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Abstract

We present a comprehensive analysis of the nitrogen-to-oxygen (N/O) abundance ratio in a sample of ∼660 star-forming galaxies at redshift z ∼ 1 − 6, with a median redshift of ⟨z⟩ = 3.0, using deep JWST/NIRSpec spectroscopy. Leveraging detections of faint auroral emission lines in 92 galaxies at z > 1 from both the MARTA survey and a large compilation of high-redshift literature objects, we derived direct electron-temperature-based abundances for nitrogen and oxygen using rest-frame optical lines. We establish the first high-redshift calibrations of strong-line N/O diagnostics based on ‘direct’ abundance measurements, finding a mild evolution for the N2O2 = log([N II] λ6585/[O II] λλ3727,3729) diagnostic and no clear evolution for the N2S2 = log([N II] λ6585/[S II] λλ6717,6731) diagnostic compared to local realisations. We then investigated the N/O–O/H relation across cosmic time using both ‘direct’ abundances and strong-line-based measurements (additional 535 galaxies). We find evidence of mild but systematic nitrogen enhancement at high redshift: galaxies at z > 1 exhibit N/O ratios elevated by ∼0.18 dex (median offset) at fixed O/H compared to local trends, with a more pronounced enhancement at low metallicity (i.e. 12 + log(O/H)≲8.1), where the offset reaches up to ∼0.4−0.5 dex. We considered several scenarios to explain the observed trends, including bursty star formation, differential metal loading, and inflows of pristine gas. Our results provide the most extensive confirmation of elevated N/O ratios at high-redshift to date based on rest-optical diagnostics and within a self-consistent frame.

Key words: galaxies: abundances / galaxies: evolution / galaxies: high-redshift / galaxies: ISM


1. Introduction
Metals are essential tracers of galaxy assembly, encoding the imprint of star formation, gas accretion, and feedback processes across cosmic time (e.g., Maiolino & Mannucci 2019). Their presence regulates key processes in the interstellar medium (ISM), as they set the efficiency of radiative cooling (e.g., Sutherland & Dopita 1993), modulate the conversion of gas into stars (e.g., Krumholz & Dekel 2012; Bolatto et al. 2013), and determine the opacity and thermodynamic state of the ISM (e.g., Draine 2011). Metals are therefore central actors in the baryon cycle: constraining the timing and efficiency of metal production and tracing the evolution of their abundances with redshift is therefore essential for reconstructing the pathways of galaxy formation and evolution.
Beyond absolute abundances, the relative abundance patterns of individual elements encode information on the timescales and sources of chemical enrichment and are therefore powerful diagnostics of the physical processes driving galaxy evolution. Among these, the nitrogen-to-oxygen ratio (N/O) plays a particularly important role. In fact, oxygen is an α-element, produced predominantly through helium fusion in short-lived massive stars (M ≳ 8 M⊙), which end their lives as core-collapse supernovae and enrich the ISM with oxygen. Nitrogen, on the other hand, can be produced through two main channels, commonly referred to as primary and secondary production. In the primary channel, nitrogen originates from carbon and oxygen freshly synthesized within the star itself: these newly formed nuclei are mixed into the hydrogen-burning regions and converted into nitrogen through the CNO cycle. As a result, the nitrogen yield in this case is largely independent of the star’s initial metallicity. Primary nitrogen can be produced both by massive stars on short timescales–tens of megayears–where fast rotational and convective mixing processes are highly efficient (e.g., Henry et al. 2000; Meynet & Maeder 2002; Chiappini et al. 2006), and by low- and intermediate-mass stars (LIMSs; M ≲ 8 M⊙), during their asymptotic giant branch (AGB) phase (e.g., Vincenzo et al. 2016). Such a production channel happens on much longer enrichment timescales, that is, hundreds of megayears to several gigayears. The relative importance of each channel depends on the star formation history, IMF, and metallicity evolution of the galaxy (e.g., Romano et al. 2019). In contrast, the secondary channel relies on carbon and oxygen already present in the progenitor gas cloud. In this case, the CNO cycle transforms pre-existing heavy elements into nitrogen, leading to a metallicity-dependent yield (e.g., Henry et al. 2000; Vincenzo et al. 2016; Maiolino & Mannucci 2019). This contribution arises mainly from LIMSs in their AGB phase (Kobayashi et al. 2011; Nomoto et al. 2013; Ventura et al. 2013).
As a consequence, the N/O abundance ratio provides crucial insights into the timing and efficiency of chemical enrichment processes driving galaxy evolution (e.g., Vangioni et al. 2018; Vincenzo & Kobayashi 2018a). In fact, the detailed shape and normalisation of the N/O–O/H relation, as well as its scatter, are influenced by several factors, including the star-formation history, the initial mass function, metallicity-dependent stellar yields, gas inflows and outflows, in addition to the time delay between oxygen enrichment from massive stars and nitrogen release from LIMSs (e.g., Tinsley 1980; Edmunds 1990; Maeder 1992; Meynet & Maeder 2002; Ventura et al. 2013; Vincenzo et al. 2016; Henry et al. 2000; Arellano-Córdova et al. 2025a).
In the local Universe, observations based on the direct method (the so-called Te method) reveal a well-defined N/O–O/H relation. N/O remains approximately constant at low oxygen abundance, consistent with primary nitrogen production being the dominant process, and then rises steeply above 12 + log(O/H)≳8.3, where secondary nitrogen from LIMSs becomes significant (e.g., Garnett 1990; Vila Costas & Edmunds 1993; Mollá et al. 2006; Berg et al. 2012; Pilyugin et al. 2014; Belfiore et al. 2015; Vincenzo et al. 2016; Vincenzo & Kobayashi 2018b). This trend is observed both in individual H II regions and in integrated galaxy spectra, and it broadly agrees with predictions of chemical evolution models (e.g., Matteucci 1986; Mollá & Díaz 2005; Vincenzo & Kobayashi 2018b).
Direct determination of nitrogen and oxygen abundances at high redshifts have long been limited by observational challenges: the rest-frame optical lines that enable such measurements are shifted into the near-infrared at z ≳ 2, and the required auroral lines are intrinsically faint.
Analyses based on strong-line ratios that correlate with N/O, such as N2O2 – defined as log([N II] λ6584/[O II] λλ3727,3729) – and N2S2 – defined as log([N II] λ6584/[S II] λλ6717,6731) – generally find elevated N/O at fixed metallicity relative to z ∼ 0 samples (e.g., Masters et al. 2014; Strom et al. 2017; Hayden-Pawson et al. 2022) The fundamental limitation of these efforts is that strong-line diagnostics are inherently sensitive to additional parameters, especially the ionisation parameter and abundance ratios such as S/O (e.g., Dopita et al. 2016; Pérez-Montero et al. 2021; Scholte et al. 2025). Without detections of faint auroral lines and corresponding electron temperature estimates, it has remained unclear whether observed trends reflect genuine chemical differences or evolving ISM conditions.
The sensitivity and wavelength coverage of JWST/NIRSpec (Jakobsen et al. 2022) now allow robust abundance determinations based on auroral-line detections in galaxies out to z ≳ 10 (e.g., Bunker et al. 2023; Cameron et al. 2023; Castellano et al. 2024; Marques-Chaves et al. 2024; Schaerer et al. 2024; Topping et al. 2024; Curti et al. 2025b; Napolitano et al. 2025; Navarro-Carrera et al. 2025).
At an intermediate redshift (z ∼ 2), these new observational capabilities make it possible to reassess the N/O–O/H relation with unprecedented precision (Sanders et al. 2023; Strom et al. 2023; Rogers et al. 2024; Welch et al. 2024; Arellano-Córdova et al. 2025b; Curti et al. 2025a; Sanders et al. 2025; Scholte et al. 2025; Topping et al. 2025a; Welch et al. 2025; Rogers et al. 2026).
At even earlier epochs, JWST spectroscopy recently uncovered surprising evidence of extreme nitrogen enrichment, which is indicative of super-solar N/O ratios at sub-solar O/H, well above the expectations from standard chemical evolution and nucleosynthetic timescales (Bunker et al. 2023; Cameron et al. 2023; Isobe et al. 2023; Jones et al. 2023; Castellano et al. 2024; Ji et al. 2024; Schaerer et al. 2024; Topping et al. 2024; Curti et al. 2025b; Napolitano et al. 2025; Navarro-Carrera et al. 2025; Topping et al. 2025b; Stiavelli et al. 2025; Ji et al. 2026; Zhang et al. 2026). Standard chemical evolution models cannot fully account for this nitrogen enhancement. Proposed alternative channels include enrichment by fast-rotating low-metallicity stars sampled from a top-heavy IMF, very massive stars (VMS; M* > 100 M⊙), Wolf-Rayet stars, early AGB enrichment combined with gas flows, bursty star formation history, pristine gas inflows, differential outflows, and rare events such as tidal disruptions (Vink 2023; Charbonnel et al. 2023; D’Antona et al. 2023; Nagele & Umeda 2023; Watanabe et al. 2024; Rizzuti et al. 2024; Arellano-Córdova et al. 2025a; Rizzuti et al. 2025; Bhattacharya & Kobayashi 2026; McClymont et al. 2026).
In addition to individual detections, stacking analyses also suggest that elevated N/O may be relatively common at z > 6; for example, Hayes et al. (2025) reported enhanced N/O in composite spectra spanning 4 < z < 10. The agreement between N/O values inferred from stacked spectra and from single galaxies indicates that nitrogen enrichment may not be restricted to rare objects, but it could instead reflect conditions that were widespread in the early Universe.
However, it is important to note that both these individual and stacked measurements of nitrogen enhancements obtained so far with JWST have been derived from rest-frame UV-line ratios such as N III] λλ1747,1749, N IV] λ1486, and O III] λ1666. These lines generally probe different, denser, and higher ionisation regions from those probed by rest-frame optical ratios. This effect may introduce systematic differences when compared to optical abundance diagnostics (e.g. Acharyya et al. 2019; Byler et al. 2020; Mingozzi et al. 2022; Martinez et al. 2025). Moreover, pre-JWST studies could be subject to strong selection biases, as ground-based detections of nitrogen lines at high z require extremely bright, massive, and luminous galaxies. This observational bias favours systems with intrinsically bright nitrogen-line emission, making it difficult to assess whether such N/O enhancement is representative of the general galaxy population. By contrast, recent JWST measurements using rest-frame optical nitrogen lines at z ≲ 4.5 find either no significant deviation from the local and lower-redshift N/O–O/H relations (Arellano-Córdova et al. 2025a; Stiavelli et al. 2025; Rogers et al. 2026) or mild enhancement (Arellano-Córdova et al. 2025b), except in the case of clearly exceptional systems such as the Sunburst Arc (Welch et al. 2025).
This picture motivates a renewed focus on N/O as a tracer of chemical enrichment and baryon cycling in galaxies. After having leveraged auroral-line measurements with JWST at Cosmic Noon (z ∼ 2 − 3, the peak epoch of star formation), we are able to present the first calibration of N/O–strong-line relations fully anchored at high redshift and the first comprehensive characterisation of the N/O–O/H relation based entirely on high-z galaxies. In particular, we combined direct auroral-line abundance determinations and strong-line estimates derived from high-redshift calibrations, thus ensuring a consistent framework across a sample of 664 galaxies at z > 1. This approach extends beyond previous studies, which relied exclusively on local calibrations, providing unprecedented insights into the mechanisms of nitrogen enrichment during the peak epoch of galaxy formation.
The paper is organised as follows. In Section 2 we present the extensive high-redshift and local comparison samples used for our abundance analysis. Section 3 details the methodology adopted to derive direct, Te-based abundances and estimate them from strong-line diagnostics when auroral lines are unavailable. In Section 4 we detail how we recalibrated the N2O2–N/O and the N2S2–N/O relations for high-z galaxy samples using galaxies with direct measurements. We then analyse the intrinsic scatter and physical drivers of these relations; finally, we discuss our investigation of the N/O–O/H relation across the combined sample. Section 5 explores how our results fit into recent studies of nitrogen enrichment at high redshift. Our main conclusions are summarised in Section 6.
2. Data
We aim to select the largest possible sample of high-redshift galaxies for which abundance can be measured reliably, either with the direct method or using strong-line calibrations tailored to high-redshift ISM conditions. For comparison, we also assembled an extensive compilation of local galaxies and H II region spectra, selected according to the same criteria. In particular, in Section 2.1 we describe the selection of galaxies with auroral-line detections, including both high-redshift objects observed with JWST and local galaxies, enabling direct metallicity measurements. In Section 2.2 we discuss the selection of galaxies, for which we used strong-line abundance diagnostics comprising several ground-based spectroscopic surveys targeting Cosmic Noon, a large compilation of archival data observed with JWST, and local galaxies from large spectroscopic surveys.
Across all datasets presented in this work, we applied consistent selection criteria based on emission-line signal-to-noise ratios. Specifically, we required an S/N of ≥5 for the Balmer lines used in the dust correction (primarily Hα and Hβ, but also Hγ and Hδ when available), and an S/N of ≥3 for the lines used in the abundance diagnostics, namely [O II] and [N II]. For datasets including auroral line detections, the auroral lines were also required to have an S/N of ≥3. When the [S II] doublet was used in the analysis, it was similarly selected with S/N ≥ 3. Finally, we adopted standard diagnostics from Kewley et al. (2013) to exclude potential active galactic nucleus (AGN) contamination. The redshift distribution of the high-redshift sample is shown in Figure 1, demonstrating that the bulk of our objects lie between z ∼ 2 and z ∼ 4 (median redshift z = 3.0).
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Redshift distribution of 664 galaxies for which we measured O/H and N/O in the high-z sample. JWST galaxies with auroral-line detections are shown in light blue; JWST objects without auroral-line detections (strong-line measurements only) are displayed in teal; objects from ground-based surveys (strong-line measurements from MOSDEF and KLEVER) are plotted in green.



