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ABSTRACT

Context. Gamma-ray bursts are the most energetic known explosions. Although they fade rapidly, they give us the opportunity to
measure redshift and important properties of their host galaxies. We report the photometric and spectroscopic study of the Swift
GRB 160203A at z = 3.518, and its host galaxy. Fine-structure absorption lines, detected in the afterglow at different epochs, allow us
to investigate variability due to the strong fading background source.

Aims. We obtained two optical to near-infrared spectra of the GRB afterglow with X-shooter on ESO/VLT, 18 minutes and 5.7 hours
after the burst, allowing us to investigate temporal changes of fine-structure absorption lines.

Methods. We measured H I column density log N(H1/cm™2) = 21.75 + 0.10, and several heavy-element ions along the GRB sightline
in the host galaxy, among which Si1I, Al1l, Al C11, Nill, Sitv, C1v, Zn1l and Fe 11, and Fe 11" and SiII* fine-structure transitions
from energetic levels excited by the afterglow, at the common redshift z = 3.518. We measured [M/H]tor = —0.78 £ 0.13 and a
[Zn/Felpr = 0.69 + 0.15, representing the total (dust corrected) metallicity and dust depletion, respectively. We detected additional
intervening systems along the line of sight at z = 1.03, z = 1.26, z = 1.98, z = 1.99, z = 2.20, and z = 2.83. We could not measure
significant variability in the strength of the fine-structure lines throughout all the observations and determined an upper limit for the
GRB distance from the absorber of d < 300 pc, adopting the canonical UV pumping scenario. However, we note that the quality of our
data is not sufficient to conclusively rule out collisions as an alternative mechanism.

Results. GRB 160203 A belongs to a growing sample of GRBs with medium resolution spectroscopy, provided by the Swift/X-shooter
legacy programme, which enables a detailed investigation of the interstellar medium in high-redshift GRB host galaxies. In particular,
this host galaxy shows relatively high metal enrichment and dust depletion already in place when the universe was only 1.8 Gyr old.

Key words. techniques: spectroscopic — galaxies: abundances — galaxies: ISM — gamma-ray burst: individual: grb 160203a
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1. Introduction

Long Gamma-ray bursts (GRBs) (with prompt y-ray emission
duration >2 s) have been predominantly shown to be associated
with the final stages of the lives of massive stars (Bégué & Pe’er
2015; Gehrels & Razzaque 2013; Piranomonte et al. 2015; Cano
et al. 2017). While it is true that some GRBs with Tgy > 2 s
have recently been shown to be the result of compact binary
mergers (Rastinejad et al. 2022; Levan et al. 2024), they are
very unlikely to contaminate high-redshift samples, due to the
typically fainter luminosities of merger-driven GRBs and longer
lifetimes of their progenitors following star formation. Thanks
to their high luminosities, they have been detected up to very
high redshifts (z > 8, Salvaterra et al. 2009; Tanvir et al. 2009;
Cucchiara et al. 2011; Tanvir et al. 2018), and are used to mea-
sure the metal enrichment of high-z galaxies, thereby probing
the chemical-enrichment history of the universe starting from
the epoch of reionisation (Fynbo et al. 2006; Campana et al.
2007; Prochaska et al. 2008; Elliott et al. 2012; Tanvir et al. 2012;
Hartoog et al. 2013; Saccardi et al. 2023).

During the last 14 years programmes such as the VLT/X-
shooter GRB consortium and more recently the Stargate collab-
oration (Selsing et al. 2019) have provided detailed studies of
the chemical composition and molecular gas in the interstellar
medium of high-redshift galaxies (Salvaterra et al. 2012; Thone
et al. 2013; D’Elia et al. 2014; Hartoog et al. 2015; Kriihler et al.
2015; Heintz et al. 2018; Zafar et al. 2018; Bolmer et al. 2019).

The X-shooter GTO programme first and the Stargate
Consortium afterwards used the medium-resolution (resolving
power ~8000) VLT/X-shooter optical-near-IR (NIR) spec-
trograph and have provided to date a sample of more than
120 GRB afterglows (Selsing et al. 2019), including 22 GRB
afterglows with metallicity measurements (Bolmer et al. 2019).
They also have largely contributed to our knowledge of the
chemical properties of high-z galaxies, both with sample studies
(Christensen et al. 2017; Wiseman et al. 2017; Heintz et al. 2019;
Tanvir et al. 2019), and with detailed studies on individual GRBs
(Sparre et al. 2014; de Ugarte Postigo et al. 2018; Saccardi et al.
2023). However, the number of observed GRB host galaxies
for which the metal abundance has been determined is still
relatively small (about 49 GRBs), and is usually limited by
spectral resolution and low signal-to-noise ratio (S/N; Kriihler
et al. 2015; Cucchiara et al. 2015).

The need for a larger sample has been addressed in multi-
ple studies (Nagamine et al. 2008; Cucchiara et al. 2016), where
it was emphasised how the long-duration GRB peculiarity of
probing mainly the inner active regions of their host galaxies can
be an independent way to investigate the chemical composition
of high-redshift galaxies (Savaglio et al. 2003; Prochaska et al.
2009; Tanvir et al. 2018; Palmerio et al. 2019). In addition, rel-
ative abundances of metals with different refractory properties
are indicative of conditions in the local GRB environment (see
De Cia 2018 for an overview).

In addition, GRB afterglow spectra have also shown that
these huge photon sources can generate a UV pumping mecha-
nism revealed by the variability of fine-structure lines (Vreeswijk
et al. 2007; D’Elia et al. 2011). The variability has been used to
reconstruct the effects of GRBs and afterglow radiation on the
absorbing regions, demonstrating that they can influence their
surrounding typically up to a few hundred parsec (Ledoux et al.
2009; D’Elia et al. 2009; De Cia et al. 2012; Thone et al. 2013;
Vreeswijk et al. 2013; Schady 2015; de Ugarte Postigo et al.
2018). This in turn allows the distance between the GRB and
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the absorbing material to be measured, providing a 3D view of
the medium in the GRB host galaxies.

Despite the unique insight of high-redshift star-forming
regions provided by fine-structure line variation studies, the
number of GRBs having suitable data for this purpose is still
very limited (D’Elia et al. 2010; Kriihler et al. 2013; D’Elia et al.
2014; Wiseman et al. 2017; Tanvir et al. 2018; Zafar et al. 2018),
due to the need to obtain time series of spectra, starting as soon
as possible after the GRB trigger. Rapid Response Mode (RRM)
observations were developed at VLT also driven by this specific
science case. In this mode, the telescope is robotically trig-
gered, and observations are commenced rapidly (within minutes)
after a GRB, a unique feature among large-aperture telescopes.
However, the unfortunate location of the VLT with respect to
the South Atlantic Anomaly (which limits the number of GRB
triggers from Swift immediately observable from Paranal), cou-
pled with the availability of the telescope and instruments, make
successful RRM observations very rare. Therefore, any new
observational RRM campaign of high-redshift GRBs, focusing
on the variability of fine-structure lines, contributes significantly
to our knowledge of active star-forming regions in the young
Universe.

As a part of the VLT/X-shooter GRB follow-up programme,
here we report the spectra of the afterglow of GRB 160203A
at a redshift of z = 3.518, at two different epochs, 18 minutes
after the y-ray detection and 5.7 hours after the first detection.
This was the first GRB detected with the Neil Gehrels Swift
Observatory (Swift hereafter) observed by X-shooter in RRM.

In Section 2 we discuss the main features and reduction of
our VLT/X-shooter data. In Section 3 we present the results of
our analysis of the property of the host galaxy, and the chemical
abundances and metallicities. In Section 4 we report our results
on the variability of the fine-structure lines. In Section 5 we dis-
cuss the interaction between the GRB and its environment, and
in Section 6 we summarise the main outcomes of our study, also
comparing them with previous analyses.

We used the following cosmological parameters: Hy =
71 km s_lMpc‘l, Qu =0.27, and Q, = 0.73. Time is assumed
to be in the observer frame. Unless otherwise stated, throughout
the paper the uncertainties are 1o~ and the limits are 3c.

