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A B S T R A C T 

Chemical evolution models predict a gradual build-up of 13 C in the Universe, based on empirical nuclear reaction rates and 

assumptions on the properties of stellar populations. Ho we ver, old metal-poor stars within the Galaxy contain more 13 C than is 
predicted, suggesting that further refinements to the models are necessary. Gas at high-redshift provides important supplementary 

information at metallicities −2 � [ Fe / H ] � −1, for which there are only a few measurements in the Galaxy. We obtained new, 
high-quality, VLT/ESPRESSO observations of the QSO B1331 + 170 and used them to measure 12 C/ 13 C in the damped Lyman- α
system (DLA) at z abs = 1 . 776, with [ Fe / H ] = −1.27. AI-VPFIT , an artificial intelligence tool based on genetic algorithms and 

guided by a spectroscopic information criterion, was used to explore different possible kinematic structures of the carbon gas. 
Three hundred independent AI-VPFIT models of the absorption system were produced using pre-set 12 C/ 13 C values, ranging from 

4 to 500. Our results show that 12 C / 13 C = 28 . 5 

+ 51 . 5 
−10 . 4 , suggesting a possibility of 13 C production at low metallicity. 

Key words: galaxies: abundances – galaxies: ISM – quasars: absorption lines – quasars: individual: 1331 + 170. 
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 I N T RO D U C T I O N  

alaxy formation and chemical evolution models are guided by
he observed chemical element abundances in stars of different

etallicities and in diffuse gas. Isotopic ratio measurements provide
dditional constraints, since different isotopes are produced by
ifferent nuclear reactions within stellar interiors. Given the similar
tomic structure of isotopes, measuring their relative abundances is
 E-mail: jkw.phys@gmail.com (JKW); dink o@milak ovic.net (DM) 
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elatively free from some systematics affecting absolute abundances
easurements, such as effects associated with non-local thermal

quilibrium, three-dimensional effects in stellar atmospheres, dust
epletion, and ionization in dif fuse gas. Ho we ver, the main problem
s that one isotope is often much more abundant than the other(s)
nd their transitions are usually blended, making isotopic abundance
atios difficult to measure. 

Due to the large abundance of carbon and the relatively large
nergy splitting between certain atomic transitions of 12 C and 13 C,
2 C/ 13 C is one of the easier isotopic abundance ratios to measure. 12 C
s produced by helium-burning inside massive and short lived stars
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Table 1. A summary of observations used in this work. The columns provide 
information on the observing time, detector pixel binning mode (spatial 
× spectral direction), exposure time in seconds, airmass at the end of the 
observations, and VLT Unit Telescope (UT) used, in that order. 

Observing time Binning T exp Airmass Telescope 
(UTC) (X ×Y) (s) 

Epoch I 
2019-04-27T01:30:59.145 2 × 1 5400 1.38 UT3 
2019-04-27T03:02:07.350 2 × 1 5400 1.35 UT3 
2019-04-28T03:47:39.546 2 × 1 3802 1.38 UT3 
2019-04-29T01:15:53.547 2 × 1 5400 1.39 UT3 
2019-04-29T02:46:56.186 2 × 1 6900 1.38 UT3 
2019-05-02T01:09:26.902 2 × 1 6800 1.35 UT3 
2019-05-02T03:03:55.049 2 × 1 6100 1.41 UT3 
2019-05-03T01:01:56.418 2 × 1 6800 1.35 UT3 
2019-05-03T02:56:24.560 2 × 1 6200 1.40 UT3 
2019-05-04T00:54:24.533 2 × 1 6800 1.36 UT3 
2019-05-04T02:48:52.709 2 × 1 6800 1.42 UT3 
2019-05-05T02:54:59.102 2 × 1 6600 1.43 UT3 

Epoch II 
2021-03-08T07:08:10.623 4 × 2 3900 1.39 UT3 
2021-03-08T08:13:54.843 4 × 2 3900 1.61 UT3 
2021-03-10T06:56:55.242 4 × 2 4380 1.40 UT3 
2021-03-10T08:10:33.381 4 × 2 4380 1.69 UT3 
2021-03-18T06:06:23.381 4 × 2 4100 1.36 UT1 
2021-03-18T07:15:23.208 4 × 2 4100 1.54 UT1 
2021-03-18T08:24:21.701 4 × 2 4100 2.02 UT1 
2021-03-19T05:01:59.645 4 × 2 4100 1.33 UT1 
2021-03-19T06:10:58.690 4 × 2 4100 1.37 UT1 
2021-03-19T07:19:58.152 4 × 2 4100 1.58 UT1 
2021-03-19T08:28:59.043 4 × 2 3133 1.95 UT1 

Epoch III 
2023-02-20T07:12:08.210 4 × 2 3400 1.33 UT3 
2023-02-20T08:15:22.487 4 × 2 3400 1.38 UT3 
2023-02-21T07:54:52.027 4 × 2 3400 1.35 UT1 
2023-02-22T06:47:31.746 4 × 2 3400 1.34 UT1 
2023-02-22T07:48:27.689 4 × 2 3440 1.35 UT1 
2023-02-23T07:01:45.443 4 × 2 3400 1.33 UT2 
2023-02-24T06:44:28.982 4 × 2 3440 1.34 UT1 
2023-02-25T06:06:12.773 4 × 2 3400 1.37 UT1 
2023-02-25T07:06:26.681 4 × 2 3400 1.33 UT1 
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s a primary element, whilst 13 C is produced within intermediate 
nd low-mass stars by the carbon-nitrogen-oxygen (CNO) cycle as 
 secondary element. As a result, 12 C/ 13 C is expected to be large
 � 1000) in the early stages of chemical evolution and then decrease
ith time (Prantzos, Aubert & Audouze 1996 ; Wiescher et al. 2010 ;
obayashi, Karakas & Umeda 2011 ). Chemical evolution models 

or the Galaxy predict a slower build-up of secondary elements with 
ime (compared to primary elements), and hence a fast decrease 
n 12 C/ 13 C with increasing metallicity (Romano & Matteucci 
003 ; Kobayashi, Karakas & Lugaro 2020 ). Ho we v er, v ery recent
easurements made in stars with [ Fe / H ] ≈ −4 showed a much 

ower 12 C/ 13 C than predicted (Molaro et al. 2023 ). All such stars
ave measured 12 C / 13 C < 100, implying a primary production of 
3 C at low metallicities that conflicts with the predictions (Kobayashi 
t al. 2020 ). In particular, several dwarf stars inexplicably have 
2 C / 13 C � 5 (Molaro et al. 2023 ). Such lo w v alues are close to the
heoretical lower limit of 12 C / 13 C = 4 imposed by the equilibrium 

alue in the CNO bi-cycle (Caughlan 1965 ). These new observations 
uggest that further refinements to chemical evolution models are 
ecessary. In particular, the evolution from very lo w 

12 C/ 13 C v alues
t low metallicities to measured solar values ( 12 C / 13 C = 91 ± 1 . 3;
oto et al. 2003 ; Ayres et al. 2013 ) remains unexplained. 
Unfortunately, there are only a few 