2.1. Auroral-line sample
2.1.1. The MARTA survey
The Measuring Abundances at high Redshift with the Te Approach (MARTA; PID 1879, PI Curti) programme targets 126 star-forming galaxies at Cosmic Noon (z ∼ 2 − 3), leveraging ultra-deep, medium-resolution JWST/NIRSpec spectroscopy to probe the physical conditions of the ISM. The primary goal is the detection of several rest-frame optical auroral lines – most notably [O III] λ4363 using the G140M grating (R ∼ 1000) and [O II] λλ7320,7330 with G235M grating – to enable direct Te measurements and reliable gas-phase metallicity determinations. The construction of the parent catalogue, target selection, and prioritisation strategy are described in detail in (Cataldi et al. 2025, hereafter C25). Observations comprise a total integration time of 31.9 hours with the G140M grating and 7.4 hours with G235M. Details on the spectral properties, fitting strategy, and validation are provided in C25. The S/N selection criteria described above yield a total of 27 galaxies meeting the requirements. Among these, ten MARTA galaxies also meet the requirements of the auroral-line sample, allowing for direct determinations of the oxygen and nitrogen abundances.
2.1.2. JWST archival sample
We compiled a sample of 11 galaxies at z > 1 observed with JWST from the literature that meet all the selection criteria for the auroral-line sample. Two of these objects also exhibit detections of the [O II] λλ7320,7330 auroral doublet. An additional 66 galaxies meeting the same selection criteria were drawn from version 4 of the DAWN JWST Archive (DJA; Valentino et al. 2025), a public repository containing reduced spectroscopic data from archival JWST observations processed with MSAExp (Brammer 2023). Emission-line fluxes for these galaxies were adopted directly from the standard DJA catalogue. The sample selection was based on the detection of optical [N II] lines, while nitrogen UV lines were not considered in order to avoid potential systematic effects due to the different tracers.
2.1.3. Local Universe sample
For comparison with the sample presented in the previous section, we assembled a large sample of low-redshift galaxies and local H II regions, meeting all the S/N requirements of the auroral-line sample (enabling direct metallicity determinations) for a total of 904 local objects. All abundances were re-derived in a self-consistent manner by recovering the published line fluxes and re-computing electron temperatures following a uniform methodology. The local compilation includes the following:

	
Low-metallicity emission-line galaxies and H II regions from Izotov et al. (2009), Guseva et al. (2009, 2011).



	
The Curti et al. (2017) sample of Sloan Digital Sky Survey (SDSS) Data Release 7 spectra, stacked in bins of [O II]/Hβ and [O III]/Hβ-line ratios.



	
Individual SDSS galaxies with auroral-line detections (priv. comm. Amiri).



	
H II Regions from the CHemical Abundances Of Spirals (CHAOS) project, targeting nearby spirals with LBT/MODS (Berg et al. 2015, 2020; Rogers et al. 2021, 2022).



	
The SDSS-IV MaNGA stacks of star-forming galaxies as a function of radius from Khoram & Belfiore (2025), which combine spectra across the M★–SFR plane.



	
The compilation by Zurita et al. (2021) consisting of H II region measurements in 51 local spirals from various literature sources.



	
The Bayesian Oxygen and Nitrogen abundance Determinations (BOND) sample from Vale Asari et al. (2016), composed of local blue compact dwarfs and giant H II regions.