2. GRB 160203A: Observations
2.1. Swift observations

GRB 160203A was a long event with a duration (i.e. the time
in which 90% of the counts of the prompt y-ray emission are
detected) Top = 20.2. It was detected by the Burst Alert Tele-
scope (BAT) instrument on board Swift (Gehrels et al. 2004) at
02:13:10 UT on 3 February 2016 (hereafter considered as Ty;
D’Avanzo et al. 2016).

The BAT light curve was characterised by a prominent cen-
tral peak at Ty + 12 s, preceded and followed by less intense
activity, and a spectral photon index in the gamma-ray band
equal to 1.93 + 0.20. The initial observed flux recorded by the
Swift X-Ray Telescope (XRT) in the (0.3-10) keV energy band

was 1.557023 x 107! erg cm2 s~!. The energy spectrum can be

-0.20
described by a single power law with a photon index of 1.76f8:%2

in the same energy band, absorbed by a rest-frame hydrogen-
equivalent column density Ny = 1.5f%‘§ x 10?2 cm~2 (Osborne
et al. 2016). '

Assuming a broken power law temporal decay, F(¢) o 1 for
the (0.3-10) keV flux, the Swift collaboration also reported an
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Fig. 1. Optical light curve of GRB 160203A with data taken by the
Skynet telescopes 16” telescope (all PromptS array data) and two
24" telescopes (all Promptl and Prompt8 array data) at Cerro Tololo
Inter-American Observatory (CTIO), Chile. GROND and RATIR pho-
tometric data are also included. The dashed green line corresponds to
the time of our RRM observation (Epoch 1), while the dashed purple
line corresponds to the second epoch of observation (Epoch 2), both
performed with X-shooter on the VLT. The black lines are the best fit
for each observed band.

. .. . . . _ 10
initial decay in the XRT light curve with a slope a; = 3.1%,

and a first break at 246%}7% seconds after the y-ray detection.

A subsequent decay with a slope a; = 0.65*"!! was followed

-1.97
by another break in the light curve recorded at 6808t‘6“1‘é? sec-

onds after the y-ray detection. The third and final decay phase
is characterised by a slope of a3 = 1.25*022 (Evans et al. 2009).
No Swift/UVOT detection was reported with a magnitude limit

U > 19.5 (Breeveld & D’Avanzo 2016).

2.2. Optical-NIR Photometry

The first reported ground-based observations in the optical—
NIR band of GRB 160203A were carried out with GROND
(Greiner et al. 2008) operating at the 2.2m MPG telescope at
ESO La Silla observatory in Chile, about six minutes after the
y-ray detection, identifying an unknown source at the posi-
tion RA(J2000.0) = 10:47:48.35, Dec(J2000.0) = —24:47:19.8
with a preliminary magnitude in the AB system r’ = 18.0 £ 0.1
(Kruehler et al. 2016).

Simultaneously with the GROND detection of the optical
afterglow, the Skynet collaboration (Trotter et al. 2016) obtained
a more extensive ground-based follow-up of GRB 160203A,
using their set of automated optical telescopes with apertures
between 14 and 40 inches in diameter. The Skynet observations
were used to create the optical light curve shown in Fig. 1. The
data points were computed in the Vega magnitude systems.

A later follow-up was reported by Butler et al. (2016), using
the Reionization And Transients Infra-Red (RATIR) camera on
the Harold Johnson Telescope about 32.6 hours after the y-ray
detection by Swift. We converted their magnitude (reported in
the AB system) to the Vega system (Fig. 1).

We performed photometry of the acquisition images
obtained with X-shooter as part of the target acquisition proce-
dure immediately prior to the spectroscopic observations (see
Fig. 2). These images were obtained in the R filter, and con-
sisted of two frames of 15 seconds and 5 seconds exposure time,

respectively. The afterglow was observed to fade by 2.38 + 0.07
magnitudes between the first and second epoch, as compared to
five field stars, in agreement with the photometry collected in
Fig. 1. We also performed fits to all magnitudes reported pub-
licly in GCN circulars (Fig. 1), using a smoothly broken power
law, and obtained indices 0.03’:8:(1)3 and 1.30figg at 90% confi-
dence, which agrees with the X-shooter acquisition data value.
There was no evidence of a jet break in the light curve of the

afterglow of GRB 160203A.

2.3. Spectroscopic observations and data reduction

Optical and near-infrared spectra of GRB 160203A were
obtained in RRM with X-shooter (first reported in Pugliese et al.
2016) starting on 3 February 02:31:35 UT, just 18 minutes after
the y-ray alert (Table 1). This was not the first time that our col-
laboration obtained a GRB spectrum using RRM, but this was
the first time in which we succeeded to perform a second set
of observations, about 5.7 hours after the alert, again using the
X-shooter instrument (Table 1).

For clarity, we refer to all the observations taken in RRM as

Epoch 1 and to the observations taken 5.7 hours after the first
BAT trigger as Epoch 2.
. The three X-shooter arms cover the UVB (3000—56(0)0
A), visible (5500-10200 A), and NIR (10200-24800 A)
bands simultaneously (Vernet et al. 2011). The observation was
obtained with a slit width of 1.0, 0.9, and 0.9 arcsec in the UVB,
VIS, and NIR arms, respectively, and a nominal resolving power
R = 1/AA of R = 5400, R = 8900, and R = 5600. These R val-
ues correspond to a velocity resolution of about 56, 34, and
54 km s~ in the UVB, VIS, and NIR arms, respectively. The
velocity structure is typically used as a width of the Gaussian
function, but there is no need to resolve a Gaussian function since
the model is fixed.

The data reduction of the whole spectrum was performed
as part of a consistent and global reduction of all the X-shooter
data available with our programme until 2018. A full description
of the data reduction strategy is given in Selsing et al. (2019).
More specifically, the RRM data were acquired and reduced in
STARE mode, while the Epoch 2 observations were acquired and
reduced in NOD mode (Goldoni et al. 2006; Modigliani et al.
2010). Wavelengths were corrected to the vacuum-heliocentric
system.

Table 1 reports the log of the X-shooter observations, includ-
ing the main observational parameters for both Epoch 1 (each set
of data with a different exposure time) and Epoch 2 (each expo-
sure had the same total exposure time of 2400 s). As shown in
Table 1, the S/N of the first RRM observation of Epoch 1 is very
low, so they were not included in any of the analyses reported in
the following sections.

3. Results

Abundances of heavy elements can reveal detailed information
about the metal and dust content of the ISM along the GRB
sightline in the host galaxy, and also probe the close environment
in which GRBs occur.

A preliminary analysis of the spectrum of GRB 160203A
was included in Bolmer et al. (2019) as part of a sample study
looking for molecular hydrogen in the X-shooter GRB after-
glow spectra. In this work we focus on a more detailed study
of the chemical abundances, metallicity of both low- and
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Table 1. Log of the X-shooter observations.

Epoch 1
Arm  Elapsed time Exptime Airmass Seeing S/N
(s) (s)
UVB RRM1 1109 180 1.8 0.9 4.3
VIS RRM1 1115 180 1.8 09 5.6
NIR RRM1 1117 180 1.8 0.9 3.7
UVB RRM2 1301 300 1.7 1.0 7.6
VIS RRM2 1385 300 1.7 1.0 8.0
NIR RRM2 1390 300 1.7 1.0 71
UVB RRM3 1773 600 1.6 1.1 12.7
VIS RRM3 1778 600 1.6 1.0 15.4
NIR RRM3 1782 600 1.6 1.1 11.7
UVB RRM4 2465 1200 1.5 1.1 17.2
VIS RRM4 2470 1200 1.5 1.1 19.9
NIR RRM4 2473 1200 1.5 1.0 14.6
UVB RRMS5 3758 1920 1.4 0.9 20.1
VIS RRMS5 3763 1920 1.4 0.9 22.4
NIR RRMS5 3766 1920 1.4 1.0 11.3
Epoch 2
UVB 19750 2400 1.0 1.1 4.3
VIS 19758 2400 1.0 1.0 5.8
NIR 19761 2400 1.0 1.0 3.3

Notes. Log of the X-shooter observations, including both Epoch 1
(RRM1, RRM2, RRM3, RRM4, and RRMS5) and Epoch 2. The first
column indicates the arm (UVB, VIS, or NIR), the next two columns
are the elapsed time after the BAT trigger and the total exposure, both
in seconds. The last three columns show the average airmass, seeing,
and S/N per pixel (0.2 A in the UVB and VIS arms, 0.6 A in the
NIR arm).

high-ionisation absorption lines, together with the line

variability of fine-structure lines.

