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ABSTRACT

Aims. This paper explores and analyses the gas metallicity gradients in a sample of 25 nearby galaxies using new integral field
spectroscopy observations from the Metal-THINGS survey, for a total of 102 individual pointings. We derive and analyse the resolved
diffuse ionised gas content, Baldwin, Phillips, & Terlevich diagrams, and gas metallicities for our entire sample, at spatial resolutions
of 40-300 pc. Gas metallicity gradients are studied as a function of the galaxy’s stellar mass, H1 gas fraction, and diffuse ionised gas
content, and using different parametric length scales for normalisation.

Methods. The metallicity gradients are analysed using Bayesian statistics based on data from the Metal-THINGS survey. Bayesian
MCMC models are developed to explore how metallicity gradients vary with a galaxy’s mass and how they correlate with properties
such as the stellar mass or the atomic gas fraction. Additionally, we compare and contrast our results with those from other works that
use the same metallicity calibration.

Results. For our sample, we find that the metallicity typically decreases with galactic radius, consistent with inside-out galaxy growth.
We find a trend dependent on the stellar mass, with a break at log(M../Ms) =~ 9.5, and another between the metallicity gradients
and the atomic gas fraction (fy u1) of a galaxy at f, yr ~ 0.75, indicating shallower gradients for lower gas fractions. These results
are consistent with previous studies on galaxies with comparable stellar mass regimes and morphologies. We find that normalisation
using NUV-band effective radii is preferable for galaxies with a higher atomic gas content and lower stellar masses, while r-band radii
are better suited for those with lower atomic gas fractions and more massive ones.

Conclusions. Our results highlight a strong connection between gas content, stellar mass, and metallicity gradients. The breaks at
log(M, /M) = 9.5 and f; 1 = 0.75 mark shifts in chemical enrichment behaviour, with low-mass galaxies showing greater sensitivity
to gas processes. Overall, this points to gas accretion and removal as key drivers of chemical evolution in low-mass systems.

Key words. galaxies: abundances — galaxies: ISM — galaxies: statistics

1. Introduction

The interstellar medium (ISM) is a complex environment that
plays a crucial role in shaping the dynamics and evolution of
galaxies. The metal content and its distribution in galaxies result
from the complex interplay of various processes that affect the
ISM, including: (i) gas infall, which dilutes the ISM but can

* Corresponding author.

also trigger star formation (e.g. Molld et al. 2016); (ii) feedback
from active galactic nuclei (AGNs), star formation, and stellar
evolution, driving outflows that redistribute or expel enriched
gas (e.g. Villar Martin et al. 2024); (iii) metal injection into the
ISM through stellar evolution (e.g. Cousin et al. 2016); (iv) tur-
bulence leading to metal-mixing (e.g. Petit et al. 2015); and (v)
galaxy interactions and mergers, which can trigger enhanced star
formation rates (SFRs) up to starbursts, AGN activity, or tidal
perturbations (e.g. Casasola et al. 2004; Mo et al. 2010). Many
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of these processes are highly interconnected, complicating the
overall picture. This way, the ISM acts as the critical link con-
necting processes on stellar scales to those on galactic scales
(Paron 2018).

One of the clearest observational signatures of these
processes is the presence of metallicity gradients in disc
galaxies. Typically, the metal content decreases with increasing
galactocentric radius (generating the so-called ‘negative
gradients’), a pattern that has been observed for decades
(Searle 1971; Lequeuxetal. 1979; Shaveretal. 1983;
Vila-Costas & Edmunds 1992) and that has been the sub-
ject of several observational studies (e.g. Afflerbach et al.
1997; Deharveng et al. 2000; Bresolin et al. 2009b,a). Large
amounts of high-quality data now available from integral field
spectroscopy (IFS), such as the Sydney—-AAO Multi-object
Integral field spectrograph (SAMI) Galaxy Survey (Croom et al.
2012) and Mapping Nearby Galaxies at APO (MaNGA)
(Bundy et al. 2015), have enabled the exploration of the depen-
dencies of the metallicity gradient (hereafter Vo,11) on a variety
of galactic properties (e.g. Sdnchez-Menguiano et al. 2016;
Pérez-Montero et al. 2016; Belfiore et al. 2017).

However, most of these studies focus on intermediate and
massive galaxies. In contrast, low-mass galaxies remain rela-
tively unexplored in this context, mostly due to observational
challenges such as their low surface brightness. As a result,
the behaviour of metallicity gradients in this mass regime is
still poorly constrained. Investigating them can provide crucial
insights into the role of feedback, gas accretion, and different
dynamical processes in shaping their chemical evolution.

Among the few studies targeting resolved metallicity
gradients in low-mass galaxies are Bresolin (2019) (down
to log(Mgar/My) = 8.33) and Lietal. (2025) (down to
log(Mr /M) = 7.12). Of the large IFU surveys, the only one
that has included low-mass galaxies in its sample is the SAMI
survey. One notable study is Poetrodjojo et al. (2021), which
uses SAMI data to estimate gas-phase metallicities and metal-
licity gradients in such galaxies. However, due to its limited spa-
tial resolution, the SAMI survey is constrained to a lower stellar
mass limit of approximately log(M,/Ms) =~ 8.5.

Different observations of nearby galaxies allow us to probe
their ISM and compare them with predictions from both the-
oretical models and simulations. For instance, strong nega-
tive gas-phase metallicity gradients in spiral galaxies indicate
that the central regions are populated by more evolved, and
thus more metal-rich, stellar populations, while metal-poor and
less evolved stars are located in their exterior regions (e.g.
Zaritsky et al. 1994). This is consistent with the inside-out
formation scenario of spirals, where spiral discs form from
gas accretion, as is seen in infall models of galaxy forma-
tion (e.g. Matteucci & Francois 1989; Boissier & Prantzos 1999;
Pérez et al. 2013).

Other cases involve galaxies undergoing mergers or inter-
actions with other galaxies. These interactions disturb the gas
and can create turbulent motions that cause loss of angular
momentum and radially inward flows of gas. While galaxy-
galaxy interactions can initially flatten the metallicity gradient,
the induced central star formation can re-establish a negative gra-
dient (e.g. Gibson et al. 2013; Stanghellini et al. 2014), as metals
are injected into the ISM by supernovae and stellar winds (e.g.
Lara-Lopez et al. 2022).

For galaxies that are not part of interacting systems, a
flat metallicity gradient has been proposed to arise from
metal-mixing caused by radial gas flows (Lacey & Fall
1985; Goetz & Koeppen 1992; Portinari & Chiosi  2000;
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Table 1. Summary of observations

1 2 3

Galaxy Number of Date of
pointings observation

DDO 53 1 Jan. 19

DDO 154 1 March 22

Holmberg I 2 April 20

M81 DwB 1 March 25

Holmberg 1T 3 March 24; March 25

NGC 2366 4 Jan. 19; Dec. 19

NGC 4214 4 May 19; Dec 19; June 21

NGC 1569 2 Jan. 18; Oct. 20

1C 2574 2 March 24

NGC 4449 4 June 21; March 22

NGC 2976 3 May 22; April 23

NGC 3077 1 April 22

NGC 2403 10 Jan. 18; March 24; Dec. 19

NGC 925 14 2017-2019

NGC 3198 1 March 25

NGC 4826 2 March 25

NGC 4736 4 April 23; March 25

NGC 3184 5 April 23; March 25

NGC 5457 6 June 21; March 22; April 23

NGC 6946 12 2017-2021

NGC 5055 3 March 24

NGC 5194 12 2018-2023

NGC 3521 3 March 22

NGC 2841 2 March 25

NGC 7331 6 Sept 17; Oct. 18

Ferguson & Clarke ~ 2001;  Schonrich & Binney ~ 20009;
Bilitewski & Schonrich  2012; Spitoni et al. 2013, among
others). Subsequent outflows of enriched gas driven by feedback
from AGNs, star formation and stellar evolution can flatten the
metallicity gradient at the outer regions (e.g. Lara-Ldpez et al.
2022). This flattened metallicity gradient, or truncation in the
outer parts, may also be linked to the presence of bars (e.g.
Bresolin et al. 2009b; Marino et al. 2012; Rosales-Ortega et al.
2011).

Other studies also suggest that the morphology of galaxies
and the shape of the radial metallicity profile may be related
by certain processes that affect both, as different physical pro-
cesses that can alter the gradients take place. In the case of spi-
rals, included in our sample, three main aspects can be consid-
ered: how tightly wound the arms are, the presence or absence
of a bar or bulge, and their size relative to that of the disc
(Sanchez-Menguiano et al. 2016).

In this context, it is of great interest to study the relation
between metallicity gradients and the atomic gas or the dust
content of galaxies, which is critical for understanding galactic
evolution. While metallicity provides an insight into the location
of metals within galaxies, the distributions of atomic gas and
dust trace the raw material for future star formation. Studying
how these components correlate can help constrain models of
chemical enrichment, feedback mechanisms, and the interplay
between different components of the ISM (e.g. Lutz et al. 2021,
De Vis et al. 2019).

To further study metallicity gradients, galactic chemical evo-
lution models have been used historically in an attempt to under-
stand the processes governing their shape. These simulations
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Table 2. Physical information of the observed galaxies.

