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ABSTRACT

We report a significantly tighter trend between gaseous N/O and M,/ R. (a proxy for gravitational potential) than has previously
been reported between gaseous metallicity and M,/ R., for star-forming galaxies in the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) survey. We argue this result to be a consequence of deeper potential wells conferring greater resistance
to metal outflows while also being associated with earlier star-formation histories, combined with N/O being comparatively
unaffected by metal-poor inflows. The potential-N/O relation thus appears to be both more resistant to short time-scale baryonic
processes and also more reflective of a galaxy’s chemical evolution state, when compared to previously considered relations.
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1 INTRODUCTION

The question of chemical evolution remains at the heart of observa-
tional galaxy astrophysics. The chemistry of galaxies’ stars and gas
have been studied in much detail, in terms of both metallicities and
in terms of elemental abundance ratios. For stars, the most frequently
considered abundance measures are [Fe/H] and [« /Fe]; for gas, the
most common measures are instead 12 4+ log(O/H) and log(N/O). In
both cases, combining measures yields much more information than
does any one measure alone, due to the different enrichment time-
scales involved. Alpha elements such as oxygen are released into the
ISM via Type-II supernovae, resulting in enrichment on just ~10 Myr
time-scales after a star-formation event (e.g. Timmes, Woosley &
Weaver 1995); iron and nitrogen meanwhile are released on much
longer time-scales, largely by Type-Ia supernovae and by AGB stars,
respectively (see Maiolino & Mannucci 2019, for a review). N/O
and metallicity have been shown repeatedly to be tightly correlated
at higher metallicities, with N/O instead displaying a near-constant
value in low-metallicity objects (e.g. Pilyugin, Vilchez & Thuan
2010; Andrews & Martini 2013; Pérez-Montero et al. 2016).
Scaling relations provide important constraints for chemical evo-
Iution models and thus provide important insight into the relevant
physics. Of particular importance is the mass—metallicity relation, in
which metallicity rises with increasing stellar mass (M,.), which has
been noted repeatedly for both stellar and gaseous metallicities (e.g.
Lequeux et al. 1979; Tremonti et al. 2004; Gallazzi et al. 2005;
Kewley & Ellison 2008). The gaseous mass—metallicity relation
flattens at high masses, potentially indicating such galaxies to have
reached a metallicity equilibrium (e.g. Lilly et al. 2013; Belfiore et al.
2019b). More compact galaxies have also been reported to be more
metal-rich at a given stellar mass in both observations (e.g. Ellison
etal. 2008; McDermid et al. 2015; Li et al. 2018) and simulations (Ma
etal. 2024), with galaxies’ size typically parametrized using the half-
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light radius R., and more compact galaxies also appear to possess
flatter metallicity gradients over a wide range of stellar masses
(Boardman et al. 2021, 2022). The parameter M, /R. (hereafter ®.)
has been reported to correlate particularly tightly with galaxies’
stellar or gaseous metallicities, with M, and M*/Rg (hereafter
%) producing looser correlations by comparison (Barone et al.
2018, 2020, 2022; D’Eugenio et al. 2018; Vaughan et al. 2022;
Ma et al. 2024; Sanchez-Menguiano et al. 2024). This has been
repeatedly interpreted as reflecting the importance of gravitational
potential, for which ®. is considered a proxy; in this scenario, higher
gravitational potentials confer greater resistance to metal-loss via
outflows, resulting in great chemical enrichment in more compact
systems. Baker & Maiolino (2023) have however challenged this
interpretation, reporting a comparatively weak metallicity trend when
dynamical mass is considered instead of stellar mass.

In this letter, we report a particularly tight correlation between
log(N/O) and &, using data from the SDSS-IV Mapping Nearby
Galaxies at Apache Point Observatory (MaNGA) integral-field unit
(IFU) survey. We further report that @, correlates more tightly with
log(N/O) than with gaseous metallicity, with the ®.—metallicity
correlation largely disappearing once log(N/O) is accounted for.
We present our sample and data in Section 2, and our results in
Section 3. We discuss our findings and conclude in Section 4. We
use ‘metallicity’ to refer to gas-phase metallicities 12 + log(O/H),
assume a Chabrier (2003) initial mass function and adopt the follow-
ing A cold dark matter cosmology: Hy = 71 km/s/Mpc, Qyp = 0.27,
Qa =0.73.

