Mg 2796.35 4.777+0.079

13389.66 Mg 2803.53 3.952+0.072

13625.76  Mg12852.96  0.532+0.095

T Line blended with Mg 11 12803 at z=3.429
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Fig. B.23. Absorption system at z = 3.776 towards J0411-0907.
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Fig. B.24. Absorption system at z = 4.2498 towards J0411-0907.

Table B.24. J0411-0907, z = 4.2498

/lobs ID Wobs

14680.29 Mg112796.35 0.493+0.075
14717.98 Mg12803.53 0.359+0.074
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Fig. B.25. Absorption system at z = 4.2815 towards J0411-0907.



Table B.25. J0411-0907, z = 4.2815

Christensen, L., et al.: A&A 680, A82 (2023)

/10bs ID Wobs
9549.02 Sit 1808.01 0.261+0.053
10091.63  Tit 1910.75 0.543+0.083
10701.74  Cr112026.27 0.365+0.086
10860.10  Crm 2056.25 0.590+0.068
10891.69 Cr1m2062.23  0.598+0.067
10912.43  Crm2066.16  0.465+0.069
11882.72  Felr 2249.88 0.453+0.070
11940.31 Fe1m2260.78  0.445+0.065
12380.97 Fe12344.21  8.400+0.065
12540.72 Fel 237446  2.378+0.072*
12584.57 Fe12382.76  6.032+0.063
13661.39  Fe11 2586.65 3.979+0.117
13732.81 Fem 2600.17  6.267+0.105
13702.85 Mn112594.50 0.139+0.118
13609.78 Mn112576.88 0.983+0.113
14768.93 Mg12796.35 13.433+0.066
14806.85 Mg1r2803.53 10.878+0.073
15067.93 Mg12852.96  0.875+0.094
17127.53  Tim 3242.93 0.210+0.131
17876.50  Titm3384.74  0.818+0.136

T Line blended with Mg 11 12796 at z = 3.429. * Line blended with SiTt

41808 at z = 5.935
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Fig. B.26. Absorption system at z = 5.1935 towards J0411-0907.

Table B.26. J0411-0907, z = 5.1935

/10bs ID Wobs
17319.21 Mg 2796.35 1.740+ 0.108
17363.67 Mg12803.53 1.107+0.112
105 10411-0907, z = 5.4258
X 1.00] bt T i
% 0.951 w LCM_H&
E 1.04 et [
S f Lm_,I'J CIv 1550
0.9 : : : : :
—-600  —400  —200 0 200 400 600

Velocity [km/s]

Fig. B.27. Absorption system at z = 5.4258 towards J0411-0907.

Table B.27. J0411-0907, z = 5.4258

1.0

0.8

1.0

0.9
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0.9
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1.0

0.91
1.0

0.5
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1.0

0.8

1.0

0.8

1.0

0.8

0.751

1.0

0.8

/lobs ID Wobs

9948.39 C1v 1548.19  0.329+0.057
9964.94 C1v 1550.77 0.434+0.056
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Fig. B.28. Absorption system at z = 5.935 towards J0411-0907.
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Table B.28. J0411-0907, z = 5.935

Christensen, L., et al.: A&A 680, A82 (2023)

/lobs ID Wobs
10587.71  Sim1526.71  0.990+0.068
10736.73 C1v 1548.19  0.464+0.061
10754.59 C1v 1550.77  0.491+0.065
11154.61 Fem 1608.45 0.084+0.0617
11586.91 Al 1670.79  0.606+0.066
12538.57 Sim 1808.01  2.485+0.056%
14052.18 Crim2026.27  0.361+0.075
16257.12  Fem 234421  0.974+0.090
16466.89  Fem 2374.46  0.370+0.096
16524.48  Fel2382.76  1.182+0.097
17938.42 Fe1 2586.65  1.068+0.108
18032.20  Fem2600.17  1.655+0.107
19392.70 Mg 2796.35  2.620+0.130
19442.49 Mg 2803.53  1.823+0.123

T Line blended with Mg 11 12803 at z = 2.9791 # Line blended with Fe 11

A2374 at z = 4.2815
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0.8 1
1.0

0.94
1.0

0.9

1.0

0.9

1.0

Normalised flux

0.8

1.0+

0.9

1.0

—-600

J0411-0907, z=6.1774
o
Cll 1334
| —)
[ i | I
Sill 1526
}_’ﬁ_’_,_'_ﬁp—b— t —h

w Fell 1608
PPN = o= SN - - =
) . e
W Alll 1670

| H—'—H { T, o W o e e
S A et EEn i SR
HMJ Fell 2344

0.91

o, ek e
m\w B e o Y
W Fell 2374

IR s ——

Fell 2382

T

A ST

Arh

.