1 2 3 4 5 6 7 8 9 10 11
Galaxy Morph. RA (2000) Dec (2000) 0] i D SFR log Myor logMur  log My,
hh mm ss dd mm ss ° ° [Mpc] [Mg yr’l] [logMs] [logMs] [log Mg]

DDO 53 Im 0834072 4661054 132 31 3.6 0.008 6.9 7.77 -
DDO 154 IB(s)m 1254059 +270910 230 66 4.3 0.004 7.07 8.7 6.8
Holmberg I IAB(s)m 0940322 4711056 50 12 3.8 0.006 7.4 8.3 7.2
M81 DwB Im 100530.6 +702152 321 44 5.3 0.005 7.8 7.4 -
Holmberg I Im 081905.0 +704312 177 41 3.4 0.07 8.3 8.9 7.6
NGC 2366 IB(s)m 0728534 +69 1251 40 64 3.4 0.13 8.41 8.81 -
NGC 4214 IAB(s)m 121539.2 +361937 65 44 2.9 0.05 8.7 8.7 7.0
NGC 1569 IBm 043049.0 +645053 112 63 2.0 0.06 8.61 7.875 -
1C 2574 SAB(s)m 1028 27.7 4682459 56 53 4.0 0.12 8.72 9.3 7.9
NGC 4449 IBm 1228 11.9  +440540 230 60 4.2 0.5 9.03 9.2 6.9
NGC 2976 SAc pec 0947153 4711056 335 65 3.6 0.10 9.09 8.3 7.8
NGC 3077 10 pec 100319.1 +684402 45 46 3.8 0.09 9.17 9.1 6.5
NGC 2403 SAB(s)cd 073651.1 4653603 124 63 3.2 0.85 9.57 9.5 7.3
NGC 925 SAB(s)d 022716.5 +333444 287 66 9.2 1.09 9.75 9.66 8.4
NGC 3198 SB(rs)c 101955.0 +453250 215 72 13.8 0.85 10.05 10.1 8.8
NGC 4826 (R)SA(rs)ab 125643.6 +214100 121 65 7.5 0.82 10.2 8.15 -
NGC 4736 (R)SA(r)ab 125053.0 +410713 296 41 4.7 043 10.33 8.7 8.6
NGC 3184 SAB(rs)c 1018 17.0 +412528 179 16 11.1 1.43 10.37 9.6 9.2
NGC 5457 SAB(rs)cd 1403 12.6 +542057 39 18 7.4 2.49 10.39 10.151 -
NGC 6946 SAB(rs)cd 2034522 +600914 243 33 59 4.76 10.5 9.8 9.6
NGC 5055 SA(rs)bc 131549.2 +420145 102 59 10.1 2.42 10.72 10.1 9.7
NGC 5194 SA(s)bcpec 1329527 +471143 172 42 8.0 6.05 10.73 9.5 94
NGC 3521 SAB(rs)bc 110548.6 -000209 340 73 10.7 3.34 10.83 9.2 9.0
NGC 2841 SA(r)b 0922026 +505835 153 74 14.1 0.20 10.93 10.1 8.5
NGC 7331 SA(s)b 223704.1 4342457 168 76 14.7 4.20 11.0 10.1 9.7

Notes. The parameters given in each column are as follows: 1) galaxy designation, 2) morphological type, 3) and 4) co-ordinates in J2000.0, 5)
position angle, 6) inclination, 7) distance in megaparsecs, 8) SFR, 9) stellar mass, 10) atomic gas mass, and 11) molecular gas mass. Data for
columns 2) to 8) can be found in Walter et al. (2008) and 9) are primarily from Leroy et al. (2013, 2019), among other sources (see Sect. 2 for
details). For columns 10) and 11), the HI and H, gas masses are mostly taken from Leroy et al. (2008) (see Sect. 2 for details). The SFRs for
NGC 2366 and NGC 4449 are from Hunter et al. (2001) and Calzetti et al. (2018), respectively.

are capable of predicting metallicity gradients in simulated
galaxies that match findings in observational data and support
current models of their evolution. One of these, IllustrisSTNG
(Nelson et al. 2019), is a set of state-of-the-art cosmological,
magnetohydrodynamical simulations designed to simulate the
formation and evolution of galaxies in a cosmological setting
(e.g. Hemler et al. 2021; Garcia et al. 2023, 2024).

Using simulations and observational data, there have been
numerous studies on how the stellar mass is linked to the
shape of the metallicity gradient (e.g. Sharda et al. 2021). These
works suggest that massive galaxies tend to form earlier and
in denser environments than their less massive counterparts.
In contrast, less massive galaxies experience more prolonged
gas accretion, as different physical processes occur within them
(Camps-Farifia et al. 2023).

An important result emerging from these findings is the cor-
relation between stellar mass and gas-phase metallicity in galax-
ies, commonly referred as the mass-metallicity relation (MZR or
MMR), which was firmly established by Tremonti et al. (2004)
using data for approximately 53 000 galaxies in the Sloan Dig-
ital Sky Survey (SDSS). Subsequent studies (e.g. Ellison et al.
2008; Dib et al. 2011; Lara-Lépez et al. 2013) have revealed an
additional correlation between the SFR and metallicity, whereby
galaxies with higher SFRs tend to exhibit lower metallicities. The
MMR can be explained by galactic outflows of metal-rich gas
being more effective in low-mass galaxies, whereas galaxies with

larger potential wells are able to retain most ejecta inside the halo,
which can later be recycled (e.g. Tremonti et al. 2004; Ma et al.
2016).

One of the main objectives of Metal-THINGS is to com-
bine the rich multi-wavelength information available across
different spectral ranges to obtain a more complete understand-
ing of the physical processes that govern galaxy evolution. This
approach allows for the simultaneous analysis of stellar popu-
lations, gas content, dust, and star formation. Currently there
are only a few extragalactic surveys that provide a compre-
hensive multi-wavelength coverage, (i.e. the PHANGS survey,
Leroy et al. 2021; Emsellem et al. 2022), most of them focus-
ing on more massive systems. This results in a more critical gap
in our understanding of the processes taking place in low-mass
galaxies, which remain underrepresented. Metal-THINGS tries
to address this limitation by targeting galaxies in a wide range of
stellar masses with spatially resolved data across multiple wave-
lengths.

In this study, we characterise and analyse the metallicity gra-
dients of the Metal-THINGS galaxy sample. Despite extensive
efforts, our understanding of how metallicity gradients depend
on certain galactic properties remains incomplete. We further
investigate the role of the HI gas mass in shaping the overall
metallicity gradients across the sample.

This paper is organised as follows. In Section 2 we describe
the observations made for the Metal-THINGS survey along with
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the reduction process. In Section 3, we explain the methodology
used for the extinction correction, the identification of diffuse
ionised gas (hereafter DIG), ‘Baldwin, Phillips, & Terlevich’
(Baldwin et al. 1981, hereafter BPT) diagnostic diagrams, and
the estimation of the gas-phase metallicities and their gradients
in our sample. A discussion is presented in Section 4, and finally
our summary and conclusions are given in Section 5.

2. Observations and data reduction

The observations used in this paper are part of the Metal-
THINGS survey (Lara-Lépez et al. 2021), devised as a follow-
up on the THINGS survey (Walter et al. 2008), with galaxies
that cover a wide range of stellar masses and present different
properties and morphologies. All 25 galaxies in our sample were
observed between the years 2017 and 2025, as is described in
Table 1, using the 2.7m Harlan Schmidt telescope at McDon-
ald Observatory, Texas. The integral field unit (IFU) George and
Cynthia Mitchell Spectrograph (GCMS, Hill et al. 2008) was
used in the red set-up with the low-resolution grating VP1 with
a resolution of 5.3 A. The average seeing during the observa-
tions was 1.2”. Due to the extended nature of our galaxies, we
observed several partially overlapping pointings for each galaxy,
as it is indicated in Table 1.

The GCMS is a square array of 100 x 102", with a spatial
sampling of 4.2”, and a 0.3 filling factor. The IFU consists of 246
fibres arranged in a fixed pattern. Every pointing is observed with
three dither positions to ensure a 90% surface coverage. Due to
the extended nature of these galaxies, off-source sky exposures
were taken for sky subtraction during the data reduction pro-
cess. Every pointing was observed for 900 seconds per dither,
followed by a sky exposure, and repetition of the same process
until reaching a total of 45 minutes per dither. For fainter galax-
ies such as DDO 53 and DDO 154, we increased the exposure
time up to an hour per dither to ensure a higher signal-to-noise
ratio (S/N) and the detection of emission lines.

The data reduction was performed as described in
Lara-Lopez et al. (2021, 2023). The basic data reduction, bias
subtraction, flat frame correction, and wavelength calibration
was performed using P3D'. The rest of the data reduction includ-
ing sky subtraction, flux calibration, a combination of dithers,
and mosaic generation was performed using our own routines
in Python. Since we used several individual pointings for the
same galaxy, astrometry was applied to each pointing. First,
each pointing was converted into a collapsed data cube, then,
we identified several stars and used the same star positions from
the Two Micron All-Sky Survey (2MASS, Skrutskie et al. 2006).
Next, we applied the astrometry to each pointing using our own
routines in Python (for more details see Gardufio et al. 2023).
Finally, we assembled all the individual pointings and built a
mosaic for our sample.

The stellar continuum of all flux-calibrated spectra was fit-
ted using STARLIGHT (Cid Fernandes et al. 2005; Asari et al.
2007); for a detailed description of this procedure see
Zinchenko et al. (2016). In summary, to fit the continuum 45
simple stellar population (SSP) models from the evolutionary
synthesis models of Bruzual & Charlot (2003) were used, with
ages from 1 Myr up to 13 Gyr and metallicities of Z = 0.005,
0.02, and 0.05. The fitted continuum was subtracted from the
spectra, and the emission lines were measured using Gaussian
line-profile fittings. In this paper, the individual spectra of single

I https://p3d.sourceforge.io
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fibres are used, which are independent of each other. This is in
contrast to other IFU data that rely on image fibres.