12 C/ 13 C measurements in the 
ange −3 < [ Fe / H ] < −0 . 2 (Kobayashi et al. 2020 ). Gas at high-
edshift can provide important supplementary information in a metal- 
icity regime for which there is no information in the Galaxy. Few

easurements or limits exist at cosmological distances (seven mea- 
urements are tabulated in Romano 2022 with z abs ≥ 0 . 7, with one
urther more recent measurement from Welsh et al. 2020 ). Rotational 
ransitions of molecular gas were used to measure isotopic ratios of
everal elements, including C, (e.g. Muller et al. 2006 ; Henkel et al.
010 , 2014 ; Wallstr ̈om, Muller & Gu ́elin 2016 ; Noterdaeme et al.
017 ). Atomic transitions associated with damped Lyman- α (DLA) 
bsorption systems have also been used to constrain 12 C/ 13 C (e.g. 
evshakov et al. 2006 ; Carswell et al. 2011 ; Welsh et al. 2020 ). 
Here, we report on 12 C/ 13 C in the DLA at z abs = 1 . 776 towards

he quasar QSO B1331 + 170, also known as QSO J1333 + 1649
RA 13 h 33 m 35 . s 78, Dec. + 16 ◦49’04 . ′′ 014, J2000). This quasar ( V =
6 . 6 mag , z em 

= 2 . 08895) was first spectroscopically observed by
aldwin et al. ( 1973 ) and the DLA was first characterized by
trittmatter et al. ( 1973 ) and Carswell et al. ( 1975 ). Meyer et al.
 1986 ) used the neutral carbon transitions in this DLA to make the
rst measurements of the cosmic microwave background radiation 

emperature, T CMB , at high redshift, with later refinements by 
ongaila et al. ( 1994 ), Cui et al. ( 2005 ), and Carswell et al. ( 2011 ).
arswell et al. ( 2011 ) was the first to constrain 12 C/ 13 C in this system,
nding it must be > 5 (at 2 σ confidence limit, CL). Here, we present
 new 

12 C/ 13 C constraint derived from new high spectral resolution, 
igh signal-to-noise ratio (S/N), observations with the Echelle 
Pectrograph for Rocky Exoplanets and Stable Spectroscopic Ob- 
ervations (ESPRESSO; Pepe et al. 2021 ) on the ESO Very Large
elescope (VLT). A T CMB measurement from the same observations 
s are used in this paper will be reported in a separate paper. 

 DATA  

.1 ESPRESSO obser v ations 

SPRESSO is an optical (380 to 790 nm) Echelle spectrograph 
ounted on the VLT, that can be fed by the light of any one

f VLT’s four Unit Telescopes. Its high-spectral resolution, [ R = 
/�λ = 140000, where �λ is the full width at half-maximum 

FWHM) of the resolution element], ensures that contributions to 
he absorption profile shapes from 

12 C and 13 C can be sufficiently
esolv ed, and its wav elength calibration allo ws indi vidual exposures
o be combined with precision of several m s −1 (Schmidt et al.
021 ). ESPRESSO’s optomechanical design is intended to ensure 
hat the recorded spectrum does not depend on seeing conditions and
hat small guiding errors do not cause spectral shapes to vary, thus
otentially emulating the presence of 13 C. Ho we ver, ESPRESSO’s
av elength co v erage pro vides access only to two C I transitions

 λ1560 and λ1657, where the wavelengths are in units Å) of the
ve known in this DLA (others being λ1277, λ1280, and λ1328). 
We used ESPRESSO in its ‘singleHR’ mode, with one of its two

bres (A) positioned on the object and the second fibre (B) on an
mpty position 7 arcsec away for better sky subtraction. Observations 
ere spread across 4 yr, with 12 observations taken in 2019, 11
bservations in 2021, and 9 observations in 2023, for a total exposure
ime of 41 . 1 h. The observing log is given in Table 1 , where we
ave grouped the observations into three epochs (I–III) for easier 
eferencing later in the text. Note that the pixel binning used during
MNRAS 534, 12–29 (2024) 
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Table 2. S/N per pixel in the continuum for co-added observations. The first 
column identifies the observation epoch (or their combination), whilst the 
second column gives the pixel size (in km s −1 ). The last two columns give the 
S/N values for the two C I transitions studied here. Note that the values listed 
for epochs I–III do not simply add in quadrature to produce the combined 
epoch I + II + III value since spectral dispersions differ. 

Epoch Pixel size Transition 
(km s −1 ) λ1560 λ1657 

I 0.4 32 37 
II 0.8 38 41 
III 0.8 38 40 
I + I + III 0.8 70 78 
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etector read-out was 2 × 1 (X ×Y, spatial × spectral direction) in
poch I and 4 × 2 in epochs II and III. 

.2 Data reduction, wavelength calibration, and sky subtraction

bservations were processed using ESPRESSO Data Reduction
oftware ( DRS ) version 3.0.0 (Modigliani, Sosnowska & Lovis
023 ), adopting default parameters for all recipes except for the sky
ubtraction, which was smoothed instead of pix el-by-pix el. The DRS

emo v es detector effects and cosmic rays, and extracts the scientific
nd the sky spectra from the raw frames using a modified version of
he optimal extraction algorithm (Horne 1986 ; Robertson 1986 ), as
escribed in Zechmeister, Anglada-Escud ́e & Reiners ( 2014 ). The
xtracted spectra are then corrected for the instrument pixel-to-pixel
ariations before being wavelength calibrated. ESPRESSO provides
w o w avelength calibration sources: a laser frequency comb (LFC)
nd thorium-argon (ThAr) arc lamp imaged simultaneously with a
 abry–P ́erot etalon. F or the majority of our observations, the LFC
as unavailable or did not co v er the two C I transitions targeted

or this analysis so ThAr + Fabry–P ́erot etalon frames were used to
alibrate the spectra presented here. In the final step, a 100 pixel wide
liding average of the sky spectrum is subtracted from the science
pectrum. 

.3 Spectral combination and continuum estimation 

VES POPLER version 1.05 (Murphy 2018 ; Murphy et al. 2019 ) was
sed to produce the combined spectrum from reduced observations.
VES POPLER defines a new (log-linear) wavelength grid on to which

t redisperses the individual spectra and calculates the inverse-
ariance weighted average of the values falling within each pixel of
he new wavelength grid. Observations taken within a single epoch
ere combined into a single spectrum, with a wavelength increment
f 0.4 km s −1 (0.8 km s −1 ) for observations taken with 2 × 1 (4 × 2)
etector binning. In producing the combined spectrum, UVES POPLER

e verages the av ailability of the large number of independent flux
stimates in each pixel to remove outlying flux values and clip any
emaining cosmic rays. UVES POPLER also produces a continuum es-
imate by fitting a sixth order Čeby ̌s ̈ev polynomial o v er 2500 km s −1 

ide chunks of the combined spectrum. 

.4 Removing contaminants 

.4.1 Blends with sky lines and systems at other redshifts 

o sky lines were found to blend with C I transitions at z abs = 1 . 776.
arswell et al. ( 2011 ) reported several transitions at other redshifts

n their proximity. Al III λ1854 at z abs = 1 . 329 coincides with the
xpected positions of C I ∗ transitions in the proximity of λ1560, and
e I λ2484 at z abs = 0 . 7444 is nearby. To eliminate any impact from

hese blends, we set the spectral error array in the wavelength ranges
331 . 4575 Å ≤ λ ≤ 4331 . 8086 Å (Al III ) and 4333 . 5781 Å ≤ λ ≤
333 . 7446 Å (Fe I ) to 1000, ef fecti v ely remo ving these wav elength
anges from consideration. Our ESPRESSO data does not provide
vidence for the existence of the previously reported (Carswell et al.
011 ) blend between C I λ1657 at z abs = 1 . 776 and C IV λ1550 at
 abs = 1 . 9662. 

