N
N

N

HAL

open science

Dissecting the interstellar medium of a z = 6.3 galaxy:

X-shooter spectroscopy and HST imaging of the

afterglow and environment of the Swift GRB 210905A
A. Saccardi, S.D. Vergani, A. de Cia, V. d’Elia, K.E. Heintz, L. Izzo, J.T.
Palmerio, P. Petitjean, A. Rossi, A. de Ugarte Postigo, et al.

» To cite this version:

A. Saccardi, S.D. Vergani, A. de Cia, V. d’Elia, K.E. Heintz, et al.. Dissecting the interstellar medium
of a z = 6.3 galaxy: X-shooter spectroscopy and HST imaging of the afterglow and environment of
the Swift GRB 210905A. Astronomy and Astrophysics - A&A, 2023, 671, pp.A84.

6361,/202244205 . hal-03901560

HAL Id: hal-03901560
https://hal.science/hal-03901560
Submitted on 26 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

10.1051,/0004-


https://hal.science/hal-03901560
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

A&A 671, A4 (2023)
https://doi.org/10.1051/0004-6361/202244205
© The Authors 2023

tronomy
Astrophysics

Dissecting the interstellar medium of a z = 6.3 galaxy

X-shooter spectroscopy and HST imaging of the afterglow and environment
of the Swift GRB 210905A*

A. Saccardi'®, S. D. Vergani!?3®, A. De Cia*®, V. D’Elia>%®, K. E. Heintz”-3%, L. Izz0'°®, J. T. Palmerio'®,
P. Petitiean®, A. Rossi!'®, A. de Ugarte Postigo!?®, L. Christensen®?®, C. Konstantopoulou®, A. J. Levan'3,
D. B. Malesani'3#2®, P. Mgller”'#®, T. Ramburuth-Hurt*, R. Salvaterra!®, N. R. Tanvir'!®®, C. C. Thone!”,

S. Vejlgaard®?®, J. P. U. Fynbo®°®, D. A. Kann'®, P. Schady!°®, D. J. Watson®°®, K. Wiersema?®,
S. Campana®®, S. Covino?®, M. De Pasquale?', H. Fausey?>®, D. H. Hartmann®3, A. J. van der Horst>2->*,
P. Jakobsson’®, E. Palazzi!'®, G. Pugliese>>-?%®, S. Savaglio'!?728®, R. L. C. Starling!6®,

G. Strattal!®, and T. Zafar?®

(Affiliations can be found after the references)

Received 7 June 2022 / Accepted 28 November 2022

ABSTRACT

The study of the properties of galaxies in the first billion years after the Big Bang is one of the major topics of current astrophysics. Optical
and near-infrared spectroscopy of the afterglows of long gamma-ray bursts (GRBs) provides a powerful diagnostic tool to probe the interstellar
medium (ISM) of their host galaxies and foreground absorbers, even up to the highest redshifts. We analyze the VLT/X-shooter afterglow spectrum
of GRB 210905A, triggered by the Neil Gehrels Swift Observatory, and detect neutral hydrogen, low-ionization, high-ionization, and fine-structure
absorption lines from a complex system at z = 6.3118, which we associate with the GRB host galaxy. We use them to study the ISM properties
of the host system, revealing the metallicity, kinematics, and chemical abundance pattern of its gas along the GRB line of sight. We also detect
absorption lines from at least two foreground absorbers at z = 5.7390 and z = 2.8296. The total metallicity of the z ~ 6.3 system is [M/H],,; =
—1.72 + 0.13, after correcting for dust depletion and taking @-element enhancement into account, as suggested by our analysis. This is consistent
with the values found for the other two GRBs at z ~ 6 with spectroscopic data showing metal absorption lines (GRB 050904 and GRB 130606A),
and it is at the higher end of the metallicity distribution of quasar damped Lyman-a systems (QSO-DLAs) extrapolated to such a high redshift.
In addition, we determine the overall amount of dust and dust-to-metal mass ratio (DTM) ([Zn/Felg = 0.33 = 0.09 and DTM = 0.18 + 0.03).
We find indications of nucleosynthesis due to massive stars and, for some of the components of the gas clouds, we find evidence of peculiar
nucleosynthesis, with an overabundance of aluminum (as also found for GRB 130606A). From the analysis of fine-structure lines, we determine
distances of several kiloparsecs for the low-ionization gas clouds closest to the GRB. Those are farther distances than usually found for GRB host
absorption systems, possibly due to the very high number of ionizing photons produced by the GRB that could ionize the line of sight up to several
hundreds of parsecs. Using the HST/F140W image of the GRB field, we show the GRB host galaxy (with a possible afterglow contamination)
as well as multiple objects within 2" from the GRB position. We discuss the galaxy structure and kinematics that could explain our observations,
also taking into account a tentative detection of Lyman-@ emission at 7 = 6.3449 (~1200 kms™! from the GRB redshift in velocity space), and the
observational properties of Lyman-« emitters at very high redshift. This study shows the amazing potential of GRBs to access detailed information
on the properties (metal enrichment, gas kinematic, dust content, nucleosynthesis...) of very high-redshift galaxies, independently of the galaxy
luminosity. Deep spectroscopic observations with VLT/MUSE and JWST will offer the unique possibility of combining the information presented
in this paper with the properties of the ionized gas, with the goal of better understanding how galaxies in the reionization era form and evolve.

Key words. gamma-ray burst: general — gamma-ray burst: individual: GRB 210905A — galaxies: abundances — galaxies: ISM —
dust, extinction — galaxies: high-redshift

1. Introduction

The identification of galaxies at the highest redshifts remains
one of the central goals in contemporary astrophysics. Signif-
icant investments of time with premier facilities continue to

* Based on observations carried out under ESO prog. ID
106.21T6.010 and ID 106.21T6.015 (PI: N. Tanvir) with the X-shooter
spectrograph installed at the Cassegrain focus of the Very Large Tele-
scope (VLT), Unit 3 — Melipal, operated by the European Southern Ob-
servatory (ESO) on Cerro Paranal, Chile. Partly based on observations
with the NASA/ESA Hubble Space Telescope, obtained at the Space
Telescope Science Institute, which is operated by the Association of
Universities for Research in Astronomy (AURA). This observation is
primarily associated with proposal GO 16918, PI: N. Tanvir.

be required to identify and subsequently characterize these dis-
tant galaxies, and these are prime goals of many legacy surveys
with the Hubble Space Telescope (HST) and the James Webb
Space Telescope (JWST). The challenge in undertaking these
observations arises from the combination of extreme luminos-
ity distance, which makes the majority of individual galaxies
invisible to ground-based observatories, to HST, and possibly
even to JWST. However, such investments are strongly moti-
vated because they provide unique diagnostics on the physical
processes that shaped these earliest galaxies. These initial condi-
tions are then vital for exploring the evolution of stars, galaxies,
and the intergalactic medium (IGM) across cosmic history.
However, the faintness of these galaxies limits the available
diagnostics, even with the largest telescopes. As a result, many
galaxies are limited to photometric observations from which the
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physical properties are then derived. In a smaller number of
cases, individual far-UV emission lines such as Lyman-a can
also be observed (e.g., Inoue et al. 2016; Herenz et al. 2019).
Stronger constraints have been obtained via stacked spectra of
very large numbers of galaxies at z ~ 3 (Berry et al. 2012), but
beyond this, and for almost all individual high redshift galaxies,
few constraints on the chemical or dynamical properties of the
galaxies are possible.

Selection via gamma-ray bursts (GRBs) bypasses many
of these concerns. GRBs are instantaneously the most lumi-
nous explosions in nature and have been detected out to
the highest redshifts (Salvaterra et al. 2009; Tanvir et al. 2009;
Cucchiaraet al. 2011). At peak, their optical afterglows can
fleetingly be a factor of 10® or more brighter than the galax-
ies that host them (Bloom et al. 2009; Racusin et al. 2008), pro-
viding the ability to obtain detailed spectroscopic observations
of the afterglow. Furthermore, this afterglow carries the imprint
of material within the host galaxy and along the line of sight.
Hence, while most frequently used to determine burst redshifts,
GRB afterglows can also directly measure: dynamics within the
host galaxy, its chemical content (e.g., Sparre et al. 2014), the
hydrogen column density (Jakobsson et al. 2006; Selsing et al.
2019), the distance of absorbing material from the GRB (e.g.,
Prochaska et al. 2006; Vreeswijk et al. 2007), the state of the
intergalactic medium around the host (Tanvir et al. 2019), and
the presence of any other absorption systems along the line of
sight (Vergani et al. 2009).

In this regard, GRBs offer many of the benefits that quasar
sightlines offer, but also further advantages. Long duration
GRBs are securely associated with the collapse of massive stars
(Hjorth & Bloom 2012; Cano et al. 2017). Their sightlines point
directly to star-forming regions, unlike the random sightlines in
quasar damped Lyman-alpha absorption (DLA) systems. If we
are interested in star formation processes at these early cosmic
epochs, then such sightlines are of great value. Perhaps most
notably, GRB afterglows fade revealing their faint host galaxies
(Tanvir et al. 2012; McGuire et al. 2016), partly belonging to the
bulk of the high-redshift galaxy population (Vergani et al. 2015;
Palmerio et al. 2019; Perley et al. 2016; Salvaterra et al. 2013),
and therefore making it possible to pair information about the
galaxy in absorption (e.g., metallicity, dynamics) with informa-
tion in emission (luminosity, star formation rate). Thanks to high
redshift GRBs, we can build pictures of the complete properties
of high redshift galaxies in remarkable detail.