In Table 2, we gathered physical data for all galaxies in our
sample. Here, for each galaxy, we report their morphology, right
ascension (RA), declination (Dec), position angle (¢), inclina-
tion (i) and distance (D) as specified in Leroy et al. (2008). For
the stellar mass (log(My,r/Ms)), most values are taken from
Leroy et al. (2019), while those for Holmberg I, Holmberg II,
NGC 4214, and DDO 154 are from Leroy et al. (2013); DDO 53
from Egorov et al. (2021); and NGC 2366 from Micheva et al.
(2017). Additionally, their atomic gas mass (log Myy) and
molecular gas mass (log My, ), are mostly taken from Leroy et al.
(2008), while NGC 4826 is from Casoli & Gerin (1993); and
DDO 53, NGC 1569, NGC 2366, NGC 5457 and M81 DwB
from Walter et al. (2008).

As is seen in Table 2, our sample of galaxies spans a range
of stellar masses from ~10” Mg, to ~10'! M, covering both low-
mass and more massive galaxies, including irregular and disc
galaxies. Distances to them vary from 2 Mpc to 14.7 Mpc, ensur-
ing sufficient spatial resolution for the analysis of the entire
sample. Additionally, our sample includes galaxies with a wide
range of SFRs, spanning from 0.004 My yr~' to 6.05 My yr™!
(Walter et al. 2008).

The Metal-THINGS survey offers a spatial resolution rang-
ing from 40 to 300pc, which stands out as one of its key
strengths. In comparison, other major IFU surveys have lower
spatial resolutions: in CALIFA the range is from 0.28 to 1.63 kpc
(Garcia-Benito et al. 2015), in MaNGA it spans the range of
1.2-3.8 kpc (Wake et al. 2017), and SAMI from 0.21 to 4.7 kpc
(Green et al. 2018). Only PHANGS achieves comparable reso-
lution, ranging from 40 to 100 pc (Emsellem et al. 2022). This
highlights the unique ability of Metal-THINGS to probe the
internal structures of nearby galaxies at sub-kiloparsec scales.

3. Methodology
3.1. Extinction correction and DIG identification

The extinction correction was derived using the Balmer decre-
ment in order to obtain the reddening coefficient C(HB). Case
B recombination was assumed, with a density of 100 cm™3 and
a temperature of 10* K. The predicted ratio unaffected by red-
dening or absorption correction of Ha/HS is 2.86 according to
Osterbrock (1989). Hence the coefficient is given by

1 o (I(Ha/)/T(Ha/))
o E\1mp)| F@p) )

where ¥ (Ha) and F (HpB) are the observed fluxes, and f(2) is
the reddening curve normalised to HB using the Cardelli et al.
(1989) extinction curve. When the intensity ratio, I(Ha)/I(HB),
is lower than the theoretical value, then the adopted reddening
is zero. Given that Balmer emission line fluxes were corrected
for underlying stellar absorption using SED models obtained by
Starlight, no further correction is applied. Extinction corrected
He maps of the observed galaxies are shown in Figures B.1, B.2
and B.3, in Appendix B. All fluxes were initially taken in units
of 107 "% erg/s/cm?/ A.

A key component of the ISM in galaxies, DIG, also known
as the warm ionised medium (WIM), is a warm (~10* K), low-
density (~10~' cm™) gas phase found in the ISM of galaxies
(e.g. Kaplan et al. 2016). The existence of this gas component
provides evidence of significant ionisation of the interstellar gas
outside bright, localised HII regions (Reynolds 1984). These

C(HB) =
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Table 3. Parameters that characterise the DIG models and BPT diagnostic diagrams for each galaxy.

1 2 3 4 5 6 7 8
Galaxy Jo B % DIG % % % Number of
[ergs™' cm™2] Model SF composite AGN fibres in BPT
DDO 53 8.03+0.05 1.267+0.006  28.03 100.0 0.0 0.0 60
DDO 154 55+0.8 22+0.2 50.90 100.0 0.0 0.0 14
Holmberg I 1.22+0.09 0.85+0.07 30.23 90.1 8.8 1.1 91
M81 DwB 2.38 +£0.05 1.40+0.03 26.87 100.0 0.0 0.0 37
Holmberg 11 1.55+0.06 0.70£0.03 17.61 98.32 1.34 0.34 597
NGC 2366 2.91+0.09 0.66 +£0.02 17.18  99.14 0.37 0.49 817
NGC 4214 9.24 +£0.42 0.52+0.02 57.65  99.44 0.40 0.16 1261
NGC 1569 159+1.0 0.38 +£0.01 31.98  99.33 0.40 0.27 752
IC 2574 6.8+0.4 0.94 £0.04 36.44  100.00 0.00 0.00 333
NGC 4449 3.73+£0.03  0.422+0.001 21.54 97.39 2.50 0.11 2680
NGC 2976 1.69 £ 0.07 0.46 £0.02 25.89  96.66 3.34 0.00 1313
NGC 3077 2.66 +0.09 0.75+0.03 26.73  92.88 6.96 0.16 632
NGC 2403 6.42+0.02  0.555+0.001 31.88  97.94 2.00 0.06 6584
NGC 925 2.15+0.03 1.10+£0.02 19.06  98.44 1.51 0.05 1919
NGC 3198 4.1+1.0 0.78 £0.011 6.16 77.02 22.65 0.32 618
NGC 4826 6.0+1.0 0.27+0.03 53.13 16.63 41.01 42.36 517
NGC 4736 0.97+0.12 0.26 £0.02 41.80  21.13 63.40 15.47 2049
NGC 3184 1.30+£0.03 0.97£0.03 11.40  70.02 29.14 0.84 2028
NGC 5457 2.62+0.03  0.541+0.007 25.04  76.01 23.30 0.69 3785
NGC 6946 2.12+0.08  0.409+0.007  9.55 87.01 11.76 1.23 3095
NGC 5055 6.5+0.2 0.86£0.02 12.23  72.85 26.57 0.58 2074
NGC 5194 1.25+0.03  0.421+0.006  9.55 40.98 46.26 12.76 7157
NGC 3521 14.5+0.2 0.574+0.004 17.20  53.26 46.00 0.74 1763
NGC 2841 2.13+0.11 0.56+0.03 2293  26.87 54.64 18.49 1098
NGC 7331 0.91+0.28 0.22 +0.06 12.33  66.52 31.38 2.10 1765

Notes. The information given in each column is as follows: 2) indicates the He flux threshold for 100% DIG dominance; 3) indicates the exponent,
B3, of each model; 4) shows the percentage of DIG fibres with regard to all considered fibres for each galaxy; 5,6,7) show the percentage of star-
forming, composite, and AGN fibres in the sample, respectively; 8) denotes the total number of fibres used for the BPT classification.
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012 3
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CH 11

0

23

IOgIO(HQ)corr

NGC 5194

Fig. 1. DIG models for individual galaxies. The fit is shown in blue, and the vertical red lines represent the Ha flux threshold for Cyy < 0.4 (solid)
and the flux threshold from Kaplan et al. (2016) (dashed). The vertical solid grey line shows log,,(fy) and the horizontal dashed grey lines the
median value of Cyyy for the 100 brightest and dimmest fibres. S/N > 3 for the used lines. The DIG models for the rest of the sample can be found

in Appendix A.

wide spread regions are distributed throughout the galactic disc
(Reynolds 1983) but further research has determined that DIG
extends up to two kiloparsecs above and below the plane of the
spiral galaxy’s disc (Madsen et al. 2006; Haftner et al. 2009). Its
low-level emission is a possible source of contamination super-
imposed over emission from H sc ii regions.

Despite generally not being a main component of the ISM,
DIG is significant in star-forming galaxies, and its contribution
to emission line fluxes can impact the interpretation of measured
metallicities, ionisation and BPT diagrams. Because of its poten-

tial importance, the effect of DIG on the metallicity gradients is
studied here.

To identify DIG we followed the methodology of
Kaplan et al. (2016), in which the observed He flux is described
as f(Ha) = Cyn f(Ha) + Cpig f(Ha), where f(Ha) is the Ha
flux measured in a given fibre, and Cyy and Cpig are the esti-
mated fractions of Ha emission from HII and DIG regions,
respectively, with Cyy = 1 — Cpyg.-

First, using all fibres where the Ha has S/N > 3, we
selected the 100 brightest and dimmest fibres in Ha to find the

A226, page 5 of 31
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Fig. 2. [N II] BPT diagrams for individual galaxies, with SF-like (in blue), composite (in green) and AGN-like (in red) characteristics. Black
curves, solid and dashed, represent the borders between the different regions, as defined in Kauffmann et al. (2003) and Kewley et al. (2001). The
mean error in both axis is represented as a cross in the bottom right corner area of each diagram. Only fibres with a S/N > 3 in all lines used are
shown. Outlined points represent DIG fibres. The BPT diagrams for the rest of the sample can be found in Appendix C.

characteristic values of ([S II]/Ha)yy and ([S 11]/Ha)pig in order
to calculate an initial guess for individual Cyyy values, as speci-
fied in Kaplan et al. (2016). With this first estimate of Cyyy, we
can solve for one value of f; and B for each galaxy fitting the
data to the following equation, weighting it with the uncertainty
in the He line flux

fo
f(Ha)

where fj is the limit value of f(Ha) such that 100% of the flux
comes from DIG and § accounts for the variation in surface
brightness of the DIG.