.4.2 Flux artefacts 

pon combining epoch I spectra, we disco v ered the unexplained
resence of numerous weak but statistically significant flux artefacts
NRAS 534, 12–29 (2024) 
n the spectrum. Their presence was first reported in the ESPRESSO
pectrum of the quasar HE0515 −4414 (Murphy et al. 2022 ). The
rtefacts appear as weak (a few per cent), positive or negative
epartures from the average of the surrounding flux values. A typical
rtefact spans several km s −1 , appearing at the same (or very similar)
ositions in the spectrum in each exposure such that traditional
utlier rejection methods and spectral combination procedures (as
mplemented in UVES POPLER ) resulted in the increased statistical
ignificance of the artefacts instead of their removal. 

Comparing the three epoch spectra with each other (and other
uasar spectra we obtained), we saw that the positions of the artefacts
n each epoch spectrum correlated with Earth’s motion with respect
o the Solar system barycentre, indicating an origin that is fixed in
he laboratory rest frame (see fig. 2 of Pasquini & Milakovi ́c 2024 ).
he artefacts’ origin were tracked to clusters of ‘warm’ detector
ix els, that is pix els which erroneously trap an excess of electrons,
ut which e v ade detection in hour-long dark exposures in the default
RS settings. We identified two warm pixel patches in the proximity
f transitions of interest: one in between 4330.93 and 4331.14 Å, and
nother in between 4600.94 and 4601.08 Å (wavelengths in the Earth
aboratory rest frame). These wavelength ranges were appropriately
hifted to the Solar system barycentre and masked in all 32 individual
pectra, which were then combined as previously described. The final
/N is reported in Table 2 . 

 AI-V P F I T M O D E L S  

his work leverages the recently developed spectral analysis tool
I-VPFIT to perform a more comprehensive exploration of the
ncertainties (Webb et al. 2021 ; Lee et al. 2021a , b , 2023 ; Webb,
ee & Milakovi ́c 2022 ), which expands upon ideas first introduced

n GVPFIT (Bainbridge & Webb 2017a , b ). Previous to this work,
imits on 13 C abundances were set by examining how χ2 changes
fter a specific quantity of 13 C has been added into a model of
he absorption system containing 12 C only (Levshakov et al. 2006 ),
r by checking how much 13 C can be accommodated by the data
hrough simulations of spectra with the same characteristics as the
bservations (Carswell et al. 2011 ; Welsh et al. 2020 ). 
Giv en an observ ed spectrum, AI-VPFIT uses artificial intelligence
ethods to produce a model for the data, relying on genetic

lgorithms in combination with a spectroscopic information criterion
SpIC; Webb et al. 2021 ) to guide the modelling process. SpIC
enalizes the retention of model parameters fitting weak features
ore heavily than it penalizes parameters fitting strong features. The

alidity of this modelling system, in terms of obtaining unbiased pa-
ameter estimates, has been examined in some detail using simulated
pectra by Lee et al. ( 2021a ) and Webb et al. ( 2022 ). The simulated
pectra were fitted using AI-VPFIT to compare input and estimated
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Table 3. Atomic data for transitions used in this work. The columns give 
the atomic species, the atomic mass, the laboratory measured wavelength, 
the laboratory oscillator strength, and the natural damping constant �, in that 
order. AMU stands for atomic mass unit. Empty fields should be interpreted 
as repeated entries from one line abo v e. All oscillator strengths are from 

Goldbach & Nollez ( 1987 ) and all � values are from Li et al. ( 2000 ). 
Wavelengths for C I λ1560 are from Haridass & Huber ( 1994 ) and for λ1657 
are from Lai et al. ( 2020 ). 

Species Atomic mass Wavelength f lab � 

(AMU) ( Å) (S −1 ) 

C I 12.0 1560.3092 0.077400 1 . 27 × 10 8 

13.0 1560.2920 
C I ∗∗ 12.0 1560.6823 0.058100 1 . 27 × 10 8 

13.0 1560.6650 
C I ∗∗ 12.0 1560.7091 0.019300 1 . 27 × 10 8 

13.0 1560.6920 
C I ∗ 12.0 1561.3402 0.011600 1 . 27 × 10 8 

13.0 1561.3220 
C I ∗ 12.0 1561.3667 0.000772 1 . 27 × 10 8 

13.0 1561.3500 
C I ∗ 12.0 1561.4385 0.064900 1 . 27 × 10 8 

13.0 1561.4240 
C I ∗∗ 12.0 1656.2667 0.062100 3 . 61 × 10 8 

13.0 1656.2695 
C I 12.0 1656.9277 0.149000 3 . 60 × 10 8 

13.0 1656.9308 
C I ∗ 12.0 1657.0077 0.111000 3 . 61 × 10 8 

13.0 1657.0104 
C I ∗∗ 12.0 1657.3788 0.037100 3 . 60 × 10 8 

13.0 1657.3812 
C I ∗∗ 12.0 1657.9068 0.049400 3 . 60 × 10 8 

13.0 1657.9096 
C I ∗ 12.0 1658.1206 0.037100 3 . 61 × 10 8 
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arameter values, finding that AI-VPFIT provides robust and unbiased 
stimates. This is as expected, since VPFIT (Carswell & Webb 2014 )
s embedded within AI-VPFIT , the former being an e xtensiv ely tested
ystem. Further, spectral models constructed using SpIC retrieved 
arameter values more accurately than those guided by the corrected 
kaike Information Criterion (Akaike 1974 ; Hurvich & Tsai 1989 ) 
r the Bayesian Information Criterion (Bozdogan 1987 ). 
Starting from a single-component model in the first generation, 

I-VPFIT increases the number of absorbing components in each 
eneration by trying out a user-specified number of trials for 
dditional components (eight in our case) and choosing the one 
hat minimizes SpIC. Positions at which the new components are 
ried is fully determined by a (user specified) seed for the random
umber generator, making the whole process fully reproducible. This 
rocess ends when a set number of attempts fail to further minimize
pIC (30 in our case). AI-VPFIT then performs small adjustments to 

he model by including modifications to the continuum estimate and 
ests whether all of the components are necessary (on the basis of
pIC). AI-VPFIT is also capable of identifying blends with unidenti- 
ed species (interlopers). Having remo v ed known contaminants in 
ection 2.4 , the option of using interlopers was turned off to remo v e

he possibility of fitting real 13 C absorption in this way. Further details
n AI-VPFIT procedures are given in Lee et al. ( 2021a ). 

AI-VPFIT was used to produce three hundred independent spectral 
odels to determine χ2 as a function of assumed 13 C abundance 

n the spectrum and to take into account uncertainties associated 
ith slightly different kinematic structures caused by model non- 
niqueness. This was not done before since interactive analysis 
y a human modeller is time-consuming. AI-VPFIT also allows for 
 xamining an y biases that may be present by first constructing a
odel containing 12 C only and to explore the impact of model non-

niqueness on the final result (Lee et al. 2021b ; Webb et al. 2022 ). 

.1 Resolution and instrumental profile 

heoretical absorption system models are convolved with the 
ssumed shape of ESPRESSO’s instrumental profile (IP) before 
alculating the descent direction in model parameter space. Empirical 
SPRESSO IP models were not available at the time, so the IP
as approximated to be Gaussian in shape. The resolution for the 
aussian profiles was determined from LFC calibration frames, 

gain available in epoch III, with an e xtended wav elength range
hat co v ers also the two C I transitions of interest. The FWHM was
etermined in all locations at which the two C I transitions appear. The
nal FWHM values used inside AI-VPFIT were their average values: 
 FWHM 

( λ1560) = 2 . 362 and v FWHM 

( λ1657) = 2 . 341 km s −1 . Our re-
ults are insensitive to small uncertainties on the FWHM values used. 
or one of the models produced, we explored how best-fitting pa- 
ameters change when the FWHM is changed by ±1 per cent (based 
n typical variations seen in LFC calibration frames). We found that 
odel parameter values changed by � 1 σ , where σ here denotes 

heir uncertainties derived from the covariance matrix at best fit. 