In this paper we study the VLT/X-shooter optical and NIR
afterglow spectrum of GRB210905A at redshift z = 6.3. In
Sects. 2 and 3, we present our dataset and the fitting of the
absorption lines. In Sect. 4 we present and discuss our results.
The conclusions are drawn in Sect. 5. A ACDM cosmolog-
ical model with Qy = 0.308, Q, = 0.692, and Hy, =
67.8kms~! Mpc~!' (Planck Collaboration XIII 2016) has been
assumed for calculations. All data are in observer frame and 1o
errors are reported throughout the paper, unless otherwise spec-
ified. Two companion papers (Rossi et al. 2022; Fausey et al.,
in prep.) present and analyze the GRB and afterglow multi-
wavelength spectral and temporal properties, and the use of the
X-shooter spectrum to infer the neutral fraction of the intergalac-
tic medium, respectively.

2. VLT/X-shooter observation of GRB 210905A

GRB 210905A was discovered by the Neil Gehrels Swift Obser-
vatory (Swift hereafter, Gehrels et al. 2004) Burst Alert Telescope
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(BAT) on September 5, 2021, at 00:12:41 UT. The X-ray Tele-
scope (XRT) began observing the field 91.7 s after the BAT trig-
ger and found a bright, uncataloged source at the enhanced posi-
tion of coordinates RA (J2000) =20h36m11.58s Dec (J2000) =
—44°26'22.4” with an uncertainty of 2.6 (Beardmore et al.
2021). The Swift Ultra-Violet and Optical Telescope (UVOT)
observed the field 157 s after the BAT trigger without detect-
ing any sources consistent with the XRT position. Ground-
based observations indicated a possible high-redshift origin of
the GRB (Strausbaugh & Cucchiara 2021a,b; D’Avanzo et al.
2021; Cooke et al. 2021; Nicuesa Guelbenzu et al. 2021), and
provided a precise position of its afterglow with ALMA
at RA (J2000) =20h36m11.5685s (+0.0002s) Dec (J2000) =
—44°26'24.840” (+0.002"") (Laskar et al. 2021). We refer the
reader to Rossi et al. (2022) for an extensive multiwavelength
analysis of the GRB and afterglow properties.

After ~2.53h (observer frame) from the GRB detection,
we observed the location of the afterglow of GRB210905A
with the ESO VLT UT3 equipped with the X-shooter spectro-
graph (Vernet et al. 2011) under good atmospheric conditions.
The observing set-up is detailed in Table 1. We obtained a
set of four exposures of 1200s in the three different arms of
X-shooter, covering the wavelength range 3000-21000 A.
Observations were executed using the ABBA nod-on-slit mode,
with a nod throw of 6” along the slit. We reduced each sin-
gle spectrum of the UVB and VIS arm using the STARE mode
reduction, with the extraction window at the position of the GRB
afterglow trace, and selecting two background windows at both
sides of the spectral trace. The NIR arm was extracted using the
standard X-shooter NOD mode pipeline (Goldoni et al. 2006;
Modigliani et al. 2010). Then, for each single exposure, the
flux calibrated spectra were corrected for slit-loss in each arm,
residual sky features were subtracted and finally the individual
spectra were stacked into a final science spectrum, using the pro-
cedures reported in Selsing et al. (2019). We have also applied a
telluric correction to the final stacked VIS spectrum, which was
initially estimated from the observations of a telluric star, and
finally applied to the GRB afterglow spectrum, after applying a
wavelength-dependent correcting factor for the different airmass
of the GRB compared to the standard telluric star. Wavelengths
were corrected to the vacuum-heliocentric system.

3. Data analysis

We identify in the spectrum several absorbing systems. The
highest redshift one is at z = 6.3 and spans ~360kms~!. The
presence of a damped Lyman-a (DLA) absorption and of fine-
structure absorption lines allows us to associate it with the host
galaxy of GRB 210905A (Tanvir et al. 2021b and following sec-
tions; see however discussion in Sects. 4.2, 4.3 and 4.8). A very
strong foreground system at z = 2.8296 (Mgl and FeTI lines)
and another at z = 5.7390 (C11, Fe1, C1v, SilIV lines) are also
present (see Fig. A.1), plus a tentative C1V system at z = 5.3092.

The DLA absorption imprinted from HT in the host-galaxy
ISM is studied in detail in Fausey et al. (in prep.). The DLA
column density measurement includes a careful modeling of
the red-part of the damping wing due to absorption from
a significant neutral HI fraction in the line-of-sight through
the IGM from this burst. Fausey et al. (in prep.) measures
log(N(HT)/cm™2) = 21.10+0.10 assuming a single velocity com-
ponent fixed to the systemic redshift zgrg = 6.3118. We here
focus on the low-, high-ionization and fine-structure metal-line
transitions to determine the physical properties of the absorbing
neutral gas.
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Table 1. Log of the observations.

Epoch Arm Exp.time Wav. range Slit Resolution R
(b (s) (nm) ™) (1/62)
2.53 UVB  4x1200 300-560 1.0x11 5400
2.53 VIS 4%x1200  560-1020 0.9x11 8900
2.53 NIR  4x1200 1020-2100 0.9x11JH 5600
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Fig. 1. VLT/X-shooter optical and NIR afterglow spectrum of GRB 210905A at redshift z = 6.3. Top left and right: low-ionization absorption
lines of the GRB host galaxy system. Here and in the following panels, data are in blue, the fit is in cyan, the error spectrum is in orange, and the
vertical green dashed lines indicate the center of the components. Bottom left: fine-structure absorption lines. The top panel shows the Si1111260 A
absorption lines corresponding to the ground-level, as reference. Bottom right: high-ionization absorption lines of the GRB host galaxy system.
We stress that Si1v and C 1v lines are noisy because they are affected by sky-line residuals and telluric absorptions. The 11242 A absorption of N v
is blended with the Fe 1142734 A line of the z = 2.8296 foreground absorber. All the plots are in the velocity space and 0 has been fixed arbitrarily
to z = 6.3168 (see Sect. 4.3), corresponding to the N vA1238 A absorption line (and to the stronger high-ion ionization line component).
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Table 2. Column density of low ionization lines.

. A&A 671, A84 (2023)

Species I I I v \" VI
Velocity —255kms™!  —203kms™! —136kms™! —-25kms”! +46km s~! +75kms™!
Cual334 >15.79 >15.02 >14.35 >14.30 >14.72 >15.33
Cu*a1335 13.16 £0.17 13.43 +0.09
0111302 >15.66 >15.68 14.02+£0.12 13.83 +0.18 >14.01 >15.02
Mg 1112796, 12803 >14.32 >15.01 >13.36 >13.30 >13.76 >13.51
AlTI21670%) >13.25 >13.37 >12.23 >12.77

Sina1260,41304,21808 1433 +0.04 14.50+0.03 13.32+0.05 13.15+0.03 13.51+0.07 14.27+0.02
Sinm*A1264 12.76 £ 0.04 12.49 +0.08 12.02 £0.09 12.44 +0.07
S 11259 13.99+0.09 14.22+0.09 13.69 +0.09

Fe111608, 12344, 12382  14.03 £0.04 13.88+0.02 12.55+0.09 12.79+0.09 13.26+0.04 13.68 +0.02
b(kms™) 15.6 27.7 21.7 28.4 29.6 232

Notes. The velocity shift of the components with respect to the NV line is indicated. The last row reports the Doppler parameter b of each
component as resolved by the X-shooter observations. ® Mg II lines are particularly uncertain because they are found in a very noisy region at the
end of the NIR arm spectrum. ®The V, VI (and partially IV) components of AlTI are strongly affected by a sky line and could not be determined.
The IV, V, VI components of S II are blended with the Si1iA1260 A absorption.

Table 3. Column density of high ionization lines.

Species 1 2 3 4
Velocity —220kms™!  —72kms™ Okms™' +71kms™!
C1va1548,11550 >14.36 >14.13 >16.2 >14.08
N V11238, 11242 >14.25
Si1vA1393,11402 >13.89 >13.41 >13.82 >13.63
b(kms™) 56.2 46.0 15.5 31.2

Notes. The velocity shift of the components with respect to the N v line are indicated. The last row reports the Doppler parameter b used of each

component as resolved by the X-shooter observations.

3.1. The z = 6.3 system

Figure 1 shows the absorption lines detected at z = 6.3.
Thanks to the wavelength range coverage of X-shooter, we
can detect transitions up to the Mg 1112796 A, 12803 A doublet.
Low-ionization lines are detected in two main systems, indicated
by A (components I, II, III) and B (slightly weaker and formed
by components IV, V, VI) having their strongest components at
7z = 63118 and z = 6.3186 (Av = 278 kms™'), respectively
(see Fig. 1 and Table 2). The Si11* 11264 A fine-structure line is
detected for both systems, whereas C 11" 11335 A is detected for
the reddest components while the bluest ones are blended with
the C1111334 A absorption of the red system'. High-ionization
lines (C1v, Si1v, NV) are also detected for both systems, with
their strongest component shifted from that of low-ionization
lines (see also Table 3). While we can determine that C1v, Si1V
span more than 300 km s~! (despite the poor quality of the spec-
trum at that wavelength range, due to the presence of telluric
emission and absorption lines), the N vV absorption is much nar-
rower (~100kms™") and detected in the B system only. We
can analyze only the 11238 A line of the N v doublet, because
the 11242 A one is blended with the Fe 1112734 A line of the
z = 2.8296 foreground absorber.

We fit the systems with the Astrocook code (Cupani et al.
2020), a Python software environment to analyze spectra which

! There is an absorption coincident with Fem 12396A of
component II, but it is due to the Fe112600 A absorption of the
z = 5.7390 intervening system.
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includes a set of algorithms to model spectral features in emis-
sion and absorption (continuum, spectral lines, complex absorp-
tion systems). The column densities we determined are presented
in Tables 2 and 3. The errors reported are those obtained by the
line fitting, but, considering the intermediate resolution of the
X-shooter spectrograph, they can be underestimated.