We next solved for a final Cyy with fy and 8. We re-used
Equation (1) and each fibre’s f(Ha) to calculate a final Cyyy
for each fibre where f(Ha) > fy. In this study, we employ two
different thresholds for the identification of DIG fibres, namely
Cun < 0.4 and Cyy < 0.6, to evaluate its contribution to metal-
licity gradients. The emission of fibres with Cyy; < 0.4 is consid-
ered to be dominated by DIG, whereas a threshold of Cyy < 0.6
is adopted from Kaplan et al. (2016) and is used to briefly com-
pare the effect of varying the threshold on the estimation of
metallicity gradients.

In the case of NGC 4736 (Fig. A.2, first row, third column),
we can see a clump of fibres in the upper left region of the Cyyy
diagram. This behaviour was further studied and we conclude
that these do not belong to a particular pointing, but to outer
regions of the galaxy where the concentration of DIG is greater.

B
Cun =10 —( ) i (for f(Ha) > fo), ey

3.2. Diagnostic BPT diagrams

The BPT diagram is defined as a diagnostic tool for empirically
distinguishing the origin of the emission in galaxies, specifically
between AGN and star-forming (SF) emission using line flux
ratios ([O IIT]/HB, [N II]/He, [S IT]/Ha, and [O I]/Ha). The clas-
sification schemes used in this paper are based on the [O III]/HB
versus [N II]/Ha line ratio diagrams, hereafter [N II] BPT dia-
gram. We selected SF-type regions following the criteria given
by Kauffmann et al. (2003) in the [N II] BPT diagram, AGN-like
regions follow the criteria from Kewley et al. (2001), and com-
posite regions as those in between both demarcations.

Using the outlined classification schemes, the BPT diagrams
for our galaxies are shown in Figures 2, C.1 and C.2, and its
respective percentage of SF, Composite and AGN is shown in
Table 3. Analysing our results, we find that, as was expected,
low-mass galaxies are primarily composed of SF-type regions,
while the percentage of AGN-like regions increases in more
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massive galaxies. It is important to note that the classification
of fibres as ‘AGN-like’ does not necessarily indicate the pres-
ence of an AGN, as DIG, shocks or post-asymptotic giant branch
(pAGB) stars can produce line ratios that mimic AGN emission
when located in a BPT diagram (e.g. Teimoorinia et al. 2024).

3.3. Estimation of gas metallicities

In this work, the gas metallicities and ionisation parameter
are estimated for the extinction corrected IFS data, specifically
for SF-type fibres selected from the [N II] BPT diagram (see
Section 3.2), and with S/N > 3 for all the required emission lines.
The following notation is used for the line ratios and excitation
parameter (P) defined by Pilyugin & Grebel (2016).

S5 = Iismae117.31 / T S2 = Iismas717,31/Iup
Ry = lioma3927,20/ Inip

R23 = R2 +R3

N> = Iinmanesas,s4/ Tup
R3 = Iio1ma14959,5007 / Inp

P =R;3/Ro3 = R3/(Ry + R3). )

We use the calibration of Pilyugin & Grebel (2016, hereafter,
PG16), which uses the strong lines Ny, S, and R; as defined in
Eq. (2). The basis of this method is that the N, ratio is an indi-
cator of T, in HII regions, so that the 7.—log(N;) relation has a
dependence on the excitation parameter P (Eq. (2)) at high elec-
tron temperatures. The oxygen and nitrogen abundances both
present clear monotonic relations with log(N,) with both rela-
tions exhibiting a dependence on P at high and low metallici-
ties X/H (i.e. high T.) where X/H may denote the abundances
12 +1log(O/H) and 12 + log(N/H) (Pilyugin & Grebel 2016).

To account for the electron temperature, T, and the level
of excitation parameter dependencies, Pilyugin & Grebel (2016)
divides its metallicity calibration into two branches at log(N,) =
—0.6, with an upper branch (O/H)*S’U (log(N,) = —-0.6) and a
lower branch (O/H)’g,L (log(N,) < —0.6). The resulting cali-
brations are based on the sulphur S, ratio as noted in equation
(2) (thereby the ‘S calibration’), and takes into account the cor-
relation with P, where we denote the metallicity as (O/H)* =
12 + log(O/H). It should be noted that the PG16 calibration is
compatible with the typical T, metallicity scales of HII regions,
and in general shows a smaller scatter compared to calibrations
using auroral lines such as [O II1]A4363, [N II]A5755, and [S
[I1]16312 (Pilyugin & Grebel 2016).

The gas-phase metallicity maps estimated in this manner can
be found in Figs. F.1, F2, and F.3, in Appendix F. The gas
metallicities of fibres identified as being dominated by DIG was
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Appendix E).

estimated in the same manner, and it is flagged with green circles
in the same maps.

3.4. The mass—metallicity relation

To further characterise our sample, we located our galaxies in
the so-called MMR. Figure 3 illustrates this relationship using
data for 69 830 galaxies from the SDSS (as the shaded region).
For these galaxies, a maximum value for their redshift was set to
z = 0.2 and their minimum to z = 0.04, with the intention of hav-
ing a sample representative of the local Universe. Emission-line
fluxes of the SDSS galaxies were taken from the OSSY cata-
logue2 (Oh et al. 2011).

The gas metallicities for SDSS galaxies were also estimated
using the PG16 method for consistency. We used only SF-
galaxies selected with the BPT diagram, and imposed a cut of
a S/N>3 in each one of the emission lines used. In this plot,
results from our Metal-THINGS sample of galaxies are shown
as black diamonds. The mean gas-phase metallicity for Metal-
THINGS galaxies, as well as its uncertainty found in Table 4,
are an error weighted average of the SF fibres using the PG16
method described above.

Figure 3 shows that most of our galaxies align within the
contours of the SDSS population, with statistically similar metal-
licities. We highlight that our sample includes several galax-
ies with log(My./Ms) < 9, which generally have a lower
metallicity than the majority of the SDSS galaxies at the same
stellar masses. Not many works have explored this region of
the diagram as of the time of writing this paper, some of
them being very recent (e.g. Duarte Puertas et al. 2022). Broader
IFU surveys that extend to galaxies with higher stellar masses
include MaNGA (10°-10"? M, Oyarziin et al. 2023), CALIFA
(10°=7x 10'"" My, Gonzélez Delgado et al. 2015), or the Physics
at High Angular resolution in Nearby GalaxieS (PHANGS) sur-
vey (10°9-10'"" My, Lee et al. 2022).

It is important to highlight that differences in aperture size
between Metal-THINGS and SDSS can introduce systematic

2 https://data.kasi.re.kr/vo/0SSY/index.html

uncertainties in this comparison. As noted by Kewley et al.
(2005), when the SDSS optical fibre covers more than 20%
of a galaxy (which statistically corresponds to z ~ 0.04),
the derived metallicity closely approximates the global value.
In cases where the coverage is lower, such as nearby and/or
large-angular-size galaxies, this limitation can lead to an over-
estimation of the global metallicity as the measurements pri-
marily sample the more metal-rich central regions (see also
Pilyugin & TautvaiSiené¢ 2024). In order to highlight the lim-
ited aperture effects, in Fig. 3 we also show the MMR from
MANGA galaxies (Barrera-Ballesteros et al. 2017), recalibrated
to the PG16 indicator for consistency (see Appendix E). Metal-
THINGS galaxies are aligned with the MANGA MMR, and
within the area populated by SDSS galaxies.

The galaxies in our sample follow a trend similar to the
MMR with respect to the main sequence (MS) of star-forming
galaxies (e.g. Noeske et al. 2007): more massive galaxies tend
to lie on the MS, while less massive ones are typically found
below it. This behaviour and other results will be further studied
in future works using the Metal-THINGS data.

3.5. Metallicity gradients

In this section, we explore the gas metallicity gradients of the
Metal-THINGS sample and the effect of the normalisation radius
that is used. For this, only SF-type fibres were used and gas
metallicities were estimated as described in Section 3.3.

Each galaxy was deprojected and the distance from each
fibre to the centre in each case was estimated considering the
respective position angle (¢) and inclination (i) given in Table 2.
To estimate metallicity gradients, a linear fit was used such that
12 +log(O/H) = (O/H)" = (O/H)o + Vo - 1, 3)
where r = R/Reg.

Historically, gas metallicity gradients have been normalised
in different ways, either using R»s (e.g. Magrini et al. 2016),
where R;s is defined as the radius from the centre of a galaxy
at which the ug = 25.0mag/arcsec’ isophote resides, Rey in
different bands (e.g. Mingozzi et al. 2020, using r-band effec-
tive radii), or without any normalisation (e.g. Franchetto et al.
2021 using distances in kpc). To date, some works in the litera-
ture normalise metallicity gradients using effective radii across a
mix of bands, even though the effect of R.¢ in different colours
has not been extensively studied. Here we explore this effect by
using several effective radii, in the NUV band (R.g, yyv). R band
(Ref, 1), Ks band (Refr, k), and Rps.