.2 Setting up the calculations 

he calculations were set-up to step through R ≡ 13 C / 12 C to a v oid
athematical infinities associated with low 

13 C abundances. All AI- 
PFIT calculations were set-up in exactly the same way, except for

he assumed R , which varied from 0.002 to 0.25 in 100 logarithmic
teps (sampling was denser at low R ). The upper limit on R is set
y the CNO bi-cycle (Caughlan 1965 ). Three different seeds for the
andom number generator were used for each R value, for a total of
00 models. 
Information on the ratio was provided to AI-VPFIT through 

he ‘atom.dat’ file, containing laboratory wavelengths, oscillator 
trengths, and natural damping constants ( �) for the transitions (see
able 3 ). This file was modified in two ways. First, all ground state
tomic transitions originating either in 12 C or in 13 C were labelled
imply as C, such that inserting a C component would automatically
esult in absorption from both isotopes. The same was also done
or C I ∗ and C I ∗∗, the fine-structure states. Secondly, all oscillator
trengths f for the rele v ant transitions were modified according to
he equations: 

 

modified ( 12 C) = xf lab , (1) 

 

modified ( 13 C) = (1 − x) f lab , (2) 

here x = 

12 C / C = 1 / (1 + R ) and the superscript lab refers to the
easured laboratory value (see Table 3 ). 
Provided with the modified ‘atom.dat’, AI-VPFIT is able to produce 

 model for the observations with a pre-determined R . In producing
he models, the three epoch spectra were kept separate, and all C
pecies were required to be present in all components with their
edshifts tied together. Column densities of the tied C I , C I ∗, and C I ∗∗

ere independent free parameters. A trivial constraint (for numerical 
onvenience) was imposed such that the minimum column density 
 allowed for any species was log ( N/ cm 

−2 ) = 7 . 99. This value is
ell below any detection threshold in our data and hence has no

mpact on the results obtained. 12 C and 13 C were assumed to have
MNRAS 534, 12–29 (2024) 
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Figure 1. ESPRESSO spectrum of QSO B1331 + 170 in the wav elength re gion of the two C I transitions studied here (indicated in the bottom left corner of each 
panel). The black histogram is the summed spectrum from all three epochs with 0.8 km s −1 wide pixels (Fig. A1 shows the individual epoch spectra). The solid 
red line going through the spectrum shows a 12-component AI-VPFIT model with an assumed 12 C / 13 C = 28 . 14, close to the final v alue deri ved in Section 4 . 
The model has χ2 

ν = 0 . 6362. Tick marks abo v e the data show the positions of individual components in the model, with blue and orange ticks showing 12 C 

and 13 C, respectively. Continuous solid tick marks show ground state transitions (which are the only ones labelled), whereas dashed and dotted ticks show 

the fine-structure transitions (C I ∗ and C I ∗∗, respectively). The thin black histogram above the spectrum shows the normalized residuals ( data − model) / error . 
Missing residuals seen in λ1560 transition indicate spectral regions contaminated by transitions at other redshifts (Al III λ1854 at z abs = 1 . 329 is at −60 km s −1 

and Fe I λ2484 at z abs = 0 . 7444 is at + 80 km s −1 ), which were not modelled. Thin horizontal black lines indicate ±1 σ ranges. Labels for all transitions are 
provided in another figure included as supplementary material. 
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Figure 2. Number of C components, N C , for the 300 AI-VPFIT models with 
a histogram. Three models are produced at each R , so multiple models with 
the same N C are vertically offset from each other for clarity and visual effect. 
The total number of models in each group is indicated to the right, where 
the red numbers in brackets state how many models were removed from the 
analysis (see the te xt). Remo v ed models are shown as short vertical red lines 
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he same line widths, i.e. fully turbulent broadening was imposed.
e return to this approximation in Section 6 . For similar reasons of

umerical convenience, the smallest allowed Doppler b-parameter
as 0.03 km s −1 , � 10 per cent of the pixel size. None of our AI-
PFIT models contain components with b-parameters near this limit
the smallest was three times larger). 

.3 Quality check of the models 

ig. 1 shows one of the AI-VPFIT models with 12 velocity components.
ig. 2 shows the number of components ( N C ) for all models as a
unction of R , with a corresponding histogram. No models have been
roduced with fewer than 9 or more than 16 components, with the
edian number of components being 12. Interestingly, while models
ith N C = 9 to 14 were produced o v er a wide range of R values,

he two models with N C = 15 and the one model with N C = 16
re associated only with high R . Examining the latter three models
evealed them not to fit well the strong feature at −17 km s −1 in
 I λ1657 (the residuals systematically deviate from zero), so they
ere discarded. 1 Similarly, all three models with N C = 9 were found

o erroneously fit the ‘double’ absorption feature (located between
30 and −36 km s −1 in Fig. 1 ) using a single component, and
ere also discarded. Visual examination of the remaining models
id not show obvious problems with fitting the observations. We
ho w se veral other models in Appendix A . Plots of all models are
vailable as online supplementary material. 
NRAS 534, 12–29 (2024) 

 The ( R , χ2 ) values of these models are (0.215973,2093.7281), 
0.226768,2100.352), and (0.250001,2114.7071), i.e. they are marked by 
he three crosses sitting below the black points in the top panel of Fig. 3 . 

in the main panel. Ticks in the bottom with black labels show the 13 C/ 12 C, 
and ticks on the top with red labels show 

12 C/ 13 C. 
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Figure 3. χ2 (top panel) and SpIC (bottom panel) for the 300 AI-VPFIT 

models, as a function of 13 C/ 12 C (bottom ticks and black labels) or 12 C/ 13 C 

(top ticks and red labels) on a logarithmic scale. Black dots are the 285 points 
used in the analysis and 15 models plotted as red crosses have been discarded 
(see the text). 
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Also interesting is the apparent preference towards models with 
 specific N C for a given R . For example fewer components are
enerally required when R is assumed to be at either extreme of the
xamined range. Models requiring the largest number of components 
14) prefer R between 0.01 and 0.02, and do not spread in R like all
he others (ignoring the 2 points at high R ). N C = 13 models seem
o preferentially appear between R ≈ 0 . 02 and 0.08 and models
ith N C = 12 do not appear to cluster significantly at any R value.
 C = 11 models are preferred for two R ranges: between 0.07 and

.2, and below 0.005. This split is suggestive of different velocity 
tructures and hence model non-uniqueness. On the other hand, 
 C = 10 appear at all R values but are not very common. 
The top panel of Fig. 3 shows the χ2 for all 300 models, calculated

s: 

2 = 

N ∑ 

i= 1 

(
F i − F i 

σi 

)2 

. (3) 

bo v e, F i is the observed flux in the ith pixel, F i is its model
redicted value, and σi is the observed flux error estimate (in our 
ase, the root-mean-square array produced by UVES POPLER was 
sed in place of the spectral variance array produced by the pipeline,
or details see Murphy et al. 2019 ). The bottom panel of the same
igure shows SpIC = χ2 + a penalty term that is a function of model 
arameters (Webb et al. 2021 ), with the penalty term being different
or each model. We note the smaller scatter in SpIC compared to

2 , a general trend seen before in Lee et al. ( 2021b ). See further
omments in Section 4.3 . The smallest χ2 and SpIC values appear 
etween R = 0 . 01 and 0.04, corresponding to 12 C / 13 C between 25
nd 100. 