3.1. Spectroscopic analysis

Figure 3 shows the X-shooter spectrum of GRB 160203A. The
blue spectrum is the average of RRM3, RRM4, and RRMS5

A35, page 4 of 15

Fig. 2. Acquisition images obtained in the
r filter during the X-shooter observations
on 3 February 2016. The left and right
panels show the afterglow (circled) at the
beginning of epochs 1 and 2, respectively.
The fading of the GRB counterpart is
apparent.

(combined to obtain the best S/N spectrum, hereafter called
Best Data), whereas the red spectrum refers to Epoch 2 (the
NIR-arm part of the spectrum has been rebinned for clarity).
Identification of intervening systems were not included to avoid
confusion. Some of the resonance and fine-structure lines are
shown, labelled in black and red, respectively. The prominent
damped Lyman-a (Ly-@) absorption is visible in the left part of
the top panel. In the top panel both the UVB and initial spectrum
in the optical band are shown and in the second panel most of the
high-ionisation lines in the optical band are shown. In the third
panel the last part of the optical spectrum and the absorption
lines in the NIR spectrum are shown, and in the bottom panel
most of the absorption lines in the NIR are visible. For clarity,
not all absorption line identifications are reported.

We fit the data with the Astrocook code (Cupani et al.
2020), a Python software environment to model spectral fea-
tures, both in emission and absorption (with continuum and
complex absorption systems).

The Ly-a line associated with the neutral hydrogen was
located in the transition region between the UVB and VIS arms,
but fortunately the HI column density was so high that both the
blue and red wings of the line could be recovered. The part of
the spectrum in Fig. 4 shows a strong damped Ly-a absorp-
tion (DLA, N(HI) > 2 x 10®°cm™2), and the red side of the
Ly-a line constrained the best fit of the damped profile, from
which we inferred a HI column density of log (N(H1)/cm™2) =
21.75 = 0.10. We could not find any evidence for H, absorption
lines.

We also identified in the spectrum several absorbing systems.
We associated the highest redshift system at z = 3.518 (zgrg) With
the GRB 160203A host galaxy, given the presence of a damped
Lyman-a (DLA) absorption and of fine-structure absorption
lines. More specifically, the Voigt line profile computed for low-
ionisation absorption lines of GRB 160203A showed at least
two velocity components at z = 3.5176 and z = 3.5189 (Av =
80kms~!), as shown in Fig. 5 and in Appendix A. We took the
redshift of the blue component (z = 3.5176) as that of the GRB
160203A host galaxy. High-ionisation lines like C1v and SiIv
are narrower with still two components like the low-ionisation
lines, but the red component is much weaker, as reported in
Fig. 5.

At the GRB redshift, we detected low-ionisation absorption
lines, such as S11, Sill, C11, O1, Nill, Al1l, Zn1i, CriI, Mn11,
Fe11, Mg 11, and Mg 1. We also detected the presence of absorp-
tion features of highly ionised species, such as Al C1v, and
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Fig. 3. Flux density of the UVB, VIS, and NIR X-shooter spectra for the two epochs. The average of RRM3, RRM4, and RRMS (Best Data) is in
blue and the Epoch 2 data is in red. Line identifications are also indicated; the fine-structure features are in green.

Si1v, and fine-structure lines, such as Siu*, O1*, C11*, and
Fe 11*, together with the reported resonance lines. A complete
list of all the identified absorption lines and their correspond-
ing equivalent widths (EWs) in the rest frames is reported in
Table 2. The EW errors were estimated using the formula in
Cayrel (1988).

In addition, we recognised six intervening systems along the
GRB sightline at z = 1.03, 1.26, 1.98, 1.99, 2.20, and 2.83. Due
to the presence of several intervening systems, we also identified
many blends with the absorption lines of the GRB host galaxy:

Si1111260 A at zgg is blended with Mg 1112803 Aatz =1.03;
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Fig. 4. Best fit to the damped Ly-a absorption line gives an H1 column
density of log (N(H1)/cm™2) = 21.75 +0.10. The noise spectrum is also
shown (dotted line).

0111302 A at zgrp is blended with Mn 1112594 A at z = 1.26;
Si1111304 A at zgrp is blended with Fe 1112600 A at 7z = 1.26;
Si1vA1402 A at zgg is blended with Mg 1112796 A at z = 1.26;
Ni1A1709 A at zZGrB 1S blended with Fe NA2586 A at 7z = 1.99;
and Zn 1112062 A at zgrg is blended with Cr1112062 A at zgrg.

3.2. Column densities and metallicity

While many spectroscopic analyses of long GRBs have been per-
formed between 2 < z < 3 (Kriihler et al. 2015; Zafar et al. 2018;
Bjornsson 2019; Gatkine et al. 2019), the number of observations
of long GRBs at z > 3.5 is more limited. Detailed analyses of
the two spectra of GRB 160203 A, separated by a few hours were
used not only to investigate the chemical state of the interstellar
medium of the host, but also to look for fine-structure lines at
high redshift and their possible temporal variability.

To compute the column densities and metallicity associated
with the observed absorption lines in GRB 160203A, we used
the same code, Astrocook, introduced in Sect. 3.1. The total
column densities of low- and high-ionisation features, obtained
from the line fitting are reported in Table 3 for the RRM2,
RRM3, RRM4, and RRMS data and for Epoch 2. In Appendix B
we report the separated Tables (B.1-B.4) for each RRM observa-
tion, and in Table B.5 that for Epoch 2. More specifically, there
are column densities for each component (together with the total)
of the low-ionisation absorption lines in the top panel and the
high-ionisation absorption lines in the bottom panel for RRM2,
RRM3, RRM4, and RRMS5, and the Epoch 2 observations,
respectively. In all tables, the Doppler parameter b is provided
for each component, different for the low- and high-ionisation
lines.

We combined RRM3, RRM4, and RRMS5 to obtain the best
S/N spectrum (Best Data; see Section 3.1), as shown in Fig. 5,
and a full illustration of all lines in Fig. A.1. We measured the
column densities in order to calculate the relative abundances
and the metallicities of the host galaxy. In Table 4 the three
columns, after the ion identification, indicate the column den-
sities for the two strongest absorption components at velocities
v=0km s ! and v= 80 km s~!, and the total column densities.

The Doppler parameter for low-ionisation lines was derived
from unsaturated transitions in the spectrum (e.g. Zn 11 12026 A)
and fixed for all other ions. Furthermore, by simultaneously
fitting all the low-ionisation absorption lines leaving the value
of b as a free parameter, we obtained, within the errors, the
same value found from the unsaturated lines. Considering the

A35, page 6 of 15

Fell A1608 A
15 —
x = Best Data | 1
2 1o
1.0 + 11
K 11
N 11
® 0.5 Ind
£ \:
2 0.0 + : ‘|7 —
—-600 —-400 -200 0 200 400 600
Sill A1526 A
15 T 1
x = Best Data 1 1
2 11
Y- 1.0 1 [
9 11
N [
5051 |
£ N
1\1
§ 0.0 4 ‘I'/\T ~
—-600 -400 -200 0 200 400 600
Sill* A1533 A
1.5 T 1
x = Best Data | 1
2 [
1.0 4 11
8 WW
N H
T 0.5 Do
: |
2 0.0 1 1
T T ll I T T
-600 -400 -200 0 200 400 600
CIV A1548 A
1.5 T 1
x = Best Data | 1
2 [
1.0 + 11
° 1
@ 1
N
‘S 0.5 - !
£
[e]
Z 0.0 A T—:
-600 —-400 -200 0 200 400 600
SilV A1393 A
15 i
x = Best Data 1
=2 1
Y- 1.0 1 1 L/\,/\I\ANV
©
@ 1
N
® 0.5 H
€ 1
o 1
2 0.0 4 T
. . e :
—-600 —-400 -200 0 200 400 600
km/s

Fig. 5. Selection of some low-ionisation, high-ionisation, and fine-
structure lines of Fe 11, Si11, Sin*, C1v, and Si1v. The two vertical lines
represent the redshift of the two components inferred by low-ionisation
lines (see Sect. 3.1). The data are in black and the error spectrum is
in grey. The Best Data represents the average of RRM3, RRM4, and
RRMS spectra as described in Section 3.1 (see Fig. A.1 for all the
absorption line transitions).

