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ABSTRACT

The chemical abundance patterns of near-pristine objects provide important con-
straints on the properties of the first generations of stars in the Universe. We present
the chemical abundances of five very metal-poor ([M/H]< —2.5) sub damped Ly«
systems (subDLAs) covering the redshift range 3.6 < z < 4.3, identified with the XQ-
100 survey. We find that the subDLAs in our sample show consistent chemical abun-
dance patterns (in particular [C/O], [Al/O], and [Fe/O]) with those of very metal-poor
DLAs. Based on Voigt profile fitting, the chemical abundance ratios [C/O], [Al/O],
and [Si/O] of individual velocity components in at least three of the subDLAs shows
some intrinsic scatter. In order to verify these chemical inhomogeneities in absorption
components, we present a novel method for computing ionization corrections (ICs) on
a component-by-component basis and show that ICs alone cannot explain the varia-
tions in [C/0], [Al/O], and [Si/O] between components of the same absorber at =~ 20
significance. Comparing the observed abundance ratios to the simulated core-collapse
supernovae yields of early stellar populations, we find that all individual components
of the subDLAs appears to be enriched by progenitor masses of < 30 Mg. The ob-
served inhomogeneities between components can be reproduced by differences in the
progenitor mass or supernova explosion energy. As such, the observed chemical inho-
mogeneities between components can be explained by poorly mixed gas from different
nucleosynthetic events.

Key words: galaxies: high redshift — galaxies: ISM — quasars: absorption lines

1 INTRODUCTION patterns of long-lived second generation stars that are in or-
bit around the Milky Way today. Dedicated surveys for such
stars (Bond||1980; [Beers et al.|[1992; |Christlieb et al.||2001

Cayrel et al|[2004; [Bonifacio et al|[2009} [Yong et al|[2013

Our knowledge of the production and distribution of the first
metals in the Universe is somewhat lacking, largely owing

to the difficulty of finding and studying the first generation
of stars in the Universe. Our current understanding mostly
comes from observations of environments that are close to
pristine, combined with detailed hydrodynamic simulations
that aim to simulate the first stars from cosmological initial
conditions (for a review on these topics, see [Glover|[2013}
[Frebel & Norris|2015; [Klessen|2019; [Klessen & Glover]2023)).

From an observational standpoint, the chemical finger-
print of the first stars may be encoded in the abundance

© 0000 RAS

Roederer et al.|2014; [Starkenburg et al|[2017) have uncov-
ered an incredible diversity of chemical abundance patterns
at the metal-poor tail of the metallicity distribution func-
tion. Even though a metal-free star has not yet been iden-
tified from these works, the chemical fingerprints that have
been measured are reproduced by models of metal-free stel-
lar nucleosynthesis (Heger & Woosley|2010; |Cooke & Madau
[2014} [Tshigaki et al|[2014; [Marassi et al.[2014} [Tominaga
let all|[2014; [Hartwig et al]2018} [Welsh et al|2021}; [Hartwig]
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let al.|[2023} |Vanni et al.||2023). We have learnt a great deal
about the first stars by modelling the chemistry of the puta-
tive second generation stars; while the details of the initial
mass function shape are still uncertain, we have learnt that
the dominant enrichment channel appears to be Type II su-
pernovae, some of which are faint and the minihaloes that
host Population 111 stars probably had a low multiplicity

convert the measured ionic abundances to the intrinsic abun-
dances (Vladilo et al.[[2001} Dessauges-Zavadsky et al.|[2009;
[Milutinovic et al.[2010; [Fumagalli et al.|2016D). To date, the
detailed chemistry of VMP subDLAs has only been studied
at modestly high spectral resolution in a dozen absorbers
(Dessauges-Zavadsky et al.][2003} [Pettini et al.|2008} [Cooke
et al|[2011] [2014} [Morrison et al]2016} [Poudel et al.|[2020}

(Clark et al|[2008} [Stacy et al.||2010; [Susa et al.||2014; |Jeon|

Berg et al|[2021} [Saccardi et al|[2023)). These studies have

et al.[|2021)). Despite the successes of this approach, it is
difficult to reliably measure the relative abundances of the
most common chemical elements, and stellar modelling has
several complexities that often result in model atmospheres
that are computed in one-dimension and assume that lines
form in regions of local thermodynamic equilibrium. Thus,
complementary avenues to study the chemistry of the first
stars are equally important.

The gaseous reservoirs in galactic environments, as seen
in absorption along quasar (QSO) sightlines, are an impor-
tant tool to study chemical evolution across a wide range
of redshifts. In particular, damped Lya systems (DLAs;
H1 column densities log N(H1)/cm ™2 > 20.3) and subDLAs
(19 < logN(H1)/em™2 < 20.3) contain the bulk of neutral
gas across cosmic time (Prochaska & Wolfe|[2009} Noter-
daeme et al|2012; [Zafar et al.|[2013} [Sanchez-Ramirez et al.
2016} [Berg et al|[2019) and are believed to be tracing inter-
stellar or circumgalactic gas (Wolfe et al.||2005; |Tumlinson|
let al.[2017). Given the high H1 column densities of subDLAs
and DLAs, most of the elements reside in a dominant ioniza-
tion state, allowing the chemical abundances to be measured
robustly without the need for a significant accounting of un-
seen ion stages. Furthermore, the strong H 1 absorption lines
make it straightforward to efficiently identify gas clouds over
a wide redshift range. For these reasons, DLAs and subDLAs
allow us to study the metal enrichment of galaxies across cos-
mic time (Rafelski et al.|2012} |Quiret et al.|2016} Berg et al.|
, and the detailed chemical evolution of galaxies. This
approach to studying the chemical buildup of the Universe
complements the efforts towards the same goals using the
abundances of stars in the Milky Way (Prochaska & Wolfe
2002} Berg et al. [Cooke et al|[2015} [Skuladéttir et al.
2018} [Welsh et al.[2019)). In particular, studies of very metal-
poor (VMP) DLAs and absorbers provide insights into the
chemical enrichment of the Universe from the first stars and
galaxies (Erni et al|2006} [Pettini et al.|2008} |Penprase et al.
20105 |Cooke et al.|[2011} [Welsh et al.|[2019} |Saccardi et al.
2023; [Sodini et al|[2024) and test theories on cold flow ac-
cretion to fuel star formation (Fumagalli et al.|[2016a)).

There are pros and cons of using DLAs and subDLAs
as tracers of detailed chemical enrichment over cosmic time.
The main difficulty of using VMP DLAs to trace the evolu-
tion of first stars is that these absorbers are relatively rare
on the sky, and the most abundant metals (namely C and
O) are sometimes saturated in the VMP regime, particularly
if the H1 column density is very high. On the other hand,
systems with a relatively high H1 column density allows for
a wider range of somewhat less abundant elements (e.g. N,
S, Ni) to be detected. SubDLAs have an incidence rate that
is &~ 3x higher than DLAs (Zafar et al|]2013} Berg et al|
and the C and O lines are not typically saturated.
However, given the lower H1 column densities, the gas is
less effective at self-shielding to ionizing radiation. As a re-
sult, subDLAs often require ionization corrections (ICs) to

found the [C/O] and [Si/O] chemical abundances tend to
agree with VMP DLA population, although [C/O] can be
slightly higher in VMP subDLAs (Poudel et al.|[2020; Berg|
let al|[2021). [Morrison et al| (2016) also noted that the in-
dividual absorption components of the metal-poor subDLA
studied show variations in the abundance ratios of [C/O] and
[Si/O]. These chemical variations between absorption com-
ponents were predominantly attributed to differing ionizing
conditions for each component, but [Morrison et al.| (2016])
speculate that the higher velocity component in their partic-
ular system could be explained by enrichment from a stellar
outflow.

In this paper, we present UVES observations of five
VMP subDLAs at redshift z.ps =~ 4 selected from the XQ-
100 survey (Lopez et al|[2016} Berg et al|[2021), increas-
ing the sample of metal-poor subDLAs observed at high
spectral resolution by nearly 50%. Using this sample, we in-
vestigate whether VMP subDLAs can be used to constrain
the chemical abundance yields from the first generations of
stars. In particular, we present a novel IC method to ac-
count for ionization effects in individual absorption compo-
nents (Section in order to accurately assess abundance
variations between these subDLA absorption components
(Section. Lastly, we match the observed abundance ra-
tios between components to the yields of core-collapse su-
pernovae of metal-poor and pristine stars in order to search
for differences in the properties of the progenitor population
(Section . Throughout the paper we assume the mete-
oritic [Asplund et al.| (2009) solar abundance scale, with the
exception of oxygen, where we assume the photospheric solar
abundance scale from [Asplund et al.| (2009).

2 DATA

2.1 Sample selection, observations and data
reduction

Our sample of five VMP subDLAs were selected from the
catalogue of subDLAs identified by the XQ-100 survey
for follow-up with the Ultraviolet and Visual
Echelle Spectrograph (UVES; Dekker et al.|2000) in order to
resolve individual components and determine precise chem-
ical abundances to draw meaningful comparisons with nu-
cleosynthetic models. In short, the XQ-100 survey
observed 100 redshift 3.5 < Zem < 4.5 QSOs
with X-Shooter (spectral resolving power R =~ 6000 — 9000),
providing an unbiased sample of subDLAs and DLAs. The
VMP subDLA sample was chosen based on the following
four criteria: (i) the measured metallicityﬂ (]M/H]) of the

1 Throughout this paper, we use the square bracket notation,
[X/Y], to denote the abundance of element X relative to Y, rela-
tive to the solar value: [X/Y]=log(X/Y)—log(X/Y)o.