2 SAMPLE & DATA

We draw our parent galaxy sample from the SDSS-IV MaNGA
survey (Bundy et al. 2015), for which all data is publicly available
as of SDSS Data Release 17 (DR17; Abdurro’uf et al. 2022).
The MaNGA survey performed IFU spectroscopic observations on
~10000 galaxies out to redshifts z < 0.15 (Yan et al. 2016b; Wake
et al. 2017), with the main MaNGA sample selected to possess a
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roughly flat distribution in log(M,). The observations were carried
out with the two Baryon Oscillation Spectroscopic Survey (BOSS)
spectrographs at Apache Point Observatory (Gunn et al. 2006; Smee
et al. 2013). The MaNGA IFUs consist of hexagonal optical fibre
bundles containing 19-127 fibres of 2” diameter apiece (Law et al.
2016), with three-point dithers employed to fully sample the field
of view (Drory et al. 2015; Law et al. 2015). The observations were
reduced with the MaNGA Data Reduction Pipeline (Yan et al. 2016a;
Law et al. 2016, 2021), prior to analysis with the MaNGA Data
Analysis Pipeline (DAP; Belfiore et al. 2019a; Westfall et al. 2019;
Law et al. 2021). MaNGA data and analysis products are available
on the SDSS science archive server' and can also be accessed using
the Marvin interface (Cherinka et al. 2019).

We obtained values of axis ratio (b/a), R., and M, from the NASA-
Sloan-Atlas (NSA) catalogue (Blanton et al. 2011),> where R. and
b/a are elliptical Petrosian values. We restrict to MaNGA galaxies in
the Primary + and Secondary samples, which were observed out to
~1.5 R, and ~2.5 R, respectively, and we further restrict to galaxies
with observed axis ratios b/a > 0.6. We adopt 0.1 dex uncertainties
on M,, representative of typical M, uncertainties in the MPA-JHU
catalogue,’ while assuming 0.05 dex uncertainties on R, (D’Eugenio
et al. 2018); this results in M, dominating the uncertainties on @,
and X..

We obtained emission line maps from the DAP, extracting fluxes
and errors for the following features: H o, H 8, [O 11I]5008, [N I]ess5,
[Sule718, [Stle733 and [O11]s737,.3729. These are corrected by the
DAP for Milky Way foreground extinction (Belfiore et al. 2019a,
Section 2.2.3), by applying the O’Donnell (1994) reddening law
to the maps of Schlegel, Finkbeiner & Davis (1998). We also
extracted H o equivalent widths (E Wy, ) from the DAP. We used
DAP emission line values from non-parametric summed fluxes in all
cases. We restricted to spaxels for which S/N > 3 for all obtained
emission line fluxes. We corrected emission lines for dust using
a Fitzpatrick et al. (2019) correction curve, assuming an intrinsic
Balmer decrement H o/H 8 = 2.86.

We selected star-forming spaxels by employing BPT diagnostics
(Baldwin, Phillips & Terlevich 1981; Osterbrock & Pogge 1985;
Veilleux & Osterbrock 1987) and by requiring that EWy, > 14 A,
with the latter requirement serving to avoid galaxies with significant
diffuse ionized gas (DIG) contamination in their studied regions
(Lacerda et al. 2018; Vale Asari et al. 2019). For BPT criteria, we
used the Kauffmann et al. (2003) BPT-N 11 demarcation line and the
Kewley et al. (2001) BPT-S 11 demarcation line.