12 models show anomalously large χ2 values (3, 3, 2, 4 models 
ith N C = 9 , 10 , 11 , 12, respecti vely, some of which were pre vi-
usly identified as problematic). These models were also rejected. 
he reduced χ2 

ν ≡ χ2 /ν ( ν being the number of degrees of freedom) 
f the 285 models ranges between 0.621 and 0.678, with 0.638 
eing the median value. These values are clearly slightly below 

he expectation of around unity. The reason is well-understood: 
e-dispersion of spectra and their subsequent combination create 
djacent pixel correlations in the combined spectrum. Parameter 
rror estimates take this into account, as described in Carswell 
 2023 ). Since the spectra from three epochs were kept as separate
ntities during the modelling, we spot-checked for consistency 
goodness-of-fit) for each epoch. In cases examined, the χ2 values 
or corresponding regions were fully consistent, i.e. the overall model 
tted each epoch equally well. 

.4 Inter-model variation and non-uniqueness 

s described abo v e, a large number of models were computed. We
sed 100 different settings for 12 C/ 13 C, and at each 12 C/ 13 C compute
hree independent AI-VPFIT models. At fixed 12 C/ 13 C, each of the
hree models is constructed independently, in the sense that trial 
bsorption component placement is random within the fitting range. 
odel development therefore proceeds differently each time. This 

mulates, in a rather natural way, the notion of using a large number
f independent interactive modellers, and hence a v oids bias. The
onsequence of this is that slight variations from one model to the
ext are seen in the ensemble of AI-VPFIT models. We illustrate
his in Fig. 4 by showing both the astronomical data and the 285
urviving models (see Section 3.3 ) superimposed. Tick marks show 

he positions of velocity components for all 285 models, for the
ominant section of the absorption system (compare Figs 1 and 4 ).
he colour coding provides further information, since it shows the 

2 C/ 13 C for each model. In Fig. 4 , one must appreciate that not all
omponents illustrated are present in all models. For example one 
I-VPFIT model might opt to use a single velocity component whilst
nother might prefer to use two weaker ones. The summed optical
epths o v er all models shown therefore is not intended to represent a
ood fit to the astronomical data, but is instead intended to illustrate
odel variation. 
There are at least three important features for constraining 12 C/ 13 C:

t –38, –20, and + 4 km s −1 . 12 C/ 13 C is not allowed to be too high,
therwise there will be excess absorption in the blue wing of C I λ1560
t –38 km s −1 . A low 

12 C/ 13 C would result in insufficient absorption
t –20 km s −1 in C I λ1560, but a high 12 C/ 13 C would cause the model
o fall below the data. In the + 4 km s −1 12 C feature, some 13 C is
eeded in λ1560 to fit weak absorption at + 1 km s −1 and similarly
t + 5 km s −1 in λ1657. Interestingly, the feature at + 4 km s −1 is the
nly one that is consistently fitted by a single component in all 285
odels. Determining which of these three features provides the most 

tringent constraint is not easy. Isolating any particular component 
o investigate that component’s relative importance in constraining 
he o v erall 12 C/ 13 C is difficult; artificially freezing some parameters
hilst allowing others to vary is likely to make error estimates

or parameters of interest unreliable. Irrespective, as Fig. 4 shows, 
ev eral v elocity components contribute to the o v erall constraint. 

The ‘AI-Monte Carlo’ approach used in this work allows us to
xamine, in detail, model non-uniqueness, which can be seen visually 
n Fig. 4 . It is interesting that the AI-VPFIT models of ESPRESSO data
re in broad agreement with previous measurements for the physical 
haracteristics of the gas by Carswell et al. ( 2011 ), although the
mpro v ement in spectral resolution offered by ESPRESSO means 
ar more components are resolved. Further details can be found 
n Appendix B . In the following Section, we develop methods to
imultaneously use the set of model calculations in order to place
imple constraints on the 12 C/ 13 C averaged over the absorption 
MNRAS 534, 12–29 (2024) 
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Figure 4. Illustration of model variation and non-uniqueness. The astronomical data are shown as a black histogram (combined epochs I + II + III, 0.8 km s −1 

wide bins). Individual models are shown as coloured lines, with their colour corresponding to a specific 12 C/ 13 C value, as per the colour bar to the right. Coloured 
tick marks show the positions of 12 C absorption in those models (also as per the colour bar). There are 2542 C I components shown from all 285 models (more 
components fall outside the plotted velocity range, but they fit weaker absorption features). Thin blue lines show 

12 C absorption and thin orange lines show 

13 C 

absorption after convolution with the assumed IP. Not all components seen in the Figure are present in all models (see Section 3.4 ). Note the different ordinate 
scales for the two panels. 

c  

t

4

T

L

 

b

χ

w  

v  

t  

E  

i

4

F  

a  

b  

b  

s  

a  

s  

e  

n
 

w  

b  

(  

M  

i  

u  

a  
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the coloured lines are the best-fitting parabolas going through them. Parabola 
parameters are independent from each other. Bottom panel : Residuals 
(data −model) of the fits shown in the top panel. Some apparently correlated 
structures remain (see the text). The inset shows a stacked histogram of the 
residuals. In both panels, ticks in the bottom with black labels show the 
13 C/ 12 C, and ticks on the top with red labels show 

12 C/ 13 C. 
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omplex. We also show how, in this particular case, non-uniqueness
urns out to create ‘groupings’ in 12 C/ 13 C space. 

 ANALYSIS  

he likelihood of R is: 

 ( R ) = exp 

[
−1 

2 
χ2 ( R ) 

]
. (4) 

χ2 minimizes ( L maximizes) for the physically correct R , and can
e approximated by a parabola around that value: 

2 ( R ) ≈ a( R − R min ) 
2 + χ2 

min , (5) 

here a defines the parabola’s openness, and R min and χ2 
min are the

 erte x coordinates. The χ2 values of the 285 models are assumed
o scatter normally around equation ( 5 ) prediction with variance ς 2 .
quation ( 4 ) must be regarded as an approximation because the terms

n the χ2 summation are not independent. 

.1 Dividing the models into five subsets 

ig. 5 shows there is a clear stratification in χ2 , most of which can be
ttributed to the number of free model parameters, that is to the num-
er of carbon components in the model ( N C ). There is also a possible
ifurcation for models with the same N C : models at similar R appear
ystematically offset in χ2 by approximately the same amounts,
pparently grouping together. Models with N C = 11 , 12 , and 13 (red
quares, blue triangles, and green diamonds, respectively) show this
ffect most clearly. Comparison of models and their parameters did
ot reveal any clues on the origin of this effect. 
χ2 v alues were di vided into subsets according to their N C , and

ere henceforth treated independently. The five groups are shown
y symbols of different colours in Fig. 5 . Parabola parameters
and their uncertainties) for each subset were determined using

onte Carlo Markov Chain (MCMC) calculations (implemented
n NUMPYRO ; Phan, Pradhan & Jankowiak 2019 ) such that the
ncertainties can be propagated into constraints on R . Parameters
, χ2 

min , and R min were all sampled from uniform prior distributions
NRAS 534, 12–29 (2024) 
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aving the following ranges: (2000,5000), (1900,2200), (0,0.25), in 
he same order. ς was independently determined for all five subsets,
aving an exponential distribution prior with a scale of unity. 10 
CMC chains were ran with 7000 warm-up steps and 2500 sample 

teps. Convergence was assessed using two diagnostics: the split 
elman–Rubin ˆ R (Vehtari et al. 2021 ) and ef fecti ve sample size N eff 

Ge yer 2011 ). F or all parameters of the fiv e parabolas, ˆ R = 1 . 00 and
 eff 
 1000, meaning that convergence was achieved. Marginalized 

osterior distributions of the fitting parameters and their covariances 
re provided in Appendix C , together with their median values and
ncertainties. 
Coloured lines in the top panel of Fig. 5 show the median MCMC

redictions for the data. Grouping by N C explains much of the 
bserved scatter between the points. Residuals (bottom panel of 
he same Figure) show that some substructure remains. Because 
bsorption system models were all derived from the same spectral 
ata, their χ2 values are not expected to scatter completely randomly, 
nd the remaining substructure may be irrele v ant. Alternati vely, there
ay be an additional contribution to the scatter, beyond the one 

ttributable to N C , for example model non-uniqueness. 