For the effective radii (R.f), we used values from Valerdi
et al. (in prep.), which were calculated in multiple bands using
GALFITools v0.15.23 (Aforve 2023) by fitting one or more
components to the light profile of each galaxy. This process
numerically integrates all used profiles, using a more robust
methodology than many previous attempts and yields smaller
dispersions in the resulting radii. All photometric data used
for this procedure originated from the GALEX survey for the
NUYV band (1770-2730 A) (Martin et al. 2005); for the r band
(6231 A), the Pan-STARRS (Chambers et al. 2016) and SDSS
(York et al. 2000) surveys; and for the Ks band (2.159 um), the
2MASS survey (Skrutskie et al. 2006). A key point to take into
consideration is that low-mass galaxies often lack emission in
the redder parts of the spectrum, particularly in the near-infrared
(e.g. the K, band) and are barely detectable in these bands. This

3 https://github.com/canorve/GALFITools
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Fig. 4. Metallicities and linear models for each galaxy in units of [dex/R], labelled accordingly. The colour code is the same for all galaxies,
such that the abundances analysed with the upper branch of PG16 are represented in black and those calculated using the lower branch in blue.
Additionally, green outlined markers represent DIG-dominated fibres in each galaxy. The red lines are models that consider all fibres, and the blue
lines represent models with no DIG fibres. Grey lines represent resulting parameters from different iterations of the MCMC fit. Effective radii
in the NUV-band are used. NGC 6946 has been additionally fitted with a piecewise linear function. The metallicity gradients for the rest of the

sample can be found in Appendix G.

leads to large photometric uncertainties and, consequently, unre-
liable measurements of their effective radii in these wavelengths.
Furthermore, the measured effective radius can vary significantly
depending on the photometric band used, as there is a com-
plex dependence of both population gradients and attenuation
on galaxy morphology, stellar mass and environment (Baes et al.
2024).

We show metallicity gradients normalised using the effective
radii in the NUV band in Figures 4, G.1, G.2 and G.3 as these
are the data for which Valerdi et al. (in prep.) reports more robust
results, while covering a large number of galaxies in our sample.
Table 4 shows the fitted coefficients, where (O/H), is the metal-
licity or oxygen abundance at the centre of the galaxy and Vo/u
is the slope of the linear relation, which is our metallicity gra-
dient. It is also important to note that the position angle (P.A.
or ¢) is measured counter-clockwise between the north direc-
tion in the sky and the major axis of the receding half of the
galaxy. In the case of NGC 3077, the effective radius in the NUV
band could not be calculated due to bad quality data (see Valerdi
et al., in prep.), and thus, the value for the r band was used
instead. All cases were fitted with a Bayesian model using
the Python packages PyMC v5.16.2 (Abril-Plaetal. 2023)
and BAMBI v0.14.0 (Capretto et al. 2022), with four MCMC
chains, 3000 iterations each.

Bayesian fitting methods are preferred as they incorpo-
rate prior knowledge and uncertainties directly, providing a
full posterior rather than just single-point estimates, as in the
least-squares method. This is especially useful when data qual-
ity varies, as is common in observations of faint galaxies.
They yield more robust estimates, smaller and more realistic
errors, and allow for a credible assessment of fit parameters
and model reliability, making them more suited for this work.
All resulting parameters obtained for the entire galaxy sam-
ple, those with highest posterior probability, including metal-
licity gradients,Vo,u, central metallicities, (O/H),, and mean
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gas-phase metallicity (O/H*), along with their dimensions and
errors, are displayed in Table 4.

4. Discussion

We find that negative metallicity gradients dominate the sample,
consistent with inside-out galaxy growth. Notably, Holmberg I
exhibits a positive gradient, which could be explained either by
limitations in data quality or by a physical mechanism, which
will be discussed in Section 4.2. Dispersion in the data varies
across the sample, with larger galaxies generally showing lower
scatter along the linear fit, something that could be attributed to
their more uniform star-forming regions or higher quality of data
coverage.

Irregular galaxies pose a greater challenge for linear fitting
due to their more complex morphology. Nevertheless, the major-
ity of linear fits achieved relatively high confidences, as is sup-
ported by the analysis of the MCMC chains. Exceptions are
observed in galaxies with a poorer S/N, where confidence in
gradient measurements decreases due to sparse sampling. Some
galaxies show evidence of a break in their gradients, where the
metallicity trend changes at a certain distance from the centre.
Cases in our sample that show this behaviour are NGC 2366,
NGC 4826, NGC 6946, NGC 5055 and NGC 3521, where the
observed metallicity gradients exhibit patterns that align well
with a fit using a piecewise linear function, as is shown in
Figs. 4, G.1, G.2, and G.3. Further analysis of this phenomenon
on NGC 3521 is found in Pilyugin et al. (2025).

These initial results suggest no apparent correlation between
a galaxy’s size or morphology and its metallicity gradient,
beyond the influence of data quality. However, we study the rela-
tionship of the gradient with the stellar mass and atomic gas
fraction with a more robust statistical framework later in this
work. Mean metallicity values align well with those reported in
previous studies, including the original paper on the THINGS
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Table 4. Mean gas-phase metallicities and linear models parameters for each galaxy.

1 2 3 4 5 6 7
Galaxy Mean Req V(O/H) O/H, V(O/H) O/Hy
metallicity NUYV band no DIG no DIG with DIG with DIG
(O/H*) [arcsec] [dex/Reg] [dex/Reg]
DDO 53 7.665 +0.003 21.06 -0.03+0.02 7.75+0.09 -0.03+0.02 7.75 +0.09
DDO 154 7.74 +0.01 36.75 -0.07+0.17 7.82+0.26 -0.07+0.17 7.82+0.26
Holmberg 1 7.755 £ 0.006 68.85 0.45+0.19 7.38 +£0.18 0.20+0.17 7.60+0.17
M81 DwB 8.011 +£0.002 14.79 0.01 =0.05 8.01 +£0.04 0.01 +0.05 8.01 +£0.04
Holmberg 1T 7.672 +0.002 129.06 -0.18+0.03 7.79 +£0.03 -0.17+0.03 7.80+0.03
NGC 2366 7.851 +£0.001 121.97 -0.214+£0.017 7.988+0.014 -0.221+0.018 8.007=+0.015
NGC 4214 8.1907 + 0.0004 63.09 -0.027+0.003 8.214+0.003 -0.03+0.003 8.202+0.004
NGC 1569 8.1281 +0.0001 16.70 -0.012+0.002 8.153+0.006 —0.008+0.003 8.145+0.007
IC 2574 7.840 +0.001 185.88 —-0.204 £0.028 8.084+0.037 -0.19+0.028 8.069 +0.038
NGC 4449 8.2150 + 0.0001 45.00 -0.023+£0.001 8.26+0.003 —-0.02+0.001  8.254 +0.003
NGC 2976 8.3607 +0.0003 68.46 —0.041+£0.005 8.366+0.006 —0.069+0.006 8.384+0.007
NGC 3077 8.4288 +0.0004 - - - - -
NGC 2403 8.3541 +0.0001 220.76 —0.138 £0.004 8.442+0.003 -0.159+0.004 8.442+0.003
NGC 925 8.2695 + 0.0004 199.22 -0.127+0.006 8.350+0.004 -0.127+0.006 8.350+0.004
NGC 3198 8.4746 +0.0003 127.5 -0.196 £0.006 8.603+0.004 -0.201+0.006 8.605+0.004
NGC 4826 8.6187 +0.0002 57.09 —-0.011+0.014 8.620+0.008 —0.064 +£0.006 8.648 +0.005
NGC 4736 8.5694 + 0.0002 40.84 -0.014+£0.002 8.582+0.004 -0.046+0.004 8.617+0.007
NGC 3184 8.5306 = 0.0004 109.91 —0.082+0.004 8.575+0.004 -0.085+0.005 8.575+0.004
NGC 5457 8.4896 + 0.0002 323.72 —-0.235+0.004 8.596+0.002 -0.271+0.005 8.602+0.003
NGC 6946 8.5405 +0.0001 203.37 -0.102+0.002 8.598 +£0.002 —0.104+0.002 8.599 +0.002
NGC 5055 8.5685 +0.0002 149.35 —0.031+£0.003 8.585+0.002 -0.037+0.003 8.588+0.002
NGC 5194 8.5955 +0.0001 150.59 -0.019+0.002 8.607+0.002 —-0.022+0.002 8.609 +0.002
NGC 3521 8.5922 +0.0001 121.43 —0.054+0.003 8.633+0.002 -0.069+0.002 8.643 +0.002
NGC 2841 8.5959 + 0.0008 115.38 -0.041+£0.007 8.630+0.008 -0.069+0.008 8.655+0.010
NGC 7331 8.5507 +0.0002 193.52 —-0.105+0.005 8.614+0.005 -0.11+0.005 8.616=+0.005

Notes. Each column shows information as follows: 1) galaxy designation; 2) mean gas-phase metallicity; 3) and 6) linear model parameters and
errors without DIG-dominated fibres; 7) and 8) linear model parameters and errors with all fibres. Each linear model was fitted using a Bayesian
MCMC routine. For the metallicity values, the average value was calculated for each galaxy using all PG16 values for each fibre weighted by the

uncertainty.

survey (Walter et al. 2008), further reinforcing the reliability of
our results.