We estimated gas metallicities for all star-forming spaxels using
the RS32 calibrator of Curti et al. (2020). The RS32 indicator is
defined as [S Il¢718.6733/H o + [O Hi]s003/H B, wherein all ratios
have been corrected for dust. We estimate spaxels’ log(N/O) using
the Florido, Zurita & Pérez-Montero (2022) N202 calibrator (their
equation 1), wherein N202 is defined as [N Il]gsgs/[O 11]3737.3720
(likewise corrected for dust). The RS32 indicator is double-valued;
we therefore assumed all spaxels to be on the upper metallicity
branch, while discarding spaxels with RS32 values beyond the Curti
et al. (2020) fitted range.

We then selected a sample of galaxies for which characteristic
chemical abundances can be obtained. Specifically, we aimed to
estimate the gas metallicity at 1 R, 12 + log(O/H)., along with the
1 R. N/O abundance log(N/O).. Values at 1 R, have been shown to

Uhttps://data.sdss.org/sas/
Zhttps://data.sdss.org/sas/dr17/sdss/atlas/v1/nsa_v1_0_1 fits
30btained from https://www.sdss4.org/dr17/spectro/galaxy_mpajhu/
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be representative of galaxies’ global properties relating to both stars
and gas (Gonzélez Delgado et al. 2014, 2015; Sanchez et al. 2016b),
making them useful as characteristic values. We select our sample by
first requiring galaxies to possess at least 40 star-forming spaxels over
galactocentric radii 0.5-1.5 R, with at least 20 spaxels on either side
of the midpoint; this produces a sample of 2070 galaxies. We then
grouped a given galaxy’s spaxels into a series of elliptical annuli of
width 0.1 R., covering 0.5-1.5 R.. We required a minimum of 5 star-
forming spaxels per annulus, while also requiring at least 3 annuli in
total with coverage on both sides of 1 R,; we found all 2070 sample
galaxies to meet these criteria.

We computed galaxies’ radial profiles in log(N/O) and
12 + log(O/H) over 0.5-1.5 R, by calculating the median log(N/O)
and 12 4 log(O/H) within each annulus for a given galaxy, before
performing an unweighted straight line fit with the IDL LINFIT routine.
We used these fits to obtain galaxies’ abundances at 1 R.. Our overall
methodology is similar to that employed in the MaNGA pipe3d
value-added catalogue for gas-phase abundances (Sdnchez et al.
2016a, b, 2018, 2022), though we note that our higher £ Wy, cut
provides somewhat greater resistance to DIG contamination.

‘We obtained errors on our abundances by performing 100 Monte
Carlo simulations of each straight-line fit with bootstrapped residu-
als, with errors reported as the standard deviations from the Monte
Carlo fits. Our obtained errors on 12 + log(O/H), and log(N/O),
are small: we find median errors of just 0.002dex and 0.005 dex,
respectively, indicating the measured abundances to be highly pre-
cise. This occurs due to the large number of star-forming spaxels
— typically hundreds — that most of our sample galaxies possess,
with all ten annuli included in most cases. Considerable systematic
uncertainty arises from variations between calibrators (e.g. Kewley &
Ellison 2008; Scudder et al. 2021; Florido et al. 2022), meaning that
absolute values of abundances will be much more uncertain than
relative values of abundances across our sample.

For comparison, we also obtained abundances at 1 R. by com-
puting radial profiles directly from galaxies’ spaxel maps without
employing annuli, which were again fit with LINFIT. We found these
to produce entirely equivalent results to those from the annulus-
based abundances. Thus, we focus on the annulus-based values for
the remainder of this article.

We present the parent and final samples in terms of mass and star
formation rate (SFR) in Figure 1, which demonstrates our sample
selection to implicitly favour galaxies with significant ongoing star-
formation. We obtained SFRs from the log_sfr_ssp column in the
Pipe3d summary catalogue (Sdnchez et al. 2022), in which SFRs are
derived from spectral fits over the full MaNGA field of view, and we
adjusted these SFRs to a Chabrier IMF.