The fact that we detect fine-structure lines in both systems
(components II, III, V, VI), and that the overall Ns;/Ng. column
density ratio of systems A and B are very similar leads us to
assume that both systems belong to the ISM of the same galaxy
complex. The presence of fine-structure lines, as well as that of
the Lyman-«a break associated with them, allow us to associate
the entire system with the host galaxy complex of the GRB (see
however Sects. 4.2 and 4.8). Component II has the highest col-
umn densities of low-ionization lines, therefore we take its red-
shift (z = 6.3118) as that of the GRB host.

3.2. HST image of the GRB 210905A field

Figure 2 shows the HST image of GRB 210905A field. The after-
glow position coincides with an object that we consider to be
the GRB host galaxy. Its F140W magnitude is 25.66 + 0.05 mag
(AB), corresponding to SFRyy ~ 20 M, yr‘1 (see Rossi et al.
2022). The afterglow contamination is considered as negligible
by (Rossi et al. 2022). In the proximity of the GRB, we iden-
tified four objects (distinguished by Greek letters), with pro-
jected distances of 0.73", 1.43”, 1.53”, 2.13”, for a, 3, ¥, 0,
respectively. Assuming that they are at the same redshift as
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-

-
=

Fig. 2. Zoom-in (about 12’ X 12) on the deep HST/WFC3 F140W-band
image obtained 250 days after the GRB trigger. The cross indicates the
ALMA localization of the afterglow and the box the X-shooter slit posi-
tion, while the Greek letters label the four objects close to the afterglow
position.

the GRB host (z = 6.3118), those correspond to 4.14, 8.14,
8.67, and 12.08 kpc, respectively. The F140W magnitudes of
the single objects are 26.46 + 0.07, 26.38 + 0.06, 26.34 + 0.06,
25.98 + 0.05 mag (AB) for a, B, v, 0, respectively, considering
an aperture of 0.33” radius.

Following the /-band detection of a faint source at ~1.5”
from the GRB position, reported in Rossi et al. (2022), it is
very likely that at least one of these objects is at lower red-
shift and corresponds to the counterpart of one of the foreground
absorbers identified in the afterglow spectrum (see Sect. 4.8).

3.3. Emission lines

In the X-shooter spectrum we also find a tentative detection of
an emission line at 18929 A (observer frame). The emission line
region covers ~2.5”, and includes the GRB afterglow position
(see Fig. A.2). The emission line coincides with a weak sky-
emission line. We verified the persistence of the line candidate
in independent combinations of the exposures, and verified that
it appears independently of the sky-subtraction method used in
the processing of the X-shooter data. We extracted the spectrum
over the region —0.8” to —3.3” of the 2D spectrum, in order to
cover the full spatial extent of the line. We measured the line flux
directly by integrating the continuum-subtracted flux, as well as
by fitting a Gaussian profile. In both cases we obtain similar val-
ues for the flux Fiy, = (3.1£0.6)x 107 ¥ erg s~ cm™2. The error
on the flux estimate includes only the error on the spectrum and
not on the continuum fitting.

Being the only emission line detected, and considering that
the hypothesis of a low-redshift galaxy overlapping with the
afterglow position is very unlikely because of the absence
of bright objects in our deep FORS and HAWK-I images
(Rossi et al. 2022), we tentatively associate it with Lyman-a
emission at z = 6.3449, that is ~1200kms~! redward of the

Table 4. Rest-frame equivalent widths for strong features measured in
the spectrum of GRB 210905A.

Feature EW,.q (A)
Sin/S1mA1260 1.27+0.02
O1/Sina1303 1.49+0.04
C11335 1.53+0.01
Si1va1394 0.71+0.14
Si1va1403 0.60+0.12
Sinal527 1.17+0.08
C1v/C1val549 2.27+0.25
Fe 1111608 0.41+0.06
AlTA1671 0.88+0.09
Fe 1112344 0.89+0.05
FennA2374 <0.30

Fe 1112383 1.36+0.06

Mg1/Mgma2800 5.58+0.23

Notes. Each feature may combine several components.

100.00

LSP=-0.20+/-0.29

Fig. 3. Line strength diagram for the X-shooter spectrum of
GRB 210905A.

DLA. We discuss this further in Sect. 4.8. We reobserved the
field with X-shooter ~205 days after the GRB trigger in order
to try and confirm the detection of the emission line once the
afterglow had faded. Using the same position angle (PA =12.6°)
as for the afterglow spectrum, we cannot confirm or rule out the
detection of the line, since measuring over the same region yields
Fry, =(3.0£13)x 10718 erg slem™2.

4. Results and discussion
4.1. Line strength analysis

Following the method described by de Ugarte Postigo et al.
(2012) we can study the strength of some of the most promi-
nent spectral features of GRB 210905A in the context of those
observed in their sample of 69 GRB afterglow spectra. Our
goal is to compare GRB host environments at different red-
shifts even if the spectral resolution or the signal-to-noise ratio
is not comparable. To do this, we measure the equivalent widths
of prominent spectral features that are commonly observed in
GRB afterglow spectra and compare them with their typical
strength distribution. We include in our analysis only the fea-
tures that fall within our spectral range and that are not signifi-
cantly affected by telluric absorption. The measurements of the
equivalent widths of the z = 6.312 and z = 6.318 systems are
combined and studied as a single system, for consistency with
typically lower resolution spectra of the sample. The results of
our measurements are displayed in Table 4.

Figure 3 shows our measurements, compared with the
sample of de Ugarte Postigoetal. (2012) in a graphical
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representation called a line strength diagram. In the x-axis we
have different spectral features and in the y-axis their rest-frame
equivalent widths in logarithmic scale. The thick black line rep-
resents the average line strength of the features, whereas the dot-
ted lines are the 1o standard deviation in log-normal space. In
red we show the rest-frame equivalent widths of the features in
our spectrum. Gray regions identify the range where there is no
spectral coverage or it is affected by strong telluric features. This
diagram allows us to easily identify deviations in the relative
strength of the individual features, through which we can iden-
tify environments with unusual composition or ionization rate.
In our case, we see that the strength distribution is very simi-
lar to the typical GRB spectrum, with just some slightly weaker
Fenm and Al and stronger than average MgIl. Furthermore,
we can also calculate the line strength parameter (LSP), which
compares the average strength of the lines in our spectrum with
those of the sample using a single parameter. We determine a
LSP =-0.20 £+ 0.29, which indicates that the spectral features in
this spectrum are very close to the average of the sample and
just slightly weaker, falling at the 41st percentile of the spectral
sample.

The spectroscopic observation of high-redshift GRBs can
also tell us about the evolution of the host environments
in which GRBs explode. Fig. 4 plots the LSP with varying
redshift, using the sample of de Ugarte Postigo et al. (2012)
which has been complemented with nine new measurements of
GRB spectra above a redshift of 4, including GRB 210905A.
The data were obtained from several sources (Kawai et al.
2006; Thone et al. 2013; Sparre et al. 2014; Jeong et al. 2014;
Hartoog et al. 2015; Melandri et al. 2015; Selsing et al. 2019;
de Ugarte Postigo et al. 2020) and are measured using the
tools available at GRBSpec® (de Ugarte Postigo et al. 2014;
Blazek et al. 2020).

In the paper of de Ugarte Postigo et al. (2012), with a very
reduced sample of z > 4 GRBs, the authors already mentioned a
possible decline of the LSP at high redshifts, which is in agree-
ment with what we find when adding our complementary sam-
ple. The decline begins to be significant at z > 5, albeit with
small number statistics, and could be due both to smaller host
galaxies in the early universe and to lower metallicities, as we
approach an earlier generations of stars. Further details and anal-
ysis will be given in a forthcoming work (de Ugarte Postigo
et al., in prep.).

4.2. Fine-structure lines and cloud distances

Fine-structure lines are commonly found in GRB afterglow spec-
tra and have been proven to be due to indirect UV pumping exci-
tation produced by the GRB radiation (Vreeswijk et al. 2007,
2013; Prochaska et al. 2006). This happens when the afterglow
UV photons excite the absorber atoms and ions to a principal
quantum number state above the fundamental one, and then, by a
spontaneous emission of lower energy photons, the fine-structure
lines of the fundamental state are populated. Under this assump-
tion, we can use the fine-structure lines to infer the distance of
the corresponding gas clouds from the GRB (Vreeswijk et al.
2007, 2013; D’Elia et al. 2009). The details of the photoioniza-
tion code used can be found in D’Elia et al. (2009), and ref-
erences therein. The inputs to the code are the incident flux
coming from the GRB afterglow as a function of time and fre-
quency, and the initial column densities of the components ana-
lyzed. In our case, C1I fine-structure lines are observed only for

2 http://grbspec.eu
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Fig. 4. Evolution of the LSP with redshift. The blue line represents a
rolling average of the LSP with a window of 1.5 in redshift, as indicated
in the plot. The limits below zero have been considered as detections
for the calculation of this average, which makes it, strictly speaking, an
upper limit.

components V and VI, where the corresponding ground state line
can only be constrained with a lower limit. No Fe II fine-structure
lines are observed in this GRB, despite being found very com-
monly in GRB absorption spectra (see e.g., D’Elia et al. 2009,
2014). In fact, taking into account the FeIl column densities
measured in the GRB 210905A spectrum, and assuming for Fe I1
the same ground-based and fine-structure line column density
ratio as Sill and C1I, would result in absorption lines too weak
to be detected in our spectrum. Thus, the only usable lines to
constrain the distance between the GRB and the absorber are the
Sill ground state and its fine-structure level. These absorption
features are detected for components II, III, V and VI.