A M’H\
AL

| V_F'—\—‘

Lt
%58%—{
e

e
| Fell 2600

=

Mgll 2796

—

-
-

Mgll 2803

—400

—200 0

200 400

Velocity [km/s]

600

Fig. B.29. Absorption system at z = 6.1774 towards J0411-0907.
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Table B.29. J0411-0907, z = 6.1774

/lobs 1D Wobs
9578.47 C111334.53 1.541+0.040
10957.78  Sim 1526.71  0.912+0.057
11544.50 Fe1 1608.45 0.135+0.066
1199191 Alm1670.79  0.416+0.053
16825.36  Fem 234421 0.256x0.116
17042.46 Fe1m 2374.46 0.670+0.102
17102.06  Fem 2382.76  1.538+0.111
18565.42  Felr 2586.65 0.558+0.174
18662.48 Fe1 2600.17 1.655+0.133
20070.54 Mg 279635 4.041+0.128
20122.06 Mg 2803.53 3.008+0.132

J0439+1634, z = 2.4161
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Fig. B.30. Absorption system at z = 2.4161 towards J0439+1634.

Table B.30. J0439+1634, z = 2.4161

/10bs 1D Wobs
9552.62 Mgm2796.35 3.401+0.061
9577.14 Mg12803.53 0.843+0.058

Table B.31. J0439+1634, z = 3.170

/10bs ID Wobs
9381.99 Fe 11 2249.88 1.041+0.044
9427.45 Fe1r 2260.78 1.163+0.044
9775.37 Fe1 2344.21 3.118+0.042
9901.50 Felr2374.46  5.010+0.035*
9936.13  Fem2382.76  3.662+0.045

10786.33  Felr2586.65  2.915+0.042
10842.72  Fe1 2600.17  4.057+0.054
10819.06 Mn112594.50 0.764+0.060
10745.58 Mn112576.88 0.489+0.041
11660.79 Mg 2796.35  5.468+0.029
11690.72 Mgm 2803.53  5.410+0.031
11896.86 Mg12852.96  1.438+0.042
12818.07  Ti1 3073.88 0.175+0.052
13469.65 Tim 3230.13  0.020+0.040
13523.01 Tim3242.93  0.334+0.038
14114.37 Tiu 3384.74 1.089+0.036
16407.99 Cam3934.77 0.721+0.124

# Line blended with C1v 21548 at z = 5.3945
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Fig. B.31. Absorption system at z = 3.170 towards J0439+1634.
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Fig. B.32. Absorption system at z = 3.4081 towards J0439+1634.

Table B.32. J0439+1634, z = 3.4081

/lobs ID Wobs
10333.53 Fem2344.21 0.593+0.043
10503.47 Fem 2382.76  0.434+0.035
11402.21 Fe1 2586.65 0.217+0.036
11461.82  Fe1 2600.17  0.526+0.034
12326.60 Mg112796.35 0.743+0.042
12358.25 Mg 2803.53 0.743+0.037

Table B.33. J0439+1634, z = 4.3445

/lobs 1D Wobs
12528.65 Fe12344.21 0.154+0.031
12690.30 Fem 2374.46  0.138+0.030
12734.69 Fem 2382.76  0.595+0.034
13824.35  FeIr2586.65 0.098+0.035
13896.62  Fe1r 2600.17  0.874+0.032
14945.10 Mg 2796.35 1.052+0.037
14983.47 Mg 2803.53 0.756+0.043
15247.67 Mg12852.96 0.558+0.038

Table B.34. J0439+1634, z = 4.523

/10bs ID Wobs
9227.76  Alm 1670.79  1.304+0.049
10243.60 Almn 1854.72  0.946+0.046
10288.19 Al 1862.79  0.561+0.044"
11190.35 Zn1m2026.14 0.745+0.053
11392.07 ZnI2062.66 0.414+0.040%
1544425 Mg 279635 6.397+0.042
15483.90 Mg 2803.53 4.731+0.047

 Line blended with FeTr 11608 at z = 5.3945 * Line blended with Al11

A1670 at z = 5.8190
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Fig. B.33. Absorption system at z = 4.3445 towards J0439+1634.
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Fig. B.34. Absorption system at z = 4.523 towards J0439+1634.