3 RESULTS

In Figure 2, we plot log(N/O). and 12 4 log(O/H)., as functions
of M,, ®., and X.. We also give the corresponding Spearman
correlation coefficients p, with p-value P « 0.01 for all quoted
values. We find both N/O and metallicity to correlate most tightly
with @, as has been noted for metallicity previously (D’Eugenio
et al. 2018; Sanchez-Menguiano et al. 2024). We further find that
N/O correlates more tightly with all three parameters (M,, ®., and
3.) than does metallicity. Similarly to D’Eugenio et al. (2018), we
colour our data points by R.; we see clear residual size dependencies
when plotting abundances against M, or X., further emphasising that
®. is the more predictive parameter.

In Figure 3, we consider ®. in chemical space by presenting it as
a combined function of 12 4 log(O/H). and log(N/O).; the lower
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Figure 1. Selected sample (large blue points) and MaNGA parent sample
(small grey points) in terms of stellar mass (A = 0.71) and SFR (Chabrier
IMF).

panel is a smoothed version of the upper panel, produced via local-
weighted regression smoothing (LOESS; Cleveland & Devlin 1988)
as implemented in IDL.* We find 12 + log(O/H). and log(N/O).
to themselves correlate tightly (o = 0.97). Thus, we quantify the
variation of ®. across chemical space using partial correlation
coefficients p;; x, which have been applied in multiple recent galaxy
studies (e.g, Bait, Barway & Wadadekar 2017; Bluck et al. 2020;
Baker et al. 2022); in this notation, the correlation is calculated
between parameters i and j with a third parameter k controlled for.

We employ partial correlation coefficients to determine the direc-
tion of maximum increase for ®., which we present as an arrow in
Figure 3. We detect a significant correlation between log(N/O). and
@, with log(O/H), accounted for, but we detect very little residual
trend between log(O/H). and ®. when log(N/O). is accounted for.
Such a result is also apparent visually from the smoothed ®. values:
. varies very little with log(O/H). at a given log(N/O)., in spite of
the strong metallicity correlations shown in Figure 2.

3.1 Comparison with fibre-based abundances

Our use of 1 R, annulus abundances is a crucial aspect of this work.
Our sample possesses a median log(R./kpc) of 0.61 and hence
extends to sizes far above the region of sufficient fibre coverage in
D’Eugenio et al. (2018) [log(R./kpc) < 0.5 at log(M,./My) > 10;
their fig. 5]. To further quantify this point, we obtained r-band
Petrosian half-light radii (Rsp) from the NSA catalogue. We found
889 galaxies (43 per cent of our sample) to possess Rg,/Rso < 0.5,
where Ry, indicates the 3” SDSS fibre radius, which in D’Eugenio
et al. (2018) signifies insufficient coverage. Consequently, it can
immediately be expected that our results for these galaxies would
not hold were SDSS fibre-based measurements to be used for this
sample.

We investigated fibre measurements by cross-matching our sample
with MPA-JHU fibre emission line fluxes, processed in the same
manner described for MaNGA spaxel measurements in Section 2.
We restricted the test to galaxies satisfying BPT requirements along

4Available from http://www-astro.physics.ox.ac.uk/~mxc/software/. We
compute smoothed values using the closest 10 per cent of data points with the
rescale keyword applied, and errors using the scatter in neighbouring points.
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with satisfying EWy, > 14 A and S/N requirements, which reduces
the sample to 754 objects. We found O/H and N/O to correlate
more strongly with M, (p = 0.72,0.77 for O/H, N/O) than with
P, (p =0.66,0.74 for O/H, N/O) or X, (p = 0.41,0.47 for O/H,
N/O), which disagrees with our MaNGA analysis. Restricting to
the 567 galaxies for which Rg,/Rso > 0.5, we found O/H and N/O
to correlate more similarly with M, (p = 0.71, 0.75 for O/H, N/O)
than with ®. (p = 0.68, 0.75 for O/H, N/O), though we still do not
reproduce the findings of D’Eugenio et al. (2018) or of our main
analysis. Sample selection differences are a possible reason for the
discrepancy with D’Eugenio et al. (2018) in this case. Nonetheless,
it is clear that our use of 1 R. abundances is an important aspect of
our analysis.