The initial column densities of the four components analyzed
were obtained summing the SiIl and SiIr* values in Table 2 and
assuming that, before the GRB afterglow switches on, all the
Sill is in the ground state. The afterglow flux was taken from
the companion paper Rossi et al. (2022), adopting in particular
power law indices @ = 0.695 (temporal decay at # < 1 day) and
B = 0.6 (spectral slope).

Intriguingly, the distances derived for the GRB 210905A
components are the highest ever recorded for a GRB showing
excited transitions. In detail, we found dj; ~ 11 kpc, diir ~ 7 kpc,
dy ~ 17kpc, and dy; ~ 16 kpc. These values must be considered
as rough estimates of the distances, for two reasons. Firstly, they
are derived using just two abundances for each component, that
are the Sill ground state level and its first fine-structure level.
Given that the total column density is computed from the data,
and that the distance is a free parameter of the calculation, our
measurements cannot be strongly constrained. Secondly, given
the limited X-shooter spectral resolution, it may happen that
the Sill ground state column density of the gas involved in
the UV pumping process may be blended with other compo-
nents with similar velocities. However, even artificially assum-
ing lower b parameters, the column density of the ground state
would increase by 0.1-0.2 dex only. The fine-structure lines are
far from being saturated and therefore their column density val-
ues are robust. In addition, these high distance values are in
agreement with the nondetection of the FelI fine-structure line
system, commonly found in many GRB afterglow spectra. In
order not to see these common transitions, the absorber must
be several kiloparsecs away from the GRB explosion site. From
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the Fe I* column density lower limit that we can estimate from
our data, we can only establish a lower limit on the distance of
2.2kpc.

The distances determined should correspond to the closest
low-ionization gas clouds from the GRBs. The large distances
reported above are therefore surprising (taking into account the
fact that GRBs explode in star-forming regions of galaxies),
because they would imply the lack of such gas clouds along
the GRB line of sight up to several kiloparsecs. This can be
accommodated if we suppose that the GRB was able to ionize its
host ISM gas up to such large distances, and therefore the GRB
afterglow UV photons would not cross any closer low-ionization
gas clouds with high enough column density to be able to pro-
duce the observed fine-structure transitions. Another possibility
is that the GRB happened at the edge of a galaxy disk toward the
observer and that the transitions we are observing come from a
foreground galaxy. However, the lack of HI absorption detec-
tion at higher redshift in the X-shooter spectra (event with low
column densities) makes this hypothesis unlikely. In the first
hypothesis, we should see in general a relation among the GRB
ionizing flux and the distance of the low-ionization gas clouds
as determined by the fine-structure line analysis. Indeed, Fig. 5
shows a clear correlation (Ospearman = 0.78*010, see Fig. A.3)
between the distance of the closest low-ionization gas clouds
and the GRB luminosity (Lis,), for GRBs having these quanti-
ties determined in the past.

In Krongold & Prochaska (2013), time dependent photo-
ionization models are developed using average GRB parame-
ters to determine the number of ionizing photons, and assuming
some preexisting ionization, as expected in young star-forming
regions. Following Rossietal. (2022), GRB210905A is an
extremely energetic burst (among the 7% brightest). Using
the burst luminosity and the spectral and temporal param-
eters published in their paper, we determined a number of
ionizing photons ~30 times higher than the average value
assumed in Krongold & Prochaska (2013). Even if a detailed
calculation is beyond the scope of our paper, looking at the
Krongold & Prochaska (2013) results, it is easy to infer quali-
tatively that at such a high number of ionizing photons a sig-
nificant fraction of silicon may be ionized to SiIv or higher
ionization states to distances of several hundreds of parsecs at
the time of our observations (1244 s rest-frame), under plausi-
ble conditions implying some preionization (up to 100 pc, see
Whalen et al. 2008; Watson et al. 2013) and electron densities
of 1-10% cm=3. This would explain the absence of low-ionization
gas clouds closer to the GRB and the L;s,—distance correlation.
This scenario is also in agreement with the large Ny value deter-
mined from the X-ray data (Rossi et al. 2022) compared to the
H1 column density (7.7°3$x 102 cm™ and 1.26*33 x 10! cm ™2,
respectively). Such discrepancy is often found in GRBs (see
i.e., Watson et al. 2007; Schady et al. 2011). However, consider-
ing the high redshift, large Ny can also be due to the amount
of metals present along the line of sight (Behar etal. 2011;
Campana et al. 2015; Dalton et al. 2021).

On the face of it, a size of ~15kpc is large compared to
typical observed sizes of even bright galaxies at z ~ 6 (e.g.,
Shibuya et al. 2015; Yang et al. 2022). On the other hand, such
sizes are based on the UV brightest regions, whereas gas is
likely to be distributed on larger scales, as also found in hydro-
dynamic simulations of massive reionization era haloes (e.g.,
Rosdahl et al. 2018). It is also possible that the GRB host is part
of a larger complex of galaxies (see also the HST image of the
field and Sect. 4.8 discussion). In this case, components V and VI
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Fig. 5. Relation between luminosity (L;,) and distance to the clos-
est absorbers exhibiting fine-structure transitions for GRB sight
lines, where relevant information is available (black points and error
bars: GRB 020813, GRB 050730, GRB 060206, GRB 060418, GRB
080310, GRB080319B, GRB 080330, GRB 081008, GRB 090926A
Vreeswijk et al. 2012; Ghirlanda et al. 2018; red point and error bar:
GRB 210905A). For GRB 210905A, we used Li, from Rossi et al.
(2022) and error bars determined conservatively by the lower limit
obtained from iron (2.2kpc) and the distance of the second cloud
(11 kpc). The correlation is found independently of that.

must be infalling on the GRB host so as to explain their being
redshifted compared to the components closest to the GRB (II
and III). Ultimately, the answer may come only from deep pho-
tometric imaging, as discussed in Sect. 4.8.

Finally, we notice that despite showing high-column den-
sity of low-ionization gas, component I does not have any
associated fine-structure absorption. Therefore we associate this
component with ISM at even larger distances than the others.
In Sects. 4.4-4.6, we determine global properties of the
whole absorbing gas complex, as well as those obtained by a
component-by-component analysis.

4.3. Nv

Another interesting feature in the X-shooter spectrum is the pres-
ence of a strong, narrow N V absorption line. Such N Vv absorp-
tion in GRB afterglow spectra has been associated with gas very
close to the GRB site (~tens of parsecs; Prochaska et al. 2008;
Fox et al. 2008; Heintz et al. 2018). The NV column density
value we determined is typical of those of GRB afterglows
(log N(N Vmed/cm™2 = 14.50). The NV narrow compo-
nent is coincident with the strongest component of the other
high-ionization lines. At the corresponding velocity, the low-
ionization line fit does not require any components and there
are no fine-structure lines. We can interpret this NV cloud as a
high-ionization cloud between the GRB and the low-ionization
clouds. It is not possible to determine if it is associated with the
GRB circumburst environment, but the high number of ionizing
photons and the consideration discussed in Sect. 4.2 may place
it at ~100 pc at least. It is also possible that the N v absorption is
due to a high-ionization cloud present between systems A and B,
and it is completely unrelated to the GRB environment and ion-
ization. However, in this case, the fact that its profile and column
density are typical of other GRB spectra would be a coincidence.
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Table 5. Metal abundances.

X  log(N/cm™) [X/Fe] [X/H]
C >16.02 >0.66 >-1.5
0 >16.03 >0.41 >-1.8
Mg >15.13 >0.61 >-1.6
Al >13.69 >0.31 >-1.8
Si  1490+0.02 046+0.04 -1.71+0.11
S >14.50 >0.45 >-1.7
Fe 1443 +0.02 -2.17 +0.11

Notes. For each element (first column), the total column density (sec-
ond column), the ratio over iron (third column), and the metallicity are
reported.

4.4. Metallicity and dust depletion

We use the value log(N(H D/cm™2) = 21.10+0.10 determined by
Fausey et al., (in prep.) and the metal column densities measured
in this work to obtain the metallicity of the host along the line
of sight to the GRB. The values are reported in Table 5. They
are comparable with those found for GRB 050904 ([Si/H] =
—1.6 £ 0.3; Thone et al. 2013) at z = 6.3 and for GRB 130606A
([Si/H] = —1.3 £ 0.08, [Fe/H] = —2.09 = 0.08; Hartoog et al.
2015) at z = 5.9 (the only two other very high-redshift GRBs
for which spectroscopic data are available to determine metallic-
ity), and with those typically found for GRB host galaxies (e.g.,
Sparre et al. 2014; Wiseman et al. 2017; Bolmer et al. 2019).

We determine the AVyy as defined by Ledoux etal.
(2006) to place the GRB210905A values in the velocity—
metallicity relation (Ledoux et al. 2006; Prochaska et al. 2008;
Arabsalmani et al. 2015; Mgller et al. 2013). From Si 1304 A
and Fe 1112344 A we determined AVoy = 358kms~! and AVyy =
367 kms™!, respectively. Those values are at the high end of the
AVyy found for QSO- and GRB-DLAs, but other systems were
found in the past with similar or larger values at lower redshift.
We compare the GRB 210905A values with the AVgy—metallicity
relation (Arabsalmani et al. 2015) and to the so-called mass—
metallicity relation for QSO-DLAs presented by Mgller et al.
(2013). This last work studies also the redshift evolution of this
relation and it is of great interest to enlarge the sample to con-
strain it at very high redshift. To perform the comparison, we
use the Fe 1 AVgyy and [M/H] = —1.71 £ 0.11, taken from silicon
since the metallicity of iron is greatly influenced by dust deple-
tion. We applied a correction for the spectral resolution of our
data, but this is negligible in our case (AVqy = 359 km s~ ! instead
of AVyy = 367kms™"). GRB210905A is at the lower end of the
dispersion of the AVgp—metallicity relation (Arabsalmani et al.
2015), but still consistent with it, considering the errors on the
metallicity measurement. The GRB 210905A galaxy complex
lies 1.2 dex below the Mgller et al. (2013) relation (see Fig. 6),
which is at 3.00 from the relation, taking into account the [M/H]
measurement uncertainty. This can indicate that the scaling rela-
tion is not in place at such high redshift or that clearly there are
still too few points to constrain its evolution at z > 5 (but see
also Sect. 4.8).