© 0000 RAS, MNRAS 000, 000-000



subDLA from Berg et al.| (2021) was [M/H] < —2.5, (ii) the
C 11 AM1334 A and O 1 A1302 A lines are outside the Lyc for-
est or could easily be separated with blends with the Ly«
forest, (iii) the XQ-100 data showed little or no contamina-
tion near the key metal ions of interest (i.e. C 11, O 1, Al 11,
Si 11, and Fe 11), and (iv) could be observed with a single
observation setup with UVES.

Our VMP subDLA sample was observed with the Very
Large Telescope (VLT) UVES spectrograph as part of pro-
grammes 94.A-0233(A) (Berg et al.|[2016]), 104.A-0149(A),
and 110.23QP (PI Berg). All quasars were observed with
a minimum of 5 exposures of ~ 1hr each with a 1” slit
using the standard dichroic-2 setup in wavelength setting
4374760, with 2 x 2 binning; the wavelength range covered
for each spectrum is: 3760-4990A, 5690-7525A, and 7650-
9465A.. For the QSO J0415—4357, we also included three ex-
posures of ~ 1 hr using the red chip (wavelength setting 600)
setup in order to cover the wavelength gap from the dichroic-
2 setup with a signal-to-noise ratio S/N & 8 to confirm the
H1 column density of the absorber using Lya measured with
X-Shooter data (Berg et al.[|2019). The nominal spectral
resolution of this setup has a full-width at half maximum
(FWHM) ~ 7.5 km s™'. The obtained individual spectra
were reduced and extracted using the point source workflow
of ESO-REFLEX (Freudling et al.[2013). The extracted in-
dividual spectra were then combined using UVES__POPLER
(Murphy| [2018). A first-order estimate of the QSO contin-
uum was done by fitting a cubic spline to points of visu-
ally clean continuum within the combined spectrum. Table[]]
summarizes the properties of the quasar (QSO redshift zem,
coordinates, and R-band magnitude), total exposure time
for each sightline, and the interquartile range of S/N (per
1.8 [QSOs J0415—4357 and J2251—1227] or 2.5 km s~ pixel
[QSOs J0034+1639, J0529—3552, J1032+0927]) achieved for
the combined spectrum beyond the Lya emission of the
QSO.

2.2 Column density measurements

Metal column density measurements for the detected ab-
sorption features were derived by Voigt profile fitting the
data with the ALIS software (Cooke et al[|2014)). In sum-
mary, ALIS uses a chi-squared minimization to simultane-
ously fit the continuum and individual Voigt profile compo-
nents. The fit is done on user-selected regions of the total
absorption profiles. For each sightline, we simultaneously fit
the absorption profiles of all the detected low ions (C 11, O1,
Al 1, Si 11, and Fe 11) separately from the high ions (C 1v and
Si 1v). We typically used a third or fourth order Legendre
polynomial for the continuum fit to account for any small
variations missed by the first-order cubic spline continuum
fit. For each set of ions, we assumed a common velocity pro-
file for the detected lines; specifically, each component shares
the same turbulent Doppler parameter (b) and redshift (z)
across all ions. We attempted to include thermal broadening
in the fitting procedure, but we found that, given the quality
of the data, we are unable to distinguish between thermally
or turbulently broadened kinematics. To appropriately ac-
count for the effects of the different atomic mass of the ions,
we assume a gas temperature of 10*K in line with other
VMP subDLAs and DLAs (Cooke et al.[2015). Changing
this assumed temperature by 42000 K has a minimal effect
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on the measured column densities; the typical difference in
column density corresponds to a < 0.10 difference, but can
be as large as < 0.50 for the weakest components. In cases
where obvious blending can be identified within a single ab-
sorption line, additional components were included in the fit
solely for that absorption line.

The individual Voigt profile component fitting parame-
ters (z, b, and column density N) of the low and high ions are
shown in Tables 2] and [3|respectively, along with the relative
velocity of the components to zabs (AV). Figures show
the ALIS-normalised data (black lines) and best-fitting model
profiles (solid magenta curves) for the five VMP subDLAs of
our sample; any additional blended absorption is represented
by cyan curves. The significance of the column density de-
tection is provided beside each column density in Tables [2]
and Bl

In order to include all the errors in the fitting proce-
dure (i.e. errors from continuum fitting, blending, and ve-
locity profile parameters) whilst including upper limits, we
opted to sample the covariance matrix outputted by ALIS
in order to produce a representative sample of 10000 total
column density measurements. The resampling of the com-
ponent column densities is done in linear space (i.e. we use
N, instead of log N/cm™2) and we ensure 10000 samples
are drawn such that the component column densities have
N > 0 cm™? to avoid non-physical parameters. The median
total column densities of each ion (with errors based on the
250 /75" percentiles of the 10000 samples) are provided in
Table [4] along with the background quasar’s redshift (zem)
and the H1 column density (determined using X-Shooter
data;|Berg et al.|2019) of the absorber. The absorber redshift
Zabs in Table[d]is based on the strongest, central component
of the low ions’ (or C 1v for J0034+1639) absorption profile
fits described above. The total column densities measured
from the UVES data presented here are generally consis-
tent with those measured in the X-Shooter spectra (Berg
et al.||2019). There are some cases where the total column
densities are inconsistent with the X-Shooter measurements
by up to =~ 0.1 dex, and can be attributed to differences in
either: the continuum fitting (such as Si 11 1304A towards
J2251—1227), the absorption lines used (e.g. Fe 11 2600A [X-
Shooter] compared to 1608A [UVES] towards J1032-+0927),
or identifying and removing blends in the higher-resolution
UVES data (e.g. C 11 1334 in the J0415—4357 subDLA).

We summarize some of the specific details about the
fitting procedure for each individual absorber below.

J0034+1639

While there is significant H1, C 1v, and Si 1v detected at
redshift z,ps = 4.227, no low ionization metal lines appear
to be detected, apart from a broad feature near the ex-
pected O1 1302A line (Figure . Assuming the absorption
is indeed O1 13024, fitting a single Voigt profile implies
that log N(O1)/cm™ = 13.55 4 0.05, b = 17.4 + 2.0, and
z = 4.226567 £ 0.000022. The corresponding estimate of
the metallicity is [O/H] = —2.7 £ 0.2. We note that using
b=17.4km s~ " and the S/N at the C 11 1334A line, the esti-
mated 3o upper limit on [C/H] and [C/O] are [C/H] < —2.96
and [C/O] < —0.26 (using the method to compute upper
limits outlined in |Pettini et al||1994)). Based on CLOUDY
modelling (see Section [2.3), the expected IC for [C/O] is
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Table 1. Summary of observations

QSO Zem  RA (J2000) Dec. (J2000) R (mag) Exposure time (s) S/N (pixel™1)
J0034+1639  4.290  00:34:54.71 +16:39:18.2 18.0 14305 22-31
J0415—-4357 4.070  04:15:15.18 —43:57:50.7 18.8 65846 15-23
J0529—-3552 4.170  05:29:20.94 —35:52:31.8 18.3 14965 18-25
J1032+0927  3.990  10:32:21.26 +09:27:47.5 17.9 14903 21-28
J2251—-1227 4.160  22:51:18.19 —12:27:05.1 18.6 14965 9-15

~ —0.2 at log N(H1)/cm™2 = 19.6. Factoring in this IC
results in the limit [C/O] < —0.46, which is inconsistent
with the lowest [C/O] detected in VMP subDLAs and VMP
DLAs (Cooke et al.||2015} [Berg et al.|2021). We checked to
see if the feature at O1 1302A corresponds to a lower red-
shift absorber by assuming it was part of a strong doublet
(Mg 11, Ca 11, Al 111, Na 1) or a strong Fe 11 line (2344, 2382,
or 2600A). While most of these lines are ruled out based
on the lack of detection of another line, we cannot rule out
the possibility that it is Mg 11 2796A, Ca 11 39344, or Na 1
5897A from a lower redshift absorber, as their correspond-
ing doublet feature would be blended with lines from other
strong absorbers along the sightline (Berg et al.|[2019)). We
conservatively exclude this O1 line from our analysis as we
cannot confirm if this absorption is indeed O1 at the red-
shift of the subDLA, and the suggested [C/O] upper limit is
likely inconsistent with the rest of the typical VMP absorber
population. However, this subDLA is part of a complex sys-
tem of proximate absorbers; the subDLA is ~ 5000 km s~ *
from the Lya emission of the QSO and < 3000 km s™* from
two proximate DL As. We caution that the combination of
multiple absorbers (i.e. effects from star formation histo-
ries within group environments |Lopez & Ellison||[2003)) or
proximity effects (Vladilo et al[2001; Rix et al./2007) can
potentially lead to anomalous abundance patterns in strong
Lya absorbers (Ellison et al.|[2010; Berg et al.|[2016). The
30 upper limits on the total column densities adopted for
the low ions for this absorber (Table {4) are derived using
the [Pettini et al.| (1994) method based on the maximum col-
umn density of an absorption line (with FWHM equal to
the UVES resolution element) marginally detectable given
the S/N within the velocity range shown in Figure

J0415—4357

The absorption profile shape of the low ionization species
of the z,1s = 4.03473 absorber towards J0415—4357 is in-
triguing as there are three well-separated sets of components
(Figure . Each of these three sets of components show
varying relative line strengths between different ions, such
as nearly identical strength C 11 1334A in the bluemost and
central sets of components (i.e. &~ —70 and ~ 0 km s7! re-
spectively) whilst the bluemost component set in O 1 1302 A
is much weaker than the central component. We note that
the fitting procedure prefers a very broad but weak com-
ponent at a relative velocity of —32 km s™* over including
additional curvature in the continuum fit in order to explain
the small dip in relative flux in the two strongest lines C 11
1334A and Si 11 1260A. The redmost component of the C 11
1334A line is blended with an intervening C 1v doublet at
Zabs = 3.34. This blend was modelled using the C 1v 1550A

line at zabs = 3.34. The same method was applied to mod-
elling the doublet blends in the C 1v 1548A profile, which is
also blended with intervening systems at zans = 4.027.