X-shooter resolution, hidden saturation cannot be excluded; on
the other hand, considering the flux residuals and the Doppler
parameter expected for warm gas (b ~ 10 km s~!, as also usually
found in GRB-DLAs observed at higher resolution; Fox et al.
2008), we estimate that hidden saturation should be marginal
for some of the absorption lines detected in the spectrum. In
those cases, we report the respective element column densities
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Table 2. List of identified absorption lines and rest-frame equivalent
widths.

Absorption line EW, (A) EW, (A)
(wavelength in A) Best Data Epoch 2
S A1250.58 0.24 £0.03 0.13+0.08
S1 11253.52 0.37 +£0.03 0.26 + 0.08
S11 11259.52 0.40+0.03 0.29+0.10
Sin® 11260.42 <0.99 <0.80
O1“ a1302.17 <0.83 <0.74
Sii* A1304.37 <0.89 <0.78
Nir 41317.22 0.09 £0.03 0.05+0.08
Cn A1334.53 1.38+0.04 1.05+0.10
Nimr 11370.13 0.36 +0.04 0.23 +£0.10
Sitv 11393.76 0.31 £0.04 0.21 £0.10
Sitve 11402.77 <1.26 <1.18
Nilr 11454.84 0.08 £0.04 0.06 +£0.10
Sinn 11526.71 0.89 +0.04 1.06 +0.15
CIv 11548.20 0.34 +0.03 0.21 £0.10
C1v 11550.77 029 +0.03 0.22+0.10
Fe1r 11608.45 0.71 £0.03 0.50 £ 0.10
Fenr 11611.20 0.13+0.04 0.07 £0.10
Al 21670.79 095+0.03 0.87+0.10
Ninr 11709.60 0.12+0.04 0.08 £0.10
Nilr A1741.55 016 £0.03 0.17+=0.10
Nimr A1751.92 0.11 £0.03 0.08 =0.10
Si1r 11808.01 0.55+0.05 0.42+0.10
All1nr 11854.72 026 +0.03 0.11 +£0.10
Al1r 11862.79 0.17+0.03 0.12+0.10
Zn1l 12026.14 0.37 £0.04 0.28 +0.10
Crir 12056.25 0.10+0.04 0.12+0.10
Zn1¢ 12062.67 <0.46 <0.35
Fe1r A2344.21 118 £0.03 1.02+0.15
Fe1r A2374.46 0.85+0.03 0.68 +0.15
Fe1r A2382.77 1.29 +0.04 093 £0.15
Mn1l 12576.88 0.16 £0.05 0.05+0.15
Fe1r A2586.65 1.21 £ 0.06 1.08 +£0.15
Fenr 12600.46 1.34 £+ 0.05 1.26+0.15
Mn1l 12606.46 0.08 £ 0.06 0.05 +0.15
Mgir 12796.35 146 £ 0.06 1.04 +0.15
Mgi1 12803.00 145 +0.06 1.03+0.15
Mgl 12852.96 0.38 £ 0.05 0.30+0.15

Notes. Identified absorption lines and rest-frame equivalent widths
(EW,, in A) measured using the IRAF package for Best Data (average
of RRM3, RRM4, and RRMS observations) and Epoch 2. The equiva-
lent width errors were also computed in IRAF. Lines flagged with ¢ are
blends with intervening absorption lines, as specified in the main text.

as measurements in Tables 3 and 4, otherwise we only report
the lower limits.

The heavy-element abundances that we determined for the
Best Data are reported in Table 5. We derived zinc and sul-
phur abundances relative to hydrogen of [Zn/H] = —0.96 + 0.11
and [S/H] = —1.21 + 0.10, respectively. We also derived the
zinc abundance relative to iron of [ZP/Fe] < 1.15. Based on
the absorption line from Nill 11741 A, we computed AVyy =
198 km s~!, which is a measure of the width of the line that con-
tains 90% of the optical depth (Ledoux et al. 2006). Analyses
of GRB absorption lines have demonstrated that AVy, correlates
with the metallicity of the host galaxy (Arabsalmani et al. 2015).

The [Zn/H] and [S/H] values are consistent with the metallicity
versus the AVyq relation derived by Arabsalmani et al. (2015).

In general, the presence of dust may dramatically affect the
observed abundances because of dust depletion (e.g. De Cia et al.
2016), so it is important to study the abundance pattern to be able
to determine the total (gas+dust) metallicity, also in the neutral
ISM surrounding the GRB explosion (e.g. Hartoog et al. 2015).

The abundance pattern of GRB 160203A is shown in Fig. 6.
The x-axis shows the refractory index B2y from De Cia et al.
(2021), which indicates the tendency of metals to be incorpo-
rated into dust grains: on the left are refractory metals; on the
right are the volatile metals, closer to the true metallicity. The
y-axis is closely related to the abundances of different metals,
as defined and tabulated in De Cia et al. (2021), except for car-
bon and aluminium, which are measured in Konstantopoulou
et al. (2022). The solid line marks the linear fit of the relation
y = [Zn/FelpT X x + [M/H]ror to the observed abundances, as
defined by De Cia et al. (2021); its normalisation determines
the dust-corrected total metallicity, [M/H]tor = —0.78 + 0.13;
and its slope determines the overall amount of dust deple-
tion, [Zn/Felgr = 0.69 + 0.15. We fit a linear relation to the
observed abundances, considering errors along both axes and not
including constraints from the limits.

4. Fine-structure line variability

The GRB afterglow deposits a huge amount of UV radiation in
the interstellar medium. This obviously impacts the physical con-
dition of the gas along the GRB sightline up to a certain distance,
as shown by the detection of fine-structure lines in the GRB after-
glow and their time variability (Prochaska et al. 2006; Vreeswijk
et al. 2007; D’Elia et al. 2009). The mechanism is known as
indirect UV pumping, and consists in UV photons exciting the
gas to higher energy states. The lifetime of these states is short,
and therefore the atoms quickly decay to lower energy levels.
The longer-lived states are either excited levels with principal
quantum number n > 1, or n = 1 states with higher values
of spin-orbit coupling (the so-called fine-structure levels), or a
combination of the two. Under particular conditions, the same
mechanism could also be responsible not only for excitation, but
even ionisation (Vreeswijk et al. 2013).

The comparison of observations with predictions from time-
dependent photo-excitation codes has been applied to the spec-
trum of several GRBs (Dessauges-Zavadsky et al. 2006; D’Elia
et al. 2009; Ledoux et al. 2009; De Cia et al. 2012; Hartoog
et al. 2013; D’Elia et al. 2014). Estimated distances are between
a few tens of parsec up to the kiloparsec scale, showing that the
influence of the GRB reaches remarkable distances.