Following the relation reported by Neeleman et al. (2013),
which is less steep and without a redshift break with
respect to Mgller et al. (2013), we find a better agreement for
GRB 210905A. This work indeed predicts a metallicity, [M/H] =
—2.03 + 0.82, which is more consistent with our measurement
despite the wide dispersion.
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Fig. 6. QSO-DLAs binned data from Mgller et al. (2013) with the
high-redshift measurement of GRB 130606A (Hartoog et al. 2015) and
GRB 210905A included. [M/H] poxms-1 1S the metallicity expected for
DLAs with AVy = 100kms~' (zero-point normalization). The data
of Mgller et al. (2013) (filled circles) show a break in the evolution of
the mass—metallicity relation at z ~ 2.6 (dashed line), which is not
confirmed by our measurement of GRB 210905A (filled triangle). We
assumed for this point AVyy = 359kms™"' and [M/H] = —1.71 + 0.11,
as explained in the text.

We analyze the abundances and relative abundances of dif-
ferent metals with the aim of characterizing the chemical enrich-
ment in the GRB host galaxy. First, we use the measurements
of the column density of HI, Al1L, Fe1r, Si1t, Mg1r, S11, O1,
and C11 for the whole line profile, listed in Table 5, assuming
Asplund et al. (2009) solar abundances. Concerning sulfur, in
Table 5 we report only the measurements of the components I,
II, and III since the IV, V, VI components of STA1259 A are
blended with the Si1111260 A absorption. To calculate the total
sulfur column density for this analysis, we considered the sim-
ilar ratio of the column densities of different elements of sys-
tem A and B (see Sect. 3.1) and we estimate the sulfur column
density of system B by applying this ratio to the sulfur column
density of system A. To be very conservative, we fixed as the
lowest possible value of the total sulfur column density that of
system A, and as the uppermost value twice the sulfur column
density of system A and its 1o error. We do not detect Zn 11, and
we can only determine an upper limit for its column density of
log N(Zn1I)/ecm™2 < 12.5, too poorly constrained to be used in
the following analysis. In Fig. 7 we present the observed abun-
dance patterns along the total line of sight of the z = 6.3 galaxy.
In this formalism, x represents how refractory an element is (i.e.,
how easily it is normally incorporated into dust grains), and y is
closely related to the abundances of different metals, as defined
and tabulated in De Cia et al. (2021), except for carbon and alu-
minum, which are measured in Konstantopoulou et al. (2022).
If there is no dust depletion in a system, the observed abun-
dances are expected to line up horizontally. If there is dust deple-
tion, the abundances are expected to line up in a linear relation,
the steeper the higher amount of dust. The slope of this linear
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Fig. 7. Abundance pattern observed in the host of GRB 210905A from the total absorption-line profile. The linear fit to the data (solid line)
determines the total metallicity [M/H],,, (intercept) and overall strength of depletion [Zn/Fe]g, (slope), as labeled. See Sect. 4.4 for a full description.
The right panel represents the fit obtained after correcting the relevant elements for a-element enhancement of 0.3 dex (black points and limits).

relation is the parameter [Zn/Fe]g;, which represents how strong
the overall dust depletion is, based on the observations of all
metals. The y-intercept at x = 0 is the total metallicity (in the
gas + dust phase) of the system. In addition, any deviations from
this straight line could be due to nucleosynthesis, for example
a-element enhancements, or other peculiar abundances.

For GRB 210905A we observe an abundance pattern that,
despite the large uncertainties, is roughly described with a linear
relation?, as shown in Fig. 7, indicating significant dust deple-
tion, [Zn/Fels = 0.89 + 0.12 and a dust-corrected metallicity
of [M/H]i = —1.01 + 0.14. Such a value is placed roughly in
the upper envelope of the fit of the total metallicity evolution
of the population of GRB hosts and QSO-DLAs at 2 < z < 4
(De Cia et al. 2018), but is higher than the values determined at
z > 4. The depletion factor found, which can be used as an indi-
cation of the overall chemical enrichment of the system, is at the
high-end of the values of the population of GRB hosts and QSO-
DLAs at 2 < z < 4, at similar metallicity (De Cia et al. 2016),
and higher than the values found for GRB hosts at z > 4 (though
the statistics are limited; Bolmer et al. 2019).

We also perform a component-by-component analysis of the
depletion patterns (see Table 2 and Fig. A.4), with the caveat that
some components may not be associated with neutral gas. The
individual components of gas toward GRB 210905A show diver-
sity in their strength of depletion, and therefore their chemical
enrichment. Components II, III, and VI have very high depletion
levels ([Zn/Felg; = 1) that are difficult to fit with dust production
(and destruction) models within such a relatively short amount
of time (1 Gyr).

In the analysis above, we did not take the effects of potential
a-element enhancement into account. With the current data, it
is not possible to characterize and disentangle metallicity, dust

3 We fit a linear relation to the constrained data in Fig. 7, and not
including constraints from the limits. We obtain a best y* lower than
one, because of the large uncertainties in the data. However we note that
the y-axis uncertainties are dominated by the uncertainty in the column
density of HI, and is the same for all the data points. The component-
by-component analysis (see below) confirms our results, but without the
large H I uncertainties.

depletion, and nucleosynthesis simultaneously. However, we
may expect a-elements to be enhanced in the host galaxy of GRB
210905A. At z ~ 6 the universe is about 1 Gyr old, and there-
fore we expect that there was no time for SNe Type Ia to have
exploded in the host galaxy, thus we could expect an enhance-
ment of about a factor of two with respect to iron (Tinsley 1979;
McWilliam 1997). We therefore repeat the analysis assuming an
a-element enhancement in the host galaxy of 0.3 dex, as such
amount of enhancement is measured in stellar abundances at
low metallicity (e.g., Tinsley 1979; McWilliam 1997), and have
been observed in galaxies at z ~ 3 (e.g., Steidel et al. 2016;
Cullen et al. 2021) and QSO-DLAs (Dessauges-Zavadsky et al.
2006; Cooke et al. 2011; Becker et al. 2012; Ledoux et al. 2006;
De Cia et al. 2016). This assumption would significantly lower
the amount of dust that we derive, as well as the ISM metallicity.
The right panel of Fig. 7 shows that, after assuming a decrease of
0.3 dex in the amount of oxygen, sulfur, silicon, magnesium, and,
conservatively, also of aluminum, due to @-element enhance-
ment, we derive a lower metallicity [M/H]i,y = —1.72 £ 0.13 and
a lower overall amount of dust depletion [Zn/Felg = 0.33+0.09.
This is consistent with the average values observed in DLAs. The
assumption of @-element enhancement results in better linear fits
(in terms of y?). In light of all the aforementioned considera-
tions, and of the reasonable dust depletion value for a 1 Gyr old
galaxy, in the following, we consider a-element enhancement as
the favored scenario for our analysis and the results we report are
obtained in this context (unless otherwise mentioned). Table 6
reports the results for the global values and for the component-
by component analysis.

In Fig. 8 (upper panel) we compare the metallicity that we
derive for GRB 210905A with other GRB- and QSO DLAs
(Bolmer et al. 2019; De Cia et al. 2018). GRB 210905A (as well
as GRB 130606A at z ~ 6) is above the extrapolation at higher z
of the evolution of metallicity of QSO-DLAs with cosmic time
(IM/H],, = -2.3 at z = 6.3; De Ciaetal. 2018) but within
its scatter. z ~ 6 GRB host values are not consistent with the
drop of metallicity suggested by Rafelski et al. (2014), and may
indicate a lack of quick evolution of chemical enrichment (at
least for GRB host galaxies) at very high redshift. Of course
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Table 6. Properties derived from the total metal abundances and component by component.

With a-element corr. I II I v \" VI Tot
[M/H] ot -1.72+£0.13
[Zn/Felg, 0.00fgj(l)(‘) 0.53f8283 0.57’:8:}1 0.00f8:(‘)(7) O.OOJ_'S:S(I) 0.53f8:}8 0.33 £0.09
DTM 0.00fgzgg 0.26f818§ 0.27f8:81 0.00f8:88 0~00f8283 0.26f8z8§ 0.18 £ 0.03

Notes. The total metallicity ([M/H],,), dust depletion [Zn/Fe]s, and dust-to-metal ratio (DTM) are reported for the analysis performed taking

a-element enhancement into account.
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Fig. 8. Evolution of [M/H],, (fop panel) and DTM (bottom panel) over cosmic time of the MW and of QSO- and GRB-DLAs. GRB 210905A
values are shown in dark blue dots (the empty circles refer to the values determined not considering a-element enhancement).

the statistics do not allow any conclusion yet, but it is clear that
GRBs are key tools to investigate the chemical enrichment at
very high redshift. It is meaningful to compare GRB hosts to
QSO-DLAs, because they both correspond to galaxies selected
independently of their luminosity that may belong to the same
population (Prochaska et al. 2007; Fynbo et al. 2008; Krogager
et al. in prep.). However, GRB afterglows probe the central
star-forming regions of their host galaxies, whereas QSO-DLAs
probe on average gas at larger impact parameter from the galaxy
centers (Fynbo et al. 2008).