2.2. Strong-line sample
2.2.1. z > 1 sample
We included galaxies from the ground-based MOSDEF (MOSFIRE Deep Evolution Field survey, Kriek et al. 2015) and KLEVER (KMOS Lensed Emission-Line Velocity and Metallicity Survey, Curti et al. 2020) surveys. These surveys do not detect auroral lines, but they provide all the strong emission-line fluxes required to derive metallicities and nitrogen abundances through indirect methods, particularly [O II] λλ3727,3729 and [N II] λ6585. MOSDEF (PI: M. Kiek) is a spectroscopic survey carried out with MOSFIRE (McLean et al. 2012) on the 10 m Keck I telescope, targeting galaxies at 1.4 ≤ z ≤ 3.8. KLEVER, on the other hand, is an ESO large programme (PID: 197.A-0717, PI: M. Cirasuolo) that observed 192 galaxies in the 1.2 < z < 2.5 redshift range with KMOS. We applied the S/N selection criteria described at the beginning of this section.
We also considered galaxies from the public release of the JWST Advanced Deep Extragalactic Survey (JADES) Data Release 4 (Robertson et al. 2023; Eisenstein et al. 2023; Curtis-Lake et al. 2025; Scholtz et al. 2025). From this catalogue, we selected sources at z > 1 without auroral-line detections (as those with detected auroral lines are already included in the high-redshift sample described above), but with robust measurements of the strong nebular lines relevant to our analysis. This selection yielded a final sample of 188 galaxies from JADES DR4 suitable for inclusion in our analysis. Finally, we complemented this dataset with additional galaxies drawn from version 4 of the DAWN JWST archive selected following the same criteria, as described in Section 2.1.2, but without the auroral-line requirement. This brought the total number of high-redshift, strong-line-based comparison galaxies to 535. The distribution of our high-redshift galaxies is consistent with the star-forming locus, with no clear evidence of contamination by AGNs or low-ionisation nuclear emission-line regions (LINERs).
2.2.2. Local Universe sample
To provide a comparison with a sample representative of the local galaxy population and extend the local comparison sample to high metallicity, we leveraged the SDSS Data Release 8 MPA-JHU catalogue (Brinchmann et al. 2004). In addition to the S/N selection criteria applied uniformly across all datasets, we restricted this sample to local redshifts (z < 0.27). The final SDSS sample includes approximately 87 000 galaxies.
3. Determination of ISM properties
3.1. Dust-reddening correction
For all datasets, emission-line fluxes were corrected for dust attenuation following the same consistent approach. We first selected the Balmer lines Hα, Hβ, Hγ, and Hδ when available, requiring an S/N > 5. From these, we computed up to three independent Balmer-line ratios, assuming the theoretical values for case B recombination at an electron temperature of Te = 104 K and density of ne = 102 cm−3 (Osterbrock & Ferland 2006). To assess the impact of our assumptions, we implemented an iterative procedure in which the attenuation correction was recalculated at each step using updated Te and ne values from the previous iteration derived, as described in Section 3.2, until convergence. The resulting variations in E(B − V), Te, and ne are minimal – typically below 2% across the sample – indicating that adopting fixed temperatures and densities does not introduce any significant bias. We note that this approach can only be applied to a small subsample of objects (∼60 out of 660) for which both auroral and sulphur lines are detected, as these are required to directly constrain Te and ne. Applying the MCMC method only to this limited subset while adopting the standard approach for the rest of the sample would introduce heterogeneity in the analysis. Having verified that the two approaches yield very similar results, we therefore adopted the standard methodology consistently across the full dataset.
To compute E(B − V) we applied the same procedure as in C25, performing a global χ2 minimisation to simultaneously fit the available observed ratios with the adopted extinction curve and derive a single best fit. In all cases, the extinction correction was computed adopting the Cardelli et al. (1989) extinction law. Employing alternative attenuation laws, such as the Calzetti et al. (1994) or the Small Magellanic Cloud law (Gordon et al. 2003), produced negligible differences.
We also tested the impact of adopting a high-redshift nebular attenuation curve as recently proposed by Reddy et al. (2026), using their ‘median’ attenuation law (Eq. 22). The two laws yield systematically different E(B − V) values, with the Reddy et al. (2026) curve returning generally lower estimates compared to Cardelli et al. (1989), with a median offset of −0.06 dex. This translates into typical variations of ∼ + 0.03 dex in N2O2, a key quantity relevant for our conclusions, and variations of similar order in other properties (e.g. ∼50 K in electron temperatures). It is important to state that these differences do not affect our overall conclusions.
3.2. Oxygen abundances from direct measurements
Determining the chemical composition of a photoionised nebula requires knowledge of its internal temperature and density structure (Stasińska 2002). A standard framework assumes that the nebula consists of two principal ionisation regions: a low-ionisation zone and a high-ionisation zone. Within this scheme, the electron temperature associated with O2+, denoted T3, traces the conditions in the high-ionisation region, while the temperature linked to O+, T2 characterises the low-ionisation zone dominated by species such as S+ and N+. Intermediate ions, including S2+, can straddle both regimes (e.g. Berg et al. 2020).
We derived gas-phase oxygen abundances using a consistent, multi-tiered approach depending on the availability of auroral emission lines. Figure 2 illustrates how the adopted procedure varies depending on the set of emission lines available (and the redshift regime) across our different datasets.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Flowchart summarising the decision process adopted to compute nitrogen and oxygen abundances depending on the available spectral features. The first step is to assess whether the dataset includes detections of auroral lines. If two oxygen auroral lines are detected, the direct method is applied: both T2 and T3 temperatures and the electron density are derived, providing all the quantities needed to compute nitrogen abundances and metallicities. If only one auroral line is available, the corresponding temperature is measured directly, while the second is inferred from a T2 − T3 relation appropriately calibrated using a local-based relation for nearby galaxies, or the C25 calibration for high-redshift objects. If no auroral detections are present, the procedure diverges between local and high-redshift samples. For high-z galaxies, metallicities are obtained from strong-line calibrations of C25, and nitrogen abundances from the corresponding high-z N/O–strong-line relations. For local samples, metallicities are derived from the Curti et al. (2017) calibrations, while nitrogen abundances follow N/O–strong-line relations calibrated on SDSS local stacks. The local sample in this figure refers to the dataset described in Section 2.1.3, and JWST refers to the Sample depicted in Section 2.1.2.