J0529—3552

While O 11302 is visually detected in the absorber at redshift
Zabs = 3.6836 towards J0529—3552, this line is significantly
blended with the Lya forest. In our attempts to fit this O1
line, we tried to include fits to the Lya by first estimating
the column density and Doppler parameter from LyS ab-
sorption in the available XQ-100 data (as the LyS falls in
the UVES chip gap of the dichroic set-up) and including
these estimates in the fitting procedure. Unfortunately, the
modeling is too degenerate given the uncertain continuum
and Lya absorption, leading to a poor estimate of the O1
column density. We therefore do not include an O1 column
density measurement of this absorber.

J1032+0927

The O 1971 A line is significantly blended with a Ly« for-
est line. As the bulk of this O1 absorption lies within a
relatively clean section of the wing of the Lya absorber,
we treated the Lya absorption as part of the continuum in
the fit, and as a result is not seen in the O 1 971 A panel
in Figure 4] Based on the strongest metal absorption lines
(ie. Cn 1036 A and 1334 A), there appears to be at most
three components in the low ions’ velocity profiles. However,
the components at AV = —14 km s~ and +27 km s~ ! are
not detected in the Si 11 lines, and are only marginally de-
tected in Al 11. Unfortunately, the OT lines are sufficiently
blended that we are unable to improve upon the precision
of the fits of these two components. We are confident the
component at AV = —14 km s™! is real based on the C 11
and Al 11 lines. The lack of asymmetry in the Si 11 1304A and
1526A lines (and potentially O 1 971A and 1302A) suggests
that ionization effects or nucleosynthetic differences between
components may be important to consider. However, we cau-
tion that the component at AV 427 km s~ ! requires addi-
tional confirmation with higher S/N data. Hereafter, we use
all three components in our analysis.

J2251—1227

Of the three strongly-detected metal lines (C 11 1334 A,
O 1 13024, and Si 1 1260 A) for the subDLA towards
J2251—-1227, only the C 11 absorption shows a significantly
asymmetric profile that requires two components for fitting.
While there is a hint of an asymmetry in the Si 11 12604 line,

© 0000 RAS, MNRAS 000, 000-000
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Figure 1. Velocity profiles of the absorber towards QSO J0034+41639 (zaps= 4.22636). The black histogram shows the continuum-
normalized UVES data. Panels showing absorption lines with bolded labels indicate the data that were used in the Voigt profile fitting
analysis, with cyan curves to denote assumed blends included as part of the fit. The solid magenta curve shows the overall Voigt profile
fit if absorption was detected for that ion. The dashed red curves show the Voigt profile models of each component of the fit that was
adopted as part of the total column density. The thin horizontal lines indicates the zero and continuum level. The residual from the
fitting process is denoted by the green histogram at the bottom of the panel, with the shaded grey region indicating the 10 range of
the residual based off the error spectrum. Both the residual curve and +1o0 region have been rescaled for display purposes.

it is not as strong as the C II asymmetry and can still be
well fit by a single component. Unfortunately, the only other
strong absorption line (O 1 13024) is significantly blended,
and cannot be used to conclude if one or two components
are needed. We investigated whether the C 11 line is blended
with metal lines from an absorber at a different redshift as
was done for J0415—4357, but we could not identify any ad-
ditional absorption. While we caution the C 11 1334A line is
potentially blended, we continue to use a two component fit
to this absorber.

2.3 Accounting for ionization effects

While ICs are expected to be small for subDLAs, especially
for the three systems in this work with log N(H1)/cm™2 >
20.0 (Vladilo et al.[2001)), two of the absorbers (J0034+1639
and J0415—4357) are proximate to their host quasar (AV <
5000 km s~ '), and thus may be irradiated by a harder radia-
tion field than the typical ultraviolet background of quasars
and galaxies at this redshift. Furthermore, based on the in-
formation provided in Table[2] we find that the ratios of any
two ions attributed to a single component in a given system
shows a variation; the ion column density ratios of the var-
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ious components do not appear to be constant. While this
could be a nucleosynthetic signature, it is possible that part
or all of the signature is due to ionization effects (e.g. Mor-
rison et al.|[2016). It is therefore challenging to determine
accurate ICs for the VMP subDLAs in our sample.

In this paper, we define the IC as the deficit between the
intrinsic (log Nint) and observed (log Nobs) column density,

IC = log Nint — log Nobs. (1)

Determining an accurate IC hinges on having an accu-
rate model of the geometry of the gas as well as the co-
location of ions within the model. Particularly for the case
of J0415—4357 where several components of the low ions
are well-separated in velocity space, it is unclear what sort
of geometry best describes this system (e.g. the component
clouds could be well-separated in physical space, or some
components may be partly shielding other clouds from the
nearby QSO or background radiation).

Tonization modelling method

To do such a detailed comparison of ionization-corrected
abundance ratios in individual components using standard
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Figure 2. Velocity profiles of the absorber towards QSO J0415—4357 (z,1,s 4.03510), following the same notation as in Figure

Croupy (Ferland et al.[2017, version C17.03) ionization
modelling techniques, we would require the individual H1
column densities attributed to each component. In principle,
one could estimate the H1 column density of each compo-
nent by either assuming a constant metallicity (particularly
[O/H], where the ionization potential of O I is most similar
to H1) or measuring the column density of several ions and
include the H1 column density of the component as an in-
put model parameter (constrained by the total H1 column
density of the system) and fitting all components simultane-
ously. Given the few confident (i.e. > 50) O I column density
measurements in these systems, additional constraints would
be needed to accurately assess the typical ionization model
parameters in addition to the H1 column density. However,
the assumptions in both methods could wash out any nucle-
osynthetic differences between components.

Instead, we investigate a novel approach to use CLOUDY
ionization modelling on a component-by-component basis
using an assumption that is independent of nucleosynthetic
differences between components and estimate the ICs per
component. Rather than assuming a constant metallicity for
each component of the subDLA, we elected to start with
the assumption that the intrinsic [Si/O] value of each com-
ponent in VMP subDLAs is identical to the value seen in
VMP DLAs ([Si/O]pra = —0.15 £ 0.15; |Cooke et al|[2015}
[Welsh et al.|[2019) to derive the ICs for each component.
[Si/O] is chosen because: (1) there is little scatter seen in
the VMP DLAs; (2) both Si and O are a elements and have

similar nucleosynthetic origins; and (3) Si 1I is sensitive to
ionization effects, while O1 is expected to accurately trace
the H1 gas. The idea behind this assumption is essentially
a proof by contradiction. We start by assuming that there
are no nucleosynthetic differences in [Si/O] across all com-
ponents of a given absorber. If we start with this assump-
tion, calculate and apply the ICs to the other ions, and find
significantly different component abundances, then our ini-
tial assumption that the components have the same intrinsic
abundance (i.e. the assumption that [Si/O] is the same for
all components) is incorrect. On the other hand, if we find
that all component abundances are mutually consistent with
a constant value, then we cannot distinguish whether or not
there is intrinsic variation among the components. The best
we can do in this latter case is appeal to Occam’s razor and
conclude that the abundances are most likely drawn from
a constant value, to within the errors of the data. In this
section we summarize the method to derive the ICs and a
simple validation of this method using a system with known
H1 column densities in each component. In Section [3.3] we
revisit and discuss the implications of this assumption in the
context of the results.

Based on this assumption of a constant [Si/O] within
all clouds of a subDLA, we derive individual component ICs
using a Markov chain Monte Carlo (MCMC) analysis of a
grid of CLOUDY models. Using the measured log N(Si 11)
and log N(O 1) of each component as input (Table [2)) and

[Si/O]pLa as a constraint, we use EMCEE (Foreman-Mackey

© 0000 RAS, MNRAS 000, 000-000
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|[Figure 3. Velocity profiles of the absorber towards QSO J0529—3552 (zabs = 3.68422), following the same notation as in Figure|l] |

2013)) to find the distribution of required ICs for each

component that are necessary to reproduce the observed
[Si/O] in VMP DLAs.
We start by generating a grid of CLOUDY models, as-

suming a plane-parallel geometry illuminated by a[Haardt &
(2012)) ultraviolet background at the redshift of the

absorber, and the (uniformly scaled) |Asplund et al| (2009)
solar abundances. We note that choosing either the Asplund
scale or an abundance pattern similar to metal-
poor stars, such as the |Cayrel et al.| (2004) abundance pat-
tern as implemented by |Saccardi et al.| (2023, does not sig-
nificantly change our derived ICs. As some of our systems
are proximate to the host QSO (redshifts within < 5000 km
s 1), we also include an AGN component to the radiation
model in case there is additional contribution to the ioniza-
tion field from the QSO. We use the AGN CLOUDY function
with the suggested parameters from the CLOUDY documen-
tation to represent a typical AGN continuurrﬂ and vary
the ionization parameter (U). The final CLOUDY grid varies
the metallicity ([M/H]cia), volume density of hydrogen (nu),
N(H1), z, and U. Table [5| summarizes the range and step
size of the parameters of the CLOUDY grid. The step size
was chosen to reduce the size of the grid while minimizing

2 The CLoUuDY AGN parameters adopted are: “Big Bump” tem-
perature of 1.5 x 10°K, X-ray to UV ratio of —1.4, “Big Bump”
slope of —0.5, and X-ray slope of —1.0.