4.5. Dust-to-metal mass ratio and dust extinction

We derive the dust-to-metal mass ratio (DTM), that is the ratio
between the mass of dust and the total mass of the metals, as
follows:

Y1 = 10%) x 10X/Hle 5 Wy
2x(10X7Hle x Wy)

where the metal depletions 6x are derived from the [Zn/Fe]g
following De Cia et al. (2016), [X/H],, are the solar abundances
Xo — 12, Wx are the atomic weights of the metals considered.
In practice, we include all the elements with an elemental abun-
dance above 3 (in the scale where H has an abundance of 12,
Asplund et al. 2009), in the same way as Konstantopoulou et al.
(2022). In absolute values (i.e., to be compared with the 0.45
value of the Milky Way), we find DTM = 0.18+0.03 (0.36+0.04

DTM =

ey
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for the case without taking into account a-element enhancement)
for the total line profile. This means that, given the metal con-
tent in this galaxy, about 18% (36%) of its maximum potential
amount of dust is already in place at z ~ 6.

This may be seen as a rather high value (considering that
the Universe is about 1 Gyr old at this redshift), giving con-
straints to the potential sources of dust production. However,
the uncertainties are significant and include negligible DTM
values. Figure 8, bottom panel, shows the comparison of the
DTM of GRB 210905A with the ones of other GRBs and QSO-
DLAs. Breaking this down in a component-by-component anal-
ysis, we obtain values consistent with 0 for components I, IV
and V, whereas the other components have higher values with
DTM ~ 0.20-0.30.

Following De Cia et al. (2016), we estimate the dust extinc-
tion from the global DTM to be null. This is consistent with the
low amount of extinction (Aysep < 0.03 mag) needed to repro-
duce the afterglow spectral energy distribution (SED; Rossi et al.
2022).

Cosmic dust dimming (CDD(z)) should be considered at
redshifts higher than about z > 3 (Zafar & Mgller 2019).
The amount of neutral hydrogen per unit redshift decreases
(Zafar et al. 2013) while metallicity increases with cosmic time
(Rafelski et al. 2012). These two effects cause total Fe (gas +
dust) per unit redshift to be constant throughout cosmic time
(Zafar & Mgller 2019). Following the Zafar & Mgller (2019)
method to estimate CDD(z) for the sightline of GRB 210905A,
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Fig. 9. Abundances of different elements with respect to iron after correcting for dust depletion, for the total (left panel) and component-by-
component (right panel) analysis. Limits are indicated by arrows and the error bars represent the uncertainty propagated from column density
measurements; the violin plots represents the uncertainty caused by dust depletion estimated using one million Monte Carlo realizations of the
[Zn/Fe]g,. The impact of dust depletion on the nuclear abundances is correlated between elements; i.e., a higher dust depletion correction lowers

all [X/Fe] values except for [Al/Fe] which it raises, and vice-versa.

we find that there is a slight increase in extinction by inter-
vening absorbers, that is Ay = 0.012mag (z = 2.8296) and
Ay = 0.023mag (z = 5.739), resulting in cumulative extinc-
tion (dimming) of Ay = 0.03 + 0.02mag at the redshift of
GRB 210905A. This is consistent with De Cia et al. (2016) sug-
gesting negligible dust for this GRB and probably dust dimming
induced by the effect of cosmic distance.

Table 6 reports the global and the component by component
DTM and dust extinction values, while for the case that does not
take into account a-element corrections, the values are reported
in Table A.1.

4.6. Nucleosynthesis

The deviations from the linear fits of Figs. 7 and A.5 are likely
due to the effects of nucleosynthesis, or peculiar abundances in
the host ISM. Figure 9 shows the over- and underabundance of
different elements with respect to iron due to nucleosynthesis,
[X/Fe]nucl, that is after correcting for the dust depletion estimate,
for the total and component-by-component analysis (the case
without taking into account a-element enhancement is shown
in Fig. A.6). The corresponding values and errors are reported in
Tables A.2 and A.3.

In general, the global observed pattern can be explained by
nucleosynthesis due to core-collapse SNe and massive (S-)AGB
stars (see e.g., Fig. 6 of Masseron et al. 2020 and references
therein). Both in the global and component-by-component anal-
ysis there is no evidence of the typical odd-even pattern pre-
dicted for pair-instability supernovae nucleosynthesis (see e.g.,
Salvadori et al. 2019 and references therein).

Components II, III and I'V exhibit aluminum overabundance.
It is the second time that aluminum overabundance has been
observed for a GRB at z ~ 6, the other being GRB 130606A
(Hartoog et al. 2015), the only other high-z case where a detailed
analysis of the chemical abundances and relative abundances
was possible.

In the SAGA Database (Suda et al. 2008), the stars hav-
ing more similar [Al/Fe] values to those we determined are
O-deficient stars with peculiar properties, the so-called Na-O
anticorrelation (Fulbright et al. 2007; Alves-Brito et al. 2010),
typical of some stars found in globular clusters and some
dwarf galaxies, such as the Sagittarius dwarf spheroidal galaxy
(Fulbright et al. 2007, and references therein). The peculiar pat-
tern shown by these giant stars may be due to dredging-up mate-
rial that has undergone nucleosynthetic processing in H-burning
shells, or to primordial contamination by massive stars. The best
candidates for such a process are massive AGB stars and fast
rotating (very) massive stars (see e.g., Prantzos et al. 2007 and
references therein). This last possibility is particularly intrigu-
ing as it could correspond to long GRB progenitor stars. Due
to the errors affecting our measurements, and to the very lim-
ited elements for which we can determine [X/Fe],u, our aim
here is only to show some potential qualitative similarity with
the nucleosynthetic patterns of all the aforementioned stars. The
development and analysis of models matching the data is beyond
the scope of this paper. We stress also that, at least for compo-
nents III and IV, oxygen underabundance can be due to a high
ionization of the gas (see Sect. 4.2). Indeed, among the compo-
nents for which we could constrain the distance from the GRB,
component III is the closest to the GRB (component IV is too
faint to show fine-structure lines, and therefore to be able to
determine its distance from the GRB; see Sect. 4.2). Mg1I lines
(having a close ionization potential value) are saturated, and Mg1
is at the very end of the spectrum, in a region that is too noisy
to infer any detection and column density value. It is also inter-
esting to note that oxygen is not underabundant in component I,
that is the farthest from the GRB (see Sect. 4.2).

4.7. The [C1i]-to-H1 relative abundance

The high quality afterglow spectrum of this GRB, along with the
accurate measurement of, in particular, CI1*41335.7 A allows us
to measure the relative abundance of [C1I]-to-HI in the ISM
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of the highest redshift absorbing galaxy to date. This transi-
tion can be used to measure the cooling rate and the SFR per
unit area (e.g., Wolfe et al. 2003, 2008), and provide unique pre-
dictions for the HI gas mass of high-z [C1I]-emitting galax-
ies (Heintz et al. 2021). Since the blue-most components of
C1*A1335.7 A are blended with the stronger, red components
from C1111334 A (see Fig. 1 in Sect. 3), we assume that the total
column density is equal to 2.38 times that inferred from the red-
most components (to match the relative ratio observed for Si1r"),
log Ncyp- /em™2 (tot) = 2.38 X Ncy-/em™2 (obs) = 13.98 + 0.08.
We can then derive the [CII] spontaneous emission rate per H
atom, /., following Wolfe et al. (2003),

_ NewhvaAu

=(2.14+041)x 107 ergs ' H™!
N

I (2
and the equivalent [CII]-to-HI conversion factor, B¢y, con-
verted to typical emission-derived units of My/Ly, following
Heintz et al. (2021)

log Bicu) = log(Nui/New) — 3.934 =3.22 £ 0.08 [Mo/Lo]l  (3)

where hv, and A are the energy and the Einstein coefficient
for spontaneous photon decay of the 2P3;, — 2Py, transition
of C*, respectively. The value of . is consistent with typi-
cal QSO-DLA (Wolfe et al. 2003) and extremely strong DLA
measurements (ES-DLA, often representative of GRB sightlines
Guimaries et al. 2012; Noterdaeme et al. 2014; Telikova et al.
2022), and may suggest that it originates from the cold neu-
tral medium (CNM, see e.g., Balashev et al. 2022). The mea-
surement of the absorption-based [CII]-to-H I conversion factor,
Bicuy, is also perfectly consistent with the empirical relation
between Bici and metallicity derived by Heintz et al. (2021),
at the observed GRB host metallicity. This suggests that there
is a fundamental connection between [CII] and HI in the star-
forming ISM of galaxies from z = 0 and out to z > 6 as revealed
by this burst.

We note that if UV pumping from the GRB (see Sect. 4.2)
is contributing to the CII* column density, the CII* value used
for this analysis should be considered as an upper limit. In this
case, the fact that the C 11" abundances match what is expected
from CII* collisionally excited by star formation at the respec-
tive metallicity (Heintz et al. 2021) would be a coincidence.

4.8. Galaxy structure and kinematics

On the basis of the results presented in the previous Sections, we
can try to build a schematic view of the structure and kinemat-
ics of the galaxy complex. Part of the information obtained in
previous sections is illustrated in the sketch presented in Fig. 10.

We detected absorption lines from gas belonging to different
gas clouds at large distances (several kiloparsecs) from the GRB,
which very likely was able to ionize its line of sight at least up
to several hundreds of parsecs. A high ionization gas is detected
all over these systems (as testified by the C1v and SiIV absorp-
tion lines), and a cloud at a higher ionization state is present
(showing a strong narrow NV absorption), likely between the
GRB and the low-ionization gas clouds, at distances of at least
100 pc. Furthermore, globally, systems A and B are chemically
similar, and there are also strong similarities between compo-
nents of systems A and B, with components II, IIT and VI having
similar significant dust depletion, whereas for I, IV and V it is
consistent with zero. We note also that the proper distances cor-
responding to the redshift of the two systems (represented for
example by those of components II and VI) would correspond to

A84, page 12 of 21

proper distances about forty times larger than those determined
from the fine-structure line analysis, hence implying that the Av
of the two systems is due to gas motion.