4 DISCUSSION & CONCLUSIONS

We have demonstrated a tight correlation between the N/O chemical
abundance in galaxies and the &, parameter (M,/R.). We have
further demonstrated that this trend is tighter than previously reported
correlations between ®. and gas metallicity, for which we in fact
detect very little connection once N/O is accounted for via partial
correlation coefficients.

Our results, we note, hold over a range of calibrators. In particular,
we obtain very similar results if we instead use the Curti et al.
(2020) O3N2 or R23 calibrators to obtain gaseous metallicities.’ Our
results are also very similar if we instead use the N2S2 calibrator of
Pérez-Montero & Contini (2009) (their equation 22) to obtain N/O
abundances. We obtained different results when using metallicities
derived from the Curti et al. (2020) N2 calibrator or the Dopita et al.
(2016) N2S2H « calibrator: in both cases, we find potential to trend
primarily with O/H with little residual N/O dependence when the
N202 indicator is used. Such a difference is not surprising: the N2
and N2S2H « calibrators rely heavily on nitrogen emission features
and will be insensitive to O/H variations at fixed N/O, making them
less appropriate for our analysis than nitrogen-independent indicators
such as RS32 or R23 (see also Schaefer et al. 2020).°

The ®,—metallicity relation has previously been interpreted as
reflecting the importance of escape velocity (D’Eugenio et al.
2018; Sanchez-Menguiano et al. 2024), with &, understood as a
proxy for a galaxy’s gravitational potential. Higher values of ®.
would be expected to correspond to higher escape velocities, with
higher escape velocities conferring greater resistance to metal-loss
via outflows; this in turn is expected to lead to higher measured
metallicities (e.g. Tremonti et al. 2004).

Baker & Maiolino (2023) however argue for an alternative sce-
nario. They report gas metallicities to correlate more tightly with
M, than with dynamical mass Mgy, or with Mgy, /R., where Mgy,
is derived from the Jeans Anisotropic Mass modelling (Cappellari
2008) analysis of Li et al. (2018). Baker & Maiolino (2023) therefore
argue for a scenario in which metallicity is driven primarily by
the integral of metal production within a galaxy, with the mass—
metallicity relation emerging as a direct consequence.

The Baker & Maiolino (2023) scenario effectively treats both
M, and metallicity as time indicators: galaxies grow in mass over
time while also enriching over time, thus resulting in more massive

SThese both overlap with N202 in terms of employed emission lines, leading
us to prefer RS32 for our main analysis.

OWe note that the form of the N2S2H « index (N2S2 — 0.264N2) produces
an especially tight correlation with the N2S2 index, making N2S2H «
metallicities particularly ill-suited for considering N/O and O/H together.
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Figure 2. N/O abundances (top) and gas metallicities (bottom), at 1 R, as functions of M, (left panels), ®. (middle panels), and X. (right panels). Each panel
displays the corresponding Spearman correlation coefficient p, all with P < 0.01. We colour data points by galaxies’ R., with error bars showing the median

uncertainties.

galaxies being more metal-rich. It should be noted however that
the Baker & Maiolino (2023) scenario cannot in itself explain the
observed inverse trend between metallicity and size at a given stellar
mass (e.g. Ellison et al. 2008; D’Eugenio et al. 2018; Sanchez-
Menguiano et al. 2024), with the ®. parameter having not been
considered in their analysis. Furthermore, this scenario does not
directly consider the roles of gaseous inflows and outflows (e.g.
Schmidt 1963; Lilly et al. 2013; Barrera-Ballesteros et al. 2018;
Yang, Scholte & Saintonge 2024), both of which can be expected
to lead to scatter in the mass—metallicity relation. These sources of
scatter can be understood as follows:

(i) Variations in gaseous inflow rates at a given stellar mass,
producing short-term changes in galaxies’ gas metallcities.

(ii) Variations in gaseous outflow rates at a given stellar mass,
driven by variations in escape velocity; this would lead to longer
term differences in galaxies’ gas metallicities.

