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A B S T R A C T 

As part of the SIGNALS (Star formation, Ionized Gas, and Nebular Abundances Le gac y Surv e y) surv e y, which comprises a 
sample of approximately 40 nearby galaxies observed with the Fourier transform spectrometer SITELLE, we present a study 

of metal mixing in the spiral galaxy NGC 6946. Taking advantage of the blue sensitivity of our set-up, we measure the oxygen 

and nitrogen abundances of 638 H II regions, and focus our analysis on the abundance fluctuations about the radial gradients. 
We detect an azimuthal variation of about 0.1 dex in these abundances across the north-east spiral arm, with the leading edge 
being more metal-poor than the trailing edge. This result aligns with galaxy simulations, where radial gas flows along the spiral 
arms lead to dilution on the leading edge and enrichment on the trailing edge, due to the presence of radial metallicity gradients. 
Our 2D analysis reveals that oxygen and nitrogen exhibit comparable spatial correlation scales, despite the different injection 

energies and distinct nucleosynthetic origins – core-collapse supernovae in the case of oxygen and primarily asymptotic giant 
branch stars for nitrogen. The observed similarity suggests that stellar processes drive these two elements into the interstellar 
medium o v er equi v alent spatial scales. 

Key words: H II regions – galaxies: abundances – galaxies: individual: NGC 6946 – galaxies: ISM – galaxies: spiral. 
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 I N T RO D U C T I O N  

he existence of radial gradients in the present-day metallicity of 
piral galaxies has been known and well studied for decades from
bservations of their H II regions (e.g. Searle 1971 ; Vila-Costas &
dmunds 1992 ; Zaritsky, Kennicutt & Huchra 1994 ; Moustakas et al.
010 ; S ́anchez et al. 2014 ; Zurita et al. 2021 ) and massive stars
Urbaneja et al. 2005a , b ; Kudritzki et al. 2008 , 2012 ; Bresolin et al.
009 ; Bresolin, Kudritzki & Urbaneja 2022 ). On the other hand,
athering evidence for second-order metallicity variations within 
alaxy discs along the azimuthal coordinate has pro v en to be elusiv e
sing traditional long-slit spectroscopy (Kennicutt & Garnett 1996 ; 
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artin & Belley 1996 ; Bresolin 2011 ; Li, Bresolin & Kennicutt
013 ) or other techniques (Cedr ́es & Cepa 2002 ; Rosales-Ortega
t al. 2011 ). The order-of-magnitude increase in the number of
pectra collected within individual galaxies enabled by integral field 
pectroscopy has led to the unequivocal detection of azimuthal 
xygen abundance gradients in spiral galaxies, in the form of 
ifferences on the order of ∼0.05–0.1 dex between arm and interarm
egions, or across the widths of spiral arms (S ́anchez et al. 2015 ;
o et al. 2017 , 2018 ; S ́anchez-Menguiano et al. 2017 ; Vogt et al.
017 ). Classical chemical evolution models incorporating the effects 
f spiral arms on the distribution of metals, and oxygen in particular,
ave been introduced by Spitoni et al. ( 2019 , see also Spitoni et al.
023 ) and Moll ́a et al. ( 2019 ), who identified azimuthal fluctuations
ith amplitudes on the order of 0.1 dex, compatible in magnitude
ith those observed. Comparable results have been obtained from 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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umerical simulations (Solar, Tissera & Hernandez-Jimenez 2020 ;
hoperskov et al. 2023 ). 
Azimuthal variations in gas-phase metallicities are, however, not

niversally detected (Zinchenko et al. 2016 ; Williams et al. 2022 ;
hen et al. 2024 ), and even when they are found, the association
ith the spiral arms or the galactic environment is not al w ays
anifest, with different authors drawing contrasting conclusions.
 or e xample, only half of the sample of spiral galaxies analysed
y Kreckel et al. ( 2019 ) displays azimuthal variations of the H II

egion metallicities, the link with the spiral arms sometimes missing,
nd thus providing no definitive indication for a systematic arm
ersus interarm distinction. S ́anchez-Menguiano et al. ( 2020 ) instead
onclude that the arms are more metal-rich than the interarm regions
n about half of their sample, an effect that is reinforced in more

assive and grand-design galaxies. Also Chen et al. ( 2024 ) find
hat metallicity variations across arms, when detected, are larger
n galaxies with more prominent spiral structures, while Grasha
t al. ( 2022 ) cannot establish a connection between azimuthal
ariations and spiral patterns. A correlation between spiral arms
nd metal enrichment has also been detected in the Milky Way
rom samples of giant stars observed by Gaia (Poggio et al. 2022 ;
awkins 2023 ; Barbillon et al. 2025 ). We can draw the conclusion

hat observationally it is still unclear whether the local physical
onditions of the interstellar medium (ISM) or the existence of
piral arm structures represent the main drivers for the azimuthal
istribution of the gas. 
From the theoretical perspective the spiral arms appear to be

rucial for sustaining the mixing processes that lead to the develop-
ent of azimuthal chemical abundance patterns, either as conduits

or large-scale radial motions of stars and gas (Grand et al. 2016 ;
 ́anchez-Menguiano et al. 2016 ; Orr et al. 2023 ) or as catalysts for the
ilution of local metal self-enrichment due to the associated density
aves (Ho et al. 2017 ; Moll ́a et al. 2019 ; Spitoni et al. 2019 ). In the

ormer case, the presence of a radial abundance gradient is required
n order to develop azimuthal variations, as elucidated by recent
umerical simulations of Milky Way-type galaxies (Khoperskov
t al. 2023 ; Orr et al. 2023 ; Graf et al. 2025 ). These show how
etal-poor gas flows along the arms from the galactic outer regions,
hile metal-rich gas mo v es in the opposite direction. Subsequent
ixing gives rise to azimuthal metallicity variations. Orr et al.

 2023 ) find that the latter, at least in flocculent spiral galaxies,
re not developed between the arm and interarm regions, but rather
etween arm structures. In the simulations by Grand et al. ( 2016 ),
utward streaming stellar motions occur on the trailing edge of spiral
rms, while inward motions take place along the leading edge, thus
nducing a metallicity gradient across the arms (i.e. azimuthally),
haracterized by a higher abundance on the trailing side (this occurs
nside the corotation radius). S ́anchez-Menguiano et al. ( 2016 ) argue
hat this effect is consistent with the nebular oxygen abundance
istribution the y observ e in the galaxy NGC 6754. Moreo v er, these
uthors detect radial gas motions along the arms, with a line-of-sight
elocity amplitude of ∼30 km s −1 . It is worth emphasizing that the
ocal enrichment + mixing scenario proposed by Ho et al. ( 2017 ),
ut forward to explain the azimuthal abundance pattern observed in
GC 1365, produces higher metallicity at the location of the spiral

rms, and lower metallicities on both the trailing and the leading
ides. Such a pattern is different from what S ́anchez-Menguiano
t al. ( 2016 ) detected in NGC 6754. 

The study of the spatial distribution of metals in disc galaxies
s closely connected with the description of metal transport mecha-
isms. Mixing processes, which lead to the homogenization of the
etal field in the ISM, are largely regulated by interstellar turbulence
NRAS 539, 755–770 (2025) 
Scalo & Elmegreen 2004 ), driven by the combined energy injection
rom stellar feedback, radial gas flows, and cosmic accretion (Sharda
t al. 2024 ). Yang & Krumholz ( 2012 ) have shown that turbulent
ixing can establish kpc-scale homogenization in disc galaxies in

ess than an orbital time-scale. The ef fecti veness of turbulence on
on-axisymmetric metallicity distributions can explain the small
zimuthal variations that are normally observed (Petit et al. 2015 ). 

Metal mixing in the ISM of spiral galaxies can be probed by
 v aluating the correlation length of the spatial distribution of the
xygen abundance fluctuations, using the two-point correlation
unction, as explained by Krumholz & Ting ( 2018 ). These authors
ntroduced a model based on stochastically forced diffusion, where
he competing processes of metal injection and subsequent turbulent

ixing can be treated analytically. This model predicts that in spiral
alaxies the abundances of alpha elements such as oxygen (the most
asily measured element from H II region spectra), produced by
ore-collapse supernovae (SNe), should be spatially correlated at
he 50 per cent (30 per cent) level on scales of ∼0.5 kpc ( > 1 kpc).
he correlation scales measured by Kreckel et al. ( 2020 ), Williams
t al. ( 2022 ) and Li et al. ( 2021 , see also Li et al. 2023 ) are in
ubstantial agreement with these predictions, despite the important
implifications made in the model, such as the neglect of spiral and
ar structures. 