A82, page 36 of 44

Normalised flux

1.0

1083
1.001
0.951

1.0
1581

1.00 {r
0.951

1.0

0.9
1.0

0.751
1.0

0.8

J0439+1634, z=5.1728
A . , o
o L
W Alll 16
e SN o e B _¢_l_’_'_’—|_¢_‘
W L lsit-1808
——
T e
Fell 2344
. ol N .,
’_‘—0—‘ WW ==
Fell 2382
| T N M
Fell 2600
M ‘|~|__|__r—‘
Mgll 2803
—600  -400  —200 0 200 400 600

Velocity [km/s]

Fig. B.35. Absorption system at z = 5.1728 towards J0439+1634.

Table B.35. J0439+1634, z = 5.1728

Normalised flux

/lobs 1D Wobs
10313.43 Al 1670.79  0.404+0.046
11160.50  Si1m 1808.01  0.245+0.047
11448.79 Almr 1854.72  0.399+0.032
14470.36  Femr 2344.21  0.139+0.040
14708.33  Fe1 2382.76 0.502+0.046
16050.35 Fe1m 2600.17 0.382+0.053
17261.32 Mg 2796.35 2.945+0.054
17305.64 Mgi12803.53 1.278+0.051

J0439+1634, z =5.274
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Fig. B.36. Absorption system at z = 5.274 towards J0439+1634.
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Table B.36. J0439+1634, z = 5.274

Table B.37. J0439+1634, z = 5.3945

/lobs 1D Wobs /lobs ID Wobs
9713.38 CI1v1548.19 1.124+0.045 9762.53 Sir1526.71 0.062+0.050
9729.53 C1v1550.77 1.107+0.046" 9899.93 C1v 1548.19  5.166+0.0407
9916.40 C1v 1550.77 2.331+0.053
T Line blended with C11 211334 at 7 = 6.288 1028524 Fel 1608.45 0.437+0.041%
11136.36  Nil1 1741.55 0.251+0.052
J0439+1634, z =5.3945 14990.08 Fe112344.21 0.378+0.032
1.0 15236.59 Fem2382.76  0.969+0.050
16540.33  Fel1 2586.65 0.252+0.053
0.5 Qv 1548 16626.81 Fe112600.17 0.945+0.053
1.00 17881.27 Mgm 279635 4.005+0.054
17927.18 Mg 2803.53  2.164+0.055
0-75; CIV 1550 18243.28 Mg12852.96 2.691+0.057%
1.0 — [  Line blended with Fe I 12374 at z = 3.170. ¥ Line blended with Al T
W L Sill 15% A1862 at z = 4.523. ¥ Line blended with Mg 11 12797 at z = 5.5228
o ———— .
M J0439+1634, z = 5.5228
Fell 1608
0.9 1.01
1.0 [ et w
. [ 0.91 Clv 1548
W Nill 1741
0.9
. 1.01
X L0 e M
= 0.9
3 Fell 2344 1.05 o
oo 08 1.001 e ‘ W
E 107 e 0.5 L Al 1670
< os 1.00 { e T e [ S |
1.0 WHAJLTM - 0.95 1 LT A 1?5@
LT e e g
x
0.9 S5 104 7 e
e R % 0o JIJ W Allll 1862
Fell 2600 £ 105
20 £ 1.00 | e :
' S o5 b T Re 2382
Mgll 2796 = 105
%51 — = 100) naH] e e s
‘LLLLJ—J' 0051 w e
0751 Mgll 2803 1.0 e
;\T 0.81 Mgll 2796
0.81 ‘ ‘ ‘ ‘ 'Mgl 2852 tof e
—-600 -400 -200 0 200 400 600 091 W
Velocity [km/s] : Mgll 2803
Fig. B.37. Absorption system at z = 5.3945 towards J0439+1634. 1.01 Fﬂ
—600  -400  —200 0 200 400 600