In our analysis of GRB 160203A, we noted that all the
ground levels of the species commonly exhibiting fine-structure
lines in GRBs (C11, O1, and Fell) are saturated, apart from
the SiII line (see Tables 3 and 4). For Sill we have reliable
estimates of column density for both the ground-state and the
fine-structure features, at both epochs and for both components
(see Appendices). Since the fine-structure levels of Si 1T and Fe 11
are compatible with being constant, as reported in Tables 3, 4,
Fig. 7, and in the Appendices, the photo-excitation code can
only provide an upper limit to the source distance (see the next
paragraph for a more detailed explanation). However, since the
excited levels of Sill tend to remain populated even with a low
flux level (see e.g. Saccardi et al. 2023), it is clear that, in
this case, a distance upper limit is less constraining than that
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Absorption lines

log(Nrrmz2/cm~2) log(Nrrmz/cm—2) log(Nrrma/cm~2) log(Nrrms/cm™2) log(Nepoch2/cm~2)

Al 11670 >14.0
C11 11334 >15.8
CIr* 11335 >15.0
Fe11 11608, 11611, 12344, 12374, 12382, 12586, 12600 >14.9

Fe 11* 22333, 12365, 12389, 12396 13.68 + 0.15
Mg1 42852

Mg 11 12796, 12803 >16.0
Ni1r 21317, 11370, 21454, 21709, 11741

0111302 >16.0
Or1* 11304

S 11 41250, 11253, 11259 15.61 £ 0.14
Si1r 21260, 11304, 11527, 11808 15.97 + 0.07
Silr* 11264, 11265, 11309, 41533, 211817, 11818 13.83 + 0.08
Zn 11 12026 13.35 + 0.08
Al Il 21854, 11862 13.29 = 0.07
C1v 11548, 11550 >14.4
Si1v 11393, 11402 >14.1

>14.0 >14.0 >14.0 >13.9

>15.9 >16.2 >16.1 >15.9

>15.0 >15.0 >15.1 >15.0

>15.1 >15.1 >15.1 >15.2
13.64 + 0.08 13.56 + 0.07 13.49 = 0.11 13.5+0.3
12.60 = 0.09 12.59 + 0.08 12.46 + 0.13

>15.8 >15.9 >16.0 >16.0
14.06 + 0.06 14.12 + 0.05 14.06 + 0.05

>16.0 >16.2 >16.2 >16.1
13.60 = 0.15 13.44 £ 0.15 13.97 £ 0.19
15.63 = 0.10 15.63 £ 0.10 15.68 + 0.10 15.8 £0.2
16.02 + 0.01 16.08 + 0.01 16.06 + 0.01 16.05 + 0.11
14.06 + 0.06 14.16 + 0.07 14.15 £ 0.05 13.87 £ 0.12
13.34 + 0.06 13.35 + 0.02 13.36 + 0.02 13.17 £ 0.10
13.32 = 0.04 13.28 + 0.02 13.22 + 0.02 13.2+0.2

>14.8 >14.6 >14.6 >14.5

>14.1 >14.4 >14.4 >14.4

Notes. Column densities of low- and high-ionisation absorption lines for the RRM2, RRM3, RRM4, and RRMS5 data set (Cols. 2, 3, 4, and 5,

respectively), and for the observation taken in Epoch 2 (last column).

Table 4. Absorption lines and column densities.

Absorption lines

log(NI/cm‘z) log(N”/cm‘2) log(NTOT/crn‘z)

Al1r 11670 >13.6 >13.8 >14.0
Ci1 11334 >16.0 >15.6 >16.2
C1r* 21335 >14.8 >14.8 >15.1
Cr11 12017, 212056 13.55 + 0.07 13.72 + 0.05 13.94 + 0.04
Fe 11 11608, 21611, 12344, 12374, 12382, 12586, 12600 >14.61 15.01+ 0.03 >15.14
Fe 11" 12333, 12365, 12389, 12396 13.23 £ 0.11 13.29 + 0.09 13.56 + 0.07
Mg1 12852 12.25 +0.13 12.25 + 0.09 12.55 + 0.08
Mg 11 212796, 12803 >16.1 >15.0 >16.1
Mn 11 212576, 12594, 12606 >12.8 >13.3 >13.4
Ni11 21317, 21370, 11454, 21709, 11741 13.57 = 0.05 14.12 + 0.05 14.22 + 0.02
0111302 >15.8 >15.9 >16.2
Or1* 21304 13.77 = 0.19 13.77 = 0.19
S11 11250, 11253, 11259 15.25 + 0.04 15.44 + 0.04 15.66 + 0.03
Sit 21260, 11304, 211527, 11808 15.65 + 0.02 15.78 £ 0.02 16.02 + 0.02
Silrt 21264, 11265, 11309, 241533, 21817, 11818 13.96 = 0.04 13.71 £ 0.04 14.15 + 0.03
Zn 11 12026 12.74 + 0.03 13.22 + 0.02 13.35 £ 0.02
b(kms™h) 20+£2 33+£2

Al1Ir 11854, 11862 13.10 + 0.02 12.80 + 0.04 13.28 £ 0.02
C1v 11548, 11550 >14.7 >13.3 >14.8
Si1v 21393, 11402 >14.5 >12.7 >14.5
b(kms™) 17+£2 26+2

Notes. Low- and high-ionisation absorption lines (first column), column densities of the two strongest components (second and third columns),
and the corresponding total column densities of Best Data, obtained by combining the single exposure with the best S/N, i.e. RRM3, RRM4, and

RRMS5 observations.

obtained with Fe11. This is why in the following we focus on
Fe 11

Even if Fe 11 ground-state features are saturated, one can nev-
ertheless attempt to fit the fine-structure column densities of the
different observations, leaving the initial column density of the
system as a free parameter. The results (Table 3) indicate that
these columns are compatible with being constant in the time
interval between 18 minutes and 5.7 hours after the burst alert,
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although Epoch 2 is affected by a large uncertainty (see also
Table 6, in which fine-structure line EWs in the two epochs do
not show strong variations). In order to obtain a nearly constant
fine-structure line column density in the UV pumping scenario,
the absorber must be close enough to the GRB to keep the flux
level sufficiently high for a long time.

This occurs because the maximum value achievable by the
ratio of the Fe 1l fine structure to ground level is 8/10. This is
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Table 5. Heavy element abundances.

Element [X/H]

Al >-2.17

C >-1.98
Cr -1.45+0.12
Fe >-2.09
Mg >-1.25
Mn >—-1.80
Ni -1.75+0.11
(0] >-2.27
N -1.21 +£0.10
SitH -1.24+0.10
Zn® -0.96 £0.11

Notes. Heavy element abundances relative to hydrogen [X/H] in the
ISM measured from the GRB 160203A afterglow spectrum Best Data.
() Hidden saturation cannot be excluded, but it is unlikely; see Sect. 3.2.

-0.50
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—0.751
[M/Hl7or = -0.78+0.13 Zn
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Fig. 6. Best data observed abundance pattern. The x-axis shows the
refractory index B2y from De Cia et al. (2021), while the y-axis is
closely related to the observed abundances. The solid line shows the
linear fit of the relation y = [Zn/Fe]gr X x + [M/H]1or to the observed
abundances, not including the constraints from the limits.

the ratio between the 2J + 1 quantum values of the J = 7/2 fine-
structure level and J = 9/2 for the ground-state level. Once this
maximum is reached, no matter if the flux experienced by the
absorbing gas increases, this ratio would stay the same. Thus,
we check if the absorber could lie at a distance from the GRB
at which the experienced flux was able to keep this ratio value
at its maximum, up to the second X-shooter observation. In this
way we can explain the non-variability of the fine-structure line,
and eventually obtain upper limits to the GRB-absorber distance.
At larger distances, the fine-structure to ground-state ratio would
decrease during the two observations.

This statement can be quantified with the above-mentioned
photo-excitation code. We adopt the Fe 1T+ column densities in
Table B.1, B.2, B.3, B.4, and B.5, with a range of Doppler param-
eters determined from absorption-line best fits, and let the Fe 11
ground state free to vary. Physically, the latter assumption means
we are assuming that the iron contributing to the absorption is
split in two regions, blended in our spectra. One of these is far
from the GRB and is completely in the ground state. It contains
most of the iron. The other is the target of the photo-excitation
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Fig. 7. Resonance and fine-structure lines of Fe 11 (top) and Si1I (bot-
tom). The blue spectrum refers to RRM3, the red spectrum refers to
RRM4, and the black line refers to RRMS5. The shaded area around the
solid lines represents the error spectra for each RRM.

Table 6. Fine structure EW.