In this paper, we present a study of the azimuthal variations
nd the correlation function of oxygen and nitrogen abundances in
GC 6946, an isolated barred spiral galaxy at a distance of 7.72 Mpc

1 arcsec = 37.4 pc; Anand, Rizzi & Tully 2018 ). The addition
f nitrogen in the analysis differentiates our work from previous
nvestigations of the 2D chemical abundance distribution in spiral
alaxies. 

NGC 6946 has experienced a high rate of star formation o v er the
ecent past and a phenomenal rate of SN explosions in historical
imes (Botticella et al. 2012 ; Eldridge & Xiao 2019 ; Tran et al.
023 ). The galaxy displays a complex, multi-arm spiral system, due
o the superposition of two- and three-arm structures (Elmegreen,
lmegreen & Montenegro 1992 ). The spiral pattern is trailing, as
 videnced by Sakhibov, Guse v & Hemmerich ( 2021 ). The ‘thick arm’
o the north-east (NE) of the galaxy nucleus warranted the inclusion
f NGC 6946 in Arp’s Atlas of Peculiar Galaxies (Arp 1966 ). Integral
eld unit (IFU) observations of the star-forming comple x es located in

ts eastern tip have been presented by Garc ́ıa-Benito et al. ( 2010 ), and
ran et al. ( 2023 ) estimated that this kpc-size region alone contributed

o 5 per cent of the global star formation o v er the past 6 Myr. 
This paper is organized as follows. We present the observations and

he catalogue of H II regions in NGC 6946 in Section 2 , and explain
he methodology followed to measure the chemical abundances in
ection 3 . We look in detail at the azimuthal trends we derive
cross the NE arm for both the oxygen and nitrogen abundances
n Section 4 . In Section 5 , we use the two-point correlation function
nd an additional statistical tool, the semi v ariogram, to examine the
cales of homogeneity in the 2D distribution of the two elements. We
ummarize our results in Section 6 and present selected results from
n alternative abundance diagnostic in Appendix A . 

 OBSERVATI ONS  A N D  H  II R E G I O N  

ATA L O G U E  

e observed NGC 6946 with the imaging Fourier transform spec-
rometer SITELLE (Drissen et al. 2019 ) at the 3.6-m Canada–
rance–Hawaii Telescope on Maunakea, as part of the Star formation,
onized Gas, and Nebular Abundances Le gac y Surv e y (SIGNALS;
ousseau-Nepton et al. 2019 ), a project targeting ∼40 star-forming
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Table 1. SITELLE observing parameters. 

SN1 SN2 SN3 

Dates 2018 Oct 5–11 2017 Sept 26, 27 2017 July 1, 3 
Spectral range ( Å) 3640–3850 4840–5120 6480–6860 
Exposure time per step (s) 59.0 50.2 36.1 
Number of steps 240 203 323 
Total integration time (h) 3.93 2.83 3.24 
Spectral resolution 1000 1000 1900 
Emission lines [O II ] λ3727 H β, [O III ] λλ4959, 5007 H α, [N II ] λλ6548, 6583, [S II ] λλ6717, 6731 

Figure 1. SITELLE view of NGC 6946 obtained from combining the SN2 
and SN3 filter images. 
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alaxies within approximately 10 Mpc. The whole optical disc of 
GC 6946, out to its isophotal radius ( r 25 = 5.74 arcmin; de
aucouleurs et al. 1991 , corresponding to 12.9 kpc), fits into the
1 × 11 arcmin 2 field of view of the instrument, which produces 
ata cubes with a pixel size of 0.32 arcsec pixel −1 (12 pc pixel −1 ).
onsidering the full width at half-maximum (FWHM) � 1.0 arcsec 

eeing measured from our data cubes, the actual sampling is ∼37 pc,
hich compares fa v ourably with the spatial resolution of popular 
alaxy surv e ys like CALIFA (Calar Alto Le gac y Inte gral Field Area
urv e y; S ́anchez et al. 2012 ) or SAMI (Sydney-AAO Multi-Object
ntegral-Field Spectrograph; Bryant et al. 2015 ), and is similar to 
hat being achieved for the nearest galaxies of the TYPHOON 

Grasha et al. 2022 ) or Physics at High Angular resolution in
earby GalaxieS-Multi-Unit Spectroscopic Explorer (PHANGS- 
USE; Emsellem et al. 2022 ) surv e ys. 
The data were collected during nine separate nights in 2017 

nd 2018, with three different filter set-ups, SN1, SN2, and SN3, 
hat isolate specific wavelengths. This choice gives access to the 
avelength ranges 3640–3850, 4840–5120, and 6480–6860 Å, 

espectively, where multiple nebular emission lines, useful for the 
hemical abundance analysis of the ionized gas, are located (Table 1 ).
he instrument’s throughput in the near -ultra violet (UV) is critical 

o access the [O II ] λ3727 line (actually the λλ3726–3729 doublet),
hich is essential for our investigation. Fig. 1 shows an image of
GC 6946 as seen by SITELLE, using a combination of the SN2
nd SN3 filters, which highlights the multiple arm structure dotted 
ith star-forming regions. 
In the off-axis interferometer lying at the core of SITELLE the

ptical path difference is modified by moving the scanning mirror in
mall steps, whose size determines the spectral resolution reported 
n Table 1 . At each step, a relatively small exposure is taken, and the
nterferogram data cube is the outcome of the full series of steps. 

Spectral data cubes, calibrated in wavelength and flux, were 
roduced by the fully automated data reduction pipeline ORBS 

Martin, Drissen & Joncas 2015 ; Martin, Drissen & Prunet 2021 ).
efinements to the wavelength calibration of the higher resolution 
N3 data cubes, initially based on He–Ne laser observations, were 
arried out using sky emission lines. 

Further steps included the subtraction of the sky background 
nd the correction for the stellar contribution. To remo v e the sky
ackground we used a median sky spectrum obtained from 12 regions 
f size 100 × 100 spaxels located far away from the galaxy disc,
ejecting spectra with intensity le vels de viating from the average.
ue to the insufficient signal-to-noise ratio (S/N) for detecting 

tellar absorption features, this study prioritizes other key analyses, 
ith a detailed examination of stellar ages and metallicities left for

uture research. Nevertheless, modelling the stellar contribution to 
he observed spectra remains crucial for mitigating the impact of 
bsorption components on the Balmer emission lines, particularly 
n the case of H β. The methodology we follow, as previously
resented by Rousseau-Nepton et al. ( 2018 ), utilizes a reference
pectrum to subtract the contribution of the old stellar population. 
uch a spectrum is derived from a region devoid of emission lines and
entred on the peak of the galaxy’s continuum emission. After scaling 
his reference spectrum by the continuum level at each spaxel and
djusting for the local velocity, subtraction is performed, resulting in 
 pure emission data cube. 

.1 H II region identification 

bservations made with SITELLE are ideal for describing the phys- 
cal properties of ionized gas regions located in nearby galaxies. The
arge field of view of the instrument fully co v ers a galaxy as extended
s NGC 6946 in a single pointing, and its high spatial resolution
nables the observation of individual sites of star formation. In what
ollows we describe how such regions are defined and measured from
he SITELLE data of NGC 6946. 