In particular, our primary strategy relied on the Te method, whereby Te and ne are used to compute ionic abundances. When both the [O III] λ4363 and [O II] λλ7320, 7330 auroral lines were detected, we directly measured the electron temperature in both ionisation zones: the low-ionisation temperature (T2) from the [O II] λλ7320, 7330/[O II] λλ3727, 3729 ratio, and the high-ionisation temperature (T3) from the [O III] λ4363/[O III] λ5007 ratio. Accurate determination of the ionic abundances also requires a diagnostic of the electron density, ne, based on a density-sensitive doublet. In the majority of our cases, this is provided by the [S II] λλ6716, 6731 doublet, which we used together with the temperature diagnostics.
Specifically, T2 and the electron density ne were derived simultaneously using the getCrossTemDen routine in PyNeb (Luridiana et al. 2015), thus accounting for the density dependence of the [O II] temperature diagnostic. The density value obtained from this step was then adopted to compute T3 with the getTemDen function, based on the measured [O III] λ4363/[O III] λ5007 ratio. We verified that the inferred T3 values are insensitive to the assumed ne within the 10−1000 cm−3 range; they vary by less than 5%. The ionic abundances O+ and O++ were then derived through the getIonAbundance routine, adopting the corresponding T2, T3, and ne values. We adopted the same set of atomic data and collisional strengths as described in C25.
For galaxies in which only one auroral line was detected – typically [O III] λ4363 – we estimated T2 using the empirical T2 − T3 relation derived in C25. This relation, calibrated on galaxies with both auroral lines at Cosmic Noon, allowed us to extend the direct-method metallicity determination to objects with partial auroral coverage. For a few MARTA and JWST sources with only one auroral line, the [S II] doublet was unavailable, either due to limited spectral coverage or an insufficient S/N. In those cases we adopted a fiducial value of ne = 300 cm−3, which is consistent with the typical densities measured in high-z galaxies (e.g. Sanders et al. 2016; Stanton et al. 2025; Topping et al. 2025a). We verified that varying ne within a plausible range (10−1000 cm−3) had only a minor impact (less than 1%) on the resulting T3 values and did not affect the derived metallicities. In cases where the ratio between the two sulphur lines placed the galaxy in the low-density limit, we assumed a fiducial lower limit of ne = 100 cm−3.
Uncertainties on the derived quantities were assessed through Monte Carlo simulations; the same approach was systematically applied throughout this work to evaluate the uncertainties on all derived parameters. Each observed emission-line flux was perturbed by adding random Gaussian noise based on its measurement error, and the electron temperature and density were recomputed for 300 realisations1. The adopted values and 1σ uncertainties correspond to the mean and standard deviation of these distributions. Owing to the very high S/N of the Balmer lines (typically exceeding 30−300 for Hα and Hβ; and 10−100 for Hγ and Hδ), the resulting variations in E(B − V) are negligible. For this reason, the extinction correction was kept fixed during the Monte Carlo runs, while perturbations were only applied to the oxygen and sulphur lines that directly influence the determination of Te and ne.
3.3. Oxygen abundances from strong lines
In cases where no auroral lines were available we used the set of strong-line metallicity calibrations presented in C25 for the high-redshift sample and the calibrations of Curti et al. (2017) for the low-redshift one. Specifically, for each galaxy with multiple strong-line detections, we considered a pool of diagnostic ratios and inferred the metallicity by minimising the χ2. We tested various combinations of diagnostics and converged on [R2, R3], where R2 = log([O II]λλ3727,3729/Hβ) and R2 = log([O III]λ5007/Hβ). This pair of diagnostics leads to the lowest χ2 with respect to the calibrations presented in C25. Further details on this procedure are given in Appendix A.
3.4. Nitrogen abundances from direct measurements
For the galaxies with a direct electron temperature measurement, nitrogen abundances were computed from the dust-corrected fluxes of the [N II] λ6584 and [O II] λλ3727, 3729 emission lines. We assumed that the ionic abundances of N+ and O+ trace the nitrogen and oxygen content in the low-ionisation zone of the nebula, and adopted the same electron temperature (T2) for both ions. This choice is justified by the similar ionisation potentials required both to form these ions from their neutral states (14.5 eV for N0 → N+ and 13.6 eV for O0 → O+) and to ionise them further (29.6 eV for N+ → N2+ and 35.1 eV for O+ → O2+), ensuring they originate from roughly the same physical region (e.g., Garnett 1990; Vila Costas & Edmunds 1993).
As detailed in Section 3.2 we measure T2 directly when possible. This was feasible for only a small subset of the high-redshift sample (9 objects), and for ∼900 local Universe galaxies. Alternatively, we inferred it from the T2 − T3 relation of C25. We also tested how the results would change when using Te([N II]) estimated from the empirical relation between Te([N II]) and Te([O III]) available in the literature. This relation is well calibrated and relatively tight in the low-redshift Universe (no auroral lines from [N II] are available for the high-z sample), as shown in previous studies (e.g., Garnett 1992; Pérez-Montero & Contini 2009). When adopting Te([N II]) for N+ and Te([O II]) for O+, the derived log(N/O) increases by ∼0.06 dex.
We computed the emissivities of the relevant lines using the adopted Te and ne. To obtain the total N/O abundance ratio, we corrected for unseen ionisation states by applying an ionisation correction factor (ICF). We adopted the ICF prescription from Amayo et al. (2021), which accounts for the relative ionisation structure of nitrogen and oxygen based on photoionisation model grids and is expressed as a function of the nebular excitation, ω, defined as ω = O++/(O+ + O++).
While it is true that such ICF prescriptions could evolve with cosmic time, we tested whether their application introduced artificial trends in our results by repeating all analyses without applying any ionisation correction. This latter approach is equivalent to assuming N+/O+ = N/O, which is the ICF prescription proposed by Peimbert & Costero (1969) based on the similar ionisation energies of N and O, and it is commonly adopted in the literature when deriving N/O from singly ionised species. The ICF values in our sample are typically modest, that is, up to 1.2 with a median value of ∼1.1. We find that removing the ICF corrections does not alter any of the conclusions presented in this work; it introduces at most a small systematic offset (0.07 dex higher) in the absolute N/O values. This demonstrates that our results are not affected by artefacts introduced by potential ICF redshift evolution.
The total N/O abundance ratio was then computed as:
[image: Mathematical equation: $$ \begin{aligned} \log (\mathrm{N/O}) = \log \left(\frac{F_{\rm [N\,II] \,\lambda 6584}}{F_{\rm [O\,II] \,\lambda \lambda 3727,3729}} \frac{\varepsilon _{\rm [O\,II] \,\lambda \lambda 3727,3729}\,(T_{\rm e}, n_{\rm e})}{\varepsilon _{\rm [N\,II] \,\lambda 6584}\,(T_{\rm e}, n_{\rm e})}\mathrm{ICF}\right), \end{aligned} $$](1)
where F[N II] λ6584 and F[O II] λλ3727, 3729 are the reddening-corrected fluxes of the [N II] and [O II] lines; εline(Te, ne) denotes the emissivity of each line at a given electron temperature and density (computed with getEmissivity function from PyNeb); and ICF is the ionisation-correction factor.
4. Results
4.1. Strong-line diagnostics for N/O at high redshift
The direct derivation of nitrogen abundances relies on the measurement of electron temperatures and, thus, on the detection of faint auroral lines. However, due to the intrinsic weakness of these features and observational limitations – especially at high redshift – such measurements are often unfeasible. For this reason, several studies have proposed empirical calibrations that relate strong-line ratios to the N/O ratio, allowing for indirect determinations when auroral lines are not available.
Among the most widely adopted N/O indicators is the N2O2 ratio. This diagnostic is physically motivated by the similar ionisation potentials of N and O, as mentioned in Section 3.4. Its reliability and extensive use in the literature have made it the de facto standard for estimating N/O when direct methods are not feasible (e.g., van Zee et al. 1998; Pérez-Montero & Contini 2009; Hayden-Pawson et al. 2022).
A complementary diagnostic is N2S2, which has been widely adopted as a tracer of N/O in numerous studies (e.g., Pérez-Montero & Contini 2009; Strom et al. 2018; Hayden-Pawson et al. 2022). N2S2 has the advantage of being largely insensitive to dust attenuation, owing to the close proximity in wavelength of the two lines involved. Its physical interpretation is, however, less straightforward, as it is affected by differences in the ionisation structure of N and S and variations in the S/O ratio. Nonetheless, it remains a useful proxy for N/O.
Figure 3 shows the relation between the directly measured N/O ratio and the N2O2 (left) and N2S2 (right) diagnostics for our full auroral-line dataset, as described in Section 2.1. We also compare our results with the local calibration from Pérez-Montero & Contini (2009) and with a newly derived relation based on SDSS stacked spectra from Curti et al. (2017). This SDSS calibration was obtained following the work of Hayden-Pawson et al. (2022), but re-deriving the abundances using the same ICFs and atomic data consistently adopted throughout our analysis. Comparing the original Hayden-Pawson et al. (2022) calibration directly with our dataset would introduce an apparent offset, primarily driven by differences in the adopted ICFs, as no ionisation corrections were applied in their work. When instead recalibrated on the same SDSS stacks with our consistent assumptions, the resulting relation shows consistency with our full dataset. The best-fit relation for the SDSS sample is thus
[image: Mathematical equation: $$ \begin{aligned} \log (\mathrm{N/O}) = (0.60 \pm 0.07) \times \mathrm{N2O2} - (0.63 \pm 0.09). \end{aligned} $$](2)
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Relation between N/O ratio measured using the Te method and the N2O2 (upper panel) and N2S2 (lower panel) diagnostics for our full high-z auroral-line sample. For comparison, we include local galaxies with auroral-line detections from the literature as grey points (see references in Sect. 2.1.3). The local calibration from Pérez-Montero & Contini (2009) is shown in blue and a fit to the SDSS stacks of Curti et al. (2017) is given in green. In both panels, the grey error bar in the top left corner represents the median measurement uncertainty of the local comparison sample. The solid red line shows the best fit obtained from the high-z sample, with the uncertainty range shaded.



As shown in Figure 3, the high-redshift galaxies in our sample lie within the locus defined by local sources and are broadly consistent with the trend from previous empirical calibrations. However, while they formally fall within the scatter of the local distribution, in the N2O2 diagram, high-z objects predominantly occupy the upper envelope of the distribution, showing systematically elevated N/O values at fixed N2O2 and hinting at a possible redshift evolution of this relation. Conversely, in the N2S2 diagram they appear more scattered throughout the local distribution and exhibit better overall consistency with nearby galaxies.
To quantify their behaviour, we performed a linear regression for both the diagnostics. The regressions were performed on the entire z > 1 sample. For consistency, we verified that splitting the sample into two redshift ranges (1 < z < 4; 4 < z < 6) gave comparable coefficients within their uncertainties (see also Appendix B for further analysis). The best-fit relations were obtained using a Huber regressor, a robust algorithm that combines the properties of ordinary least-squares and absolute-deviation fitting. It behaves as a least-squares fitting for well-behaved data points, but progressively down-weights outliers beyond a certain threshold, providing stable estimates even in the presence of intrinsic scatter or uncertain measurement conditions typical of high-redshift spectroscopic observations. Uncertainties on the slope and intercept were estimated via the jackknife resampling technique, which recomputes the fit after iteratively removing one data point at a time. This method is preferred over bootstrap resampling given the relatively small size of the high-z sample, which would otherwise lead to excessive repetition of individual objects across subsamples.
Our fiducial best-fit relation is thus
[image: Mathematical equation: $$ \begin{aligned} \log (\mathrm{N/O}) = (1.02 \pm 0.09) \times \mathrm{N2O2} - (0.03 \pm 0.06). \end{aligned} $$](3)
The estimated intrinsic scatter of this relation is σint = 0.07 dex. The resulting best-fit relation is therefore slightly steeper than that derived from SDSS stacks, reflecting the tendency of our high-redshift galaxies to lie along the upper envelope of the local distribution. Nevertheless, the coefficients remain consistent – within the uncertainties – with the local calibration of Pérez-Montero & Contini (2009).
A similar conclusion holds for the N2S2–N/O relation (right panel of Figure 3), despite its slightly larger intrinsic scatter of 0.10 dex compared to N2O2: the high-redshift galaxies – both from the MARTA sample and from the literature – are consistent with the distribution of local galaxies and the calibrations derived in the nearby Universe. The newly derived empirical fits are in good agreement with local trends, supporting the use of N2S2 as a secondary tracer of N/O in distant galaxies. The best-fit N2S2–N/O relation is
[image: Mathematical equation: $$ \begin{aligned} \log (\mathrm{N/O}) = (0.80 \pm 0.16) \times \mathrm{N2S2} - (0.89 \pm 0.08). \end{aligned} $$](4)
Overall, these results indicate that the empirical N2O2 and N2S2 relations provide reliable diagnostics for estimating N/O in galaxies out to the epoch of reionisation. The origin of the scatter observed in the N/O–N2O2 and N/O–N2S2 strong-line diagnostics is further investigated in Appendix B.
4.2. N/O–O/H relationship
In this section we investigate the relation between the N/O ratio and oxygen abundance for our sample of high-redshift systems and include a direct comparison with the trend followed by low-redshift galaxies. In particular, we build upon the direct-method measurements presented in the previous section and expand our analysis by including the strong-line datasets described in Section 2.2. For these galaxies, as illustrated in Figure 2, we applied the methodology outlined in Section 3.3 to derive oxygen abundances and applied the newly derived calibration based on N2O2 given by Equation (3) for the N/O abundances. This approach allowed us to combine direct auroral-line measurements with strong-line diagnostics calibrated against the direct method, ensuring internal consistency across the entire sample.
In Figure 4 we plot log(N/O) versus 12 + log(O/H) for both our high-z sample and local reference galaxies. MARTA galaxies with auroral-line detections are highlighted as gold hexagons, compiled JWST galaxies with Te-based measurements are shown as light blue triangles, and high-z objects with strong-line-based abundance estimates are marked as teal triangles. For reference, we also show higher redshift galaxies drawn from the recent compilation by Ji et al. (2026) (pink diamonds), for which N/O estimates are based on UV nitrogen lines. These values are taken directly from the literature, without any re-derivation, and are mainly included to illustrate the respective loci occupied by optical-based and UV-based abundances in this parameter space. The local reference sample, comprising both direct and strong-line measurements, is represented by grey circles. The white squares show median values of the local sample binned in metallicity, while the large blue stars indicate the median values of the high-z sample divided into two metallicity regimes (12 + log(O/H) < 8.0 and ≥8.0). The solid black curve represents the best-fit N/O–O/H relation to the median-binned local dataset, adopting the following functional form:
[image: Mathematical equation: $$ \begin{aligned} \log (\mathrm{N/O}) = \log (\mathrm{N/O})_0 + \frac{\gamma }{\beta } \, \log \left[1 + \left(\frac{(\mathrm{O/H})}{(\mathrm{O/H})_0}\right)^\beta \right]. \end{aligned} $$](5)
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relation between N/O and O/H for our full sample, as described in Section 2. Gold hexagons indicate MARTA galaxies with direct measurements, and light blue triangles show the JWST auroral-line dataset. High-redshift strong-line galaxies from the literature are plotted as teal triangles, and local galaxies (both direct and strong-line measurements) are shown as grey circles. White squares represent local galaxies binned in metallicity, showing the median N/O value in each bin. Two large blue stars indicate the median N/O values for high-redshift galaxies, with the first corresponding to 12 + log(O/H) < 8.1 and the second to 12 + log(O/H)≥8.1. The black line shows the best-fit relation derived from the binned values of local galaxies using the functional form from Hayden-Pawson et al. (2022), with the best-fit parameters obtained in this work and reported in Table 1. The solar abundance values from Asplund et al. (2021) are shown with the orange Sun symbol. Finally, the pink diamonds represent higher redshift, UV-based abundances drawn from the recent compilation by Ji et al. (2026). These sources are shown to illustrate the respective loci occupied by optical-based and UV-based abundances in this parameter space.