To the information retrieved from the absorbing gas signa-
tures in the afterglow spectrum, we can add the information
obtained through the HST image of the field of GRB 210905A
(see Sect. 3.2). Considering the small impact parameter of the
objects nearby the GRB afterglow (also in function of redshift),
their circumgalactic gas should be detected in the afterglow spec-
trum (Tumlinson et al. 2017). Therefore, even if we do not know
the redshift of the objects in the proximity of GRB 210905A,
they should be similar to those of the absorbing systems identi-
fied in the spectrum, that are the host galaxy system or the two
absorbers at z = 2.8296 and z = 5.7390. It is possible that one
or some of these objects are at the same redshift as the GRB and
are interacting with or forming a galaxy group. In this case, it is
plausible that the absorbing gas includes gas from the GRB host
galaxy and from the potentially interacting circumgalactic gas of
the objects or of the entire galaxy complex. A rough comparison
between the low-ionization gas distances determined from the
fine-structure lines and the measured projected distances from
the HST image is not at odds with this scenario. Of course,
a redshift estimate of the different objects would be needed to
confirm and define it. This scenario has also the advantage of
accommodating the fact that the components V and VI are far-
ther than components III and II, but red-shifted. The presence of
inflowing (and outflowing) gas of interacting systems can easily
explain that. We also note the tentative presence of features that
can be interpreted as tidal tails, connecting the southern objects.

We do not favor a scenario where the z = 6.3 absorbing gas
complex detected in the spectrum does not include the GRBs
host galaxy, because in this case we should have seen some
HT absorption at higher redshift than the DLA, with a Lyman
break. If we would consider system A as the GRB host and B
as a foreground unrelated galaxy, (i) the chemical similarities
would be surprising, (ii) system B must be in-falling on system
A with velocities of about 250 kms™, (iii) it would be difficult
to accommodate component / in this scenario. The opposite sce-
nario (system B as the GRB host and A as a foreground galaxy)
would be at odds with the distances determined from the fine-
structure lines (see Sect. 4.2).

Galaxy mergers and interactions are often considered as
triggers of the star formation episode producing GRBs, and
evidence for galaxy mergers has been found in long GRB
host galaxy studies (e.g., Chary et al. 2002; Arabsalmani et al.
2019; Savaglio et al. 2012; Savaglio 2015; Chen 2012; Wiseman
et al. 2017; Penprase et al. 2007; see however Lyman et al.
2017). Indeed, our observations show some similarities with
GRB 090323 afterglow spectrum (Savaglio etal. 2012), even
if in that case the systems had a higher velocity separa-
tion (~600kms™!), and the FORS2 spectral resolution did
not allow a component-by-component analysis. The merger
or galaxy group scenario would also explain the discrepancy
with the mass—metallicity relation derived from the gas velocity
(see Sect. 4.4).

HST and ALMA observations have shown that clumpy struc-
tures extending over several kiloparsecs can be a common mor-
phology for some very high-redshift galaxies (Matthee et al.
2017; Carniani et al. 2018a,b). Indeed, the galaxy we are probing
has some similarities with B14-65666 (Hashimoto et al. 2019)
at z = 7.15, a starburst galaxy with very high star-formation
rate (~200 M, yr~!) and stellar mass of ~8 x 103 M. The galaxy
is formed of two clumps with similar properties separated from
each other by a few kiloparsecs and kinematically separated by
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Fig. 10. Schematic summary of part of the information obtained by our observations.

~200kms~!. If object @ in the HST image of GRB 210905A
(Fig. 2) is associated with the GRB host galaxy complex, our
case can be similar to the B14-65666 case.

In Sect. 3.3, we reported a tentative detection of Lyman-«
emission at z = 6.3449, that is ~1200kms~! from the GRB
host absorption lines. The line is detected over ~2.5”, corre-
sponding at such a redshift to ~14 kpc. Its luminosity (Liy, ~
1.4 x 10¥ ergs™), would be in agreement with typical values
found for GRB host galaxies showing Lyman-a emission (see
Vielfaure et al. 2021 and references therein). Due to its reso-
nant nature, the Lyman-a emission interpretation is not trivial
as it depends on many characteristics of the emitting galaxy
(e.g., gas kinematics, outflows, HI absorption, dust content, ...
Verhamme et al. 2006, 2008; Gronke et al. 2015) and its line
peak is usually found shifted from the redshift of the host
galaxy systemic emission. This applies also to GRB host galax-
ies with detected Lyman-« emission (see Jakobsson et al. 2005;
Milvang-Jensen et al. 2012; Vielfaure et al. 2021 and references
therein). Lyman-a halos are usually found around galaxies,
and high-redshift galaxies with >10kpc halos have been previ-
ously detected (Leclercq et al. 2017, 2020). A similar consider-
ation can be applied to the centroid/peak difference between the
Lyman-a and the UV galaxy emission, supposing that the UV
light is traced by the afterglow position. Indeed Claeyssens et al.
(2022) report a centroid/peak difference of several kiloparsecs.
However, the velocity shift is extremely high if the Lyman-a
emission comes from the same galaxy producing the absorption
lines (even supposing a shift between the absorption line and
the systemic redshift of the galaxy). Nevertheless, such a high
shift might have been already observed, at least at very high
redshift. Indeed, again, our case can be compared with B14-
65666 (Hashimoto et al. 2019), where spectroscopic observa-
tions revealed Lyman-a emission at ~800 km s~ from the [CII]
and [OIII] emission lines of the star-forming clumps. A shift of
afew 100kms~! is often found between GRB afterglow absorp-
tion and emission lines (see e.g., Friis et al. 2015; Vielfaure et al.
2020) and more in general in many Lyman-a emitters (e.g.,
Orlitova et al. 2018). Taking into account this additional veloc-
ity shift, would result in velocities >1000kms~! as in our case.
Hashimoto et al. (2019) explain this large shift as due to large H1
content or to large outflows velocities, and demonstrate a posi-
tive correlation between high Lyman-a emission velocity shift
and galaxy UV luminosity.

The high velocity issue would be solved under the hypothesis
that Lyman-a emission comes from the GRB host galaxy and
that the absorption lines are due to the gas of a galaxy close to the
GRB along the GRB line of sight. However, as discussed above,

in this case we should have detected at least some absorption
features at a redshift similar to the Lyman-a emission one.

MUSE observations would allow the confirmation of the
detection of the Lyman-a emission line, and the possibility to
investigate its origin and the association of the emission and
absorption lines with the GRB host and the galaxy complex iden-
tified in the HST image.

More in general, further deep HST/F606W observations will
be fundamental to assess which of the objects identified in the
proximity of the GRB host are at low redshift. Furthermore, new
HST/F140W observation are planned for Spring 2023 so as to
assess the afterglow contribution to the current image and to
allow a robust determination of the magnitude and SFRyy of
the host galaxy.

Most importantly, GRB 210905A would be an amazing tar-
get for JWST observations, allowing the extremely rare possibil-
ity for a galaxy at z = 6.3 to combine emission line spectroscopy
with the detailed information retrieved from the afterglow spec-
trum absorption lines and with the HST photometry.

5. Conclusions

We investigated the properties of the gas along the line of sight
of GRB 210905A, thanks to the VLT/X-shooter spectroscopic
observations of its afterglow. We detected neutral hydrogen, low-
ionization, high-ionization and fine-structure metal lines, likely
from the GRB host galaxy complex at redshift z = 6.3118. We
detected also absorption lines from, at least, two intervening sys-
tems (at z = 5.7390 and z = 2.8296).

The z = 6.3 complex spans ~360kms™" and is composed
of two major systems (A at z = 6.3118 and B at z = 6.3186)
separated by ~300kms~!, and formed by six components. We
studied the abundance patterns and determined the galaxy metal-
licity, the overall strength of dust depletion and the DTM of
the complex. We found evidence of @-element overabundance,
a dust-corrected metallicity of [M/H]i,y = —1.72 £ 0.13, and
overall strength of the dust depletion [Zn/Felgs; = 0.33 + 0.09,
indicating a moderate dust depletion. The metallicity and DTM
values are lower than then average metallicity and DTM of GRB
hosts at 2 < z < 4, and than the extrapolation at high-redshift
of the metallicity distribution of QSO-DLAs. However the val-
ues are comparable to those of QSO- and GRB-DLAs at z > 4.5.
Indeed, the metallicities of the other two GRBs at z ~ 6 with suit-
able afterglow spectroscopy available (GRB 050904 at 7 ~ 6.3
and GRB 130606A at z ~ 5.9) are consistent with that of the
GRB 210905A complex. The overall dust depletion corresponds
to average values.

1
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We performed also a component-by-component analysis of
the gas and found that both A and B systems have a com-
ponent with significant dust depletion and dust to metal ratio,
whereas the others show no dust content. We found evidence
for a-element enhancement, with nucleosyntethic patterns due to
massive stars. Interestingly, similarly to GRB 130606A, at least
in three components we find evidence of an aluminum overabun-
dance, together with an oxygen underabundance in two compo-
nents, which are reminiscent of those found for some globular
cluster stars and could be due to very massive young rotating
stars. While further conclusions are beyond the scope of this
paper, we show that GRB afterglows can be effectively used to
investigate the role of massive stars in the chemical enrichment
of early Universe.

From the modeling of the fine-structure lines, under the
assumption that they are due to UV pumping by the GRB radia-
tion, we estimated the distance of the absorbing gas clouds and
determined distances of several kiloparsecs, larger than those
usually found for GRB sight-lines. This may be due to the high
ionization present in the star-forming environment of very high
redshift galaxies, and is correlated with the high number of ion-
izing photons produced by the GRBs, which would have ion-
ized gas up to several hundreds of parsecs. Indeed, taking into
account the GRBs with available suitable information, we found
a correlation between the GRB luminosity and the distance of the
closer low-ionization gas clouds, as determined from the fine-
structure lines identified in the GRB afterglow spectra.