The identification of gaseous ionized regions in galaxies typi- 
ally makes use of continuum-subtracted narrow-band (mostly H α) 
mages and a variety of techniques, including percentage-of-peak 
hotometry (McCall, Straker & Uomoto 1996 ), morphology-based 
bject recognition as in the case of HIIPHOT (Thilker, Braun & Walter-
os 2000 ; Santoro et al. 2022 ), or fixed-threshold photometry (Rozas
t al. 1999 ; Rela ̃ no et al. 2005 ). More recently, codes optimized for
he detection of H II regions in integral field spectroscopic data have
MNRAS 539, 755–770 (2025) 
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M

Figure 2. ZoI for two selected peaks: the one on the left is in a crowded area, while the one on the right is more isolated. Top panels: The azimuthally averaged 
H α intensity profile is fitted with a plane + 2D Gaussian with standard deviation σG . Here, the Gaussian profile is shown after the plane subtraction. The vertical 
red line is drawn at a radius equi v alent to 3 σG , marking the outer boundary of the ERD. The EBD extends beyond this distance, out to a maximum of 9 σG . Its 
outer boundary is marked by the vertical dashed line. Bottom panels: From left to right: H α map, plane + 2D Gaussian model and residuals. The colour bars 
in the residuals plot map the H α intensity (same units as abo v e). The ‘ ×’ symbols indicate the emission peaks and the centres of the 2D Gaussian fits. The red 
and black contours define the outer boundaries of the ERD and EBD, respectively. 
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een introduced (e.g. Lugo-Aranda et al. 2022 ), and hierarchical
lustering, a standard algorithm in astronomical data analysis (Yu &
ou 2022 ), has been employed (Della Bruna et al. 2020 ; Rowland

t al. 2024 ). 
The second-generation H II region detection code developed for

IGNALS is used here. Adapting the work of Rousseau-Nepton et al.
 2018 ) on NGC 628, with impro v ed techniques described in Savard
in preparation), the code proceeds in three steps: (1) identification
f the emission peaks; (2) determination of the zone of influence
ZoI) around each emission peak; and (3) localization of the outer
oundary of each region and the emission background, established
y fitting a plane + 2D Gaussian model. Below we provide a succinct
escription of the main steps involved. 

.1.1 Peak identification 

mission peaks are first identified in the Laplacian of the H α

mplitude map, smoothed utilizing a Gaussian function with a
tandard deviation of 1.5 pixels (0.48 arcsec) and considering a 3 × 3-
ixel detection box. These choices were dictated by the seeing during
he observations, at the same time ensuring that peaks in crowded
reas are properly differentiated. As described in the work of Savard
in preparation), the detection threshold for the peaks is determined
rom the local background level (measured in a 6 × 6-pixel box) and
rom its noise level. 

.1.2 Zone of influence 

he ZoI, describing the extent over which the observed flux can be
raced to the ionizing photons from a single emission peak, is defined
y assigning each pixel to the nearby peak that maximizes the value of
mp (H α) /r 2 , where the numerator is the H α amplitude of the peaks,
NRAS 539, 755–770 (2025) 
nd r is the distance between these peaks and the selected pixel. Since
onized regions can vary widely in size, ranging from sub-pc scales
as observed for ultra-compact H II regions within the Milky Way;
oare 2005 ) to several hundred pc in radius (giant H II regions in the

ocal Uni verse; K ennicutt 1984 ), we adopted a maximum distance
f 400 pc around each peak. In crowded regions, this technique may
reate smaller, disconnected zones near the edges of the ZoI. These
mall islands, containing only a few pixels and negligible amounts
f flux, are disregarded in the final ZoI before studying the emission
patial profile. 

.1.3 Outer boundary and background emission 

 variety of techniques have been implemented in the literature to
efine H II region boundaries, including emission line ratios, H α

qui v alent widths, spatial gradients of the H α flux, or a combination
f the latter two (see Santoro et al. 2022 , and references therein).
n this work, once the ZoI of a given peak has been identified, the
mission region domain (ERD) is established by fitting a 2D Gaussian
 + plane) profile of standard deviation σG (the average of the standard
eviations along the two axes, σx and σy ) to the pixels located within
he ZoI. The procedure is illustrated for two different regions in
ig. 2 . By our definition, the ERD encloses all pixels located within
 σG of the peak (the radial distance marked by a vertical red line and
abelled Domain in Fig. 2 ). This can be taken as a proxy for the size
f each region. In addition, an emission background domain (EBD)
s defined around each ERD as an annulus extending from 3 σG to
 maximum of 9 σG if the radial extension of the ZoI allows it (the
uter boundary is reduced in crowded regions, such as the one shown
n the left of Fig. 2 ). The median intensity in this section defines the
alue of the background emission, which we assign to the presence
f the diffuse ionized gas (DIG), and is subtracted from the flux
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ntegrated within the ZoI. The vertical dashed line (labelled DIG in 
ig. 2 ) marks the outer boundary of the EBD. In Fig. 3 , we display
egmentation maps of two different fields in NGC 6946, generated 
y the technique outlined abo v e. 

.2 Classification and selection of integrated regions 

fter identifying the regions, we measured the nebular emission 
eatures from the spatially integrated spectra (Fig. 4 ) with the ORCS

ost-processing software (Martin et al. 2015 ; Martin & Drissen 
020 ), which fits the lines using a sinc-Gaussian function, i.e. the
onvolution of a sinc function (the instrumental line function of 
ourier transform spectrometers) with a Gaussian (approximating 

he intrinsic line shape). Examples are presented in Fig. 5 . 
The line fluxes were corrected for the effect of dust extinction using

he curve by Cardelli, Clayton & Mathis ( 1989 ), assuming an electron
emperature T e = 10 4 K. We then used classical Baldwin–Phillips–
erlevich (BPT; Baldwin, Phillips & Terlevich 1981 ) diagrams to 
emo v e re gions that are inconsistent with photoionization by hot
tars, adopting the diagnostic curves of Kauffmann et al. ( 2003 ) in
he log([N II ] λ6583/H α) versus log([O III ] λ5007/H β) plane and
 e wley, Geller & Barton ( 2006 ) in the log([S II ] λλ6717, 6731/H α)
ersus log([O III ] λ5007/H β) plane. 

We required an S/N > 4 for each of the emission lines used in the
hemical abundance analysis (Section 3 ), leaving a total of 688 H II

egions out of 3509 detected peaks. The bottleneck is represented by 
he [O II ] λ3727 line, which suffers from high dust attenuation levels
1.48 mag at 3500 Å; Schlafly & Finkbeiner 2011 ), due to the low
alactic latitude (11.7 ◦) of NGC 6946. 

 C H E M I C A L  A BU N DA N C E S  

ince our aim is to study the 2D abundance distribution of both
xygen and nitrogen, we require independent and uncorrelated 
bundance diagnostics for the two elements. This rules out methods 
nchored to photoionization models that incorporate prescriptions 
or the N/O 

1 ratio as a function of O/H, moti v ated by observ ations.
ith reference to some of the studies mentioned in the Introduction, 

his is the case of the method followed by Ho et al. ( 2017 ), based
n the Bayesian inference code IZI (Blanc et al. 2015 ) and grids of
hotoionization models by Dopita et al. ( 2013 ), as well as the line
iagnostic introduced by Dopita et al. ( 2016 ) and used by Chen et al.
 2024 ) (an example of the possible shortcomings of this metallicity
ndicator is included in Appendix A ). These and similar techniques 
an be used to infer the gas-phase metallicity (in practice the oxygen
bundance) of extragalactic H II regions, although it is important to be
ware of the pitfalls and limitations imposed, for example, by changes 
n the ionization parameter or the intrinsic N/O ratio. Consequently, 
xygen abundance indicators that combine oxygen and nitrogen line 
trengths are to be a v oided, in order to circumvent spurious results
ntroduced by variations in the N/O ratio (Maiolino & Mannucci 
019 ; Schaefer et al. 2020 ). 
Our choice of line indices falls naturally to 
 23 = ([O II ] λ3727 + [O III ] λλ4959, 5007)/H β and
2O2 = log([N II ] λ6583/[O II ] λ3727), which are sensitive to O/H

nd N/O, respectively (Pagel et al. 1979 , 1992 ; P ́erez-Montero &
ontini 2009 ). The former is also influenced by the ionization 
arameter, which can be deduced from the O32 = [O III ] λλ4959,
 This notation denotes the abundance by a number of the elements involved, 
.e. we write, for example, N/O instead of n (N)/ n (O). 

T  

t
r
o  

a  
007/[O II ] λ3727 line ratio (e.g. McGaugh 1991 ), but the latter is
ot, given the similarity of the O 

+ and N 

+ ionization potentials
Peimbert & Costero 1969 ). 