© 0000 RAS, MNRAS 000, 000-000

interpolation errors in the column densities for a proposed
set of parameters.

The MCMC sampler proposes a set of CLOUDY model
parameters ny, [M/H]aq, log N(H1)/cm™2 for each compo-
nent simultaneously. Additionally, a single log(U) is pro-
posed by the MCMC sampler and adopted for all compo-
nents. For the non-proximate system, we force log(U) =
—8.0 as the AGN ionizing radiation contribution is neg-
ligible below log(U) < —5.0. We assume a flat prior on
log N(H1)/cm ™2 of each component to be between 17.0 and
the total log N(H1)/cm™2 of the system (Table [4). For the
proximate absorber J0415—4357, we assume a flat prior of
—5.0 < log(U) < 0.0 to ensure there is at least a minimal
contribution from the QSO to the ionizing radiation. For
the remaining parameters, we assume a flat prior within the
range defined by the CLOUDY model grid (Table[F]). We fur-
ther require that the MCMC sampler only accepts proposed
CLOUDY models where the proposed H1 column densities of
all components sum to the total HI of the system (within
the errors quoted in Table E[) We note that the errors on
log N(H1)/cm™2 of the subDLAs (and thus the dominant
source of errors in the metallicities) are the upper and lower
bounds on the total H1 column.

If the proposed model parameters are accepted, the
CLOUDY grid is re-interpolated to the proposed parameters
at the redshift of the absorber. Using the proposed CLOUDY
parameters, the ICs (IC(X;)) for both Si 11 and O I in all
components are derived using
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Figure 4. Velocity profiles of the absorber towards QSO J1032+0927 (z,ps = 3.80385), following the same notation as in Figure We
point out that the O1 971A line sits within a broad feature of the Ly« forest. The Ly« forest component has been included as part of
the continuum fit, and thus the forest line does not appear in the corresponding panel.

IC(X,) = [M/H]ata+10gN(H 1)comp+log (X /H) o —logNaia (Xs),

2)

where log(X/H)e and logNcia(Xi) are the respective so-

lar value and the CLOUDY model’s column density for ion

X;. Using randomly-drawn values of the observed logN(Si 11)

and logN(O 1) for each component from the ALIS covariance

matrix, the IC-corrected [Si/O] ([Si/Olic) is computed for

each component using the derived IC(X;) with Equation

The adopted likelihood function for each component in the
MCMC analysis is:

([Si/Olic — [Si/O]pra)®

2
2001

— 0.510g(27r0123LA)
3)

where opra is the error on  [Si/Olpra
(i.e. [Si/O]pLa = —0.154+0.15). The total likelihood
function for the MCMC sampler is the sum of log(Lcomp)
for all components. For each subDLA, we run the MCMC
sampler for 3600 steps with 400 walkers. We adopt a
conservative burn-in of 3300 steps. Although the bulk of the
walkers appear to converge by < 1200 steps in all systems,
there are a non-negligible number of walkers that take the
full 3300 steps to converge. Since the observed logN(Si I1)
and logN(O 1) are randomly drawn at each evaluation of
the likelihood function from the covariance matrix (see

10g(Leomp) = —

Section , the statistical errors of the measured column
densities will be properly propagated within the MCMC
likelihood computation given our large number of samples.
For each of the resulting 120000 proposed sets of CLOUDY
model parameters after burn-in, we measure the IC(Xj;) for
all low-ionization species in each component using Equation
[l Table [f] provides the median CLOUDY model parameters
and IC(X;) values of each component; the adopted errors
are calculated as the difference of the median with the
25 /75 percentiles.

To obtain an IC on the total column density (i.e. the
‘Combined’ rows of Table E[), we take each of the 10000
covariance-sampled N(Si 11) and N(O 1) of each component
and find the closest matching CLOUDY model parameter set
from the 120 000 sets that reproduces these column densities
by finding the minimum of AN? = AN(Si 11)% + AN(O 1)?.
The matched models’ AN is typically < 0.05 dex. If there
are multiple close matches, a single set is randomly chosen
assuming a uniform distribution. Using these 10000 model
sets, the resulting total IC per absorber is derived using
Equation [} logNiy is obtained by summing the model set’s
ionization-corrected column density for each component in
linear space, and logNgps is the corresponding total column
density from summing the components of the correspond-
ing covariance sample. Comparing the ICs for the individ-
ual components to the ‘Combined’ value in Table [f] suggests

© 0000 RAS, MNRAS 000, 000-000
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Figure 5. Velocity profiles of the absorber towards QSO J2251—1227 (z,1s = 3.98862), following the same notation as in Figure

that there can be significant variations in the ionization state
across absorption components in our VMP subDLA sample.

Validation of ionization modelling analysis

To check that our ionization correction method is providing
realistic modelling parameters for each component, we ap-
plied our method to the abundance pattern of the subDLA
towards J133240052 (Kislitsyn et al|[2024). This particu-
lar subDLA is a useful test system as the logN(H1) of each
component has been measured directly with high precision
(Kislitsyn et al[2024). The goal of this test is to see if our
method can reproduce the logN(H1) of the four components
of this subDLA using only the logN(Si 11) and logN(O 1) of
each component, and total logN(H1) of the subDLA. The
same analysis was applied to these four components, us-
ing only a [Haardt & Madau| (2012) ultraviolet background
(i.e. no AGN component to the radiation) at the redshift
of the absorber. The CLOUDY model grid was extended in
metallicity (up to [M/H]ca = —0.5 dex) and logN(H1) (down
to logN(H1)/cm™2 = 16.0) to ensure the measured quanti-
ties of each component (Kislitsyn et al.|[2024)) were contained
within the grid. We also artificially increased the error on the
total logN(H1) of this subDLA to £0.05 as the acceptance
rate of the proposed models was extremely low (<& 1%)
using the quoted error in [Kislitsyn et al.| (2024) of £0.004.
We suspect this is a result of the MCMC sampler not having
sufficient precision to propose valid models which satisfy the

© 0000 RAS, MNRAS 000, 000-000

prior requiring that all four components’ logN(H 1) must sum
to the total value within the measured uncertainty, given
that there is nearly a three orders of magnitude difference
in logN(H1) between components. Despite larger uncertain-
ties in our predictions (& 0.4 dex) than the measured val-
ues reported by [Kislitsyn et al.| (2024) (=~ £0.05 dex), our
analysis was able to reproduce the correct ranked order of
both the logN(H1) and [M/H]cldEl for all four components,
as well as consistent logN(H1) and [M/H]ca for the three
strongest components. We point out that the predictions for
the two strongest components with logN(H1)/cm™2 > 18.39
are closer to the measured values compared to the two com-
ponents with logN(H1)/cm™2 < 16.8. This again is likely a
limitation of the MCMC model proposals not having suffi-
cient precision given that logN(H1) in all four components
must sum to 19.304 + 0.05 whilst 99.5% of the H1 is con-
tained within the two strongest components.

We note that there are two assumptions that may not
hold for this particular test system: (i) the metallicity of
this subDLA is [M/H] = —1.71, and thus assuming an
intrinsic [Si/O] that matches the VMP DLA population
(IM/H] < —2) may not be valid; and (ii) no dust correc-
tion is assumed in our analysis even though the expected

3 We note the work by [Kislitsyn et al|(2024)) only have an esti-
mate of the metallicity of the subDLA’s components using [O/H],
which is expected to have minimal ionization and dust correc-
tions.
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Table 2. Component Voigt profile fits for low ions

logN(O 1)/cm™2 logN(Si 11) /cm~2 logN(Al 11) /cm—2 logN (Fe 11)/cm ™2

logN(C 11)/cm~2

b (km s~1)

AV (km s™1)

Component

J0415—-4357

11.24 +£0.186
11.66 £ 0.062
10.57 4+ 0.546
11.23 +0.148
10.98 +£0.310

11.64 £ 0.168 [2.60]
12.50 4 0.025 [17.60]
11.80 £ 0.202 [2.10]
12.46 + 0.051 [8.60]
12.21 4 0.031 [13.90]

12.76 £ 0.166
13.22 £ 0.052

15.9+4.71

—-92
—63
—32

4.033553 £ 0.000052
4.034036 £ 0.000006
4.034572 4+ 0.000229
4.035102 £ 0.000003
4.036198 4+ 0.000013

9.8 £0.59
43.0 + 16.09

12.98 £0.197
12.76 £ 0.351
12.75 £ 0.105

5.1 +0.32
15.0+1.14

65

0529—-3552

J

12.31 £ 0.001 [324.20]

13.68 & 0.025 [17.50]

5.14+0.23

3.684225 4+ 0.000002

J1032+0927

12.90 £+ 0.099 [4.40]
14.00 + 0.027 [15.80]
12.84 + 0.085 [5.10]