Both sources of scatter, we argue, are significantly reduced if one
instead considers the ®.—N/O relation:

(1) Gaseous inflows can typically be expected to be metal-poor, and
so they primarily affect the hydrogen content. Thus, by considering
N/O instead of O/H, the scatter in measured relations is reduced.

(ii) Escape velocity variations will correspond to variations in
gravitational potential, with gravitational potential encoded within
the &, parameter. Thus, by considering ®. instead of M,, the scatter
in measured relations is further reduced.

Given the time delay between oxygen and nitrogen enrichment,
star-formation histories (SFHs) are another important consideration
(e.g. Edmunds & Pagel 1978; Molld et al. 2006; Vincenzo et al.
2016; Matthee & Schaye 2018). ®. can be expected to encode

MNRASL 534, L1-L6 (2024)

SFH information more effectively than M,, with more compact star-
forming galaxies found to be older at a given stellar mass (e.g. Li
et al. 2018; Barone et al. 2020). ®,. is in fact found to correlate
more closely than X, or M, to MaNGA pipe3d (Sénchez et al. 2022)
light-weighted stellar ages at 1 R. (Boardman et al. in preparation).
If higher-®, galaxies are typically older, with a greater proportion of
stars formed at earlier times, then this would confer greater nitrogen
production (at fixed metallicity) from previous generations of stars.
An N/O-SFH connection could also explain trends between N/O and
SFR at fixed M, (Hayden-Pawson et al. 2022), as well as explaining
radial abundance profiles of individual galaxies along the N/O-O/H
plane (Pilyugin & TautvaiSiené 2024).

Given the above, we argue the extremely tight ®.—N/O relation
to be due to several factors. Firstly, . indeed encodes information
about galaxy mass and hence about the integral of metal production,
producing a positive ®.—N/O correlation. Secondly, ®. encodes
information about escape velocities and thus accounts for some of
the scatter in the mass—metallicity relation. Thirdly, variations in @,
at a given metallicity will correspond in part to age variations, with
older galaxies expected to experience greater nitrogen enrichment
at a given metallicity. Finally, variations in metal-poor inflow rates
can be expected to significantly impact O/H abundances on short
time-scales, with N/O abundances comparatively unaffected (see
Section 1); this is because metal-poor inflows mostly increase the
abundance of hydrogen while having far less impact on heavier
elements’ relative abundances. Thus, while O/H and N/O both serve
as indicators of chemical evolution, N/O is less impacted by short
time-scale events such as recent inflow, leading to a more robust
connection to overall galactic chemical enrichment.

To summarize, we report in this letter a notably tight ®.—N/O
relation detected in MaNGA galaxies. This relation is tighter than

202 1sNBny 80 U0 15enB Aq 0202Z.2/L/L/YESG/RI0IE/|SEIUW/WOD dNO"lWapEd.//:SA)Y WOI) PAPEOJUMOQ



Unsmoothed
L 10.7
-0.6—
-0.8— g
- Io
= - <
o
-1.0— ©
S 2
g I <
-1.2— &
B o
—1.44
i 8.3
-1.6
8.4 8.5 8.6 8.7 8.8
12 + log(0/H),
Smoothed
X 10.7
-0.6—
-0.8— g
— IU
-2 L <
(@]
1.0+ ©
2 2
g 2
-1.2— o
B o
—1.4p
- ®
i 8.3
-1.6

8.4 8.5 8.6 8.7 8.8
12 + log(0/H),
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The black arrow represents the direction of increasing ®. in N/O-O/H space
and is computed via partial correlation coefficients.

both the mass—metallicity relation and the ®.—metallicity relation.
The ®.—N/O relation also appears more fundamental, in the sense
that only a mild ®.—metallicity correlation is found once the N/O
abundance is accounted for. We argue these results are due to ®.
encoding information about both SFHs and escape velocities in
addition to M,, with N/O being relatively insensitive to metal-poor
inflows.
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