We also obtained HST/F140W observations of the GRB
field, which allowed us to detect the GRB host galaxy as well as
a complex of four objects in the proximity of the GRB afterglow
position. One or more of them could be part of the same galaxy
group and/or complex of the GRB host. Taking into account
the results obtained through the GRB afterglow spectroscopy, as
well as from the HST observations, and the properties of other
very high-redshift galaxies, we discussed the structure and kine-
matics of the galaxy complex, including also the tentative detec-
tion of Lyman-a emission at z = 6.3449 (~1200kms~! from the
host redshift in velocity space). We discarded the possibility that
the absorbing gas does not belong to the GRB host complex but
to a nearby galaxy, and we suggested that a scenario of clumpy
and merging galaxies could explain our observations.

Further HST/F140W observations are planned at more
than one year from the GRB trigger, so that any afterglow
contribution can be firmly excluded and it will be possible to
confirm the host properties such as the GRB SFRyy and the mor-
phology. HST/F606W observations would allow us to identify
which of the objects detected in the GRB proximity are at low
redshift and therefore cannot be associated with the GRB host
galaxy complex. Furthermore, VLT/MUSE observations would
make it possible to confirm or discard the Lyman-@ emission
tentative detection, and, if confirmed, we would be able to ana-
lyze its position and extension, compared to the GRB afterglow
position and the other objects in the field. These observations,
combined with JWST data, to cover the host galaxy rest-frame
optical emission, will offer the unique opportunity to combine
the properties of the neutral and warm gas identified in this work
with those of the continuum and ionized gas that would be deter-
mined through the galaxy photometry and the emission lines
spectroscopy.

This study shows the great potential of GRBs as tools to
investigate the gas of very high-redshift galaxies. The metallic-
ities obtained so far from the three GRB afterglows at z ~ 6,
for which these measurements have been possible, consistently
show that high-z GRB hosts are already enriched to a metallicity
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of >2% solar, 1 Gyr after the Big Bang. Such metallicity enrich-
ment is indeed expected if GRBs select those galaxies popu-
lating the faint-end of the galaxy luminosity function at these
redshifts (Salvaterra et al. 2012, 2013), which are believed to
provide the major contribution to cosmic reionization. It would
be very difficult, if not impossible, to obtain the information pre-
sented in this work for field galaxies observed even with the best
telescopes of the future JWST, ELT....). To increase the num-
ber of these kind of studies, it is fundamental to develop space
satellites with energy range coverage and sensitivity suitable to
detect the very high-redshift GRB population (Ghirlanda et al.
2015; e.g., THESEUS, Gamow; Amati et al. 2018; Tanvir et al.
2021a; White et al. 2021, respectively). Onboard NIR afterglow
detection and preselection of very high-redshift GRBs would
be a significant added value to optimize ground-based spec-
troscopic observations with sensitive medium-high resolution
spectrographs.
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Appendix A: Additional figures and tables
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Fig. A.1. VLT/X-shooter optical and NIR spectrum of the intervening systems. Left panel: Fe Il and Mg I absorption of the z = 2.8296 foreground
absorber. Right panel: Low-and high-ionization absorption of the z = 5.7390 foreground absorber. For both panels the zero velocity is fixed to the
above-mentioned redshift for each absorber.
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Fig. A.2. Tentative detection of Lyman-« emission at z = 6.3449. Upper panel: part of the X-shooter 2D spectrum. Wavelengths are reported in
the observer frame. Lower panel: 1D spectrum corresponding to the extraction between the black horizontal lines of the 2D spectrum (from —0.8"”
to —3.3”). In both panels the tentative Lyman-a emission detection is indicated by the blue lines surrounding it. The red line corresponds to the
noise spectrum.
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Fig. A.3. Correlation between the distance of the closest low-ionization gas clouds and the GRB luminosity. Left panel: Monte Carlo simulation
of the L;,,-distance relation. In red the Li,, (ergs™') and distance (parsecs) values with their error bars for the GRBs with available measurements,
while the contours represent the result of the simulation of N=10000 realizations. Right panel: Probability density function of the Spearman
coeflicient and the associated p-value for each realization. The black dashed line represents the median value while the dotted ones represent the
2 o intervals.
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Fig. A.4. Similar to Fig. 7, but for the individual components of the absorption-line profile. In this case, the information on the HI is not available,
and therefore we use a slightly different notation, where y; can be interpreted as an equivalent metal column and it is defined in Ramburuth-Hurt
et al. in prep. Again, the slope of the linear relations that can be fit through the data represent the overall strength of dust depletion, [Zn/Fe]g,
but this time the y-intercept at x = O gives an estimate of the combination between the total metallicity and the HI column. Here y; represents an
equivalent metal column. The slope of the linear fit to the data (solid line) determines the overall strength of depletion [Zn/Fe]g,, as labeled.
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Fig. A.5. Same as Fig. A.4, but with a-element enhancement correction for the relevant elements (0.3 dex; black points and limits).
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Table A.1. Properties derived from the total metal abundances and component by component. The total metallicity ([M/H]y), dust depletion
[Zn/Fe]g, dust-to-metal ratio (DT M) and dust extinction (Ay (mag)) are reported for the analysis performed not taking a-element enhancement

into account.

Without a-element corr.

1 /4| 111 1V Vv VI Tot
[M/H] ot -1.01 £0.14
[Zn/Felg 044701 1017011 0.95%015 0227017 0457019 1127014 0.89+0.12
0.03 0.04 0.04 0.04 0.04 0.05
DTM 0.237003 0.38+004  0.37004  0.13790%  0.237004 0417093 0.36 +0.04
Ay (mag) 0.04 + 0.02
frerrr— T HE L B
r Comp. I T Comp. IV
2 A,
SN A S S
g 0 r f 1 7 ! \?/
A kd ;
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Fig. A.6. Same as Fig. 9, but without taking into account @-element enhancement correction.

Table A.2. [X/Fe] residuals of the depletion pattern fitting (see Figs. 7, A.4 and A.5). The values and errors are calculated only using the observa-
tional errors of the measured column densities without taking into account the uncertainties due to the dust depletion correction.

With a-element corr. 1

11 111 v \% VI Tot
[C/Fe] > 0.75 > —0.48 > 0.12 > 0.50 > 0.45 > 0.03 > 0.22
[O/Fe] > 0.38 > 0.00 -037+0.15 -02+0.2 > -049 > —0.46 > 0.03
[Mg/Fe] > 0.19 >0.71 > 0.36 > 041 > 0.40 > —0.59 >0.42
[Al/Fe] > 0.24 > 0.72 > 0.93 > 1.00 > 0.43
[Si/Fe] 028 +£0.06 0.33+0.04 046+0.10 0.34+0.09 0.23 +£0.08 0.30 +0.03 0.30 +0.03
[S/Fe] 026 +0.10 0.23+0.09 0.99+0.13 03+02
Without a-element corr. 1 11 111 1V % VI Tot
|C/Fe] > (0.24 > —-1.04 > —-0.31 > (0.24 > —0.07 > —0.66 > —0.43
[O/Fe] > —0.08 > —0.51 -0.78 £0.15 -04+02 >-0.97 > —1.08 > —0.57
[Mg/Fe] > —0.07 > 0.43 > 0.14 > 0.28 >0.13 > —0.94 > 0.08
[Al/Fe] > 0.42 > 0.91 > 1.08 > 1.09 > 0.66
[Si/Fe] 0.06 £0.06 0.08+0.04 0.26+0.10 0.23+0.09 0.00+0.08 0.00 +0.03 0.02 +0.03
[S/Fe] —0.08 £0.10 -0.15+0.09 0.69 +0.13 -02+0.2
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Table A.3. [X/Fe] residuals of the depletion pattern fitting (see Figs. 7, A.4 and A.5). The values and uncertainties are obtained including MC
simulations to take into account the dust depletion errors. We stress that the impact of dust depletion on the nuclear abundances is correlated
between elements; i.e., a higher dust depletion correction lowers all [X/Fe] values except for [Al/Fe] which it raises, and vice-versa.

With a-element corr. I 11 111 1V Vv VI Tot
[C/Fe] 0731005 _0.41*010 020016 044709 036012 0.10°012  0.29*010
[O/Fe] 0357006 0,047009° 033015 _0.28*0%9  _0,60*01l  —0.42:011  0,07+00
[Mg/Fe] 0137003 0,69700 0351008 0321005 0307006 (61006 0.40:003
[Al/Fe] o.29f§f§§ 0.74f§f§§ 0.95i§f§§ 1.07f§f§§ " o 0.45t§f§25§
[Si/Fe] 028003 037:005 0501007 30+004 (005 (347005 34+005
[S/Fe] 0261004 0.28+007 1 g5:0.11 ' ' 0281007
Without a-element corr. I 1 11 v Vv VI Tot
[C/Fe] 0.31j8(:)}§2 —0.97f§;§ —0.24j§;ié o.z9jg(;)}§5 0.00fg§2;0 _0'59t§:i§ —0.36j§;g
+0. +0. +0. +0. +0. +0. +0.
[O/Fe] 004 04751 0740 0427043 093703 —LOSThE —0.527443
[Mg/Fe] ~0.09*007 0401007 0,12009° 0251008 011011 _.96+008 0,07+
[Al/Fe] 0.44‘:8?837 0.93i§f§§ 1.10j§f§§ 1.12t§fé§ o " 0.68t§f§§
: 0.06 0.06 0.08 0.0 0.09 0.0 0.06
[Si/Fe] 01006 0127060 031750 0267007 0.047009 0047007 0.06%50
+0.! +0. +0. +0.
[S/Fe] ~0.03+0% 010109 0.75+012 -0.16:0%
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