.2 Constraining R using χ2 

ubstituting equation ( 5 ) into ( 4 ) and normalizing, the probability
ensity function (PDF) and the cumulative probability density 
unction (CDF) can be calculated analytically from: 

DF ( R , R min , a) = 

√ 

a 
2 π exp 

(− a 
2 ( R − R min ) 

2 
)
, (6) 

DF ( R , R min , a) = 

1 
2 

[
1 + erf 

(√ 

a 
2 ( R − R min ) 

)]
. (7) 

Fig. 6 shows the results for the PDF (left column) and the CDF
right column) derived from 25 000 different parameter combinations 
btained from the MCMC calculations in Section 4.1 . The first five
ows relate to the five data subsets. The last row shows the average
f the first five weighted by the number of values in each subset, N m 

.
N C = 10 case provides the most stringent constraints on R ,

ollowed by N C = 11 , 13 , 14 and 12 (in that order). For three subsets
 N C = 10 , 11 , and 13), PDFs are well localized and indicate a statis-
ically significant measurement. Modes of the five curves fall within 
2 C / 13 C = 17.4 to 41.9, in good agreement with each other (when 
ompared to the width of their PDFs). PDFs of N C = 12 and 14
ermit the broadest range of solutions, including 12 C / 13 C > 1000. 
lotting a subset of N C = 12 and 14 curves (not shown) we identified
ome which yielded results consistent with the remaining three 
ubsets. Future, impro v ed, data may rev eal which ones are correct.
ur results here indicate that the probability of 12 C / 13 C < 100 is
9.86 per cent, 98.43 per cent, 71.17 per cent, 92.44 per cent and
0.44 per cent (from N C = 10 to 14, respectively). The combined
DF (last row, left column) is well localized with a mode at

2 C / 13 C = 27 . 3 and the combined probability that 12 C / 13 C < 100 
s 86.48 per cent. Some other statistical properties, including per- 
entiles and lower limits, are summarized in Table 4 . 

.3 Constraining R using SpIC 

n the preceding Section, we used χ2 as the basis for computing 
ikelihood v alues. An alternati ve statistical approach is to instead 
se an information criterion (Burnham & Anderson 2002 ), in this
ase SpIC. We carried out tests, replicating the procedure used 
or the χ2 results shown in Table 4 . The preliminary indication 
as that, provided sample subdivision is used, the results do not 

hange significantly. If sample subdivision is not used, the tighter 
rouping for the SpIC measurements (see Fig. 3 ) suggests that
he SpIC values yield better constraints on 12 C/ 13 C. We also note
hat Bayesian Model Averaging could also be applied using an 
nformation criterion likelihood approach. This would offer the 
implification of deriving one numerical result from the entire suite 
f AI-VPFIT models. Ho we ver, preliminary calculations suggested 
 strong weighting to wards lo west SpIC models, gi ving an o v erly
tringent result, which we preferred to a v oid in this context. 

 DI SCUSSI ON  

.1 Comparison with previous measurements 

he result reported here is 12 C / 13 C = 28 . 5 + 51 . 5 
−10 . 4 . Carswell et al.

 2011 ) reported a conserv ati ve lo wer limit of 12 C / 13 C > 5 (2 σ
L) in this DLA. Looking at their fig. 2, 13 C was found only in

heir component N2 (at −17 km s −1 in Fig. 1 ), even though N2
ppears (in their spectrum) significantly weaker than component 
1 (at −33 km s −1 in Fig. 1 ). Ho we ver, our higher resolution
SPRESSO data revealed that their component N1 is actually a 
lend of several absorption features. No significant substructure is 
een for their component N2 in the ESPRESSO spectrum, which also
ppears as the strongest feature in the absorption complex. The new
SPRESSO data therefore explain why 13 C seemed to arise in the
eaker absorption component in the Carswell et al. ( 2011 ) analysis.

nterestingly, their reported ratio between column densities of 12 C 

nd 13 C in N2 equates to 12 C / 13 C = 19 + 20 
−10 , in agreement with our

ndings. Considering that the inferred column densities are close to 
he linear part of the curve of growth, this agreement is not surprising.

Only three other 13 C quasar absorption measurements currently 
xist. Two recent values are: Noterdaeme et al. ( 2017 ) constrained
2 C / 13 C > 40 at z abs = 2 . 525 and Welsh et al. ( 2020 ) constrained
2 C / 13 C > 2 . 3 at z abs = 2 . 34. Another seemingly more stringent
esult is quoted in Levshakov et al. ( 2006 ), who measured 12 C / 13 C >

0 (2 σ CL) at z abs = 1 . 15, although an independent re-analysis of
he same data did not support such a high value and instead found
2 C / 13 C > 22 (Carswell et al. 2011 ). Table 4 provides our analogous
 σ lower limit, 14.6, i.e. all quasar results to date appear consistent.

.2 Chemical evolution models 

2 C is formed in the triple- α process during hydrostatic helium- 
urning and is a primary product of stellar nucleosynthesis. The 
table 13 C isotope is produced in the hydrogen-burning shell when 
he CN c ycle conv erts pre-e xisting 12 C into 13 C via proton capture
ollowed by β decay. As a star evolves off the main-sequence, 
he outer conv ectiv e env elope e xpands inwards into the CN-cycle-
rocessed regions producing a mixing episode which is called the 
first dredge-up’, which lowers the 12 C/ 13 C (Iben & Renzini 1984 ).

ixing also occurs in the thermal pulses of intermediate-mass stars 
hat become asymptotic giant branch (AGB) stars. This could lead 
o a CN-cycle equilibrium ratio of about 12 C / 13 C ∼ 4. These low 

alues ratios are indeed observed in some red supergiants (Lambert 
 Sneden 1977 ). 
Due to the secondary nature of 13 C, chemical evolution models 

redict a monotonic decrease in the isotopic ratio 12 C/ 13 C with
ime (Romano & Matteucci 2003 ; Kobayashi et al. 2020 ). This is
upported by observations in young molecular clouds for which 
2 C / 13 C ∼ 60 − 70, lower than the solar ratio of 12 C / 13 C = 91 ± 1 . 3
Goto et al. 2003 ; Ayres et al. 2013 ). 12 C/ 13 C is also below solar
alue in the Galactic centre (Halfen, Woolf & Ziurys 2017 ) and
easurements in the Galaxy support a gradient with galactocentric 
MNRAS 534, 12–29 (2024) 
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M