Line EW, (A) EW, (A)
Best Data Epoch 2
Sinm*A1264.74A  0.65+0.03  0.57 +0.10
Sin*A1309.28 A 0.12+0.04 0.08 +0.11
C1*A1335.71A  0.63 +£0.03 0.54 £0.12
Sin*A1533.43A 022 +£0.03 0.20 +0.12
Sin*A1817.45A  0.11 £0.03  0.09 £ 0.10
Fell*A2332.02A  0.31 £0.06 0.18 +0.12
Fel1*12365.55A 0.0 +£0.07 0.08 + 0.15
Fel1*12389.36 A 017 £0.06 0.18 + 0.13
Fel1*12396.35A  0.46 +0.05 0.28 +0.15
Fe1r*12399.98 A 0.19 +0.05 0.18 +0.15
Fe1r*12407.39 A 021 £0.06 0.15+0.15

Notes. Rest-frame equivalent width (EW,) of fine-structure lines for
Best Data (average of RRM3, RRM4, and RRMS5 observations) and
Epoch 2. The errors were computed via the formula in Cayrel (1988).

code. It shows the FeII* absorption and is closer, allowing the
indirect UV pumping to be at work. This region is exposed to
a strong flux, allows a Fe 11*/Fe 1I ratio close to 0.8, and conse-
quently a (nearly) constant Fe 1T+ column density throughout the
X-shooter observations. Leaving the Fe IT ground-state column
free to vary allows the model to obtain the correct normalisation
to fit the data. This results in a distance upper limit since every
other fit with a lower distance is “flatter” and is equally good.
The above assumption was made for both components I and II
of GRB 160203A. We determined upper limits to the distance
between the GRB and the absorber d < 200 pc and d < 300 pc
for component I and II, respectively (see Fig. 8). These upper
limits are at the 1o level, and correspond to the allowed 1o
uncertainties of the measured column densities. These distances
are consistent with the values found in other GRBs (see e.g.
Hartoog et al. 2013), making the UV pumping a viable expla-
nation for the presence of fine-structure lines. Photoionisation
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data and model for component 2
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Fig. 8. Comparison between the photo-excitation code and data for the
Fe 11+ column densities reported in Tables B.1, B.2, B.3, B.4, and B.5.
We derive a GRB-absorber distance upper limit of 200 pc and 300 pc for
Component I (purple) and II (black), respectively. For clarity reasons,
the purple points have been slightly shifted to the right. Assuming that
fine structures are produced by collisions instead of UV pumping, we
derived a lower limit to the distance of d > 1700 pc for both components
(model and column upper limit are in yellow).

should not be an issue here, despite the distances involved.
Indeed, GRB 080310 is the only burst for which photoionisa-
tion of FeIl into FeIIT has been detected (De Cia et al. 2012;
Vreeswijk et al. 2013). The peculiarity of this GRB is due to its
low HI column density, with log (N(HI)/cm™2) = 18.75. Values
two orders of magnitude larger would have been high enough
to allow HI to efficiently shield the iron and prevent photoioni-
sation (De Cia et al. 2012; Vreeswijk et al. 2013). We note that
GRB 160203A has a HI column density that is 103 times that of
GRB 080310.

We also explore the scenario in which fine-structure lines are
produced by collisions instead of UV pumping. Thus, we com-
pute an upper limit to the UV pumping Fe 11+ column density
using the combined RRM3+RRM4+RRMS5 spectrum, the one
with the high S/N (Best Data). The result is Log (N Fe II*/em?)=
12.6. This value, together with the ground-state column density
of the FeI1 reported in Table 4 for component II, was used for
comparison with the photo-excitation code and to obtain a lower
limit to the GRB—absorber distance in the case of collisions. We
obtained d > 1700 pc for both components (see again Fig. 8).

If collisions dominate over photo excitation, one can use the
numerical solution provided by Prochaska et al. (2006) for the
dependency of n, on the Fe 11*/Fe 11 ratio (together with that for
the SiI1*/SiII ratio; see their Fig. 9). We obtain n, ~ 5 cm™ for
Si1rand n, ~ 200 cm™ for Fe 11. This discrepancy (which would
hold even using a temperature different from 2600 K, adopted by
Prochaska et al. 2006 in their Fig. 9) would be even larger for a
higher Fe 11"/Fe 1I ratio, which is probably underestimated (see
Tables 7-10). In conclusion, the collision scenario needs more
assumptions to work, just as for the photo-excitation mechanism.

Considering that no conclusive detection of gas excited by
collisions in GRBs has been reported yet, while photo-excitation
has been proved to be a valid mechanism to explain the fine-
structure lines detected in the studies of other GRBs (Prochaska
et al. 2006; Dessauges-Zavadsky et al. 2006; Vreeswijk et al.
2007; D’Elia et al. 2009; Ledoux et al. 2009; De Cia et al.
2012; Hartoog et al. 2013; D’Elia et al. 2014), we prefer photo-
excitation as the viable mechanism to produce the fine-structure
lines in GRB 160203A. Even though we need to fine-tune the
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Fe 11 ground-state column density, the computed distances are
compatible with those reported for other bursts, and the HI
column density is high enough to shield the Fell and pre-
vent photo-ionisation into Fe I11. Nevertheless, the data quality
is not high enough to rule out other explanations. The colli-
sional excitation is still possible, despite the need for further
assumptions (as in the photo-excitation scenario), to explain the
observations.

5. Discussion

Velocity components and measurements of line EWs can pro-
vide strong indications of the structure of the gas of the host
galaxy along the line of sight to the GRB (Kiipcii Yoldas et al.
2007; Margutti et al. 2007; Thone et al. 2008; Arabsalmani et al.
2015; Friis et al. 2015). The line profile computed for the ioni-
sation lines of GRB 160203A, even if saturated, shows at least
two velocity components, indicating the presence of no fewer
than two gas clouds along the line of sight of the afterglow.
This is clearly visible in the Voigt profiles shown in Appendix A
and also in Fig. 7, where the low-ionisation lines (e.g. SilI and
Fe 11) show two distinct velocity components. The blue and the
red components have a relative velocity equal to 0 km s~ and
80 km s~! from the z = 3.5176 position of the blue component,
respectively.

High-ionisation lines (e.g. C1v and Si1v) still show two
components, as do the low-ionisation lines, with the red com-
ponent much weaker, as presented in Fig. 5 and in the plots
in Appendix A. Overall, the two components of the high-
ionisation transitions have velocities coincident with those of
the low-ionisation lines, and as reported in Fig. A.1 the stronger
component of the high-ionisation lines also coincides with the
stronger component of the fine-structure lines, but not that of the
ground-state of the low-ionisation lines.

Taking into consideration that both the low- and high-
ionisation lines have consistent velocities, this could suggest
that the cold and hot gas detected along the line of sight of
GRB 160203A are in a similar region of its host galaxy. Typ-
ically, when the high-ionisation lines have a different profile
than the low-ionisation species, one could infer that they are
associated with the circumgalactic medium (CGM), and related
with turbulent motion or the coupling between gas and dust
(Prochaska et al. 2009; Juvela & Ysard 2011). In the case of GRB
160203 A, we reported high-ionisation lines with a weaker com-
ponent at 80 km s™!, and this could indicate that these species
are associated with a cooler ionised gas.

From the analysis of the column densities of the fine-
structure lines in Epoch 1 and in Epoch 2, we could not detect
significant variability, indicating that, in the UV pumping sce-
nario, the absorber should be close enough to GRB 160203A to
allow the GRB flux being rather constant between the first and
the second epoch of our observations. In detail, we computed an
upper limit of 200 pc and 300 pc for component I and II, respec-
tively. Such values are well within the range of what is found
in the literature for similar studies. The data cannot conclu-
sively rule out that fine-structure lines are produced by collisions
instead of UV pumping. In this scenario, we determined a lower
limit of the GRB—absorber distance of d > 1700 pc for both com-
ponents and an electron density in the range 1-200/cm?. This
wide range of n, reflects a discrepancy that arises when one uses
the Fe11*/Fe 11 or the SiIT*/Sill ratio. Further assumptions are
needed to mitigate this discrepancy.
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GRB 160203A is not the only event for which our collabora-
tion had the opportunity to look for fine-structure line variability
between two following observations. GRB 100901 A (Hartoog
etal. 2013) and GRB 120327A (D’Elia et al. 2014) are successful
examples for which we could derive the distance of the absorbers
from the GRB using the UV pumping mechanism, measuring a
variability within time internals of 1-168 hours and 25.62 hours,
respectively. Both these GRBs were at a lower redshift, GRB
100901A at z = 1.41 and GRB 120327A at z = 2.81, and for
this reason they were also detected by the Ultraviolet and the
Optical Telescope (UVOT) instrument on Swift (U = 17.52 and
U = 18.02, respectively).