4.1. Effect of DIG on metallicity gradients

We now evaluate whether the inclusion of the DIG-dominated
fibres produce important variations in the estimation of the
metallicity gradients. By observing the metallicity gradients in
Figures 4, G.1, G.2, and G.3, as well as the values in Table 4, we
find a median difference between the value of the gradients with
and without DIG fibres of 0.0055, and 0.0057 for the zero points.
Another trend that is visible in our figures is that DIG fibres gen-
erally have lower metallicities than fibres classified otherwise at
similar distances, which is consistent with their nature. Further
analysis shows that the main difference the DIG introduces is
in the value of the gradients. However, it is clear that generally
DIG does not seem to have a significant effect on the metallicity
gradients, independently of mass or morphology of the galaxy.
However, there are two exceptions; namely, Holmberg I and
NGC 4736. In the case of NGC 4736, the larger difference in
its gradient could be explained by the high percentage of DIG
fibres, with a contribution of its irregular morphology, inner and
outer rings (Smith et al. 1991). This galaxy also shows evidence
of a low-luminosity AGN (Pellegrini et al. 2002), which could
point at another possible source of this behaviour. The fact that

it is still not fully mapped by the Metal-THINGS survey (see
Appendix B), lays the possibility for future work exploring this
particular galaxy in a deeper analysis once completely mapped.
In the case of Holmberg I, the S/N across the majority of the
data is generally poor, resulting in a significantly reduced num-
ber of available fibres due to the S/N cut of 3. Consequently, the
Bayesian linear model that was used to fit the dataset exhibits
a high uncertainty. A small subset of data points can thus intro-
duce significant variations in the resulting fit. This is despite the
fact that Holmberg I does not contain a relatively high fraction
of DIG fibres.

With the exception of these two cases, we find no significant
effects caused by the DIG in the gradients of the studied galaxies.
In other works, such as Poetrodjojo et al. (2019), a more signif-
icant effect is found, which is explained by the difference in the
threshold imposed to distinguish H II fibres from DIG ones. In
that work, all fibres with Cyp < 0.9 were considered to origi-
nate from DIG, with a similar fraction in other similar works. In
contrast to that, the condition set for this work is so that all fibres
with Cyp < 0.4 are considered to be DIG fibres.

Upon examining Figures 4, G.1, G.2, and G.3, it is evident
that fibres associated with DIG generally tend to have lower
oxygen abundances compared to fibres where Ha emission is
predominantly from HII regions. As a result, the metallicity
gradients of galaxies with a high fraction of DIG fibres tend
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Fig. 5. Relation between the stellar mass and the metallicity gradient using the NUV-band radius (top) and r-band radius (middle) and K;-band
(bottom) for normalisation. Coloured markers correspond to the sample of galaxies used in this study, and are coloured such that it represents the
fraction of atomic gas of a given galaxy against the sum of the mass in stars and atomic gas, as it is indicated in the colour bar. Grey markers
correspond to the gradients of galaxies studied in Poetrodjojo et al. (2021), calculated using PG16’s S calibration. The red line shows the piecewise
linear fit to this data, which illustrates the tendencies of the gradients as mass increases. Green arrows show the deviation from values achieved
using a DIG threshold of Cyxy > 0.6 as seen in Kaplan et al. (2016), when compared to our threshold of Cyyy > 0.4. The black triangles represent
the values of the gradients in the first (pointing up) and second (pointing down) intervals of the piecewise linear functions for those galaxies fitted
in that manner. Galaxies with stellar masses log(My../Ms) = 9.5 (dashed purple line) have on average disc-like morphologies (Simons et al. 2015).

Table 5. Break points and RMSEs for the piecewise linear fits in the relations in Figure 5.

1 2 3 4 5 6 7 8 9 10 11 12
Normalisation ~ SAMI ~ SAMI+M-T RMSEp, —v (SAMI) RMSEwy, -v (SAMI+M-T) RMSEpy,-v (M-T)
Radius Break Break

[logM;] [logMs] Lower Upper Global Lower Upper Global Gower Upper Global
Ree NUV 9.6+0.2 0.063  0.045 0.055 0.154 0.065 0.118
Reft.» 9.6+0.2 9.4+0.2 0.044 0.039 0.042 0.067 0.041 0.053 0.196  0.036 0.149
Retr ks 9.6+0.1 0.043  0.039 0.041 0.009 0.038 0.030

Notes. We calculated each value separately for the SAMI and Metal-THINGS (M-T) samples along with the combination of both. Values were
calculated globally, as well as separately for data below (lower) and above (upper) each break point.

to be marginally steeper when these data are excluded from the
analysis.

4.2. The stellar mass-metallicity gradient relation

In this work, we successfully analyse and model the metallicity
of a sample of galaxies with diverse values of stellar masses. As
anext step, we explore the relationship between a galaxy’s stellar
mass and its respective metallicity gradient.

Some studies indicate that metallicity gradients exhibit a
break in their dependency on the mass of the galaxy. In the
lower mass range, specifically at log(M/My) < 9.5, the gra-
dient becomes steeper (more negative) as the mass increases,
up to a threshold of 10%3 M. At this point, there is a break
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in this trend, after which metallicity gradients begin to flatten,
becoming shallower as the mass of a galaxy continues to increase
(Belfiore et al. 2017; Poetrodjojo et al. 2021).

To determine if our results align with this trend, we com-
pared the metallicity gradients we calculated with the data from
Poetrodjojo et al. (2021), as they employ the same abundances
calibration and incorporate a break in the mass-metallicity gra-
dient relationship. Figure 5 shows the metallicity gradients
obtained in this work, shown for effective radii in the NUYV,
r, and K, bands, respectively, against the stellar mass of each
galaxy. Metallicity gradients were also calculated using the
effective radii in K band, although for a smaller sample (see
appendix Sections H and I and Figure 5), providing similar
results to the r band. Metallicity gradients normalised using the



Valé, G., etal.: A&A, 701, A226 (2025)

isophotal radius, Rys, were also estimated (see appendix Sec-
tions H and I), although they are not directly comparable to those
of Poetrodjojo et al. (2021), which use Rcg.

In all panels of Figure 5, grey points represent data from
Poetrodjojo et al. (2021), based on the SAMI survey, with
the red line indicating the piecewise linear fit to this data
along with our sample, performed with the Python package
piecewise-regression v1.5.0 (Pilgrim 2021). The data in
these figures are colour-coded with the atomic gas fraction:

My,
MHI + Mstar

where My is the atomic gas mass taken from Leroy et al.
(2008). Since not all of our galaxies have information on their
molecular gas content, a comprehensive study incorporating it
could not be conducted.

As is shown in both figures, the majority of galaxies analysed
fall within the dispersion of the SAMI data, confirming that our
results are consistent with established expectations. The excep-
tions to this are three dwarf galaxies DDO 53, DDO 154 and
Holmberg I, which are located on the left-most side of both fig-
ures, corresponding to the lower mass range, an area where the
work previously mentioned lacks data, complementing this rela-
tion. Notably, these three galaxies also exhibit large uncertainties
in their metallicity gradients. For this relation, we were unable
to find other works that explore this low-mass regime, including
the surveys previously mentioned (SAMI, CALIFA, MaNGA,
and PHANGS).

When comparing all plots, using effective radii in the NUV
band, K band, and r band, we can better understand this relation-
ship and further contrast our results, which are, overall, consis-
tent with previously established fits in the literature. Specifically,
the metallicity gradients derived from our sample closely align
with values reported by Poetrodjojo et al. (2021), who found
similar trends for galaxies of comparable mass and morphology.
Furthermore, this shows the robustness of our methodology and
provides additional support for the general applicability of these
models.

Table 5 shows the RMSE values for the piecewise linear
fits in Figure 5, calculated separately for the SAMI and Metal-
THINGS samples, as well as for their combination. While the
main analysis uses the combined data, computing RMSE indi-
vidually reveals how Metal-THINGS data affects the SAMI fit
(dashed grey line in Figure 5).

From the piecewise linear fit shown in Figure 5 along with
the RMSE values, we can determine which normalisation band
provides a better representation across different stellar mass
regimes. At low stellar masses, normalising by the NUV-band
effective radius is recommended, largely because dwarf galax-
ies can be better observed in the ultraviolet and the R.g in this
wavelength is more accurate (see for instance DDO 53). Con-
versely, at higher stellar masses, normalisation using the r-band
effective radius produces much tighter correlations with lower
scatter. This result can be summarised by the following expres-
sion, where metallicity gradients were normalised using Reg NUv
for low-mass galaxies and Reg, for massive galaxies (see also
the bottom right panel of Fig. 5).

“

Sfeur =

(0.35 £ 0.10) — (0.04 + 0.03) X log(Myr /M),
if log(Mar/Mo) < 9.5

(—0.39 £ 0.13) + (0.03 £ 0.01) X log(Msar /M),
if log(Myiar/Mo) 2 9.5

Vomu =

®

where the break indicates the stellar mass at which each normali-
sation is used. Here, we find that cases with log(Mg,./Ms) ~ 9.5
show no evident signs of the preferred use of one band over the
other.

In Table 5, the overall RMSE measured for SAMI and the
combined SAMI+Metal-THINGS sample are very similar, with
a slightly higher RMSE observed in the lower mass branch for the
combined sample. This increase is primarily driven by the inclu-
sion of more low-mass galaxies in the extended sample. Such a
rise in scatter is expected, as low-mass galaxies are still actively
forming stars and their metallicity gradients tend to be intrin-
sically more variable, even showing positive gradients in some
cases (e.g. Holmberg I). This trend underscores the value of the
Metal-THINGS dataset in extending the stellar mass range and
revealing features and behaviours not captured by SAMI alone.