Figure 6. PDF( R ), left, and CDF( R ), right, for the five data subsets and the full data set. Each row shows one subset of the data, with the inset specifying N C 

and the number of models contained in the subset, N m . The combined PDF and CDF (final row) are averages of the five above weighted by N m . In all panels, 
the thick coloured line is the median o v er parabola parameters derived by MCMC, and the shaded bands enclose the central 68 per cent of the possible curves. 
In the panels showing the PDF, the red arrow with a number on top indicates the most probable 12 C/ 13 C (the mode of the distribution). In the panels showing 
the CDF, the horizontal dashed black lines show the probabilities corresponding to 1 σ and 2 σ confidence limits. Red squares show where those lines intersect 
the CDF, and the vertical dashed black lines show the corresponding 13 C/ 12 C, printed in black. The red numbers adjacent to the red squares are their inverse, i.e. 
the 12 C/ 13 C. Ticks in the bottom with black labels show the 13 C/ 12 C, and ticks on the top with red labels show 

12 C/ 13 C. 
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Table 4. 12 C/ 13 C measurement summary. The first column indicates data 
subset ( N C or combined). The second column gives the most probable value 
for 12 C/ 13 C for each case, i.e. the mode of the PDF. The following three 
columns provide percentile values for 12 C/ 13 C. The ultimate two columns 
gi ve lo wer stae2056 i eqn 262 .gif σ (68.27 per cent probability) and 2 σ (95.45 
per cent probability) confidence limits on 12 C/ 13 C, derived from the CDFs. 
Note, although we use the σ terminology here, it is clear from Fig. 6 that the 
uncertainties are not Gaussian. 

Subset Mode Percentiles CL 

16th 50th 84th 1 σ 2 σ

10 17.4 14.1 17.9 24.7 15.8 12.2 
11 21.8 16.4 22.3 34.9 19.1 13.9 
12 41.9 24.8 47.8 693.5 33.1 18.5 
13 27.3 19.1 28.5 56.5 23.0 15.5 
14 36.0 22.8 39.0 133.5 29.1 17.7 
Combined 27.3 18.1 28.5 80.0 22.2 14.6 
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istance (Yan et al. 2023 ). All of the abo v e is consistent with the
econdary nature of 13 C. For the reasons above, 12 C/ 13 C is predicted
o be higher than solar at low metallicities (Romano & Matteucci 
003 ; Fenner, Murphy & Gibson 2005 ; Kobayashi et al. 2020 ;
omano 2022 ). Unfortunately, only a few observations are available 

n this regime and the results are contro v ersial. Botelho et al. ( 2020 )
ound a mild increase in the range −0 . 2 < [ Fe / H ] < 0 in a sample
f solar twins, opposite to what is expected if 13 C is a secondary
lement. On the other hand, Crossfield et al. ( 2019 ) measured
2 C / 13 C = 296 ± 45 and 224 ± 26 in the two components of the
rown dwarf system GJ 745 at [ Fe / H ] = −0 . 48. In some unmixed
iants 12 C/ 13 C is lower than the solar value (Spite et al. 2005 ) and
n the metal-poor star HD 140283, 12 C / 13 C = 33 + 12 

−6 (Spite, Spite 
 Barbuy 2021 ). Moreo v er, v ery low values of 12 C/ 13 C have been

erived for several CEMP-no stars (carbon enhanced metal-poor 
tars with [ Ba / F ] < 0) with metallicities lower than [ Fe / H ] � −4 
Molaro et al. 2023 ). At very low metallicities the disagreement 
ith the theoretical expectations is striking since values of several 

housands are foreseen due to an initial 13 C close to zero. Internal
roduction and chemical transfer from a possible massive companion 
ave been ruled out, so the 13 C enhancement must originate from their
rogenitors. 
At very low metallicities, mixing between the H- and He-burning 

ones could be driven by rapid rotation leading to a production of 13 C
Meynet, Ekstr ̈om & Maeder 2006 ; Chiappini et al. 2008 ; Limongi
 Chieffi 2018 ). Significant quantities of 13 C are expected from 

assi ve, lo w-metallicity, fast-rotating stars with 12 C/ 13 C between 30 
nd 300 (Chiappini et al. 2008 ). Processes necessary to produce 13 C
re similar to those invoked to explain the primary N behaviour at
ery low metallicities in other DLAs (Molaro 2003 ; Zafar et al. 2014 ).

No stellar 12 C/ 13 C measurements are available at the metallicity of
LA studied here ( [ Fe / H ] = −1 . 27; Berg et al. 2015 ) so no direct

omparison is possible. Our robust lower limit ( 12 C / 13 C > 14 . 6, 2 σ
L) is consistent with both theoretical predictions and low metallicity 
easurements. On the other hand, the weighted value we obtained 

 

12 C / 13 C = 28 . 5, see Table 4 ) is consistent with the measurement
n the star HD 140 283 at [Fe/H] ≈ −2.6, but much lower than that
f GJ 745 at [ Fe / H ] = −0 . 48. If our measured value in the DLA
tudied here is typical of gas with metallicity of [ Fe / H ] ≈ −1.2, it
ould imply there is a significant and early production of 13 C that
ust necessarily cease to allow 

12 C/ 13 C to reach the measured values
t [ Fe / H ] ≈ −0 . 5. 
 SUMMARY  

n this work, we have carried out a detailed AI-VPFIT study of
he z abs = 1 . 776 DLA towards QSO B1331 + 170 for a 12 C/ 13 C

easurement. The spectral data are very high quality and hence 
xpected to substantially tighten previous error bars for this system. 
o we ver, perhaps unsurprisingly, the higher ESPRESSO spectral 

esolution detected structure that had previously been unresolved, 
uch that the new measurement constraints were not as anticipated. 

The use of AI-VPFIT permitted us to generate multiple independent 
odels. This means that, for the first time in this context, we

ave been able to take into account measurement errors associated 
ith model non-uniqueness (Section 3.4 ). Our weighted final result 

Section 4.2 ) is 12 C / 13 C = 28 . 5 + 51 . 5 
−10 . 4 (see Table 4 and Fig. 6 ), a

arginal 13 C detection. Additional ESPRESSO or new ArmazoNes 
igh Dispersion Echelle Spectrograph (ANDES, Marconi et al. 2022 , 
024 ) or Giant Magellan Telescope - Consortium Large Earth Finder
G-CLEF, Szentgyorgyi et al. 2018 ) observations may lead to more
tringent constraints in the future.A further caveat is that our AI-VPFIT

nalysis required the 12 C/ 13 C to be the same in all components.
patial 12 C/ 13 C variations could be present within the absorption 
omplex, so our result represents the mean value over the system. 

Finally, as mentioned in Section 3.2 , we have assumed constant
-parameters for both 12 C and 13 C. Since the atomic masses are
o similar, modelling the system using thermal broadening is 
mpractical, as numerical instabilities would be introduced into 
he modelling process. If the o v erall line-broadening contains a
hermal contribution, the slightly different atomic masses means 
ur assumption is not quite correct. The maximum impact of this
pproximation equates to a systematic 4 per cent of the o v erall b-
arameter. The best fractional uncertainty of any b in the absorption
omplex we measured is slightly below this value, which means the
onstant- b approximation may impose a slight systematic if there 
s a significant contribution to thermal broadening. Ho we ver, the
irection of this potential small systematic is such that our lower
imit on 12 C/ 13 C would increase, that is our quoted final result is
erhaps slightly conserv ati ve. 
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PPENDI X  A :  EXAMPLE  M O D E L S  

he figures in this Appendix show four example AI-VPFIT models, 
ach with a different 12 C/ 13 C, derived as a part of the analysis
resented in the main text. Fig. A1 shows the same model as is
hown in Fig. 1 ( 12 C / 13 C = 28 . 14), but with spectra separated by
poch. The remaining Figures show models with 12 C / 13 C = 20 
Fig. A2 ), solar 12 C/ 13 C ( = 91, Fig. A3 ), and 12 C / 13 C = 500
Fig. A4 ). 
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M