Given the higher redshift, the BAT instrument on Swift
reported a lower fluence for GRB 160203A, compared to the
other two events, and the Swift/UVOT could not detect it (U >
19.5). An interesting difference in these events is that both
GRB 100901A and 120327A show a variability of the fine-
structure features, while they are constant within the errors in
GRB 160203A. This result is still consistent with an indirect
UV pumping scenario, provided that the flux experienced by
the intervening gas is high enough to keep these lines near to
their maximum allowed value during the whole spectroscopic
campaign. This requirement can be met if the intrinsic GRB
luminosity is high enough and/or the absorber is sufficiently
close to the GRB.

Another goal of the spectral analysis of long GRBs was to
increase the population of host galaxies at high redshift for which
we were able to determine a metallicity and use this information
to study the properties of the interstellar medium of late-galaxies
(Schady 2017). The GRB metallicities and their evolution in
time are overall consistent with Quasars-DLAs (Rafelski et al.
2012; De Cia 2018), where the decrease in metal abundance with
increasing z is clearer because of the larger number of systems.
The metallicity of GRB 160203A is consistent with the general
indication that GRB host galaxies have lower metal abundances
at higher redshift (Fynbo et al. 2008; Levesque et al. 2010;
Savaglio 2012; Kriihler et al. 2015).

6. Conclusion

As part of the VLT/X-shooter/Stargate programme, we observed
several GRBs at a redshift similar to that of GRB 160203A. Dur-
ing the X-shooter science verification, GRB 090313 was detected
at z = 3.373 (de Ugarte Postigo et al. 2010; D’Elia et al. 2010),
showing absorption features, S 11, Si 11, O 1, Si1v, C1v, Fe 11, just
like those of GRB 130408A at z = 3.758 (Hjorth et al. 2013) and
GRB 170202A at z = 3.645 (Palmerio et al. 2017). Moreover,
we also observed a few GRBs for which we detected emission
lines from the [O 111] doublet, such as GRB 110818A at z = 3.36
(D’Avanzo et al. 2011), GRB 111123A at z = 3.151 (Xu et al.
2013), and GRB 121201A at z = 3.385, that showed Ly-a emis-
sions (Sanchez-Ramirez et al. 2012). Unfortunately, we had no
opportunity to perform a second set of observations within a few
hours for any of these GRBs at a similar redshift, which would
have allowed us to study the evolution of the detected features.
GRB 160203A provided this opportunity, and made it possible to
check for fine-structure line variability during two close observ-
ing epochs (Dessauges-Zavadsky et al. 2006; Hartoog et al.
2013).
From the study presented here we emphasise the following
points:
— The optical and near-infrared spectra with VLT/X-shooter
were obtained in RRM (five observations, reported as

Epoch 1) just 18 minutes after the y-ray alert, together with
a second set of observations (Epoch 2) about 5.7 hours
after the alert. We investigated the properties of the gas
along the line of sight of GRB 160203A and we detected
neutral hydrogen, low-ionisation, high-ionisation, and fine-
structure metal lines, from the GRB host galaxy at redshift
z = 3.518. We also detected absorption lines from six
intervening systems along the GRB line of sight, at z =
1.03,1.26,1.98,1.99,2.20,2.83.

— GRB 160203A shows a high HI column density with
respect to the DLAs of other GRBs at similar redshifts,
log (N(H I)/cm™2) = 21.75 + 0.10, and a metal content nor-
mal for its redshift, indicating that the region in which the
GRB occurred had a high hydrogen content. The work by
Ranjan et al. (2020) showed a strong similarity between
the DLAs associated with long GRBs and the population
of extremely strong DLAs associated with quasars with
HI column densities between log N(H1/cm™) = 21.6 and
log N(H1/cm™2) = 22.4. The measured Hi column density
of GRB 160203A belongs to this range and gives a further
indication of the similarity between the environments of the
two DLA populations.

— The data show no evidence for H, absorption lines and a
lack of molecular gas (see Heintz et al. 2019 on the C1-H,
connection).

— We performed a detailed analysis of each observation to
investigate the chemical properties of the ISM of the host
galaxy and to look for fine-structure line variability. We
found a dust-corrected metallicity of [M/H]tor = —0.78 +
0.13, and overall strength of the dust depletion [Zn/Felp =
0.69 = 0.15.

— Low-ionisation absorption lines show a width that is con-
sistent with the GRB metallicity, while the high-ionisation
lines exhibit a remarkable narrow structure compared to
other GRBs previously studied, and similarly seen in the
QSO-DLAs sample by Heintz et al. (2018). The line profile
computed for both the low- and high-ionisation lines of GRB
160203A shows at least two components, with coincident
velocities.

— From the modelling of the fine-structure lines we tried to
estimate the distance of the absorbing gas clouds. The small
variation (if any) of the FelI fine-structure line, together
with the lack of a reliable value for the corresponding
ground-state column density, did not allow a firm estimate
of the distance at which the related absorbing gas should
be located, assuming a UV pumping model. Nevertheless,
an upper limit of d < 200 (d < 300) pc for component I
(II) can be estimated. These values do not conflict with pre-
vious determinations of the same quantity for other GRBs
(Hartoog et al. 2013), making UV pumping a viable explana-
tion for the presence of fine-structure lines in GRB 160203A.
Nevertheless, although we prefer the photo-excitation sce-
nario, the data quality is not high enough to conclusively rule
out collisions as the mechanism to produce fine-structure
lines. In this case, we can determine a lower limit to the
GRB-absorber distance of d > 1700 pc for both compo-
nents.

Overall, the observations and corresponding spectral and photo-
metric analysis of GRB 160203A confirmed the effectiveness of
using GRBs as a tool to study the chemical composition of galax-
ies at high redshift and highlights the value of rapid multi-epoch
follow-up of GRBs.
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Appendix A: Voigt profiles of low- and high-ionisation, and fine-structure metal lines
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Fig. A.1. Set of Voigt profile fits for metal lines present in the spectrum of GRB 160203 A Best Data, by combining single exposures RRM3, RRM4,
and RRMS. The data are in blue, the fit is in cyan, the error spectrum is in orange, and the continuum level is in yellow. The vertical green dashed
lines indicate the centre of the components.
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Fig. A.2. Set of Voigt profile fits for metal lines present in the spectrum of GRB 160203A Epoch 2. The data are in blue, the fit is in cyan, the error
spectrum is in orange, and the continuum level is in yellow. The vertical green dashed lines indicate the centre of the components.
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Appendix B: Column densities of low- and high-ionisation absorption lines for each observation

Table B.1. RRM2 strongest components’ column densities

Absorption lines log(Nl/cm’z) log(Ny;/cm™) log(NTgr/cm’z)
Al11 11670 >13.3 >13.9 >14.0
Ci 11334 >15.4 >15.5 >15.8
Cir* 21335 >14.6 >14.8 >15.0

Fe 11 11608, 11611, 12344, 12374, 12382, 12586, 12600 >14.5 14.72+ 0.15 >14.9

Fe 11" 12333, 12365, 12389, 12396 13.5+0.2 13.2+0.2 13.68 + 0.15
Mg 11 12796, 212803 >16.0 >15.3 >16.04
0111302 >15.2 >16.0 >16.0

S 1121250, 21253, 21259 152+ 0.2 154+ 0.2 15.61 + 0.14
Si 21260, 11304, 11527, 11808 15.56+0.10 15.76+0.10 15.97+0.07
S 21264, 11265, 11309, 11533, 21817, 21818 13.61+0.11 13.44+0.10 13.83+0.08
Zn11 12026 12.83 £ 0.10 13.18 + 0.10 13.35 + 0.08
b(kmsT) 24 +2 34+2

Al 11854, 11862 13.15 £ 0.06 129+0.2 13.29 + 0.07
C1v 11548, 211550 >14.4 13.34+ 0.19 >14.4
Si1v 11393, 11402 >14.1 13.02+ 0.11 >14.1
b(kmsT) 16+2 2542

Notes. Column densities of the two strongest components (second and third columns) and the corresponding total column densities of the low-
ionisation (upper panel) and high-ionisation (bottom panel) absorption lines of the RRM2 observation.