We also examined how the slopes of the piecewise fits in this
relation change across the three dataset combinations. Notably,
the slopes exhibit small differences, mainly located in the low-
mass range. When Metal-THINGS data are added to the SAMI
sample, the low-mass slope steepens or remains similar depend-
ing on the band: —0.04 + 0.01 dex/RegNuy from SAMI com-
pared to —0.04 + 0.3 dex/Regnuv or — 0.06 + 0.3 dex/Reg NUV
(see Appendix H). This highlights that the inclusion of Metal-
THINGS galaxies not only broadens the stellar mass range, but
may also modify the overall shape of the relation, especially
where SAMI’s coverage is more limited.

We can now briefly explore potential explanations for those
galaxies that deviate the most from the studied trends; that is,
those galaxies that fall higher or lower than previous estimates
for galaxies at similar stellar mass ranges. These are the follow-
ing:
(i) DDO 53, which shows a steep negative gradient with the
r-band normalisation. In Egorov et al. (2021), they present evi-
dence of current starburst behaviour possibly triggered by tidal
disturbances by the M81 group as a whole, or by interactions
with the intergalactic medium. They also show a value for this
galaxy’s weighted mean metallicity compatible with that calcu-
lated in this work, which can be considered as evidence to dis-
regard uncertainties in individual fibres as the likely reason for
its particular gradient, although it cannot be excluded that this
deviation could be artificial;

@ii) In DDO 154, we found evidence of an extended low
surface brightness component in the outer parts, but no evi-
dence of interactions with any nearby galaxy (Watts et al. 2018;
Carignan & Freeman 1988);

(iii) Holmberg I, for which evidence of ram pressure strip-
ping has been found within the M81 group in addition to four
expanding supershells of HI and 9 new faint HI regions, which
are likely candidates for mechanisms that explain its positive
metallicity gradient (Ott et al. 2001);

(@iv) IC 2574 is a gas-rich dwarf galaxy which is currently
forming stars and it does not show evidence of interactions
with other galaxies, one particular finding could be that around
90% of the galaxy’s total mass is in the form of dark matter
(Walter & Brinks 1997; Mondal et al. 2019; Karim et al. 2024);

(v) NGC 2366 is described as being a green pea analogue,
and shows evidence of a small satellite cloud which could have
triggered episodes of star formation in the southern half of the
galaxy (Micheva et al. 2017; Drissen et al. 2000);

(vi) NGC 5457 is the dominant structure in a small group
of galaxies (the M101 Group) with evidence of ongoing interac-
tions with its lower mass companions, which are likely contribut-
ing to the growth and reshaping of its outer disc (Mihos et al.
2013);
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Fig. 6. Relation between metallicity gradients and fraction of atomic gas of a given galaxy against the sum of the mass in stars and atomic gas
using all four available radii for normalisation. The colour of each marker represents stellar masses as indicated in the colour bar. The dashed red
line denotes a piecewise linear fit to the data, with the fainter red region denoting its confidence interval. Each normalisation radius for the fit has

been labelled accordingly.

Table 6. Root-mean-square error (RMSE) for piecewise linear fits and simple Bayesian linear fits for the relations found in Figure 6.

1 2 3 4 5 6
Normalisation Sfou1 RMSEg, ,,, (piecewise) RMSE;,,, (linear)
Radius Break Lower Upper Global Global

Refr, NUV 0.74+0.10 0.060 0.224 0.115 0.138

Ret v 0.75+0.10 0.036 0.331 0.152 0.148

Refr ks 0.53+0.09 0.028 0.028 0.028 0.032

Rys 0.51+0.13 0.115 0.328 0.197 0.237

Notes. Each value was calculated globally, as well as separately for points below (lower) and above (upper) the break point.

(vii) NGC 3198 shows no signs of interactions (Taga & Iye
1994). This galaxy shows significant inflows of gas that fit well
with the picture that its star formation is mainly fuelled by them
(Schmidt et al. 2016). While this could explain the steeper gra-
dient of this galaxy, further studies are needed to clarify this
behaviour.

Another notable case is NGC 7331, which exhibits signifi-
cantly different radii when measured in the r band and NUV band.
This discrepancy arises from its prominent central bulge, which is
brighter in the redder parts of the spectrum. As aresult, its metallic-
ity gradient is more sensitive to the choice of normalisation radius.
This will be further discussed in Valerdi et al. (in prep.). All pre-
vious characteristics of the described galaxies provide plausible
explanations for the various identified peculiar behaviours.
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In this work, we focus on the use of a threshold for DIG iden-
tification of Cyp < 0.4. The use of different Cy 1 thresholds, ours
and Cyy < 0.6, explores the sensitivity of metallicity gradients
to the assumed contribution of the DIG. The results of this com-
parison can be found in Figure 5, where green arrows indicate the
shift in gradient values for individual galaxies between the two
thresholds, such that each arrow points from the gradient calcu-
lated with DIG fibres satisfying Cypr < 0.4 to those calculated
with CHII < 0.6.

Overall, we find that the choice of Cyy threshold results in
relatively small differences in the derived metallicity gradients
for most galaxies in our sample, with the gradients remaining
generally consistent. However, one notable outlier, Holmberg I,
exhibits a significantly larger shift in its gradient, which suggests
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that the contribution of DIG in this galaxy may play a more
prominent role in shaping its metallicity distribution.

4.3. Metallicity gradient—atomic gas fraction relation

Studying the relationship between the metallicity gradient and
the fraction of atomic gas provides valuable information about
the interplay between the gas content and the chemical evolu-
tion of a galaxy. As HI gas is a key reservoir for star forma-
tion, its fraction serves as an indicator of a galaxy’s evolutionary
state, whereby galaxies with depleted atomic gas tend to be in
later stages of their evolution (e.g. Lagos et al. 2011). Analysing
this relation following our study of the stellar mass allows us
to examine physical mechanisms, such as gas loss, accretion, or
feedback, that drive the evolution of these gradients across our
sample of galaxies.

In Figure 6 we can find the relation between the metallic-
ity gradient and HTI gas fraction for our sample. We perform a
piecewise linear fit to these data, where generally we first find a
negative linear correlation between the value of the metallicity
gradients and the fraction of atomic gas up to a fraction of ~0.75
or ~0.5, depending on the normalisation radius, followed by a
positive linear correlation at higher atomic HI fractions.

At the higher end of the HI fraction (fyu1 > 0.75, when
using RegNuv O Reg,), metallicity gradients show a higher
dispersion, with some galaxies exhibiting steeper gradients.
This is consistent with these systems being gas-rich galaxies,
potentially being at earlier evolutionary stages (e.g. Sorai et al.
2019; Casasola et al. 2020) or more influenced by recent inflows
of metal-poor gas (e.g. Casasolaetal. 2004; Mancillas et al.
2019), which steepen these gradients. This relationship could
potentially serve as an initial estimate on metallicity gradients
for galaxies with estimated HI gas and stellar masses. Studying
cases with a higher confidence, the trend indicates that, gener-
ally, as the fraction of atomic gas of a given galaxy increases,
its metallicity gradient steepens up to f, 1 ~ 0.75, from which
point onwards they become shallower.

In Table 6, we show the root-mean-square errors (RMSEs)
for the piecewise linear fits as well as for simple Bayesian linear
fits for this relation, where we calculated this value globally and
separately for points that fall below and above the break point.
This helps us study the best fit values and normalisation radius
for different ranges of gas content in galaxies. We generally see
similar values or ones with lesser deviations for the piecewise fit,
and for galaxies with a higher gas content, the gradients calcu-
lated by normalising to the NUV effective radius exhibit values
with a lower dispersion. Additionally, we find smaller uncertain-
ties in the gradients for these galaxies in the NUV band, with
this effect being particularly evident for DDO 53. This improve-
ment in precision highlights the potential use of this band when
studying metallicity gradients in galaxies within this gas fraction
regime.

In contrast, for galaxies with a lower atomic gas content, the
gradients derived using the r band tend to show a much better
match in these fits, with a lower RMSE. This suggests that the
band may provide a more accurate representation of metallicity
distributions for galaxies richer in atomic gas.

In the case of galaxies falling between these two extremes
— that is, for intermediate-mass galaxies — the choice of band
seems to have a less significant impact on the derived metallic-
ity gradients, as both bands yield similar results for our sample
in this range. In these cases, normalisation with R,5 shows no
advantages over those performed with different effective radii.
For this analysis, we exclude results for normalisation using

effective radii in the K band as our sample is too small. In our
case, K;-band normalisation shows a good fit for galaxies with
lower gas content, while for larger fractions our sample lacks
data.

Returning to Figure 6, we also find that galaxies with a
lower fraction of atomic gas are generally more massive than
those at higher fractions, with two more prominent exceptions
at the lower end of the plot, NGC 1569 and NGC 2976. The
behaviour of these galaxies could be explained as follows: (i)
for NGC 1569, we found evidence of supernova explosions
expelling H1 gas from the central regions of the galaxy and large
outflows of gas extending to the north regions of the galaxy
(Johnson et al. 2012); (i1)) NGC 2976’s environment contains a
cloud of neutral hydrogen potentially interacting with the galaxy
and shows evidence of tidal stripping (Valenzuela et al. 2014),
explaining its gas deficiency. It is worth noting that NGC 1569
and NGC 2976 remain poorly studied in this regard. Further
investigating this aspect would require more resolved data in
optical and radio wavelengths.