The chemical abundance analysis is carried out with the Bayesian 
nference code NEBULABAYES (Thomas et al. 2018 ) and a large set of
hotoionization models calculated with CLOUDY v23.01 (Chatzikos 
t al. 2023 ). This combination was recently applied to the study of
ITELLE data of NGC 628 by Garner et al. ( 2025 ), to which we refer
or details. In short, spectral energy distributions at solar metallicity, 
alculated with STARBURST99 (Leitherer et al. 2014 ), are used as
nput to CLOUDY , adopting the stellar atmospheres by Pauldrach, 
offmann & Lennon ( 2001 ) and Hillier & Miller ( 1998 ) for massive

tars and the Gene v a stellar tracks with high mass loss (Meynet et al.
994 ). The photoionization models do not assume a prescription for
/O, but rather they are constructed by exploring a wide range in
/H, N/O, and the ionization parameter. This choice allows us to

ddress our investigation of the chemical abundance distribution in 
he disc of NGC 6946 in a self-consistent way. The observed R 23 ,
2O2, and O32 line ratios are employed as priors for NEBULABAYES .
The R 23 index is degenerate: a fixed value of the parameter yields

wo possible O/H solutions, corresponding to an upper (metal-rich) 
nd lower (metal-poor) branch. H II regions in the upper branch lie
bo v e certain values of the N2O2 and [N II ] λ6583/H α line ratios
McGaugh 1991 ; K e wley & Ellison 2008 ). Ev aluating these criteria
ssigns the full H II region sample to the upper, metal-rich branch.
o we ver, in the turnaround region of the log(R 23 ) versus log(O/H)
iagram, located at log(R 23 ) � 0.65, the quality of the fits produced by
EBULABAYES rapidly worsens with increasing log(R 23 ), as judged 
y the χ2 values. We decided then to impose the restriction χ2 < 0 . 5,
hich remo v ed 7 per cent of the sample, leaving 638 regions with

eliable chemical abundance measurements. A catalogue of these 
 II regions is presented in Table 2 , where for each object, we report

elestial coordinates and fluxes, with the respective errors, as given 
y ORCS , for the following lines: [O II ] λ3727, H β, [O III ] λ5007,
 α, [N II ] λ6583, [S II ] λ6717, and [S II ] λ6731. 
Moustakas et al. ( 2010 ) found that empirical calibrations can

nderestimate the ‘true’ T e -based gas-phase metallicity by ∼0.2–
.3 dex, while theoretical calibrations, based on photoionization 
odels, yield abundances that are too high by the same amount.
onsequently, the absolute uncertainty in the nebular abundance 

cale is about 0.7 dex (K e wley & Ellison 2008 ). Garner et al. ( 2025 )
emonstrated that the approach we follow yields oxygen and nitrogen 
bundances that are compatible with these systematic uncertainties 
hen compared to those made with electron temperature measure- 
ents obtained as part of the CHAOS (CHemical Abundances Of 
pirals) project (Berg et al. 2015 , 2020 ; Croxall et al. 2015 , 2016 ). 

.1 Radial gradients 

dopting the galaxy parameters in Table 3 we obtain the O/H and
/H radial gradients displayed in Fig. 6 , where the galactocentric 
istances are normalized to the isophotal radius r 25 . The following
xpressions are linear fits to the data points: 

2 + log ( O / H ) = 9 . 04 (0 . 01) − 0 . 42 (0 . 02) r/r 25 , (1) 

2 + log ( N / H ) = 8 . 21 (0 . 02) − 0 . 54 (0 . 03) r/r 25 . (2) 

he exact functional form of these gradients is of secondary impor-
ance for the remainder of this work, which only takes abundance 
esiduals relative to the radial trends into consideration. Because 
f the systematic differences affecting the neb ular ab undance di-
gnostics, mentioned abo v e, the linear re gression parameters and
MNRAS 539, 755–770 (2025) 
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M

Figure 3. Segmentation maps of two randomly selected fields in NGC 6946, shown on top of the H α line emission. The ‘ ×’ symbols indicate the emission 
peaks, while the contours enclose the ERDs. 

Figure 4. Integrated spectra of the two regions in Fig. 2 . The blue line represents the spectrum extracted from the ERD, whereas the orange line represents the 
scaled background spectrum from the EBD. 
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ms scatter about the fit can depend on the chosen abundance
etermination method, but our main conclusions are robust. A
otential flattening at large galactocentric distances cannot be ruled
ut (ho we ver, the number of data points is small), but since our
nalysis will be focused on the region r < 0 . 8 r 25 we do not attempt
o account for it. We note that the rms scatter measured about the
inear regressions is 0.10 dex (for O/H) and 0.14 dex (for N/H),
onsiderably larger than the values one measures adopting strong-
ine abundance diagnostics (see discussion in Kreckel et al. 2020 ), but
omparable to those obtained through the direct method (e.g. Berg
t al. 2015 ; Croxall et al. 2015 ). Lara-L ́opez et al. ( 2023 ) derived the
xygen abundance gradient in NGC 6946 from a large number of
bre spectra, adopting the S calibration by Pilyugin & Grebel ( 2016 ),
nd measured a scatter of 0.04 dex. Using the same technique, we
btained an even smaller value, 0.03 dex. 
NRAS 539, 755–770 (2025) 

R  

n  
 A Z I M U T H A L  VA R I AT I O N S  O F  T H E  

AS-PHASE  A BU N DA N C E S  

aps of the O/H and N/H abundance fluctuations about the galacto-
entric radial gradients are presented in Fig. 7 : each dot corresponds
o one H II region, colour-coded by its residual abundance. The two
aps look qualitatively fairly similar, since the residuals � log (O/H)

nd � log (N/H) are well correlated. 
It is evident that the vast majority of the H II regions in our sample

s located in the spiral arms, including the branches and fragments to
he north-west (NW) of the centre that were not traced in the optical
 band by Frick et al. ( 2000 , dashed curves in Fig. 7 ). For this reason,
e do not attempt to carry out a comparison between the arm and

nterarm gas abundances (as done e.g. by Kreckel et al. 2019 and
 ́anchez-Menguiano et al. 2020 ). In addition, the NE arm (labelled
1 by Frick et al. 2000 ) is the only structure that comprises a large
umber of high S/N regions over a significant spatial extent (about
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Figure 5. Spectra of the two regions in Fig. 2 , after subtraction of the background. The blue line represents the final spectrum, while the orange line depicts the 
fit performed by ORCS . 

Table 2. Positions and emission line fluxes of the regions studied in NGC 6946, in units of 10 −17 erg cm 

−2 s −1 . We include here the first 10 rows, the complete 
table is available as part of the online supplementary material. 

ID RA ( ◦) Dec. ( ◦) [O II ] λ3727 H β [O III ] λ5007 H α [N II ] λ6583 [S II ] λ6717 [S II ] λ6731 
J2000 J2000 

001 308.88342 60.12317 117.7 ± 34.0 133.7 ± 6.2 95.5 ± 5.5 477.6 ± 9.3 76.1 ± 2.0 52.7 ± 6.6 35.8 ± 6.6 
002 308.87651 60.18765 189.5 ± 48.6 94.2 ± 9.9 53.2 ± 8.1 355.7 ± 10.0 74.8 ± 2.2 43.0 ± 7.1 35.9 ± 7.2 
003 308.86973 60.15038 331.4 ± 41.5 234.7 ± 10.6 361.3 ± 12.3 924.3 ± 13.3 153.9 ± 2.9 89.5 ± 9.4 60.7 ± 9.4 
004 308.86560 60.16170 118.0 ± 26.3 143.3 ± 9.4 399.6 ± 12.7 498.6 ± 6.2 99.1 ± 2.0 77.0 ± 6.5 54.8 ± 6.5 
005 308.86354 60.19744 105.3 ± 30.1 65.6 ± 6.0 53.5 ± 5.5 216.7 ± 7.1 55.1 ± 1.6 40.6 ± 5.2 27.3 ± 5.2 
006 308.86352 60.16682 206.4 ± 29.0 134.4 ± 5.4 79.6 ± 5.5 632.3 ± 12.5 148.2 ± 2.8 103.6 ± 9.0 60.3 ± 9.0 
007 308.86147 60.17031 305.5 ± 50.3 157.5 ± 8.8 190.3 ± 9.3 683.0 ± 14.8 139.3 ± 3.3 120.1 ± 10.8 82.5 ± 10.7 
008 308.85979 60.16645 207.6 ± 34.6 129.3 ± 9.2 127.3 ± 9.0 696.2 ± 13.1 164.8 ± 3.0 129.1 ± 9.5 84.6 ± 9.5 
009 308.85975 60.16807 353.7 ± 35.1 228.8 ± 9.5 226.2 ± 9.3 1030.4 ± 19.7 238.5 ± 4.5 194.6 ± 14.4 126.0 ± 14.3 
010 308.85973 60.16879 236.8 ± 29.5 149.8 ± 6.4 147.2 ± 6.3 643.4 ± 12.7 141.5 ± 2.9 112.3 ± 9.2 72.3 ± 9.2 

Table 3. NGC 6946: galaxy parameters. 