Velocity [km/s]

Fig. B.38. Absorption system at z = 5.5228 towards J0439+1634.
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Table B.38. J0439+1634, z = 5.5228

Christensen, L., et al.: A&A 680, A82 (2023)

J0439+1634, z =5.819
Aobs ID Wobs ] ww LSsz
10098.57 CIv1548.19  0.702+0.043 0.91
1011536  C1v1550.77  0.6120.050 1.0 s
10898.21  Alm1670.79  0.152+0.067 0.91 e Tj Ci}sf;
12097.94  Alm1854.72  0.260+0.039
12150.60 Al 1862.79  0.380+0.037 1o] . m+~i L,
1554230 Fem2382.76  0.268+0.052 W v 1550
16960.41  Femn2600.17  0.126+0.055 0.9
1788127 MgI12796.35 2.737+0.057" 10/
17927.18 Mg112803.53  1.131+0.054 e W 1670
1824328 Mg12852.96  0.942+0.061 0.9
é 1.01 - { | —— P
T Line blended with Mg1 12852 at z = 5.3945 = W
8 0.9 Fell 2344
% 1.0~ ] B =
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Fig. B.39. Absorption system at z = 5.736 towards J0439+1634. o8] Mgll 2796
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Fig. B.41. Absorption system at z = 5.928 towards J0439+1634.

" Line blended with SiII 11526 at z = 5.928. ¥ Line blended with Zn I

42062 at z = 4.523
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Table B.41. J0439+1634, z = 5.928

/lobs ID Wobs
9245.64 C111334.53 0.055+0.047
10577.02  Si1 1526.71 0.346+0.044"
19373.13 Mg 2796.35 0.518+0.061
19422.86 Mg112803.53  0.206+0.042
 Line blended with C1v 11550 at z = 5.819
]0439+1634, z=6.173
é 1.0 %w e
B ool Fﬁ Silv 1393
"]
T 10| i
g 1
5 Mmz
Z 0.9
—600  -400  —200 0 200 400 600
Velocity [km/s]
Fig. B.42. Absorption system at z = 6.173 towards J0439+1634.
Table B.42. J0439+1634, z = 6.173
/10bs ID Wobs
9997.40 SiIv1393.76 0.690+0.052
10062.07 Si1v 1402.77 0.617+0.058
]0439+1634, z=6.208
X 10] T el 1
s w Mgll 2796
D 0.91
9 1.05
£ 1.00 e —
5 0951 Bina I e Mgll 2803
=
—600  -400  -200 0 200 400 600

Velocity [km/s]

Fig. B.43. Absorption system at z = 6.208 towards J0439+1634.

Table B.43. J0439+1634, z = 6.208

/lobs ID Wobs
20156.11 Mg 2796.35 0.812+0.062
20207.85 Mg 2803.53 0.434+0.061

Normalised flux
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Fig. B.44. Absorption system at z = 6.284 towards J0439+1634.

Table B.44. 10439+1634, z = 6.284

Normalised flux

/10bs 1D Wobs
11120.53 Sim 1526.71  2.083+0.066
11277.05 C1v 1548.19 2.843+0.049
11295.81 C1v 1550.77 2.677+0.047
J0439+1634, z = 6.288
1.0 H”_‘*—o—\_‘_,_._,—«
w Sill 1260
0.9
1.0 = = - —‘—L‘_\_‘J—«
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0.8
1.0 = N pa
091 ] FJT W Sill 1304
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0.9 W4
PR oy e = ’—‘_’_{
1.0
I WMQII 2796
0.9
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Fig. B.45. Absorption system at z = 6.288 towards J0439+1634.

Table B.45. J0439+1634, z = 6.288

/10bs ID Wobs
9188.37 Sim1260.75 0.444+0.040
9490.20 011302.17 0.864+0.047
9506.25 Sim1304.37  0.628+0.049
9726.07 C11334.53 1.114+0.052F
20379.81 Mgmn2796.35 1.161+0.059

" Blended with C1v 1550 at z = 5.274
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J0439+1634, z = 6.4877
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Fig. B.46. Absorption system at z = 6.4877 towards J0439+1634.