This parametrisation was introduced by Hayden-Pawson et al. (2022) to describe the log(N/O) versus 12 + log(O/H) relation. It provides a smooth transition from the N/O plateau at low metallicity (assumed to trace primary nitrogen enrichment) to a power-law behaviour for O/H > O/H0 (corresponding to the regime where secondary nitrogen enrichment dominates). The power-law component has slope of γ, and the sharpness of the transition between the two regimes is regulated by the β parameter. The best-fit values of the fit parameters are presented in Table 1.
Table 1. 
Best-fit parameters of the N/O–O/H relation for the local galaxy sample.

Figure 4 demonstrates a systematic nitrogen enhancement of the high-z galaxy population relative to the local relation, particularly at lower metallicities. This is highlighted by the median N/O points as measured in the two different O/H regimes, since both lie above the local fit.
To quantitatively assess the difference between the two distributions, we compared the residuals of the high-z and local samples relative to our best-fit z = 0 relation (see Appendix C). The two distributions are statistically inconsistent with being drawn from the same parent population: the Anderson–Darling test2 (AD-test, Scholz & Stephens 1987) rejects the null hypothesis at high significance (p < 10−3). Additional tests and a full discussion are presented in Appendix C.
In Figure 5 we show the residuals in log(N/O) from the best-fit model as a function of 12 + log(O/H), binning the data in ≈0.2 dex intervals and computing median residuals separately for the local and high-z samples. A clear divergence emerges between the two populations: high-redshift galaxies exhibit increasingly positive residuals towards lower metallicities, indicating that the enhancement in N/O at high redshift is most pronounced in metal-poor systems. This behaviour becomes particularly evident at 12 + log(O/H)≲8.0, where the median high-z residual reaches ∼0.3 dex.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Residuals of observed N/O ratios with respect to the local best-fit relation, binned as a function of metallicity for the local (grey) and high-redshift (teal) samples. Error bars represent the uncertainties on the median values, while the shaded regions indicate the dispersion within each bin. The single data points represent the residuals of previously published literature sources with N/O and O/H measurements from rest-frame optical lines: five objects from Sanders et al. (2023) (CEERS program, cyan triangles); two galaxies from the EXCELS programme in Arellano-Córdova et al. (2025b) (red crosses); the Sunburst Arc from Welch et al. (2025) (orange square); the SGAS 1732 from Welch et al. (2024) (green plus); the GTO_2758_60001 from Zhang et al. (2026) (inverted dark red triangle); and the CECILIA D40 from Rogers et al. (2024) (purple diamond).



To facilitate a more direct comparison, we also include previously published abundance measurements at these redshifts based on rest-frame optical lines. These reference points were drawn from the CEERS program, with emission-line fluxes taken from Sanders et al. (2023); the EXCELS program (Arellano-Córdova et al. 2025b); the Sunburst Arc from Welch et al. (2025); SGAS 1732 from Welch et al. (2024); the GTO_2758_60001 source from Zhang et al. (2026); and the CECILIA D40 galaxy from Rogers et al. (2024). For each of these objects, we re-derived the abundances from their published emission-line fluxes following the methodology described in Section 3. The recomputed metallicities and N/O ratios show good agreement with the values reported in the original works, which are typically within the uncertainties.
We mostly confirm conclusions from previous works regarding nitrogen enrichment. Systems independently reported in the literature as nitrogen enhanced (e.g. the Sunburst arc, the Zhang et al. 2026 source, and EXCELS objects) are also found to lie above the local trend in our analysis, and in some cases they even lie outside the dispersion of our high-redshift trend. Galaxies reported to follow the local pattern (CECILIA D40, SGAS 1732) fall within the dispersion of the local population.
Stiavelli et al. (2025) classified only three of the CEERS sources as N-enhanced, noting that the remaining two are consistent with the dispersion of the local relation. With our larger statistics we find all CEERS sources to be N-enhanced with respect to the local sample, and two of them lie above the dispersion of the high-redshift one. Our findings therefore provide context for previous discussions of individual sources in the literature, confirming the existence of both N-enhanced and non-enhanced sources and showing how their frequency changes with metallicity.
5. Discussion
While our findings are certainly affected by observational biases and selection effects (discussed in Appendix D), we agree with recent studies pointing to moderate nitrogen over-enhancement for the bulk galaxy population at high-z (Masters et al. 2014; Strom et al. 2017; Hayden-Pawson et al. 2022; Hayes et al. 2025; Cameron et al. 2026). However, those results were based on strong-line measurements or stacks, and thus the present work – incorporating direct-method abundances from auroral lines from individual galaxies, alongside consistently calibrated strong-line diagnostics – provides a more robust confirmation of the underlying trend.
Various scenarios have been proposed in the literature to explain elevated N/O ratios at low metallicity. For example bursty star formation, where the temporal decoupling between oxygen production (dominated by massive stars on timescales of a few megayears) and nitrogen release (from intermediate-mass stars on ∼100 Myr timescales) can lead to transiently high N/O ratios (Köppen & Hensler 2005; Belfiore et al. 2015; Bhattacharya & Kobayashi 2026; McClymont et al. 2026). If star formation proceeds in short, intense bursts followed by quiescent phases, oxygen may be injected early, while nitrogen continues to enrich the ISM after the burst has faded, temporarily boosting N/O. In this scenario, as pointed out by McClymont et al. (2026), N/O overabundance should correlate with a negative offset with respect to the MS.
In the left panel of Figure 6, we show the N/O–O/H relation colour-coded by ΔMS, which represents the offset of each galaxy SFR from the star formation main-sequence (MS) prediction. Whenever stellar masses were provided in the original publications, we adopted those values; otherwise, we used the estimates from the DJA catalogue, obtained from SED fitting as described in Valentino et al. (2023) using EAZY-PY (Brammer et al. 2008). SFRs were estimated then from the Hα luminosity using the conversion of Kennicutt (1998), scaled to a Chabrier initial mass function (Chabrier 2003). We adopted the MS relation from Popesso et al. (2023), evaluating it at the redshift of each individual galaxy in order to compute the corresponding ΔMS. A high fraction of N-enhanced objects in our sample exhibit positive ΔMS, rather than the suppressed star formation activity expected if the N/O enhancement were driven by a temporary quenching phase following a starburst. This trend may, however, be biased by observational selection effects, so we caution against over-interpreting it at this stage. It is also worth noting that, although the majority of galaxies (≳50%) with enhanced N/O lie above the main sequence, a non-negligible fraction are found below it, and overall we do not observe any clear correlation between Δlog(N/O) and ΔMS, as discussed in greater detail in Appendix D.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Same as Figure 4, but with the SDSS density contours as the sole local reference for simplicity. The high-z sample is represented with circles, with no distinction between different datasets. Left panel: High-z sample colour-coded by ΔMS, i.e. the deviation from the parametrised SFMS from Popesso et al. (2023), computed at each specific redshift. Right panel: High-z sample colour-coded by stellar mass. The gradient angle of the M* trend within the plane is shown as a red arrow, visually representing the finding that N-enhanced galaxies are preferentially associated with lower stellar masses.