RA (J2000) 20 h 34 m 52 . s 33 NED 

Dec. (J2000) 60 ◦09 ′ 14 . ′′ 1 NED 

i ( ◦) 32.6 de Blok et al. ( 2008 ) 
PA ( ◦) 242.7 de Blok et al. ( 2008 ) 
D (Mpc) 7.72 Anand et al. ( 2018 ) 
r 25 (arcsec) 344.45 de Vaucouleurs et al. ( 1991 ) 
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Figure 6. Oxygen (top, blue dots) and nitrogen (bottom, red dots) abundance 
gradients, with galactocentric distances normalized to the isophotal radius r 25 . 
The linear fits are displayed by the dashed lines. 
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 kpc). Indeed, approximately half of the H II regions in our final
ample are associated with this structure. The NE arm displays a 
izeable width on the sky (up to ∼60 arcsec, equi v alent to ∼2.2 kpc),
hich facilitates the exploration of azimuthal effects across it. We 
ill therefore limit the analysis in this section to this single feature.
edr ́es et al. ( 2012 ) reported O/H azimuthal variations in NGC 6946,

n the form of a high-metallicity structure to the south and west of
he galaxy centre. We are unable to confirm their finding. 

Before proceeding, we note that the thick portion of the NE arm is
ully located inside the corotation radius ( ∼0.8–0.9 r 25 ; Schinnerer 
t al. 2006 ; Fathi et al. 2007 ). Sakhibov et al. ( 2021 ) provide evidence
MNRAS 539, 755–770 (2025) 
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MNRAS 539, 755–770 (2025) 

Figure 7. O/H (top) and N/H (bottom) residuals maps, shown on top of a narrow-band, continuum-subtracted H α image of NGC 6946 (William Herschel 
Telescope). For reference, we display the five spiral arms identified in the optical R band by Frick et al. ( 2000 , dashed curves), in addition to curves corresponding 
to the isophotal radius r 25 (outer ellipse) and to 0.4, 0.6, 0.8 × r 25 (dotted ellipses). 
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(a)

(b)

(c)

Figure 8. Residuals maps of (a) log(O/H), (b) log(N/H), and (c) log(N/O) 
for the NE arm H II regions. The s coordinate is the distance in kpc from the 
eastern tip of the arm, measured along the spiral arm. The d coordinate is the 
distance in kpc abo v e and below the central line of the spiral arm. The dashed 
horizontal lines mark the upper and lower 20 percentile levels of d. 
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hat this structure rotates around the centre of the galaxy more slowly
han stars and gas, as expected inside the corotation radius: in their
lockwise motion around the galaxy centre, stars and gas enter the 
piral arm at the trailing (southern) side. 

.1 The NE arm 

 remarkable feature in Fig. 7 is an apparent variation of the mean
bundance residuals across the NE arm: on the trailing (southern) 
ide, they are on average larger than on the leading (northern) side.
he amplitude of the effect, which at first glance is more discernible

n the O/H map, is on the order of 0.1 dex. 
In Fig. 8 , we have isolated the H II regions belonging to the thick

art of the NE arm, extending approximately from 0.4 r 25 to 0.8 r 25 

n distance from the centre, and unfolded the spiral structure on the
lane of the galaxy. This figure displays the separation d (in kpc) of
he H II regions from the arm’s central line (Frick et al. 2000 ) across
he length of the arm, starting from the easternmost tip ( s, in kpc).

e colour-coded the two top diagrams (panels a and b) by the values
f the log(O/H) and log(N/H) residuals, obtained after subtraction of 
he galaxy radial abundance gradient. Panel (c) displays a map of the
og(N/O) residuals. 

We divide the sample into trailing ( d < 0) and leading ( d > 0)
ortions. A two-sided Kolmogoro v–Smirno v (KS) test excludes 
he null hypothesis that the two sets are drawn from the same
istribution, with a p-value � 0.001 for O/H and equal to 0.003 
or N/H. The smaller significance in the latter case can be attributed
o the positive residuals on the leading side at the position of the
tar comple x es at ( s, d) � (0 . 8 , 0 . 3) kpc. The N/O residuals map
Fig. 8 c) reveals a ∼0.1 dex enhancement at this very spot (a second
egion with a similar property appears at s � 3 . 6 kpc). This can
otentially be explained by nitrogen enrichment of the ISM due 
o the pollution from winds of Wolf–Rayet stars (which have in fact
een detected at this location by Garc ́ıa-Benito et al. 2010 ). Although
ncommonly, N/O enhancements attributed to these evolved massive 
tars have been reported in the literature (e.g. Kobulnicky et al. 1997 ;
rinchmann, Kunth & Durret 2008 ; L ́opez-S ́anchez & Esteban 2010 ;
erg, Skillman & Marble 2011 ; Karthick et al. 2014 ). 
In order to quantify the abundance gradient azimuthally across 

he width of the arm, we calculate the mean abundance differ-
nce between the H II regions belonging to the top and bottom
0 percentiles of the d values (indicated in Fig. 8 ), selected to
etter represent nebulae located in the leading and trailing edges 
f the arm, respectively. This is of course an arbitrary choice, but
t provides a rough measure of the effect we are investigating. We
nd a decrease, moving from the trailing to the leading edge, of
log (O/H) = 0.11 (0.02) dex and δ log (N/H) = 0.10 (0.03) dex: the
zimuthal change in abundance is the same between the two elements. 
he abundance dichotomy observed between the leading and trailing 
ides of the NE arm is consistent with the model predictions by Grand
t al. ( 2016 ) and the observation of a similar effect in NGC 6754
y S ́anchez-Menguiano et al. ( 2016 ). Recent galaxy simulations
Khoperskov et al. 2023 ; Orr et al. 2023 ; Graf et al. 2025 ) indicate
hat inward and outward gas and stellar motions along the spiral arms
enerate an azimuthal abundance dispersion, and that the existence 
f radial abundance gradients is necessary for the development of 
zimuthal abundance variations: steeper radial gradients lead to more 
ronounced azimuthal variations. In our case, the nitrogen radial 
radient is only slightly steeper than that of oxygen (Section 3.1 ),
nd this is possibly the reason why the variation across the NE arm
s similar between the two elements. 

Chen et al. ( 2024 ) detected O/H gradients across the spiral arms
f NGC 1365 ( ∼0.07 dex) and NGC 1566 ( ∼0.04 dex). Their inter-
retation follows Ho et al. ( 2017 ), although the latter authors explain
hat their local enrichment model produces enhanced metallicities at 
he location of the spiral arms, in relation to both the trailing and
he leading sides (see discussion in section 5.4 of their paper). In
ny case, spiral arms do not typically display detectable evidence 
or chemical abundance azimuthal variations, and as summarized in 
he Introduction, observations suggest a variety of scenarios. Even if 
he interpretation offered by models and simulations is viable in the
ase of the NE arm of NGC 6946, as well as the arms of a few other
alaxies, additional factors must play a role in determining whether 
zimuthal structures in the distribution of metals are developed. 