11.82 £ 0.553 [0.80]
13.02 £ 0.048 [9.00]
12.15 £ 0.434 [1.00]

11.07 £ 0.134 [3.20]
11.80 = 0.029 [15.20]

11.69 + 0.508 [0.95]
13.31 + 0.022 [19.70]
12.18 £ 0.315 [1.40]

13.01 + 0.205 [2.10]
14.65 + 0.032 [13.60]

5.7+ 2.22

—14

3.803621 4+ 0.000022
3.803851 £ 0.000002
3.804279 4+ 0.000040

4.7+ 0.21
18.2 +2.85

11.11 4 0.182 [2.40]

13.19 4 0.515 [0.80]

27

J2251-1227

13.18 £+ 0.088 [4.90]
13.25 + 0.069 [6.30]

10.88 + 0.388 [1.10]

12.25 £ 0.078 [5.60]
12.66 =+ 0.026 [16.40]

12.46 £ 0.590 [0.70]
13.67 £ 0.045 [9.60]

0.5 4+ 0.00

-7

3.988500 £ 0.000004
3.988616 £ 0.000006

11.20 4 0.276 [1.60]

4.5+0.37

dust correction for [Si/O] could be as large as ~ +0.15 dex
at the metallicity of the subDLA . For as-
sumption (i), we note that [Si/O] in the [M/H]~ —1.7 DLA
population appears to be consistent with the VMP DLAs
(Cooke et al.|2015; Berg et al.|2015; Welsh et al.[2019), but
note that the typical saturation of the O 1 1302A line and
increasing dust depletion of Si 11 in DLAs limits an accurate
assessment of this assumption. In order to investigate the
assumption on the strength of dust depletion, we re-ran the
analysis with an additional 4+0.15 dex added to each com-
ponent’s logN(Si 11) as a ‘maximal’ dust correction in each
component, and were able to obtain nearly identical results
as the no-dust assumption for both the predicted logN(H1)
and [M/H]ca. The parameter significantly affected by the in-
clusion of a dust correction was log(ng); the median log(ng)
is consistently smaller in all four components by ~ 0.1 — 0.4
dex with the addition of the ‘maximal’ dust correction. We
are encouraged that this ionization correction method can
be used to model the subDLA components individually.

3 DISCUSSION
3.1 Metallicity and AVyg

Table [7] provides the total metallicities of the five VMP
subDLAs. We include two measurements of metallicity:
[M/H] is computed based on the total column density of

a given ion (preferrentially O 1, or Si 11; following [Rafelski
let al.|2012) and [M/H]ic is the ionization-corrected metallic-

ity obtained from combining [M/H]c4 of the individual com-
ponents in our CLOUDY modelling. As we were unable to si-
multaneously measure the O I or Si I1 column density for the
subDLAs toward QSOs J0034+1639 and J0529—3552, we do
not have an [M/H]ic measured for these absorbers. We note
that for the three absorbers with measured [M/H]:c, the un-
corrected [M/H] (all based on O 1) are consistent (and nearly
identical for J1032+0927 and J2251—-1227) to [M/H]ic.

In addition to metallicity, Table [7| includes AVyo, a
metric typically used as a proxy for the absorber’s mass
(Prochaska & Wolfe| |[1997; [Mpller et al|[2013)). We com-
pute AV following the procedure outlined in [Ledoux et al.|
(2006). In summary, we preferentially chose metal absorp-
tion lines that are neither too saturated nor too weak (see
Table Iﬂ for the metal line used for each subDLA). Prac-
tically, this means that the selected metal lines have the
strongest absorption component between 10 — 60 per cent
of the continuum flux level. We perform the AVyy compu-
tation on 1000 realizations of the fitted profiles with ran-
dom Gaussian noise inserted based on the error spectrum.
The mean and standard deviation of these 1000 realizations
are provided in Table [7] Typically, low-ionization lines are
used for the computation of AVyg, but since J0034+1639
only exhibits high-ionisation lines, we provide two estimates
of AVyo using low and high ionisation lines. For the four
VMP subDLAs with detected low ionisation lines, we find
their AVyo measurements are consistent within the scatter
of DLAs within the same metallicity range ([M/H] < —2
[Ledoux et al|[2006; Neeleman et al|[2013). The exception
to the apparent AVoo—[M/H] relation is J0415—4357, which
has a much higher AVyo owing to the large separation of the
three component groups in the low ionization lines. Individu-
ally, these three component groups have 20 < AVgy < 50 km

© 0000 RAS, MNRAS 000, 000-000
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Component z AV (kms™1) b (kms™1) logN(C 1v) /cm ™2 logN(Si 1v) /cm ™2
J0034+1639
1 4.222996 + 0.000013 ~193 155+ 1.17  13.09+0.026 [16.50]  12.24 + 0.131 [3.30]
2 4.223542 £ 0.000004 —161 10.7 £ 0.30 13.53 £ 0.010 [43.50]  12.90 £ 0.029 [15.00]
3 4.226067 + 0.000033 —17 28.1+2.11  13.26+0.049 [8.90]  12.44 + 0.216 [2.00]
4 4.226052 £ 0.000006 —17 4.8+£0.82 13.05 £ 0.046 [9.40] 12.50 £+ 0.084 [5.20]
5 4.226357 £ 0.000004 0 6.7 +0.47 13.39 £ 0.024 [18.30] 12.89 £ 0.048 [9.00]
6 4.227159 £ 0.000005 46 5.4+ 0.64 13.03 £+ 0.038 [11.30] 12.41 £ 0.067 [6.50]
7 4.227726 £ 0.000017 79 8.9 +£2.49 12.84 £ 0.205 [2.10] 12.37 £ 0.156 [2.80]
8 4.227859 £ 0.000028 86 30.6 £2.95 13.86 + 0.018 [24.60] 12.59 £+ 0.141 [3.10]
9 4.228654 £ 0.000023 132 14.9 £0.97 13.58 £ 0.043 [10.10] 12.13 £ 0.362 [1.20]
10 4.228800 £ 0.000004 140 6.9+0.37 13.69 £ 0.036 [12.00] 13.25 £ 0.026 [16.80]
11 4.229906 + 0.000017 204 13.8 £1.68 12.71 £ 0.048 [9.00] 11.24 £+ 1.150 [0.40]
J0415—-4357
1 4.033482 £ 0.000018 —-96 12.6 £1.24 12.82 £ 0.063 [6.90] 12.70 £ 0.057 [7.60]
2 4.034058 £+ 0.000013 —62 20.0 £ 1.56 13.47 £ 0.033 [13.30]  13.30 £ 0.036 [12.10]
3 4.034389 +£ 0.000009 —42 5.2+ 1.75 12.49 £ 0.163 [2.70] 12.42 £ 0.135 [3.20]
4 4.035772 £ 0.000028 40 57.1£3.75 13.64 £ 0.030 [14.60] 12.97 £+ 0.051 [8.40]
5 4.034807 £ 0.000012 —18 3.6 £1.90 12.00 £ 0.154 [2.80] 12.13 £ 0.098 [4.50]
6 4.037134 £+ 0.000055 121 2294341 13.31 £+ 0.098 [4.40] 12.15+0.132 [3.30]
7 4.037454 £ 0.000022 140 4.0 £4.49 12.26 £ 0.283 [1.50] 10.58 £ 0.540 [0.80]
8 4.037712 + 0.000097 155 20.6+4.93  13.02+0.197 [2.20]  11.57 £ 0.438 [1.00]
9 4.039217 £ 0.000108 245 75.5 +16.32 13.13 £0.131 [3.30] 11.93 £ 0.501 [0.90]
10 4.039607 £ 0.000055 268 0.5+ 0.00 11.45 + 0.305 [1.40] 11.06 £+ 0.418 [1.00]
J0529—-3552
1 3.682326 £ 0.000009 —122 5.5+ 1.07 12.30 £ 0.043 [10.10]
2 3.682835 + 0.000007 -89 6.5+ 0.75 12.52 £ 0.029 [14.80]
3 3.683529 £ 0.000012 —45 3.9+£224 12.28 + 0.149 [2.90]
4 3.683673 £ 0.000021 —-35 15,5 £1.11 12.84 £ 0.049 [8.90]
5 3.684175 £ 0.000012 -3 0.5+ 0.00 11.94 £ 0.075 [5.80]
6 3.685332 + 0.000017 71 11.7 £ 1.70 12.37 £ 0.050 [8.70]
J1032+0927
1 3.803621 +£ 0.000012 —14 11.9+1.14 13.09 £ 0.035 [12.50] 12.12 £ 0.075 [5.80]
2 3.804279 + 0.000040 27 1824285  12.97+0.086 [5.10]  12.45 = 0.090 [4.90]
3 3.804532 =+ 0.000023 42 7.6£2.84 12.46 £ 0.226 [1.90] 12.06 £ 0.189 [2.30]
4 3.804959 £ 0.000020 69 11.14£2.09  12.26+£0.134 [3.20]  12.31 £ 0.066 [6.60]
J2251-1227
1 3.988028 + 0.000017 -35 124629  12.34+0.117 [3.70]  11.92 £ 0.163 [2.70]
2 3.988423 + 0.000021 —12 12.1£2.12 12.79 £ 0.059 [7.40] 12.37 £ 0.095 [4.60]

s~1, which are consistent with other VMP DLAs. All subD-
LAs of this sample are consistent with the broad range in
AVyo found in zaps 2 4.5 absorbers (Poudel et al.|[2020).