A related scenario involves the selective removal of metals by Type II supernova-driven outflows. Previous studies (e.g. Sugimura et al. 2024; Pallottini et al. 2025) suggested that energetic supernova feedback can eject oxygen-rich material more efficiently than the nitrogen released later by LIMSs. Simple chemical evolution models show that such differential outflows can explain N over-enhancement (Rizzuti et al. 2025). McClymont et al. (2026) argue that bursty star formation naturally produced differential outflows when integrated over time, because the strongest feedback phase acts on the ISM after oxygen is newly synthesised. The gas-poor state following the burst can then be enriched in nitrogen by LIMSs.
A second class of explanations involves changes in gas metallicity driven by the inflow of pristine material. The accretion of metal-poor gas dilutes the ISM oxygen abundance, while leaving N/O essentially unaffected. This mechanism is expected to be particularly relevant at high redshift, when cosmological accretion rates are higher and cold flows are predicted to be common (Dekel et al. 2009; Tacconi et al. 2010; Davé et al. 2012). In this picture, galaxies experiencing substantial inflows should exhibit lower O/H than typical systems of the same stellar mass, while their N/O ratios should reflect the pre-inflow chemical state. In particular, if the pre-inflow metallicity lies in the regime where secondary nitrogen production dominates, a galaxy can retain a high N/O ratio even after its O/H is temporarily diluted by a massive inflow of metal-poor gas.
In the right panel of Figure 6 we examine the N/O–O/H relation colour-coded by stellar mass. If dilution by pristine gas were the dominant mechanism, the most N-enhanced systems would generally be more massive; a pure inflow event primarily reduces O/H, shifting galaxies horizontally towards lower metallicity at fixed mass. In this scenario, a galaxy would retain the mass and N/O expected for an evolved, enriched system, while appearing metal poorer. Conversely, we observe that lower mass galaxies tend to have lower metallicities, and vice versa, which is broadly consistent with the expectations from the mass–metallicity relation, without obvious systematic deviations that would suggest pristine gas dilution as the primary driver. We quantified the stellar mass dependence across the N/O–O/H plane by calculating the gradient angle3, obtaining a value of 12.7° ±6.3°. The associated statistical significance (pvalue ≲ 10−6) confirms the robustness of this trend. This trend confirms that N-enhanced galaxies tend to be preferentially associated with lower stellar masses, which runs opposite to the expectations under an idealised pristine gas dilution scenario. The current statistics are limited, and a larger sample will be needed to confirm this behaviour robustly. Nevertheless, the observed trend disfavours pristine-gas inflow as the primary driver of the nitrogen enhancement (see also Hayden-Pawson et al. 2022).
Another relevant class of models invokes intermittent, non-monotonic star formation histories coupled with galactic winds. For example, a dual-burst implementation was developed by Kobayashi & Ferrara (2024) to explain the extremely N-enhanced system GN-z11 at z = 10.6 (Bunker et al. 2023; Cameron et al. 2023), where early nitrogen excess is attributed to Wolf–Rayet (WR) enrichment (see also Curti et al. 2025b, for an application of such a model to a z = 9.4 galaxy). Furthermore, direct observational signatures of WR stars – such as broad blue and orange emission bumps – have also been detected in several N-enhanced systems (e.g., Rivera-Thorsen et al. 2024; Berg et al. 2025; Morishita et al. 2025). However, such a temporary nitrogen-enhancement scenario requires specific timing: WR stars, which are massive stars (≳25 M⊙) in a very short-lived evolutionary phase, emerge only within a few megayears after a starburst and enrich the ISM on similarly rapid timescales (e.g. Schaerer & Vacca 1998; Crowther 2007). Although such coincidences may occur in individual systems, it is unlikely that this mechanism could operate in a coordinated way across a large galaxy sample, making it implausible as the primary driver of the systematic N/O elevation we observe.
A similar dual-burst framework was applied by Bhattacharya & Kobayashi (2026) to reproduce the abundance patterns of low-redshift (⟨z⟩ = 0.1), nitrogen-enriched, low-metallicity galaxies observed in DESI. We note that, contrary to Kobayashi & Ferrara (2024), in this case the observed N/O enhancement is a consequence of the combined effect of delayed N enrichment from AGB stars and strong outflows occurring after the second burst of star formation (which follows a gas accretion episode that significantly diluted the metallicity of the system), while the fast N enhancement from WR stars4, although included in the model, does not produce significant observable features due to the very short timescales involved.
Finally, several studies have proposed a link between nitrogen-enhanced high-redshift galaxies and the progenitors of present-day globular clusters (GCs) (e.g., Charbonnel et al. 2023; Senchyna et al. 2024; D’Antona et al. 2025). The unusual abundance patterns in some early galaxies resemble those in Milky Way GCs, suggesting that similarly dense, compact stellar systems might have influenced their chemical evolution. This connection was strengthened by Ji et al. (2026), who showed that the most N-enhanced z > 4 galaxies whose abundances are measured with UV nitrogen lines share chemical signatures with second-generation (2G) GC stars. As shown in Figure 7, our comparison with Galactic GC populations reveals that our high-z (z ∼ 2 − 4) sample, particularly direct-measurement galaxies, overlaps better with first-generation (1G) GC stars in the N/O–O/H plane, contrasting with the most metal-poor, ultra-N-enhanced z > 4 systems, which overlap with 2G stars (Ji et al. 2026); this highlights that our objects display only moderate enhancement, which is incompatible with the extreme 2G-like signatures in the UV-brightest high-z outliers. We note, however, that the median properties of 1G GC stars are broadly consistent with the local N/O–O/H relation. Our galaxies therefore fall within the intrinsic scatter of the 1G distribution rather than tracing its median trend. A simple quantitative test shows that ∼70% of the high-z objects lie within the 84th percentile of the 1G distribution, although their median properties remain offset.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Same as Figure 4, but with Milky Way globular-cluster contours (representing probability levels of 5, 16, 50, 84, and 95).



In this context, recent work suggests that 1G GC star formation may have occurred later than 2G star formation (Clontz et al. 2024; McClymont et al. 2025), making a similarity between 1G-like abundances and lower redshift galaxies plausible. The physical origin of extreme nitrogen enrichment in 2G stars remains debated (e.g., Charbonnel et al. 2023), with scenarios such as supermassive star contributions still under discussion. This comparison should thus be regarded as phenomenological rather than evidence of a specific mechanism.
6. Conclusions
We present a comprehensive investigation of the nitrogen enrichment in ∼500 star-forming galaxies at redshift z ≈ 2 − 4, combining ultra-deep JWST/NIRSpec spectroscopy from the MARTA survey and a large compilation of both high-z and local-Universe literature data. By directly detecting faint auroral lines in galaxies, we determined gas-phase abundances through the direct electron-temperature method and recalibrated empirical strong-line relations for N/O at high redshift for the first time. Our work thus provides a homogeneous framework for comparing nitrogen enrichment across cosmic time, bridging the local Universe and galaxies up to z ∼ 8. Our main results are listed as follows.
Sample and methodology. The analysis combines 76 high-z galaxies with auroral-line detections and 430 additional high-z systems with strong-line measurements, together with ∼9 × 104 local galaxies for comparison (Sect. 2; Figure 1). Direct Te-based abundances were derived when possible, while strong-line calibrations were applied elsewhere, following the self-consistent framework summarised in Figure 2.
Calibration of N/O strong-line diagnostics (Sect. 4.1; Figure 3). We recalibrated the N2O2 and N2S2 diagnostics at high redshift using galaxies with direct N/O measurements. No systematic offset is observed relative to local calibrations, confirming that strong-line N/O indicators remain valid up to z ∼ 6. Among the two diagnostics, N2O2 provides the tightest correlation, with an intrinsic scatter of σint ≈ 0.09 dex, while N2S2 is slightly less tight (σint ≈ 0.13 dex) but has the advantage of being less sensitive to dust extinction effects.
The N/O–O/H relation across cosmic time (Sect. 4.2; Figures 4, 5). Combining all datasets, we constructed the most extensive N/O–O/H relation for galaxies at z > 1; we fitted the functional form from Hayden-Pawson et al. (2022) (Equation 5) to the local-Universe dataset, finding the best-fit parameters reported in Table 1. High-redshift galaxies display a systematic enhancement of N/O relative to the local relation, by Δ(N/O)≈0.18 dex (median), confirmed at > 99.9% confidence (AD and Mann–Whitney tests). The enhancement is metallicity-dependent, reaching ∼0.3−0.4 dex at 12 + log(O/H)≲8.1 (Figure 5).
Physical interpretation of N/O enhancement (Sect. 5; Figures 6, 7). We explored several physical mechanisms proposed to explain the elevated N/O ratios at high redshift. Most N-enhanced galaxies in our sample lie above the main sequence (Figure 6, right panel), which appears inconsistent with the expectation that bursty star formation followed by quiescent phases drives the N/O enhancement, since such scenario would predict suppressed star formation activity. We also find that N-enhanced systems are preferentially associated with lower stellar masses (Figure 6, left panel), disfavouring pristine gas dilution as the main driver of the enhancement. Finally, comparison with Galactic globular cluster stellar populations (Figure 7) shows that our z ∼ 2 − 4 systems lie within the scatter of first-generation GC stars, yet their median N/O at a given metallicity exceeds the 1G median trend, and remain well separated from the locus of 2G-like, ultra-N-enhanced high-redshift galaxies. This indicates that the moderate N/O excess we observe is consistent with relatively mild processing in compact star-forming regions, without invoking the extreme enrichment associated with the most chemically exceptional early-Universe systems.
Overall, this study establishes a comprehensive view of nitrogen enrichment at Cosmic Noon (⟨z⟩ = 3.0), revealing the the overall population is mildly nitrogen enhanced, especially at low metallicity. Larger samples are needed to reduce observational bias, which may be driving some of the population properties observed here. However, taken at face value, none of the scenarios outlined in the literature fit our data in detail, outlining the need for renewed theoretical efforts in the field of chemical evolution modelling at Cosmic Noon and not only at z > 4. The measurement of abundances of additional species will provide even more stringent constraints on theoretical work and greatly contribute to our understanding of how star formation proceeded from Cosmic Dawn to Noon.
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1 This number ensures convergence, in the sense that the results do not change if using a higher value.