 H O M O G E N E I T Y  SCALES  O F  OX Y G E N  A N D  

I T RO G E N  

hether oxygen and nitrogen are mixed into the ISM on similar
patial scales remains a poorly explored and outstanding question, 
lthough this issue is rele v ant for a deeper understanding of the
rocesses affecting the chemical evolution of galaxies (Emerick et al. 
018 ). The production sites differ between the two elements: oxygen
riginates from massive ( > 8 M �) stars exploding as core-collapse
Ne, while nitrogen production is dominated by intermediate-mass 
4–8 M �) stars during the asymptotic giant branch (AGB) phase
Henry, Edmunds & K ̈oppen 2000 ; Kobayashi, Karakas & Umeda
011 ; Vincenzo et al. 2016 ; Vangioni et al. 2018 ). These stars are
esponsible for about 75 per cent of the nitrogen synthesized at
olar metallicity (Kobayashi, Karakas & Lugaro 2020 ). Because of 
MNRAS 539, 755–770 (2025) 
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he different stellar lifetimes, the release of oxygen into the ISM
ccurs o v er a smaller time-scale ( < 30 Myr) compared to nitrogen
 ∼250 Myr for a single stellar population; Johnson et al. 2023 ). 

A first-order comparison of the mixing properties of O and N
ould in principle be based on the scatter observed about the radial
radients (e.g. Kennicutt & Garnett 1996 ; Bresolin 2011 ; Pilyugin,
rebel & Kniazev 2014 ; Croxall et al. 2015 ), but the azimuthal

v eraging remo v es essential clues that only a 2D analysis is able
o provide. An approach that transcends the limitations imposed
y the simplest statistics, represented by the azimuthally averaged
adial gradients, has been put forward by Krumholz & Ting ( 2018 ,
ereafter KT18 ). These authors introduced an analytical model based
n stochastically forced diffusion, which includes metal injection
y stellar sources (SNe, AGB stars, and neutron star mergers) and
urbulent mixing, approximated by linear diffusion. They emphasized
he use of the two-point correlation of the 2D metal field as a measure
f the spatial scales o v er which chemical elements are correlated,
f fecti vely the scales over which the distribution of the metals is
omogeneous. KT18 drew the conclusion that elements produced
y core-collapse SNe ( α-elements, including oxygen) should be
onsiderably more spatially correlated than those produced by AGB
tars (s-type elements and, although not explicitly mentioned by
he authors, nitrogen). The correlation scales should vary between

1 kpc for the former and < 100 pc for the latter due to a smaller
njection width, the spatial scale o v er which the metals are driven
nto the ISM. The reason lies in the different energetics involved in
he release of the nucleosynthetic products: e xplosiv ely in the case
f SNe, and via low-velocity winds for AGB stars. 
A first application of the two-point correlation function to gas-

hase O/H abundance residual maps was carried out by Kreckel et al.
 2020 ) in a sample of eight PHANGS-MUSE galaxies (Emsellem
t al. 2022 ), essentially confirming the ∼1 kpc scale predicted by
he KT18 model for the mixing of oxygen. Subsequent work by Li
t al. ( 2021 , 2023 ) and Williams et al. ( 2022 ) consolidated these
esults using larger galaxy samples, and looking for trends with
alactic properties, such as stellar mass and star formation rate.
etha, Trenti & Chu ( 2021 ) followed a different technique, based

n the use of the semi v ariogram, to investigate the homogeneity of
he observed metallicity fluctuations in PHANGS-MUSE galaxies.
hey found that the metallicities between neighbouring H II regions
eparated by less than ∼1 kpc are well correlated, in substantial
greement with the other works cited abo v e. 

The quantification of the mixing scale is carried out in slightly
ifferent ways between authors: Kreckel et al. ( 2020 ) and Williams
t al. ( 2022 ) use the length that corresponds to a fixed value of the
wo-point correlation function, chosen to be either 50 or 30 per cent,
hile Li et al. ( 2021 , 2023 ) calculate the correlation length from a
arametric fit to the KT18 correlation function model. The latter
pproach can provide a better understanding of the underlying
hysical processes, provided the model is correct, by disentangling
he effects of the injection width and the correlation length on the
hape of the correlation curve (Li et al. 2021 ). 

.1 Two-point correlation function 

n this section, we compare for the first time the two-point correlation
f the gas-phase abundances of both oxygen and nitrogen in the same
alaxy , and follow , for simplicity , the approach by Kreckel et al.
 2020 ) to quantify the mixing scale. As in Kreckel et al. ( 2020 ),
ur results refer to the distribution of metals in discrete H II regions,
ather than single spaxels as in Li et al. ( 2021 , 2023 ). Williams et al.
 2022 ) followed both approaches and found moderately consistent
NRAS 539, 755–770 (2025) 
esults. We share with the investigations based on PHANGS-MUSE
ata also the excellent physical spatial resolution: 30 pc in our case
40–70 pc in Kreckel et al. 2020 ), compared to the hundreds of pc
verage resolution of the data analysed by Li et al. ( 2021 , 2023 ). 

We use the two-point correlation of the observed chemical abun-
ances as a function of spatial scale r (see KT18 ; Kreckel et al.
020 ): 

( r) = 

〈 

S X ( r i ) S X ( r j ) − S X 
2 

(
S X − S X 

)2 

〉 

, (3) 

here r i and r j are the vector positions of the H II regions where the
etal field S X is measured, the angle brackets indicate the average
 v er all possible choices of r i , and the horizontal bars represent the
v erage o v er all H II re gions. In our case, S X refers to the logarithmic
bundance fluctuations of either O/H or N/H, with a mean value of
ero. According to KT18 (see also Li et al. 2021 ), equation ( 3 ) can
hen be simplified to 

( r) = 

〈 S X ( r i ) S X ( r j ) 〉 
σ 2 

, (4) 

here σ 2 is the variance of S X . For the evaluation of the two-point
orrelation from equation ( 4 ), we calculate the product S X,i S X,j 

or each pair of H II regions ( i, j ) separated by the distance r ij , and
ivide the full sample into 0.1-kpc-wide bins in r ij within the range 0–
 kpc. 2 By construction, the correlation decreases from a maximum
alue ξ (0) = 1 (each H II region correlating perfectly with itself)
o zero at very large separations. We e x ecute 100 realizations by
aussian sampling the log(O/H) and log(N/H) residuals uncertainties

n order to estimate the 1 σ widths of the correlation curves. In
ddition, we run 100 realizations where we randomize the abundance
esiduals distribution in order to derive the curve corresponding to a
ack of correlation between neighbouring H II regions. 

Two distinct approaches have been followed in the recent literature
oncerning the separation between pairs in equations ( 3 ) and ( 4 ):
reckel et al. ( 2020 ) and Williams et al. ( 2022 ) adopt | r i − r j | ≤ r ,
hile KT18 and Li et al. ( 2021 , 2023 ) utilize | r i − r j | = r . The

doption of the equality sign in the latter case is in line with other
ses of the two-point correlation function in astronomy (e.g. Peebles
993 ). We utilize both definitions below and show that they provide
ompatible outcomes. 

(a) Our results adopting | r i − r j | ≤ r are displayed in Fig. 9 (a),
here it is evident that the curves (actually bands) for both oxygen

nd nitrogen deviate significantly from the curve obtained by ran-
omizing the abundances, and that the N/H correlation curve lies
onsistently below the O/H curve. To estimate the significance of the
ffset, we randomly generated 10 4 curve pairs (one curve for O/H
nd one for N/H) lying within the respecti ve lo wer and upper bounds,
ach time calculating their offset along the y-axis, performing the
S test and deriving a p-value from the test. Since the curves touch

ach other at r = 0, we a v oided separations r < 0 . 2 kpc. We find that
he mean p-value is 0.026 with a standard deviation of 0.019. This
mplies that the offset seen in Fig. 9 can be considered as statistically
ignificant, i.e. the nitrogen correlation is slightly smaller than that
f oxygen. 
As a measure of the mixing scale of oxygen and nitrogen, we

nterpolated the upper and lower bounds of each band to estimate the
eparation in kpc where the correlation falls to 50 and 30 per cent: 

https://github.com/thomaswilliamsastro/metallicity_gpr/tree/master
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(a)

(b)

Figure 9. The two-point correlation functions of the oxygen (blue) and 
nitrogen (red) abundance fluctuations, using 0.1-kpc-wide bins. The bands 
are drawn considering the 1 σ distribution of 100 realizations obtained by 
Gaussian sampling the uncertainties. The grey band is drawn from 100 
realizations of a random shuffle of the abundances. We adopt two different 
definitions for the separations between pairs in equation ( 4 ): (a) | r i − r j | ≤ r 

and (b) | r i − r j | = r . 

r (kpc) 
50 per cent O/H 0 . 29 + 0 . 03 

−0 . 02 

N/H 0 . 26 + 0 . 01 
−0 . 01 

30 per cent O/H 0 . 70 + 0 . 09 
−0 . 09 

N/H 0 . 56 + 0 . 04 
−0 . 04 

(  

i  

1  

b
d
a

w  

l  

s
a
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a
a  

3  

i

Figure 10. Semi v ariograms of the oxygen (bottom curve) and nitrogen (top 
curve) abundance distributions. The dashed lines represent the fits to the 
model in equation ( 6 ). 
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The correlation scales that we measure fall within the range derived 
in the case of oxygen) for other nearby galaxies (see the comparison
n Li et al. 2021 ). The values for O/H and N/H differ only at the
 . 5 σ level, which is less significant than that of the overall offset
etween the curves, because these scales are measured on the steep, 
escending portions of the curves themselves. The difference is only 
ppreciated at large separations. 