~

3.2 Total abundance ratios

The top panels of Figure[6]show the abundance ratios [C/O],
[Si/O], [Al/O], and [Fe/O] using the total column densi-
ties for the subDLAs presented in Table [4] (purple circles).
For comparison, we also include the compilation of 22 VMP
subDLAs (open purple circles) and DLAs (orange squares)
from |Cooke et al.| (2017)), Morrison et al| (2016]) and [Welsh]
let al.| (2019) which have been observed with equivalent high
spectral resolution in order to provide accurate column den-
sity measurements (e.g. see Sec. 7.3 of |Cooke et al|[2011)).
The bottom panels of Figure [f] show the same abundance
ratios, but with the ICs included for the subDLAs (Table

© 0000 RAS, MNRAS 000, 000-000

m). Upon inclusion of the ICs, the subDLAs in this work
appear consistent with the VMP DLA abundance pattern.
However, we note that [Fe/O] and [Al/O] in the subDLA
towards J0415—4357 are on the high end of the abundance
pattern of the VMP DLA population, but could be more in
line with extremely metal-poor DLAs . In
comparison to the previous study of [M/H] ~ —2 subDLAs
by [Morrison et al (2016)), our subDLA abundance pattern
is consistent with their abundance pattern prior to ICs but
not with ICs included. We suspect the discrepancy is the re-
sult of the different methods adopted to determine the ICs,
as Morrison et al. (2016)) used the C 11/C 1v and Si 11/Si 1v

4 We emphasize that the uncertainties on the abundances in Ta-
ble[8are determined based on the posterior distribution from the
ionization correction modelling. The 0.15-0.3 dex uncertainties
on logN(H1) are included on [X/H] but not [X/O] as the [X/O]
abundance ratio measurement is independent of logN(HT).
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Table 4. Uncorrected total column densities of the VMP subDLA

sample

Berg et al.

logN(C 11) logN(O 1) logN(Al11)  logN(AIl 1)  logN(Si 11) logN(Fe 11)  logN(C1v)  logN(Si1v)

logN(H1)

Zabs

Zem

QSO

0.011

za81!
o
13.247001

13.7119

10.003
14.451(03'8(1)g
141275014

—0.070

< 12.85
13.1710-059

< 12.29
—+0.010
g0
13.68" 017

—0.043

< 11.13
11 97+O.037
12.31+0-001

0.026
0.029

13.77+

< 12.50
+0.022
13.647 5 554

19.60 4+ 0.20
20.05 +0.30
20.10 +0.20
20.00 + 0.15
19.60 £ 0.15

4.22636
4.03510

4.290
4.070

J0034+1639
J0415—-4357

< 11.77
< 12.69
< 12.74

1299
1194767054
113710089

3.68422

4.170
3.990
4.160

J0529—-3552

0.021

L 000

14.06 19
13.52

—0.022
0.049
0.055

12.50%

12.86F

0.016
0.016

13.421)
—0.033

19 9210030

—0.035

0.017
0.019
0.004
0.004

12.80%

13.351

—0.117

0.020
i
13.70Z5 028

14.67F

0.015
0.015
+0.024
—0.026

3.80385
3.98862

J1032+0927
J2251—-1227

Table 5. Range of CLOUDY grid parameters

Parameter Min. Value Max. Value Step size
z 3.75 4.75 0.25
log N(HT1)/cm ™2 17.0 20.5 0.25
log(ny) —4.0 0.0 0.25
[M/H]c1q -3.9 —-1.5 0.3
log(U) -8.0 0.0 0.5

column density ratios to determine the ICs. Such an as-
sumption implies that the low and high ionization state gas
is co-spatial, which is likely not the case (e.g. comparing
components for low and high ionization gas in Tables [2] and
3).

For comparison, we also show the Galactic and Local
Group dwarf galaxy stellar abundances from several lit-
erature compilations (including non-local thermodynamic
equilibrium corrections, NLTEE' |Abohalima & Frebell 2018}
[Amarsi et al][2019; [Jofré et al]|[2015} Nordlander & Lind]
2017} [Prakapaviéius et al.[2017). As previously seen for VMP
DLAs (e.g. |Cooke et al.|2011)), [C/O] in the VMP subDLAs
also shows an elevated value compared to stars (in particu-
lar when compared to the NLTE-corrected abundances from
[Amarsi et al|[2019] or stars with [Fe/H] > —2.5). While
the near agreement of [Si/O] between the VMP subDLAs
and VMP DLAs is a result of our assumptions in the IC
modelling, it is encouraging that the VMP DLAs also agree
with the observed [Si/O] in both Milky Way and dwarf
galaxy stars. This result is consistent with
(2023), where they found more diffuse absorption systems
(i.e. Lyman limit systems, including subDLAs) have sim-
ilar abundance patterns to very metal poor stars in the
Local Group. The most obvious discrepancy between stars
and VMP DLAs and subDLAs appears with the observed
[Al/O]. The large scatter at [M/H] < —2.5 in the absorber
population could be explained by stochastic enrichment re-
sulting from different stellar masses or supernovae types
(Heger & Woosley| 2002, |2010). However for stars, it is dif-
ficult to determine if the scatter is also driven by varia-
tions in the NLTE corrections as both Al and O are very
sensitive to NLTE effects (e.g. |Amarsi et al.|[2019; Lind &
[Amarsi[2024; [Nordlander & Lind|[2017). Unfortunately, very
few measurements of [Al/O] with NLTE corrections exists in
[M/H] < —2.5 stars to enable a more accurate comparison.

3.3 Component abundance ratios

We now take advantage of our component level CLOUDY
modelling to explore the uniformity and consistency of the
metal abundances among the absorption components within
a given subDLA. We first remark that dust depletion is min-
imal in metal-poor systems (De Cia et al]2018)), and would
not show such significant variations between neighbouring
clouds (Vladilo et al|[2011} [2018). Figure [7] shows violin

5 Tt is unclear how uniform NLTE corrections are applied to all
elemental abundances for a given star in the|[Abohalima & Frebell
compilation. While we require the ‘NLTE’ flag in this com-
pilation, we caution not all abundance may have NLTE correc-
tions applied.

© 0000 RAS, MNRAS 000, 000-000
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Table 6. CLOUDY model parameters and ICs for each low ion component

Component  logN(H1) log(nm) [M/H]c1q log(U) IC(C 1) IC(O 1) IC(Si 1) IC(Al 1) IC(Fe 11)
J0415-4357
+0.02 +0.11 +0.19 +0.01 +0.006 +0.078 +0.004 +0.004 +0.000
; o TTIeE Thoam Thtcem 0oteme Thotipa Thceam T)iocage oooam
: 193009 “lMogm “2liae “33nene ~100Tage ~00iiegor 100 ege0 1304z 084 g
\ ora® TI0Rm ThiRm Toiopm Tovhamm o0TelR oliemy ooopdm otogdm
; wordd  TohmE Tohem el ToTheaw ToOTIREw oliags ol iiiees
5 20050000  —04Zg00  —34T500 341500 017 5000  —009Tg90 0180000  0.01T50500  —0.16757500
Combined - - - S _osoti B _o0st8B _oseTBU _oeoftl  _osthlH
J1032+0927
+0.20 +0.09 +0.15 +0.041 +0.031 +0.038 +0.039 +0.048
1 19'118'%8 0’2;8'6% 30;8'%8 -8.0 _0'17;8‘8%’ _O’OSJ:S'B?% —0.18;8_8?% _0'17;8'83 _0’1918'8?‘5’
: 09T “Oliggy “2lgee TS0 “00Lar ~005Taes TO0Lggr 002 agm —000Tg0n
3 186503 —1.00g3; =265 —8.0 —045747%7; 0130000  —0471 0% —0.5015755 —0.3815 578
Combined - - - - —0.07T051  —0.03T5018  —0.06T001T  —0.08755%2  —0.0970-017
J2251-1227
+0.00 +0.49 +0.00 +0.005 +0.000 +0.085 +0.405
: s 2 Bt ¢ Bt By 1. R - M ee 1 et 1
2 1952000 —1.8gs  —2.71g0s —8.0 =027 0 0s0 00675017  —030150s7  —0.42757 g4
Combined - - - - —0.50100%5  —0.05T0-005  —0.43F00%  —0.6270 130
Table 7. Metallicity and AVyo measurements of the VMP subDLAs
QSO Zabs [M/H] (ion) [M/H]ic AVyo low ion (line) AVyo high ion (line)
km s—1 km s~!
J0034+1639  4.22636 < —2.82 (Si ) o o 321.6 + 2.1 (C 1v 1550)
J0415—-4357 4.03510 —2.97+0.31 (01) —2.87759% 1527436 (Siu1260) 255.7 £ 3.3 (C 1v 1550)
J0529-3552  3.68422  —1.93 % 0.20 (Si 1m) o 16.4+2.0 (Al 11 1670)  196.6 + 2.9 (Si 1v 1393)
J1032+0927  3.80385 —2.02+£0.16 (O1) —2.011507  20.1+£6.1 (Sim1526)  92.1£11.0 (C v 1548)
J2251-1227  3.98862 —2.59+£0.16 (O1) —2.59T00%  20.8+£4.9 (C11334)  47.7+10.1 (C 1v 1548)

plots of the ionization-corrected abundance ratios [C/Olic,
[A1/Olic, and [Si/Olic for the three subDLAs where we were
able to derive ICs. The distribution of the abundance ratios,
which defines the violins’ shapes, is obtained by using the
same resampling of the ALIS covariance matrix used to com-
pute the column densities and ICs (Sections and [2.3).
We point out that there are several components where the
column densities are measured at < 20 significance (Table
, which leads to the long extensions of the violins beyond
41.0 dex. The width of these extended tails thus can be in-
terpreted as the likelihood that the abundance ratio of this
component is an upper (< —1.0 dex) or lower limit (2> +1.0
dex). The reference average VMP DLA abundance ratios
from the literature sample are denoted by the horizontal or-
ange bands in Figure []] The agreement between the VMP
DLAs and all components of the subDLAs for [Si/O] (bot-
tom panel of Figure @ is a result of our IC method of fixing
[Si/O] to within the orange band. Furthermore, whilst there
is generally good agreement between the total abundance ra-
tio of the individual subDLAs to the VMP DLA distribution,
it is clear that the dispersion in the component abundance
ratios is much greater than the VMP DLA spread.