5. Summary and conclusions

In this paper, we have analysed a sample of 25 galaxies (for
a total of 102 GCMS pointings) of the Metal-THINGS sur-
vey using integral field spectroscopic data. We corrected for the
effects of extinction every emission line used, and identified DIG
regions in every case. We used BPT diagnostic diagrams to clas-
sify our data as AGN, star-forming, or composite-type regions,
and estimated the gas metallicity for the star-forming type
regions using the S calibration described in Pilyugin & Grebel
(2016). Using Bayesian MCMC chains, we fitted our data to lin-
ear models to acquire the metallicity gradients for the entire sam-
ple using different normalisations (Reg r, Refr,NUvV, Ref, ks and
R»s).

We contrasted our results with previous works and analysed
each individual case in the sample. Our findings can be sum-
marised as follows:

— Negative metallicity gradients dominate our sample, which
is consistent with inside-out growth in galaxies. Most results
show high-quality fits, but smaller irregular galaxies pose
challenges to fitting a model, as data quality worsens (i.e. the
case of Holmberg I). Furthermore, values obtained for mean
gas-phase metallicities are compatible with those found in
previous works.

— We find no significant effects in the resulting metallicity gra-
dients caused by the presence of emission by DIG in these
galaxies, with the exception of two cases, Holmberg I and
NGC 4736, which are discussed in detail in Section 4.1. Fur-
thermore, we find that the choice of threshold for the identifi-
cation of DIG fibres generally produces minimal differences
in the gradients, with the exception of Holmberg I, which
shows a significant shift.

— Our metallicity gradients are consistent with results for
similar cases from previous works, more precisely that of
Poetrodjojo et al. (2021), and present a smaller dispersion.
When plotted as a function of the stellar mass, we find evi-
dence of a break in a piecewise linear fit at log(M,/Mp) =~
9.5, such that galaxies at lower masses have steeper gradients
with increasing mass, and galaxies at higher masses show
increasingly shallower gradients.

— We find a bimodal correlation between the value of the
metallicity gradient of a galaxy and its HT gas, such that,
as the fraction of HI gas in a galaxy increases, its gradi-
ent becomes steeper in a linear manner up to a gas fraction
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of ~0.75. From atomic gas fractions of 0.75 onwards, the
dispersion of this relation increases, as galaxies with higher
quantities of HT tend to be dwarfs and/or irregular in early
stages of their evolution or affected by different processes
in their environment. This relationship could serve as a tool
for a first estimate on the metallicity gradient of a galaxy by
studying its HI content.

— Analysing our results for metallicity gradients using effective
radii in both the r band and NUV band, we can safely confirm
that in the case of galaxies with higher atomic gas content
(feu1 2 0.75), the use of the NUV band should be preferred,
while in galaxies more deficient in gas (fgu1 < 0.75), the use
of the r band (or K band) is suggested. Cases falling close to
this value show no evident signs of the preferred use of one
band over the other.

— Using the stellar mass for the same task, we find that galax-
ies with log(Mg,/Ms) = 9.5 exhibit smaller dispersion
when normalised using r band effective radii. This is likely
because the brightness of these galaxies is more intense in
this band and thus better characterised. Conversely, galaxies
with log(Mspr/Mp) < 9.5 show a smaller dispersion when
using the effective radii in the NUV band.

— We found that the galaxies NGC 1569 and NGC 2976 exhibit
lower atomic gas mass fractions when compared to other
galaxies of similar stellar masses, which is potentially due
to environmental effects that expel gas from these systems
(Johnson et al. 2012; Valenzuela et al. 2014).

The Metal-THINGS survey, with its high-resolution IFU
data, proves especially well suited for studying the interplay
between gas content and the metallicity structure. Future work
expanding this dataset, or combining it with other IFU sur-
veys, has the potential to enable more comprehensive studies of
how internal processes and environmental factors shape chem-
ical enrichment across different galaxy types and evolutionary
stages.
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Appendix A: DIG identification
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Fig. A.1. Same as Figure 1, but showing the second part of the sample.
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Fig. A.2. Same as Figures 1 and A.1, but showing the final part of the sample.
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Appendix B: Hoe maps
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Fig. B.1. Extinction corrected Ha maps for the observed galaxies, labelled accordingly. Only fibres with a S/N > 3 for the Ha and Hp lines
are shown. DDO 154 and Holmberg I have different flux scales to account for their lower surface brightness. All fluxes are given in units of

10716 erg/s/cm?/A.
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Fig. B.2. Same as Figures B.1, but showing the final part of the sample.
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Appendix C: BPT diagrams
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Appendix D: [N Il] BPT maps
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Fig. D.1. [N II] BPT diagnostic maps for the observed galaxies, labelled accordingly, with SF-like (in blue), composite (in green) and AGN-like
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Fig. D.3. Same as Figures D.1 and D.2, but showing the final part of the sample

Appendix E: Results for the metallicity recalibration
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Fig. E.1. Sensitivity of the demand function D*(p) w.r.t
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Appendix F: Metallicity maps

The empirical formulation for the O3N2-M13 calibra-
tion, as given in Marino et al. (2013), is

12+10g(0/H)osno-mis = 8.533+0.012—(0.214+0.012)xO3N2

where
[O III]A5007
HpB

Given this indicator, PG16 and the SDSS data, the corre-
lation between these two calibrations is as follows:
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03N2 =1
©8 ( [N 1116583 )

12+1og(0/H)pg16 = —1.76+1.21x(12+10g(0/H)o3n2-m13)-

DDO 53 S0 DDO 154 Holmberg 1
’ 20
40 8.2
60
7.8 0 r . 8.0 AL
2w £ 7 o ) . .
121 12} IZ] .
g ‘ 5 = N »
o < L < o i
= L 2 760 & :
a * 3 A fa A s
7.4 —60 Cod
r ~ —40 ' P 7.4 &
-2 72 oo 72
45 60 5 90 106 =30 =15 0 15 30 45 ’ —40 0 40 80 120
RA [arcsec] RA [arcsec] RA [arcsec]

Fig. F.1. Metallicity maps for the observed galaxies, labelled accordingly. The fibres shown are all corrected for extinction, filtered such that

12 + log(O/H)
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S/N > 3 and earlier categorised as SF in their respective [N II] diagnostic BPT diagram. Fibres identified as DIG have been flagged in green.
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Fig. F.3. Same as Figures F.1 and F.2, but showing the final part of the sample
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Appendix G: Metallicity gradients
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Fig. G.1. Same as Figure 4, but showing a second part of the sample. All galaxies are normalised using NUV-band effective radii, except for
NGC 3077, for which the effective radius in the r band is used. NGC 2366 has been additionally fitted with a piecewise linear function.
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Fig. G.2. Same as Figures 4 and G.1, but showing a third part of the sample. Effective radii in the NUV band are used. NGC 4826, NGC 5055 and

NGC 3521 have been additionally fitted with a piecewise linear function.
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Fig. G.3. Same as Figures 4, G.1 and G.2, but showing the final part of the sample.

Appendix H: Fitting parameters of presented relations

Table H.1. Fitting parameters of all plots in Fig. 5.

1 2 3 4 5 6
Normalisation M-T + SAMI
radius breakpoint ap by ay by
[IOg(Mslar/MO)] [dex/Req] [dex/Reg] [dex/Req] [dex/Reg]
Refr NUV 9.6+0.2 —-0.04+0.03 0.35+0.10 0.04+0.01 -0.43+0.14
Regr 9.4+0.2 —-0.07+0.05 0.54+0.12 0.03+0.01 -0.39+0.13
Rett ks 9.6+0.1 —-0.04+0.01 0.30+0.11 0.04+0.04 -0.45+0.13

Notes. Each column is given as follows: 1) is the radius for the normalisation of the metallicity gradients, 2) is the break in the stellar mass for the
piecewise function, 3), 4), 5) and 6) are the parameters for the linear fit to the data, f(x); = a; - x + b; for i = 1,2, where 1 represents the function
to the left to the breakpoint, and 2 for the right.

Table H.2. Fitting parameters for the SAMI sample in Fig. 5, found in Poetrodjojo et al. (2021).

1 2 3 4 5
breakpoint aj by ar by
(Hog(Myar/Mo)]  [dex/Reg] [dex/Reg]  [dex/Req] [dex/Reg]
9.6+0.2 -0.04+0.01 0.29+0.10 0.04+0.01 -047+0.12

Notes. 1) is the break in the stellar mass for the piecewise function, 3), 4) and 5) are the parameters for the linear fit to the data, f(x); = a; - x + b;,
where 1 represents the function to the left to the breakpoint, and 2 for the right.

Table H.3. Fitting parameters of all plots in Fig. 6.

1 2 3 4 5 6
Normalisation Sew1 a) by an by
radius breakpoint [dex/Reg] [dex/Reg] [dex/Reg] [dex/Reg]
Resr NUV 0.74+0.10 -0.19+0.13 -0.03+0.05 1.23+0.83 -1.08+0.09
Refi 0.75+0.10 -0.14+0.13 -0.01+0.05 1.18+0.83 —-1.00+0.10
Refr ks 0.53+0.09 -0.13+0.06 -0.02+0.01 0.21+0.10 -0.20+0.07
R>s 0.51+0.13 -050+024 -0.03+0.09 0.78+0.38 -0.69+0.16

Notes. 1) is the radius for the normalisation of the metallicity gradients, 2) is the break in the atomic gas fraction for the piecewise function, 3),
4), 5) and 6) are the parameters for the linear fit to the data, f(x); = a; - x + b;, where 1 represents the function to the left to the breakpoint, and 2
for the right.
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