(b) If we use the standard definition of the two-point correlation, 
here | r i − r j | = r , we obtain the curves shown in Fig. 9 (b), which

ook different from those illustrated abo v e. In particular, the y drop
harply at small separations and display significant fluctuations in 
mplitude, due to the stricter criterion that isolates a much smaller 
umber of H II regions per bin. The correlation function values are
lso considerably lower than in the previous case – such low values 
re compatible with those calculated by Li et al. ( 2021 , see their fig.
). Nevertheless, the location of the N/H curve below the O/H curve
s retained. 
Although the trend we see in Fig. 9 goes in the direction expected
y KT18 , we do not find evidence for N/H to be characterized by
 much smaller correlation scale ( < 100 pc at the 50 per cent level)
ompared to O/H, as indicated by the KT18 model with the adopted
arameters (see their fig. 4). Our result suggests that adjustments to
he KT18 model parameters are called for, in particular with regard
o the small injection width of AGB stars. We argue that this is
ustified by the significantly longer time-scale o v er which AGB stars
elease their nucleosynthetic products into the ISM, in comparison 
o massive stars. In a single stellar population, such a time-scale is
n the order of 250 Myr, o v er which migration of the stars is likely to
ake place (Johnson et al. 2023 ), thus leading to a large spatial extent
 v er which nitrogen can be injected into the ISM. 

.2 Semi v ariogram 

n order to consolidate our conclusions, we also explored the use
f the semi v ariogram, a geostatistical tool that has been recently
pplied to the analysis of the 2D chemical ab undance distrib utions in
alaxies by Metha et al. ( 2021 , 2022 ). In our case the semi v ariogram
( r) measures how the variance of the chemical abundances changes
s a function of separation between pairs of H II regions. Like the
wo-point correlation function, which is a strictly associated concept, 
t can inform us on the spatial scales of homogeneity of the chemical
bundance fields. Using the quantities defined in equation ( 3 ): 

( r) = 

1 

2 
Var ( S X ( r i ) − S X ( r j )) , (5) 

here the variance is calculated o v er all pairs of H II regions ( i, j )
eparated by a distance r ij such that r − δ/ 2 ≤ r ij ≤ r + δ/ 2, with
the chosen bin size (Metha et al. 2021 ). 
The semi v ariograms for both log(O/H) and log(N/H), adopting 
= 0 . 1 kpc, are shown in Fig. 10 . The vertical offset between the

wo is due to the larger (uncorrelated) measurement uncertainties 
f the N/H abundances, since the value γ ( r = 0) increases with the
easurement errors (Metha et al. 2021 ). In our sample, the mean

rrors are 0.05 dex for log(O/H) and 0.07 dex for log(N/H). The
bserved semi v ariances at r = 0 are considerably larger (by a factor
f ∼3.5–4) than what is derived from the mean errors, suggesting
he presence of correlated abundance fluctuations on smaller spatial 
cales. 

The amplitude of the chemical abundance fluctuations can be esti- 
ated by the difference in γ ( r) measured between large separations,
here the abundances are uncorrelated and the curve flattens out, 
MNRAS 539, 755–770 (2025) 
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nd small separations. Such a difference is �γ � 0.006–0.008 dex,
mplying fluctuations on the order of 0.11–0.12 dex. 

In order to estimate the spatial scales o v er which the chemical
bundances can be considered to be correlated, we followed Metha
t al. ( 2022 ) and fitted the semi v ariograms with a simple model: 

( r) = A 

2 (1 − exp ( −r/R S )) + γ0 , (6) 

here γ0 is the offset measured at r = 0, A 

2 corresponds to the
γ value described abo v e, and R S is a measure of the homogeneity

cale of the chemical abundances. Our fits are shown as dashed
ines in Fig. 10 . We estimated the errors in the fit parameters by
arying the range in r o v er which the fit is performed (5–20 kpc
n 0.1 kpc steps). We obtain R S = 0 . 65 ± 0 . 08 kpc for log(O/H)
nd R S = 0 . 47 ± 0 . 03 kpc for log(N/H). The marginal difference is
onsistent with our previous finding (Section 5.1 ) that the correlation
cale of N/H is slightly smaller than that of O/H. We calculate that
he correlation functions for O/H and N/H shown in Fig. 9 (a) fall to

33 per cent at a separation r = R S . 
In summary, using different statistical tools, we find evidence

hat chemical abundance fluctuations on the order of ∼0.1 de x e xist
n NGC 6946 for both oxygen and nitrogen. Although nitrogen
s slightly less correlated than oxygen, the spatial correlation is
omparable between the two elements and is on the order of half
 kpc. 

The latter conclusion is supported by the results of recent high-
esolution simulations of a Milky Way-type galaxy presented by
hang et al. ( 2024 ), who tracked se ven dif ferent chemical elements,

ncluding O and N, following their injection into the ISM on a star-
y-star basis. Zhang et al. ( 2024 ) find that all the elements they
onsidered are well correlated with each other (C representing a
ild exception), and that N has virtually the same spatial statistics

f the s-process elements Ba and Ce, generated by AGB stars, and
eviating only marginally from that of O, S, and Mg, released by
ore-collapse SNe. N is found to have a slightly longer correlation
ength than O. The much larger injection width for N (and other
GB-related species) compared to the KT18 model is justified by

he longer lifetimes of intermediate-mass stars, which implies longer
ime-scales for the release of their nucleosynthetic products as well
s a drift from their birth sites. This is in o v erall agreement with our
ndings and arguments, even though we measure a slightly smaller
orrelation for N compared to O, rather than the opposite effect as
ound by Zhang et al. ( 2024 ). 

 SUMMARY  A N D  C O N C L U S I O N S  

he efficient mapping of the 2D distribution of metals across galaxy
iscs requires instruments capable of providing simultaneous spatial
nd spectroscopic information across a wide wavelength range. The
vailability of hundreds or thousands of spectra (of either spaxels
r individual H II regions) per galaxy enables the investigation of
igher order statistics of the distribution of metals compared to the
ere deri v ation of abundance gradients. 
Due to instrument construction and sensitivity constraints, the

 xtragalactic surv e ys carried out in the past decade have focused on
eriving the distribution of the oxygen abundance alone, using a va-
iety of line diagnostics and photoionization modelling. Broadening
he variety of chemical species probed by the observations opens
p new opportunities for the exploration of processes regulating the
hemical evolution of galaxies. In this work, we have presented an
nalysis of the 2D distribution of oxygen and nitrogen in the disc of
GC 6946, made possible by the unique blue sensitivity and wide
eld of view of the SITELLE Fourier transform spectrometer. For
NRAS 539, 755–770 (2025) 
he chemical abundance analysis, we relied on the NEBULABAYES

ode (Thomas et al. 2018 ) and a custom grid of photoionization
odels (Garner et al. 2025 ) that enable the exploration of oxygen

nd nitrogen abundance variations o v er a broad range, rather than
dopt a prescribed N/O behaviour with O/H. This approach allows
s to circumvent potential pitfalls intrinsic to strong-line diagnostics.
ur analysis focuses on the abundance fluctuations obtained by

ubtracting the galactocentric gradients from the abundances. We
btain two main results: 
(a) There is a ∼0.1 dex gradient in the residuals of both the O/H and

/H abundance ratios measured azimuthally across the NE arm of
he galaxy, the only structure of the galaxy where we have sufficient
tatistics for the study of azimuthal variations, with the leading side
f the arm being more metal-poor than the trailing side. Such a
rend matches the expectations from galaxy simulations (Grand et al.
016 ; S ́anchez-Menguiano et al. 2016 ), in which azimuthal variations
re produced by the radial mo v ement of gas and stars along the
piral arms, inwards (outwards) along their leading (trailing) edges.
n the simulations, inward-bound gas flows dilute and lower the
bundances of the gas, in virtue of the presence of radial gradients
n the distribution of metals (e.g. Orr et al. 2023 ). 