In order to search for potential discrepancies in the
abundance ratios [C/O] and [Al/O] amongst the absorption
components, we computed A[X/OJic — the relative differ-
ence in the abundance ratio between two components — us-

© 0000 RAS, MNRAS 000, 000-000

ing pairs of abundance ratios from the same sampling of
the covariance matrix. Table [9] shows the mean A[X/OJic
between every combination of two components for each
subDLA, computed relative to [X/O] of the second com-
ponent. A[Si/O]ic is included for completeness. The signifi-
cance of the measured A[X/OJic from 0 (denoted in square
brackets in Table[J) is computed as the mean A[X/Olic di-
vided by the standard deviation of A[X/OJic. The boldface
entries in Table [J] identify where A[X/Olic is measured to
have a > 20 significant discrepancy between components.

There are several notable components in the subDLA
towards J0415—4357 which suggest strong A[X/Olic > 0.5
dex. Component 1 consistently has a higher [Al/O] com-
pared to other components (at 1.3-2.30 significance) whilst
component 3 has a higher [C/O] compared to other com-
ponents (0.2-2.30). However both components 1 and 3 are
quite weak (Figure [2)), and can be sensitive to the contin-
uum placement and noise within the observed spectrum.
Components 4 and 5 also appears to have systematically
lower [C/O] compared to the other components, in partic-
ular relative to the strongly detected component 2 (=~ 1.50
significance). Additionally, there is a > 2.20 discrepancy in
both [C/O] and [Al/O] between components 1 and 2 in the
subDLA towards J1032+4-0927.

These discrepancies highlight the possibility that there
are inhomogeneities in the abundance patterns between
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Table 8. Ionization-corrected abundances and [X/O] abundance ratios of the VMP subDLAs

Qso Zabs [O/Hlic [C/H]ic [C/Olic [Si/H]ic [Si/Olic [Al/H]ic [A1/Olic [Fe/H]ic [Fe/Olic
J0415—4357  4.03510 4.05}%%2 4.41}%32 4.36}%‘52 73.20£§‘§§ 70.15£§;§§ 4.20}%;% 4.15}%22 72.58%?; 0'47i§68§4
J1032+0927  3.80385 72'05181%2 72'44181%9 70'3918188’ 72.23;81%g 70.17;8:82 72'57;8:%% 7052;8:% —2.447015 —0.397504
J2251-1227 3.98862 —2.6470 16 —3.011017  —037100¢  —2.747010  —0.107007  -3.2070%  —0.6470 30
e VMP subDLA VMP DLA o Lit. VMP subDLA Milky Way star =  Dwarf galaxy star
[M/H] [M/H] [M/H] [M/H]
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Figure 6. Top panels — The measured abundance ratios [C/O], [Si/O], [Al/O], and [Fe/O] (from left to right) as a function of metallicity
([M/H]) for subDLAs (purple circles) and literature VMP DLAs and subDLAs (orange squares and hollow purple circles [Cooke et al
|2017; Morrison et al.[2016}; Welsh et al.|2019). Stellar literature abundances are denoted as stars, with grey stars representing Milky Way

measurements (Abohalima & Frebel |2018} [Amarsi et al|2019; |Jofré et al||2015} [Nordlander & Lind|[2017} [Prakapavicius et al.|[2017),

and red stars for Local Group dwarf galaxy abundances (Abohalima & Frebel |2018). Apart from the literature VMP subDLA from

|[Morrison et al.| (2016]), ionization corrections (ICs) were not included in the literature abundance ratios. An additional error of £0.1 dex
has been included for the literature VMP subDLA measurements to account for the typical range of ICs estimated for these systems

(e.g. [Dessauges-Zavadsky et al.|[2003} [Pettini et al.|2008} |Cooke et al|2011). [M/H] is taken as [O/H] (preferentially) or [Si/H] for the

subDLAs (Table[7) and DLAs, while [Fe/H] is used for stellar metallicities. Note that the error in the abundance ratio [X/O] is typically
smaller than the points themselves. Bottom panels — The same as the top panels, but showing the subDLA abundance ratios including
ICs ([X/OJic). The horizontal black dashed line represents the solar relative abundance.

components within the same subDLA absorber. Based on
this analysis and the assumptions made in our ionization
modelling (Section, these observed inhomogeneities can
be explained by at least one of the following reasons:

1. The assumptions made in constructing our CLOUDY
ionization modelling grid (including geometry and ionizing
source) are incorrect. While we currently cannot confirm the
physical conditions and geometry of the gas in these subD-
LAs, we note that the assumptions made are quite typical
of ICs derived in the literature (e.g. [Milutinovic et al.|[2010}
[Morrison et al.|2016} [Fumagalli et al.|[2016b)). Modifications
to these assumptions would require the community to re-
visit our general implementation of CLOUDY modelling of
absorption line systems.

2. Our assumption that [Si/OJic in all subDLA compo-
nents must be identical, used for the ionization modelling,
is incorrect. If there is indeed variations in the intrinsic
[Si/O] of each component, then naturally there are inho-
mogeneities in [Si/O] between subDLA components prior
to the ionization modelling. Furthermore, we note that the
DLA abundance ratio assumed for the subDLA components
([Si/OlpLa = —0.15 £ 0.15) is consistent with the typical

value seen in metal-poor stars for both the Milky Way and
local dwarf galaxies (Figure@. Assuming a different intrin-
sic [Si/O] would also imply a different abundance pattern
not typically seen in metal-poor environments.

3. There are indeed chemical inhomogeneities in these two
VMP subDLAs, which can be caused by inhomogeneous
mixing of the gas or or stochasticity in the nucleosynthetic
channels.

In summary, two of these three reasons imply that there
are indeed intrinsic inhomogeneities between the compo-
nents of the same absorber.

While we caution on the significance of the observed
A[C/Olic and A[Al/O]ic discrepancies in the subDLA to-
wards J0415—4357, we note that the well-separated velocity
components 2, 4, and 5 (see Figure are likely to not have
mixed given their ~ 60 km s~ separations and low Doppler
parameters (Table . This suggests the subDLA compo-
nents show an intrinsic scatter. A possible explanation of
this scatter is that the subDLA was enriched via a stochas-
tic process driven by a handful of stars. We will explore this
possibility further in Section [3.4]
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Table 9. Relative differences in abundance ratios (A[X/O]ic) between components. Bold entries denote differences at > 20 signficance.

18t Component  2"d Component A[C/Olic A[Al/O]ic A[Si/Ol1c
J0415—-4357
1 2 0.20 [0.60] 048 [L.30]  —0.20 [0.60]
1 3 ~0.08[0.20] 0.82 [1.80]  —0.01 [0.00]
1 4 0.71 [1.80]  0.89 [2.30] —0.11 [0.30]
1 5 0.55 [1.9¢]  0.52 [1.30]  —0.04 [0.10]
2 3 ~0.28 [0.90]  0.34[0.80]  0.19 [0.50]
2 4 051 [L.50] 041 [1.30]  0.09 [0.40]
2 5 0.35 [1.60]  0.04[0.1c]  0.17 [0.90]
3 4 0.80 [2.00]  0.07 [0.20]  —0.10 [0.30]
3 5 0.63 [2.10] —0.30 [0.70] —0.02 [0.10]
4 5 ~0.17 [0.50] —0.37 [1.1o]  0.07 [0.40]
J1032+0927
1 2 045 [2.00]  0.77 [2.70]  —0.09 [0.30]
1 3 042 [1.00]  0.44[0.80]  —0.05 [0.10]
2 3 ~0.02 [0.16] —0.33[0.70]  0.04 [0.10]
J2251-1227
1 2 0.25 [0.70]  —0.32 [0.50] —0.09 [0.20]