2 The Anderson–Darling test is a non-parametric test that, similarly to the Kolmogorov–Smirnov (K-S) test, compares the cumulative distributions of two samples. Unlike the K-S test, it assigns more weight to differences in the tails of the distributions and provides a more uniform sensitivity across quantiles. This makes it particularly suitable when the samples have very different sizes or when discrepancies in the extreme values are scientifically relevant.


3 The gradient angle and significance were derived by fitting the directional derivative of M in the 2D plane and estimating uncertainties through bootstrap reshuffling of the mass values.


4 Which happens before the O production from CCSNe.


5 Also known as the Wilcoxon rank-sum test, the Mann-Whitney test evaluates whether two independent samples differ in their median values. It is based on ranking all data points and comparing the sum of ranks between groups, and does not assume normality.




Appendix A:  Optimization of strong-line diagnostic combinations for determining metallicity
In order to compute gas-phase metallicities for high-redshift galaxies in the absence of any auroral line detections, we tested a suite of empirical strong-line calibrations available in the literature. In particular, we considered the empirical relations presented in Curti et al. (2017), Cataldi et al. (2025), Chakraborty et al. (2025), Sanders et al. (2025). For each calibration set we adopted the published polynomial coefficients to reconstruct the functional forms linking metallicity to the relevant emission-line diagnostics, namely R3 and R2 as already defined, O32 = log([O III] λ5007/[O II] λλ3727, 3729), [image: Mathematical equation: $ \tilde{R} = 0.46 R2 + 0.88 R3 $], and Ne3O2 = log([Ne III] λ3869/[O II] λλ3727, 3729). We then designed an inversion procedure that, for each galaxy, compares the observed diagnostic values with the expected polynomial curves, and determines the metallicity as the value that minimizes the total χ2 across all the selected diagnostics.
To evaluate the optimal choice of diagnostics, we constructed a pool of possible line ratios and explored all combinations including at least two diagnostics. For each combination, we computed the distribution of χ2 values across the galaxy sample and quantified the typical goodness of fit by taking the median χ2. In addition, we calculated the curvature of the χ2 profiles as an indicator of the robustness of the metallicity determination, and we also evaluated the variance of the inferred metallicity distribution, quantified as the interquartile range [P75 − P25], to avoid solutions where all diagnostics would predict overly clustered values (thus limiting degeneracies in the inversion). During the procedure, we further excluded from the statistics those galaxies whose inferred metallicities yielded a reduced χ2 above a fixed threshold (e.g. χν2 > 10). While this inevitably decreases the final number of galaxies with indirect metallicity estimates, it ensures that the retained measurements are more robust and reliable.
We applied the same diagnostic-selection test to the local reference sample. For the low-redshift galaxies, the combination that formally yields the lowest median χ2 with respect to the Curti et al. (2017) calibrations is R3 together with [image: Mathematical equation: $ \tilde{R} $]. However, the difference relative to the R2, R3 combination is very small, amounting to only ∼0.5 in the median χ2 of the sample. At the same time, we find that the R2, R3 pair maximizes both the metallicity variance and the curvature of the χ2 surface, providing slightly stronger leverage in constraining the solution. Given the marginal difference in χ2 and in order to maintain full methodological consistency with the high-redshift analysis, we therefore adopt the R2, R3 combination also for the local sample.
We also performed cross-calibration tests to assess the consistency of metallicity estimates across different empirical relations. We find that the results can vary significantly depending on the adopted calibration. In particular, the Curti et al. (2017) relations, which are based on local-Universe samples, tend to yield systematically different metallicities. Similarly, the calibration by Chakraborty et al. (2025) shows limitations in certain regions of parameter space due to extrapolation issues. These comparisons highlight that the choice of calibration curve is a major source of systematic uncertainty in strong-line metallicity determinations at high redshift.

Appendix B:  The origin of the scatter in the N/O calibrations
We investigate the physical origin of the intrinsic scatter affecting the empirical N2O2–N/O and N2S2–N/O relations. In particular, we analyse the residuals from the best-fit trends as a function of key physical parameters- redshift, metallicity, and electron temperature T3- as well as the local gradients of these quantities across the diagnostic planes. The visual trends are summarized in Figure B.1, where the three panels on the left refer to the N2O2 diagnostic and those on the right to N2S2; from top to bottom, the colour coding traces redshift, metallicity, and electron temperature.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Same as Figure 4, but here we include six panels arranged in three rows by two columns, each showing the relation between directly measured N/O and the observed emission-line ratios [N II]/[O II] (left column) and [N II]/[S II] (right column). Each row adopts a different colour coding: redshift (top), gas-phase metallicity derived via the direct method (middle), and [O III] electron temperature, T3 (bottom).



No clear or systematic trend is found with redshift. The two gradient angles, ∼67° for N2O2 and ∼ − 14° for N2S2, have large uncertainties and are therefore not particularly informative. We performed a Monte Carlo permutation analysis in which galaxy redshifts were randomly shuffled while keeping the N/O ratios and line ratios fixed. The resulting p-value (pperm ≈ 0.07) confirms that any dependence on redshift is statistically marginal. Consistently, the correlations between residuals and redshift are weak and not significant (N2O2: Pearson r = 0.11, p = 0.28; N2S2: r = −0.18, p = 0.10). These results indicate that the scatter in both diagnostics does not depend significantly on redshift within our sample (z ≃ 1.5 − 6), suggesting that the N2O2–N/O and N2S2–N/O relations are not subject to strong evolutionary effects with cosmic time.
Among the parameters considered, the gas-phase metallicity shows the clearest dependence. In both diagnostics, metallicity gradients are oriented along directions intermediate between the diagnostic and the log(N/O) axis (θZ ≈ −48° for N2O2 and −37° for N2S2), and the residuals from the best-fit relations show a strong anti-correlation with metallicity (Pearson r = −0.75 and −0.39 for N2O2 and N2S2, respectively). Specifically, the fit tends to underestimate log(N/O) at low metallicity.
The gradients with electron temperature are similar but show weaker correlations with the residuals (Pearson values of +0.20 and +0.23 respectively), with higher T3 values corresponding to lower N/O at fixed diagnostic ratio, going in the opposite direction as the trend with metallicity.
The diagnostics dependence on metallicity can be interpreted as a secondary effect of the ionisation parameter U, which is known to anti-correlate with metallicity (e.g. Dopita & Evans 1986; Pérez-Montero 2014; Thomas et al. 2019). Since the [O II] and [S II] lines are sensitive to the ionisation structure, variations in U shift the position of galaxies in both diagnostic planes: at fixed N/O, a decrease in U moves galaxies toward higher N2O2 or N2S2 values. Furthermore, recent photoionisation models by Martinez et al. (2025) predict a metallicity dependence of these diagnostics, consistent with the trends observed in our data.
Overall, the analysis shows that the main driver of the scatter in both N2O2 and N2S2 is the secondary dependence on ISM conditions, particularly the interplay between metallicity and ionisation parameter.
Table B.1. 
Summary of statistical tests for the N/O calibrations.


Appendix C:  Statistical tests on the N/O–O/H residual distributions
To rigorously quantify the differences between the high and low-redshift distributions in the N/O–O/H plane, and in particular their behaviour relative to the local best-fit relation, we performed a series of statistical tests whose results are summarised in Table C.1. The median offset between the two residual distributions is 0.18 dex, with a 95% bootstrap confidence interval of [0.14, 0.20] dex, which excludes zero at the ∼10σ level and therefore confirms the systematic nature of the enhancement.
Table C.1. 
Statistical comparison between local and high-z N/O populations.