(b) Despite the differences in energetics and nucleosynthetic ori-
in, with oxygen released e xplosiv ely by massive stars and nitrogen
ia slow winds by intermediate-mass stars, these two chemical
lements appear to be distributed on similar spatial scales in the
SM of NGC 6946, with nitrogen marginally less correlated than
xygen. This goes against the much smaller correlation expected for
itrogen from the model by KT18 , which stimulated our correlation
nalysis, but is in rough agreement with the findings from the galaxy
imulations by Zhang et al. ( 2024 ). 

Of course, before one can confidently claim that our result
oncerning the correlation scales indicates drawbacks in the KT18
ramework, and in particular the choice of the metal injection
arameters, or, alternatively, issues with our observations and data
nalysis, will require the investigation of additional galaxies. The
IGNALS surv e y is well equipped, both in terms of instrumentation
nd galaxy sample size, to address the observational side of this issue.
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edr ́es B. , Cepa J., Bongiovanni Á., Casta ̃ neda H., S ́anchez-Portal M., Tomita

A., 2012, A&A , 545, A43 
hatzikos M. et al., 2023, Rev. Mex. Astron. Astrofis. , 59, 327 
hen Q.-H. et al., 2024, MNRAS , 534, 883 
roxall K. V. , Pogge R. W., Berg D. A., Skillman E. D., Moustakas J., 2015,

ApJ , 808, 42 
roxall K. V. , Pogge R. W., Berg D. A., Skillman E. D., Moustakas J., 2016,

ApJ , 830, 4 
e Blok W. J. G. , Walter F., Brinks E., Trachternach C., Oh S. H., Kennicutt

R. C. J., 2008, AJ , 136, 2648 
ella Bruna L. et al., 2020, A&A , 635, A134 
e Vaucouleurs G. , de Vaucouleurs A., Corwin H. G., Jr, Buta R. J., Paturel

G., Fouque P., 1991, Third Reference Catalogue of Bright Galaxies. Vol. 
I: Explanations and References. Vol. II: Data for Galaxies Between 0 h and
12 h . Vol. III: Data for Galaxies Between 12 h and 24 h . Springer, New York

opita M. A. , Sutherland R. S., Nicholls D. C., K e wley L. J., Vogt F. P. A.,
2013, ApJS , 208, 10 

opita M. A. , K e wley L. J., Sutherland R. S., Nicholls D. C., 2016, Ap&SS ,
361, 61 

rissen L. et al., 2019, MNRAS , 485, 3930 
ldridge J. J. , Xiao L., 2019, MNRAS , 485, L58 
lmegreen B. G. , Elmegreen D. M., Montenegro L., 1992, ApJS , 79, 37 
merick A. , Bryan G. L., Mac Low M.-M., C ̂ ot ́e B., Johnston K. V., O’Shea

B. W., 2018, ApJ , 869, 94 
msellem E. et al., 2022, A&A , 659, A191 
athi K. , Toonen S., Falc ́on-Barroso J., Beckman J. E., Hernandez O., Daigle

O., Carignan C., de Zeeuw T., 2007, ApJ , 667, L137 
rick P. , Beck R., Shukurov A., Sokoloff D., Ehle M., Kamphuis J., 2000,

MNRAS , 318, 925 
arc ́ıa-Benito R. et al., 2010, MNRAS , 408, 2234 
arner R. , III, Kennicutt R., Jr, Rousseau-Nepton L., Olivier G. M.,

Fern ́andez-Arenas D., Robert C., Martin R. P ., Amram P ., 2025, ApJ,
978, 19 

raf R. L. , Wetzel A., Bellardini M. A., Bailin J., 2025, ApJ , 981, 47 
rand R. J. J. et al., 2016, MNRAS , 460, L94 
rasha K. et al., 2022, ApJ , 929, 118 
arris C. R. et al., 2020, Nature , 585, 357 
awkins K. , 2023, MNRAS , 525, 3318 
enry R. B. C. , Edmunds M. G., K ̈oppen J., 2000, ApJ , 541, 660 
illier D. J. , Miller D. L., 1998, ApJ , 496, 407 
o I. T. et al., 2017, ApJ , 846, 39 
o I. T. et al., 2018, A&A , 618, A64 
oare M. G. , 2005, Ap&SS , 295, 203 
unter J. D. , 2007, Comput. Sci. Eng. , 9, 90 

ohnson J. W. , Weinberg D. H., Vincenzo F., Bird J. C., Griffith E. J., 2023,
MNRAS , 520, 782 
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PPENDI X  A :  RESULTS  F RO M  A N  

LT E R NAT I V E  META LLI CI TY  DI AG NOST IC  

e include here the O/H residuals map obtained using the metal-
icity diagnostic by Dopita et al. ( 2016 ), which is based on the
N II ] λ6583/H α and [N II ] λ6583/[S II ] λλ6717, 6731 line ratios: 

2 + log ( O / H ) = 8 . 77 + y + 0 . 45( y + 0 . 3) 5 , (A1) 

here 

 = log ([ N II ] / [ S II ] + 0 . 264 log ([ N II ] / H α) . (A2) 

n this case our adopted S/N constraint (S/N > 4) is much less restric-
ive than in the main paper, since we are a v oiding the [O II ] λ3727
ine, which is often not observed with a sufficient S/N due to the
igh interstellar extinction, and we can rely on approximately 1400
etallicity data points distributed across the disc of NGC 6946. Of

ourse, our abundance analysis remains limited to O/H. The outcome
s shown in Fig. A1 . It can be seen that the o v erall map is similar
o the O/H map of Fig. 7 , and in particular the abundance gradient
cross the NE arm is evident. 

In Fig. A2 , we repeat the analysis of the NE arm we carried out in
ection 4.1 , but we substitute panels (b) and (c) of Fig. 8 (that refer to
itrogen) with a map of the H β equi v alent widths, EW(H β). This is
 proxy for the age of the H II regions, and it indicates younger ages
 � 4 Myr using the calibration of Terlevich et al. 2004 – consistent
ith age inferred from the presence of Wolf–Rayet stars, detected
y Garc ́ıa-Benito et al. 2010 ) in the eastern star-forming comple x es,
ompared to the rest of the arm ( � 5–6 Myr). Between the trailing
nd the leading sides of the arm the mean O/H residuals (Fig. A2 a)
ecrease by δ log (O/H) = 0.08 (0.01) dex, virtually the same amount
ound in Section 4.1 . 

It is instructive to point out that the apparent O/H enhancement
t ( s, d) � (0 . 8 , 0 . 3) kpc, also evident in Fig. A1 , is likely spurious,
nd a consequence of the fact that here the N/O ratio appears to be
nhanced (see Fig. 8 c). Since the Dopita et al. ( 2016 ) abundance
iagnostic is based on photoionization models that incorporate a
rescribed trend of N/O as a function of O/H, and the y parameter
n equation ( A2 ) increases with the [N II ] line strength, a physical
nhancement in the N/O ratio (which we tentatively attribute to Wolf–
ayet star winds) would translate into a larger O/H value using
quation ( A1 ). 
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Figure A1. O/H residuals map, similar to Fig. 7 , but using the metallicity diagnostic by Dopita et al. ( 2016 ). 
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(a)

(b)

Figure A2. Maps of (a) the O/H residuals (adopting the Dopita et al. 2016 metallicity diagnostic) and (b) the H β equi v alent width for the NE arm H II regions. 
The s coordinate is the distance in kpc from the eastern tip of the arm, measured along the spiral arm. The d coordinate is the distance in kpc from the central 
line of the spiral arm. 
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