Table B.46. J0439+1634, z = 6.4877

Aobs ID Wobs
1159242  C1v 1548.19 1.784+0.030
11611.70 C1v 1550.77 1.206+0.031

J1342+40928, z =2.9145
L R —— M —
x
3 051 ___ Mgn279%
b
= 0751
g MgII 2803
o }—\_o_] '
=2 1.0 L'_\_’_‘_’J—OJ B
0ol Mgl 2852
-600  —400  -200 200 400 600

Veloaty [km/s]

Fig. B.47. Absorption system at z = 2.9145 towards J1342+0928.

Table B.47. J1342+0928, z = 2.9145

/10bs ID Wobs
10946.32 Mg 2796.35  2.797+0.076
10974.42 Mg12803.53 1.776+0.084
11167.93 Mg12852.96 0.524+0.0777
T Line blended with CT1 11334 at z = 7.368
Table B.48. J1342+0928, z = 3.3758
/lobs 1D Wobs
10426.50 Fe1r2382.76 3.166+0.081
11318.66  Fe1 2586.65 3.864+0.081
11377.84  Fe1m 2600.17  3.007+0.089
12236.28 MgI112796.35 6.490+0.097
12267.69 Mg12803.53 5.665+0.102
12484.00 Mg12852.96 0.612+0.105
17370.14 Cam 3969.59 1.520+0.195
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J1342+0928, 2z = 3.3758
1.0
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1.0
MSG
9:81 =
5 039 H_IJ—_‘ Fell 2600
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b
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0.951
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Fig. B.48. Absorption system at z = 3.3758 towards J1342+0928.
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Fig. B.49. Absorption system at z = 3.430 towards J1342+0928.
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Table B.49. J1342+0928, z = 3.430 1134240928, 7= 3.631
1.0 bt ] — |
/lobs ID Wobs W %1‘4
10518.86  Fe12374.46  1.000+0.068 0.91
10555.65 Fem2382.76  3.305+0.074" 1.0 A
11458.86  Fel12586.65  1.424+0.084 Ff‘ w Fell 2374
11518.77 Ferm2600.17  3.062+0.084 091
! e BT o o O
12387.84 Mg 2796.35  3.637+0.094 1.0{ gyttt | |
12419.64 Mg 2803.53  2.563+0.091 0o w Fell 2382
- N _ 10] EE
Line partly blended with Silt 11260 at z = 7.360 e w e
x 08y Fell 2586
11342+0928, z = 3.593 3 LOAW gt
T = Fell 2600
X Mgll 2796 S 100 T
= % L
T 10 LW'I‘—‘_J% ; 1 LO—\—J =] 0.751 Mgll 2796
T W Mgll 2803 e = =
g o9 W
S 1ol uﬁ M L’T q 0.8 Mgll 2803
T
0.9 w Mgl 2852 = T o
: W W %ﬁl 2852
-600  —400  -200 00 400 600 091
Velouty [km/s] 1.00 {7 T bepth \w
Fig. B.50. Absorption system at z = 3.593 towards J1342+0928. 0.751 Call 3969
-600  —400  -200 0 200 400 600

Table B.50. J1342+0928, z = 3.593

/lobs ID Wobs
12843.64 Mg112796.35 0.754+0.084
12876.62 Mg12803.53  0.397+0.084
13103.66 MgI12852.96 0.336+0.1107

 Line blended with Al1I 11670 at z = 6.8427

Table B.51. J1342+0928, z = 3.631

/lobs ID Wobs
10856.06  Fe1r2344.21  0.260+0.094
10996.13  Fe112374.46  0.229+0.091
11034.58 Fem 2382.76  0.403+0.080
11978.78 Fem 2586.65 1.333+0.090"
12041.40 Fe1 2600.17  0.422+0.085
1294991 Mg12796.35 2.333+0.087
12983.15 Mg 2803.53  1.508+0.086
13212.08 Mg12852.96  0.475+0.149
18383.18 Ca1r3969.59  3.564+0.268

T Line blended with SiII 11526 at z = 6.8427

Velocity [km/s]

Fig. B.51. Absorption system at z = 3.631 towards J1342+0928.
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Fig. B.52. Absorption system at z = 3.6735 towards J1342+0928.
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Table B.53. J1342+0928, z = 5.6814