Table B.2. RRM3 strongest components’ column densities

Absorption lines log(N;/cm™?%) log(N/cm™) log(N7or /cm™2)
Al11 21670 >13.4 >13.9 >14.0
C11 11334 >15.7 >15.4 >15.9
C1r* 21335 >14.7 >14.8 >15.0

Fe 11 11608, 11611, 212344, 12374, 12382, 12586, 12600 >14.6 14.98+ 0.04 >15.1

Fe 11" 12333, 12365, 12389, 12396 13.39 + 0.11 13.29 £ 0.11 13.64 + 0.08
Mg1 12852 12.27 £ 0.15 12.31 £ 0.10 12.60 + 0.09
Mg 11 12796, 12803 >15.9 >14.8 >15.9
Ni1r 41317, 21370, 11454, 21709, 11741 13.28 £ 0.14 13.99 + 0.07 14.06 + 0.06
0111302 >15.6 >15.9 >16.1
Or* 21304 13.60 + 0.15 13.60 + 0.15
S 1121250, 211253, 21259 15.17+ 0.10 15.44+ 0.06 15.63 + 0.10
Si1n 41260, 11304, 11527, 211808 15.74+0.02 15.69+0.02 16.02+0.01
Siir 21264, 11265, 11309, 41533, 21817, 21818 13.85+0.10 13.65+0.06 14.06+0.06
Zn11 12026 12.77 £ 0.05 13.21 + 0.03 13.34 + 0.06
b(kmsT) 22+2 32+2

Al 11854, 11862 13.09 + 0.02 12.94 + 0.04 13.32 £ 0.04
C1v 11548, 11550 >14.7 13.37+ 0.06 >14.8
Si1v 21393, 11402 >14.1 13.02+ 0.11 >14.1
b(kmsT) 16 +£2 25+2

Notes. Column densities of the two strongest components (second and third columns) and the corresponding total column densities of the low-
ionisation (upper panel) and high-ionisation (bottom panel) absorption lines of the RRM3 observation.
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Table B.3. RRM4 strongest components’ column densities

Absorption lines log(Nl/cm’z) log(Ny;/cm™) log(N7or /cm™2)
Al11 211670 >13.6 >13.8 >14.0
C11 11334 >16.0 >15.9 >16.2
Cur A1335 >14.7 >14.6 >15.0

Fe 11 11608, 11611, 12344, 12374, 12382, 12586, 12600 >14.6 14.99+ 0.03 >15.1

Fe 11" 12333, 12365, 12389, 12396 13.20 £ 0.12 13.30 £ 0.10 13.56 + 0.07
Mg1 12852 12.28 +0.12 12.29 + 0.09 12.59 + 0.08
Mg 11 12796, 212803 >15.9 >14.6 >15.9
Ni11 21317, 21370, 21454, 21709, 11741 13.61 £ 0.11 13.95 + 0.06 14.12 + 0.05
0111302 >15.8 >15.9 >16.2
Or1* 21304 13.44 £ 0.15 13.44 £ 0.15
S 11 21250, 21253, 21259 15.20+ 0.10 15.43+ 0.06 15.63 £ 0.10
Sin 21260, 11304, 11527, 11808 15.70+0.02 15.85+0.02 16.08+0.01
Siir 21264, 11265, 11309, 41533, 21817, 21818 13.97+0.10 13.69+0.06 14.16+0.07
Zn 11 12026 12.72 + 0.04 13.23 + 0.02 13.35 + 0.02
b(kmsT) 21+2 33+2

ATl 11854, 11862 13.11 £ 0.02 1279 £ 0.04 13.28 £ 0.02
C1v 11548, 211550 >14.6 13.19+ 0.07 >14.6
Si1v 21393, 11402 >14.4 12.60+ 0.16 >14.4
b(kms") 17+2 23 +2

Notes. Column densities of the two strongest components (second and third columns) and the corresponding total column densities of the low-
ionisation (upper panel) and high-ionisation (bottom panel) absorption lines of the RRM4 observation.

Table B.4. RRMS strongest components’ column densities

Absorption lines log(N;/em™%)  log(N;/em™2)  log(Nror/cm™2)
AlT1 21670 >13.6 >13.8 >14.0
C11 11334 >15.9 >15.5 >16.1
Cir* 21335 >14.9 >14.8 >15.1

Fe 11 11608, 11611, 12344, 12374, 12382, 12586, 12600 >14.6 15.00+ 0.02 >15.1

Fe 11" 12333, 12365, 12389, 12396 13.09 + 0.19 13.27 £ 0.14 13.49 + 0.11
Mg1 12852 12.18 £ 0.19 12.13 £ 0.16 12.46 £ 0.13
Mg 11 12796, 12803 >16.0 >14.3 >16.0
Nil1 41317, 11370, 11454, 21709, 11741 13.39 £ 0.14 13.96 + 0.06 14.06 + 0.05
0111302 >15.9 >15.9 >16.2
Or1* 11304 13.97 £ 0.19 13.97 £ 0.19
S 11 11250, 241253, 11259 15.30+ 0.10 15.45+ 0.06 15.68 + 0.10
Silr 21260, 11304, 11527, 21808 15.66+0.02 15.84+0.02 16.06+0.01
Silr* 11264, 11265, 11309, 11533, 11817, 11818 13.90+0.09 13.79+0.05 14.15+0.05
Zn11 12026 12.79 £ 0.03 13.23 + 0.02 13.36 + 0.02
b(kmsT) 20+2 34+£2

Al 111 11854, 211862 13.10 £ 0.02 12.66 + 0.05 13.22 £ 0.02
C1v 11548, 11550 >14.6 13.31+ 0.05 >14.6
Si1v 11393, 11402 >14.4 12.94+ 0.07 >14.5
b(kms™T) 17+2 23+2

Notes. Column densities of the two strongest components (second and third columns) and the corresponding total column densities of the low-
ionisation (upper panel) and high-ionisation (bottom panel) absorption lines of the RRMS5 observation.

Table B.5. Epoch 2 strongest components’ column densities

Absorption lines log(N;/em™%)  log(N;;/cm™2)  log(Nror/cm™?)
Al11 21670 >13.4 >13.7 >13.9
Ci 11334 >154 >15.7 >15.9
Cr* 21335 >14.6 >14.7 >15.0
Fe 11 11608, 11611, 12344, 12374, 12382, 12586, 12600 >14.5 15.15+0.12 >15.2

Fe 11* 12333, 12365, 12389, 12396 132 +0.2 13.2+0.5 13.5+0.3
Mg 11 12796, 212803 >16.1 >15.0 >16.1
0111302 >16.1 >15.1 >16.1

S 11 11250, 241253, 11259 15.1+ 0.2 15.7£0.2 15.8+0.2
Silr 21260, 11304, 11527, 21808 15.61+0.12 15.86+0.12 16.05+0.11
Silr* 11264, 11265, 11309, 11533, 11817, 11818 13.66+0.17 13.45+0.15 13.87+0.12
Zn11 12026 12.54 + 0.18 13.06 + 0.10 13.17 £ 0.10
b(kmsT) 24 +2 35+2

Al111 11854, 211862 129+ 0.2 128 £0.2 132 +0.2
C1v 11548, 21550 >14.4 >134 >14.5
Si1v 11393, 11402 >14.4 >12.7 >14.4
b(kmsT) 17+2 27+2

Notes. Column densities of the two strongest components (second and third columns) and the corresponding total column densities of the low-
ionisation (upper panel) and high-ionisation (bottom panel) absorption lines of the Epoch 2 observation.
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