Figure A1. The same as Fig. 1 but spectra of the three epochs are shown separately. First two rows are epoch I, second two rows are epoch II, and the final two 
rows are epoch III. χ2 

ν = 0 . 6362. 
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Figure A2. The same as Fig. A1 but for 12 C / 13 C = 20. χ2 
ν = 0 . 6269. 
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M

Figure A3. The same as Fig. A1 but for 12 C / 13 C = 90 . 71. χ2 
ν = 0 . 6216. 
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Figure A4. The same as Fig. A1 but for 12 C / 13 C = 500. χ2 
ν = 0 . 6448. 
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PPENDIX  B:  C O M PA R I N G  ESPRESSO  C  I 

E LOC ITY  STRUCTURE  WITH  INDEPENDENT  

O D E L S  F RO M  H  2 

ui et al. ( 2005 ) analysed H rotational levels seen in the data
ollected using Space Telescope Imaging Spectrograph (STIS) on
he Hubble Space Telescope (Kimble et al. 1998 ) associated with
he DLA studied here. Assuming a single velocity component for
 2 , a population analysis of its rotational levels yielded a H 2 

as temperature of T = 152 ± 10 K. Subsequently, Carswell et al.
 2011 ) examined the physical properties of the gas in more detail
y combining the same STIS observations of H 2 with Ultraviolet
nd Visible Echelle Spectrograph (UVES, Dekker et al. 2000 )
nd High Resolution Echelle Spectrometer (HIRES, Vogt et al.
994 ) observations co v ering the wav elength ranges containing heavy
lement absorption. In the Carswell et al. ( 2011 ) analysis, 52 H 2 

otational levels seen in the STIS data were modelled together
ith five C I transitions from UVES and HIRES, assuming three
elocity components for both H 2 and C I . Only two components had
eliably measured temperatures, T (H 2 ) = 86 + 14 

−10 K, and 177 + 30 
−22 K (at

 abs = 1 . 7763702 and 1.7765246, i.e. their components N1 and N2,
especti vely). A lo wer limit of T (H 2 ) � 200 K was obtained for a
omponent at z abs = 1 . 7767176 (their N3 ′ ). Carswell et al. ( 2011 )
uggested N3 ′ to be a blend of several more narrow features that
re unresolved in their data. They also suggested that N2 is mostly
hermally broadened whereas N1 and N3 ′ are dominated by turbulent

otions. The best estimate for the kinetic temperature of component
2 provided by Carswell et al. ( 2011 ) is T = 218 K, from C I line
roadening. 
Out of the 285 surviving AI-VPFIT models produced in this work,

81 contain C I components with b-parameters consistent with
emperatures T � 218 K. 26 models have one, 129 models have two,
12 models have three, 11 models have four, and 3 models have five
uch components. Fig. B1 shows where those components tend to
all within the absorption complex. The three most prominent narrow
omponents are found at z abs = 1 . 7763856 (C1, at −31.2 km s −1 

n Fig. B1 ), z abs = 1 . 7765156 (C2, at −17.2 km s −1 ), and z abs =
 . 7767093 (C3, at + 3.7 km s −1 ). The redshifts of the C1 and C2 are
.7 and 1.0 km s −1 away from the redshifts of N1 and N2 reported
y Carswell et al. ( 2011 ). Such shifts are not surprising, considering
NRAS 534, 12–29 (2024) 

igure B1. Theoretical absorption system models before convolution with the as
ingle AI-VPFIT model may contain between zero and five narrow ( b < 0 . 55 km s −1

ost prominent narrow components are at −31.2 km s −1 (C1), −17.2 km s −1 (C2)
greement with literature reported redshifts of H 2 absorption and their temperatures
nd without instructions. The presence of C3 was previously unknown. 
hat ESPRESSO data allowed for resolving more structure compared
o previous UVES and HIRES observations ( R = 42000 and 48000,
espectively, compared to ESPRESSO’s R = 140000). Component
3 was not known before. 
We next derived the temperatures of C1, C2, and C3 assuming

hat their broadening is only due to thermal gas motions. In doing
hat, we considered components that are ≤ ±0 . 5 km s −1 away from
heir redshifts (see abo v e), and hav e b-parameters corresponding to a

aximum 

12 C gas temperature of 1000 K ( b = 1 . 18 km s −1 ). Median
emperatures obtained this way are T ( C1 ) = 51 + 124 

−27 K, T ( C2 ) =
0 + 12 

−48 K, and T ( C3 ) = 180 + 159 
−50 K. The quoted errors correspond to

he 16th and the 84th percentiles. 
Identifying our C1 with N1 from Carswell et al. ( 2011 ), we found

he temperature derived from the ESPRESSO C I line widths ( T =
1 + 124 

−27 K) to be in agreement with the temperature derived from H 2 

y Carswell et al. ( 2011 ) ( T = 86 + 14 
−10 K). While it may appear that

emperature obtained by us for C2 ( T = 60 + 12 
−48 K) is in disagreement

ith the temperature Carswell et al. ( 2011 ) reported for N2 ( T =
77 + 30 

−22 K), this is not the case, as ESPRESSO data revealed the
resence of several components not resolved in the lower resolution
VES and HIRES data used by Carswell et al. ( 2011 ). Additional
SPRESSO observations may be used to confirm the presence of
old components at −42, −36, −34, and −15 km s −1 (with respect
o z = 1 . 7766750) contained in some AI-VPFIT models. Observations
sing even higher spectral resolution spectrographs (such as G-CLEF,
ith a planned R = 300 000; Szentgyorgyi et al. 2018 ), would also
e useful. 
Parameter constraints in our calculations required b < 10 km s −1 ,

n empirically guided value. We note that some models reveal the
resence of broad components i.e. with b-parameters near or at the
pper limit. It is una v oidably the case that there may be clumps
f blended lines that cannot be resolv ed (giv en the intrinsic line
roperties and spectral resolution). The number of free parameters
n our models are decided on by an information criterion, giving the
enefit of reproducibility. Given the constraints imposed, statistically
he data do not justify additional parameters. Examining where
omponents with b ≥ 8 km s −1 fall within the absorption complex,
e found them to be concentrated at the following locations: at
175 (14 per cent of all broad components), −87 (1 per cent), −72

2 per cent), −64 (44 per cent), −34 (1 per cent), −16 ( ≤ 1 per cent ),
sumed IPs. The models and the colour coding are the same as in Fig. 4 . A 

 ) velocity components, with most models containing two of them. The three 
, and + 3.7 km s −1 (C3). The redshifts and temperatures of C1 and C2 are in 
 (Carswell et al. 2011 ), but AI-VPFIT derived them completely independently 
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 9 (8 per cent), + 13 (15 per cent), and + 194 km s (15 per cent).
wo of the strong C I components from which 12 C/ 13 C constraint is
erived are C1 and C2 (see Fig. B1 ), i.e. the overwhelming majority
 > 98 per cent ) of the broad components are located far from regions
roviding constraints on 12 C/ 13 C. 
igure C1. Posterior distributions and covariances of equation ( 5 ) parameters aft
ubset is indicated in the top right corner of each panel. Numbers are the median an
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ig. C1 shows the marginalized posterior distributions for parameters 
ncluded in MCMC calculations presented in Section 4 , and their

utual covariances. 
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er MCMC optimization for the five data subsets (panels a–e). N C for each 
d the central 68 per cent limits, indicated by the dashed lines. 
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