/lobs 1) Wobs
11163.20  All 1670.79  0.644+0.077%
15662.63 Fer 234421  0.361+0.126
15864.73  Fe1 237446  0.523+0.123
15920.21 Fem 2382.76  0.559+0.132
17282.44  Fell 2586.65 1.058+0.152
17372.80  Fe112600.17 1.231+0.163
18683.55 Mg 2796.35 5.253+0.188
18731.51 Mg 2803.53  1.739+0.196
39362.4  Na15891.58  3.301+0.295
39405.3 Nar15897.56  2.507+0.292

Aobs ID Wobs
12088.71 Fe112586.65 0.675+0.083
1215191 Fe1u2600.17 0.723+0.086
13068.75 Mgm2796.35 0.855+0.142
13102.30 Mg12803.53 0.195+0.134F
13333.33 Mg12852.96 0.797+0.156
T Line blended with AlTI 11670 at z = 6.8427 and Mg1 12852 at z =
3.5933
J1342+0928, z=5.6814
1.0 . - =T A
w Alll 1670
0.9
10<}A-|_h O T | F‘_,_'_LH\ Ll
. e 1 \LP M
Fell 2344
19)?‘
1.00 {Lie ‘LHIHﬁﬁﬁﬂAﬁ
0.951 w m
] A=
L e e W g
0.91 Fell 2382
| ‘ ]
5 1.0 L—— ‘—f—‘
“—é 0.9 Fell 2586
2 ] h | [ | !‘h L W 1
g 1.0 L\.‘_‘_[ ‘LH‘ T L’_ﬁ“‘ U
S 0.9 Fell 2600

1.0 — | m—— —

0.51 TLJI Mgll 2796

109 b PR by
0.81 Mgll 2803
1.0

0.9 Nal 5891
1.01 e S —
0.9 W Nal 5897
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Fig. B.53. Absorption system at z = 5.6814 towards J1342+0928.

J1342+0928, =z = 5.8888

T Line partly blended with C11 11334 at z = 7.368

Table B.54. 11342+0928, z = 5.8888

/lobs ID Wobs
10665.21 Ci1v 1548.19 1.813+0.072
10682.94 C1v 1550.77 1.344+0.079"
T Line blended with SiIr 11260 at 7 = 7.476

_ J1342+0928, z =6.1234
1o ik sy g
i w Fell 2344
gg | 1 e Fes 0
g [EETARR
X o8l Fell 2586
5 10f p A et
3 0|h PR
Y Fell 2600
g 1.0 gt — et .

. ' ! Feates ==f
0.8 W’H Mg” 2796

1.0 ,_l—‘—\—oré—‘ =
W MgII 2803

0.8

—200 200
Velouty [km/s]

~600 —400

Fig. B.55. Absorption system at z = 6.1234 towards J1342+0928.

Table B.55. J1342+0928, z = 6.1234

1.00 frmer— =
0.751
CIV 1548

\_'j—'—\—omo—o—:—0—<

1.0< =t
0.81 m
| :

Normalised flux

CIvV 1550

—600  —400
Velocity [km/s]

Fig. B.54. Absorption system at z = 5.8888 towards J1342+0928.

A82, page 42 of 44
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/lobs ID Wobs
16698.77 Fe1 234421 0.200+0.171
18425.74 Fe1r2586.65 2.812+0.300
18522.07 Fem2600.17 1.412+0.301
19919.53 Mg112796.35 2.390+0.208
19970.67 Mg 2803.53 1.437+0.212

600
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J1342+0928, z=6.271
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Fig. B.56. Absorption system at z = 6.271 towards J1342+0928.

Table B.56. J1342+0928, z = 6.271

/lobs

ID

Wobs

17044.78
17264.71
17325.08
18905.86
20332.28

Fe1r2344.21
Fe11 2374.46
Fe1 2382.76
Fe11 2600.17
Mg11 2796.35

0.528+0.189
1.160+0.190
3.350+0.197
2.140+0.215
6.020+0.233

20384.47 Mg12803.53 8.021+0.237F

 Line blended with Fe I1 12600 at z = 6.8427

]1342+0928, z = 6.749
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Fig. B.57. Absorption system at z = 6.749 towards J1342+0928.