3.4 Chemical enrichment modelling

The observed scatter across the abundance patterns of
metal-poor absorption line systems has been shown to be
an invaluable tool to investigate their chemical enrichment
histories (Welsh et al][2019| 2024} [Vanni et al|[2023} [Sodini]
. In these examples, the scatter is calculated be-
tween the different absorbers in the sample. The three sys-
tems presented in this work provide the unique opportunity
to investigate the source of scatter within a single absorption
line system. In order to investigate whether these differences
in components’ abundance ratios can be explained by differ-
ent chemical enrichment events, we modelled the expected
nucleosynthetic yields from different metal-poor and pristine
stellar progenitors and matched them to the observations
in order to search for different enrichment events between
components. Distinguishing between Population 11 and Pop-
ulation 111 supernovae yields is difficult due to degeneracies
in the abundance ratio signatures (e.g. [Cooke et al.[2014}
[Welsh et al.|[2024). For the abundances considered in this
work, the yields from both Population 11 and Population 111
core-collapse supernovae are broadly consistent
[2019; [Vanni et al.[2024]). This can be seen through a compar-
ison of the [Woosley & Weaver]| (1995)) and Heger & Woosleyl|
yields. Despite this degeneracy, the signature of Pop-
ulation 111 stars can still be teased out in a number of ways.
In particular, Population 1II stars are expected to form in
small multiples. This can lead to a large amount of scat-
ter in the observed abundance patterns of Population 111 en-
riched systems. Previous work, employing a stochastic chem-
ical enrichment model, has indicated that VMP DLAs have
undergone few enrichment events. VMP DLAs with similar
metallicites to those presented in this work appear to be en-
riched by ~ 10 SNe (with a 95 per cent upper limit of 72
SNe; [Welsh et al][2019). We note that we cannot distinguish
whether or not these SNe are predominantly Population 11
or Population 111. We use the scatter observed within these
individual subDLA components to investigate the properties
of the individual progenitors that may be responsible for en-
riching metal-poor gas at z ~ 3 — 4. We utilise the core
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collapse supernovae yields from (Heger & Woosley| 2010))
to represent both Population 11 and Population 111 progen-
itors owing to the extensive range of progenitor properties
that were explored during their calculations. The
simulations trace nucleosynthesis processes
within stellar progenitors across their lifetimes and calculate
the ejected yields of elements following the eventual core-
collapse supernovae of these stars. These simulations explore
initial progenitor masses in the range M = (10 — 100) Mo,
explosion energies from Eexp = (0.3 — 10) x 10°* erg, and
mixing parameters from frge = 0 — 0.25. The explosion en-
ergy is a measure of the final kinetic energy of the ejecta at
infinity, while the mixing between stellar layers is parame-
terised as a fraction of the helium core size. This parameter
space is evaluated across 120 masses, 10 explosion energies,
and 14 mixing parameters. We consider the entire discrete
parameter space up to a progenitor mass of M = 7T0Mg.
This corresponds to the transition at which pulsational pair
instability supernovae are thought to occur (Woosley|[2017).

We conduct a brute force maximum likelihood analy-
sis to determine the posterior distribution of each model
parameter (i.e. progenitor mass, explosion energy, and mix-
ing parameter) for each absorption component by using the
ionization-corrected abundance distributions per component
described in Section[3.3] We only consider the [C/O], [Al/O],
and [Si/O] abundance ratios, and evaluate the model param-
eter likelihood for each of the 10 000 simulated combinations
of abundance ratios in linear space. In this scenario, we treat
the associated errors of each combination as negligible such
that the underlying errors are captured in the resulting dis-
tributions of progenitor properties from the 10 000 maximum
likelihood evaluations.

The resulting progenitor mass posterior distributions
for each component of the three subDLAs are shown in Fig-
ure [8] A result from this modelling is that all components
for the three subDLAs favour a median progenitor mass of
10 £ M < 30 M. This is similar to the mass range probed
by the VMP DLA population . This re-
sult is likely in part due to the similarity in the underlying
abundance pattern and thus enrichment history between the
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Figure 7. Each panel shows a violin plot of the ionization-
corrected abundance ratios [C/O], [Si/O], and [Al/O] of each com-
ponent for the three subDLAs in which we were able to obtain
ICs (J0415—4357, J10324+0927, and J2251—1227; cyan, magenta,
and yellow, respectively). The components of each subDLA are
separated by the vertical dotted grey line. The widths of each
violin denotes the probability density of a given abundance ratio
in that component. The component numbers are the same as in
Table The horizontal orange band in each panel represents the
mean and error in the respective abundance ratio for the VMP
DLA literature sample (Cooke et al|[2015; [Welsh et al.|[2019).
The consistency in [Si/O]ic between components and the VMP
DLA orange band is a result of the method for determining the
IC. For reference, the horizontal purple bars behind each set of
violins denote the total abundance ratio and error for the entire
subDLA (Table E[), and highlights how discrepant each compo-
nent is from the total of the subDLA. There are several pairs of
components within a given subDLA where the [C/O] or [Al/O]
are discrepant at > 20 significance (e.g. components 3 and 5 in
J0415—4357 for [C/O]; components 1 and 2 in J1032+0927 for
[C/O] and [Al/O]) suggesting chemical inhomogeneities between
components in these two subDLAs.

two types of absorbers. If the enrichment is a result of Popu-
lation 111 stellar enrichment, this could be the signature of a
shallow (i.e. top light) initial mass function of the first gen-
eration stars, or that more massive stars do not contribute
nucleosynthetically due to direct collapse into a black hole
(Heger et al|[2003} [Sukhbold et al|[2016). This preference
towards low mass enriching progenitors is also seen when
analysing the chemistry of metal-poor stars in the Milky
Way (Ishigaki et al.|[2018) and z > 6 intervening quasars
absorbers (Christensen et al|2023). Focussing on the noted
individual components at the end of Section [3.3] we also
recover subtle differences in the progenitor mass distribu-
tions between component 2 (with a 20 confidence interval
of 11.6 < M < 19.0 M) and 4 (17.7 < M < 44.0 Mg) or 5
in J0415—-4357 (17.7 < M < 25.0 Mg ), as well as for compo-
nents 1 (11.3 < M < 17.7 Mg) and 2 (17.7 < M < 19.4 M)
in J10324+0927. The posterior distributions of explosion en-
ergy and mixing parameters are provided for reference in the
appendix (Figures and [A2] respectively). We note that
the explosion energy and mixing parameters are generally
not sufficiently constrained by the data to pick up differences
between components. The exception is the ~ 2¢ discrepancy
in the predicted progenitor explosion energy for components
1 (20 confidence interval of ~ 0.6 x 10°! — 2 x 10°! erg)
and 2 (= 2 x 10°* — 5 x 10°! erg) for the subDLA towards
J10324-0927.

These results do suggest the possibility that the most
discrepant observed variations in the abundance ratios be-
tween components within two of our subDLAs can be re-
produced by different enrichment events, and that the gas
between these enrichment events has not yet mixed into the
various components. This is inline with recent work that
highlights the most metal-poor DLAs at 2 < z < 3.7 may
have been enriched by only a handful of core-collapse su-
pernovae (Welsh et al.|[2024). The subDLAs studied here
are found at earlier epochs meaning the ejecta from these
supernovae have had less time to mix. Applying this com-
ponent by component analysis to both subDLAs and DLAs
may therefore offer the unique opportunity to determine the
properties of the individual progenitors contributing to the
enrichment of very metal-poor gas.

4 CONCLUSION

In this paper we investigated the chemical abundance ratios
[C/O], [Si/O], [Al/O], and [Fe/O] of five VMP subDLAs at
Zabs =~ 4, and compared their values to VMP DLAs and
Local Group stellar abundances in the literature. In order
to account for ionization effects, we developed a novel tech-
nique to determine an ionization correction (IC) on a per-
component basis using CLOUDY. By requiring the observed
[Si/O] of each subDLA component to match the [Si/O] dis-
tribution of VMP DLAs, we infer the most likely CLOUDY
model parameters, thereby allowing us to calculate ICs for
every component of all detected ions (Section [2.3). Upon
correcting each subDLA component for ionization effects,
we find:

1. Metal poor subDLAs and VMP DLAs appear to have
similar [C/O], [Al/O], and [Fe/O] (Figurel6]), and likely trace
similar nucleosynthetic environments. Nucleosynthetic mod-
elling of three of the subDLAs suggests that yields of metal-
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Figure 8. The posterior distribution of the modelled progenitor mass for each component of the three subDLAs towards J0415—4357
(left column), J1032+0927 (middle), and J2251—1227 (right). The distributions have been smoothed using a top-hat kernel with a width
of three bins. The horizontal black errorbars denote the 90% confidence intervals in the progenitor mass estimate for each component. For
all components in all three subDLAs, the favoured progenitor mass is < 30 M, but there appears to be differences in the distributions
between components in both subDLAs towards J0415—4357 (components 2 and 4 or 5) and J1032+0927 (components 1 and 2).

poor stars with progenitor masses of < 30 Mg can reproduce
the observed abundances of these metal-poor subDLAs.

2. In three of the subDLAs in our sample, we find tentative
evidence of inhomogeneities in [C/O] and [Al/O] between
components of the same systems (Figure [7]). These inhomo-
geneities can be reproduced by different progenitor masses
or supernovae explosion energies (Figures |8 and |Al)), sug-
gesting isolated enrichment events may have occurred and
the gas has yet to mix.

All of these results suggest that VMP subDLAs are ideal
targets to study metal-poor gaseous reservoirs (e.g.
, and are highly complementary to VMP DLA
studies. As an added bonus, subDLAs have a higher in-
cidence rate than DLAs, and the lines of VMP subDLAs
are rarely saturated. During the forthcoming era of 40m-
class telescopes with spectrographs like the Armazones High
Dispersion Echelle Spectrograph (ANDES
, improved precision on detailed abundance measure-
ments in individual components will be key to study the

© 0000 RAS, MNRAS 000, 000-000

yields of the first stars. In this work we have demonstrated
that a component-by-component comparison can offer a
unique insight into the mixing properties of near-pristine
gas.
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Figure Al. The posterior distributions of the modelled core-collapse supernova explosion energy (Fexp; in units of 103! erg) for each
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have been smoothed using a top-hat kernel with a width of three bins. The notation is the same as in Figure
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