Table B.57. J1342+0928, z = 6.749

/lobs ID Wobs

10800.21 Si1v1393.76  0.316+0.095
11996.96 C1v1548.19 0.797+0.081
12016.92 C1v 1550.77 0.637+0.077

cIv 155
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ﬁ
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Fig. B.58. Absorption system at z = 6.8427 towards J1342+0928.

Table B.58. J1342+0928, z = 6.8427

/lobs 1D Wobs
10466.74  C1 1334.53 4.913+0.085
1197396  Si1 1526.71 1.458+0.097F
13103.98 Al 1670.79  0.317+0.117*
18385.67 Fet 2344.21 3.948+0.318
20287.10  Fell 2586.65 1.867+0.253
20393.16 Fem2600.17  8.098+0.238%
21931.79 Mgm 2796.35 10.851+0.285
21988.09 Mgi2803.53  7.690+0.310

T Line blended with Fe 11 12586 at z = 3.631. * Line blended with Mg1
A2852 at z = 3.593. ¥ Line blended with Mg 11 12803 at z = 6.271

Table B.59. 11342+0928, z = 7.368

/lobs ID Wobs
1054721  Sim1260.42  2.997+0.066"
10896.54  O11302.17 0.508+0.088
10914.13  Sim 1304.37  0.653+0.088
11167.37 Cmu1334.53  0.531+0.080%%
23399.87 MgI12796.35  2.851+0.236
23459.95 MgI12803.53  2.243+0.220

T Line blended with MgT 2852 at z = 2.9145. * Line partly blended
with Fe I 12382 at z = 3.430. * Line partly blended with Al11 11670 at

z7=15.6814
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= 7.368

Table B.60. 11342+0928, z = 7.443

1.00 =
0.754 ‘_‘\‘—“\—,—‘ﬁ /10bs ID Wobs
5ill 1260 10641.74  Sim1260.42  0.561+0.073
Lo A L Al 1099420 O11302.17  0.258+0.085
N W R 11011.95  Sim 130437  0.081+0.076
' 11267.46  Cm 1334.53  0.609+0.077
X 1.0 b 12889.98  Sim 1526.71  0.154+0.088
= w W‘W’hwﬁa 13580.15  Fem 1608.45  1.092+0.136
§ 097 ‘ 23609.60 Mg12796.35 1.057+0.250
AR L R B AL 2367021  Mgi2803.53  0.5240.232
g 091 L'_‘—MFJ Cll 1334
1.0 I |
J1342+0928, z=17.476
N H WQG 1.0 e
1.04 }—'—0—'—.—’—'_'_’_‘—0—‘ f frepeer—t . ! 0.84 Sill 1260
osl | W 'Mgll 2803 é 1.0 m e w | a
-600  —-400  —200 0 200 400 600 T ool 011302
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Fig. B.59. Absorption system at z = 7.368 towards J1342+0928. g 09l w Mgl 2796
134240928, z = 7.443 1.0/ ﬁm e b P
1.0 0.0 Mgll 2803
0.9 -600 400  —200 0 200 400 60C
Velocity [km/s]
1.0 R ‘ et
Fﬁ‘ w o1 130s | Fig. B.61. Absorption system at z = 7.476 towards J1342+0928.
13 1 Table B.61. J1342+0928, z = 7.476"
1.00 ! f : ! T
W L Sill 1303{
0931 ‘ /10bs ID Wobs
R T e o 10683.34  Sim 126042  1.344+0.079*
2 002‘ crissa 11037.18  O11302.17  0.378+0.081
2 b 23701.88 Mg 2796.35  1.167+0.235
5 L Ty 8
1.00 ‘
§ vos ] MH M Sill 1826 23762.73 Mg 2803.53  0.958+0.226
. — T This absorber lies only ~ 2000 km s~! from the quasar systemic red-
1.0 ‘F — ‘ shift, and is considered a proximate system. ¥ Line blended with C1v
0.91 W Fell 1608 A1550 at z = 5.8888
1.04 et o —a |y H—'_'_'—l—‘—'—ﬁ |
. }_,—'—‘ T T \_’_1 T T T ‘—'—‘ T
0.9 Mgll 2796
) AT | eyt
09l w wtsos
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Fig. B.60. Absorption system at z = 7.443 towards J1342+0928.
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