To further assess the significance of this difference, we applied two complementary non-parametric tests. The AD yields p < 10−3, indicating that the two distributions are inconsistent with being drawn from the same parent population. The Mann-Whitney U test5 returns p ≪ 10−4, further confirming that high-redshift galaxies exhibit systematically larger residuals than their local counterparts.

Appendix D:  Observational biases potentially affecting the N/O abundances
We consider how selection effects may be driving the position of high-z galaxies in the N/O–O/H plane. To further investigate the population of low-metallicity, nitrogen-enhanced galaxies identified in Sect. 4.2, we performed a detailed inspection of their spectra. As a first step, we carried out a visual examination of the [N II] and [O II] line detections to ensure their reliability. All galaxies classified as N-enhanced exhibit reliable detections of both lines, although a small subsample (three to four objects) shows marginal detections with S/N ∼3. Figure D.1 displays four representative examples of N-enhanced galaxies from the DAWN Archive, all selected to have metallicities below 12+log(O/H) < 8 and log(N/O) >  − 1. In all cases, the detections are robust.
	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Example spectra of N-enhanced galaxies from the DAWN Archive. The [N II] feature is marked by a red dashed vertical line, while the inset panels highlight the [O II] detections with green dashed lines. In all cases, both lines are robustly detected with signal-to-noise ratios greater than 3.



It is also important to consider whether detection biases could affect the identification of N-enhanced galaxies, particularly in light of the recent findings by Zhu et al. (2025). These authors showed that, in z > 5 JWST spectra, the detectability of UV nitrogen lines (N III] λλ1747, 1749 and N IV] λ1486) is strongly limited by current observational depths. However, these constraints do not directly apply to our analysis. In contrast to the faint UV lines considered by Zhu et al. (2025), our classification relies on bright rest-frame optical emission lines such as [N II], [O II]; furthermore, a large fraction of our sample comes from some of the deepest JWST spectroscopic programs, and at redshift mostly between 2 and 4.
To test whether detectability nonetheless influences the observed N/O–O/H distribution, we examined the S/N of the [N II] line within our sample. However, we do not observe any clear correlation between S/N and the measured N/O values. Galaxies with strongly enhanced N/O include both weaker detections (S/N ∼3–5) and very secure ones (S/N > 10). This seems to indicate that detectability alone is unlikely to drive the entire observed population of N-enhanced systems. In particular, several JADES galaxies exhibit [N II] detections with S/N > 15; even if their intrinsic [N II] fluxes were a factor of ∼5 lower (i.e., consistent with a “normal” N/O ratio), they would still remain detectable within the same observations. The scarcity of such objects therefore suggests that the excess of high N/O systems is not solely an observational artifact but reflects an underlying physical trend. To further assess whether the observed N/O–O/H trend could be driven by our S/N selection on the [N II] line, we extended the analysis to include galaxies without a formal [N II] detection (i.e. S/N < 3). The concern is that requiring a detection at low metallicity might preferentially select systems with intrinsically enhanced nitrogen emission, thereby artificially biasing the relation toward high N/O values.
If this were the dominant effect, we would expect that most galaxies lacking a reliable [N II] detection would lie along the local N/O–O/H relation, with only the most extreme N-enhanced systems (i.e. those significantly above the local relation) remaining detectable. To test this scenario, we recomputed N/O and O/H for the non-detected sources using the same methodology adopted throughout the paper: direct-method abundances for the subset with robust auroral-line measurements (X objects), and strong-line calibrations for the remaining sources (Y objects). For galaxies with S/N < 3 in [N II], we treated the measured fluxes as 3σ upper limits and propagated them consistently into the abundance determination.
The results are shown in Figure D.3. We do not observe a clear tendency for the upper limits to align with the local N/O–O/H relation. Instead, both direct- and strong-line-based upper limits populate a region broadly consistent with that defined by the detected sources, and their distribution appears compatible with the main observed trend. While this does not directly contradict our conclusions, we acknowledge that the presence of upper limits could still be hiding a lower underlying trend. For this reason, we are currently developing a forward model aimed at reproducing the “median” high-redshift galaxy population, which will be presented in forthcoming work.
As an additional check, we quantified how many of the N-enhanced galaxies would still satisfy our S/N> 3 requirement on [N II] if they were instead placed on the local N/O–O/H relation. For each object, we computed a “reduction factor”, defined as the factor by which its observed [N II] flux would need to be decreased in order to match the local fit. We then evaluated whether the rescaled flux would remain above our detection threshold. We find that ∼43% of the galaxies would still be detected after applying this reduction. This result indicates that almost half of the enhanced sample would remain observable even if their intrinsic N/O ratios were consistent with the local relation. While this does not constitute a confirmation of our results, it at least rules out the possibility that the observed N-enhanced population is entirely driven by objects lying just at the detection limit. Furthermore, based on this result, if the local relation were the typical condition for high-z objects, we would expect to observe a non-negligible fraction of galaxies distributed along the local relation, since they would still be observable, but this is not the case.
Beyond detectability considerations, other observational effects may also influence the observed trend. In particular, enhanced N/O ratios have been shown to emerge from density effects arising from compact, unresolved high-density substructures within galaxies (Pascale et al. 2023; Ji et al. 2024; Martinez et al. 2025; Arellano-Córdova et al. 2025a; Ji et al. 2026). The critical density of [N II] λ6584 is ∼105 cm−3 while [O II] has a significantly lower critical density of ∼103 cm−3. In the presence of dense clumps, the [O II] flux is therefore suppressed relative to [N II], thereby artificially elevating the inferred N/O ratio. For example in Figure D.2 we show the dependence of the N2O2 ratio as a function of density as computed with CLOUDY from single-cloud models; this is indeed an extreme simplification but this is just to show what would happen in presence of very high densities to this diagnostic. For the models, we consider the star-forming models described in Ceci et al. (2026), which span a wide range of densities (log(ne) = [0, 7]) and ionisation parameters (log U = [-4, -1]). These models are computed with CLOUDY version 23.01 (Gunasekera et al. 2023), adopting as ionising continua BPASS stellar population models with binaries (Stanway & Eldridge 2018) and a Kroupa (2002) IMF with an upper mass cutoff of 300 M⊙. For this analysis we adopt a fixed stellar age of 106 yr, a stellar metallicity of log(Z★) =  − 1.7, and no depletion onto dust grains. All models assume a solar abundance pattern from Asplund et al. (2021) for all elements, except for carbon and nitrogen, which are rescaled following the Nicholls et al. (2017) relations, with an additional +0.2 dex offset applied to nitrogen.
	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. N2O2 as a function of density for the CLOUDY models described in Appendix D (triangles), colour-coded by the ionisation parameter log(U). The green solid line shows the N2O2 value corresponding to the model N/O using the calibration 3. The grey dashed, dot-dashed, and dotted lines indicate the N/O that would be inferred from the calibration at those specific N2O2. While our calibration performs well at densities ≤103 cm−3, it overestimates N/O at higher gas densities, as expected.



As visible in Figure D.2, the ratio becomes increasingly biased toward higher values as the gas density rises, and a mild vertical dependence on the ionisation parameter is also present, although it remains subdominant relative to the density effect. While it is true that real galaxies host a far more complex, multiphase ISM, the models demonstrate that very dense, unresolved substructures could have a non-negligible impact on the observed ratio.
However, robust diagnostics of such extreme densities, such as UV doublet ratios of highly ionised species (e.g., C III], N III], Si III], N IV]), are not available for large high-z samples. Even when these lines are detected, it is important to note that such ions do not necessarily trace gas that is co-spatial with the regions emitting [N II] and [O II] (e.g. Kewley et al. 2019; Choustikov et al. 2026). In a simplified two-component picture, if the high-density component is also the brightest–i.e. it dominates the emergent line flux–then the density inferred from the UV transitions may reasonably approximate the physical conditions relevant for [N II] as well. Conversely, if the low-density component contributes substantially to the total flux, a more sophisticated multi-phase treatment would be required to correctly assess the bias affecting N2O2. Therefore, with current data, we cannot yet precisely quantify the extent to which density effects contribute to the observed N/O enhancement.
Finally, we explored how these N-enhanced galaxies behave with respect to the star-forming main sequence, in order to assess if we are only considering starburst objects in our sample or if we are probing a fair fraction of the “normal” galaxy population.
The results are shown in Figure D.4, where we plot the offset Δlog(N/O) from the local best-fit relation as a function of ΔMS, i.e. the deviation from the star-forming main sequence of Popesso et al. (2023) computed at the redshift of each object. The black lines mark zero offsets in both quantities, while the green dashed line indicates the adopted threshold for nitrogen enhancement, Δlog(N/O) > 0.3.
An inspection of Figure D.4 shows no clear trend between Δlog(N/O) and ΔMS. Nitrogen-enhanced galaxies are distributed across the full range of offsets from the main sequence, including systems lying above, on, and below the MS. ∼29% of the galaxies in our sample are classified as N/O-enhanced. Among these, the ∼32% lie above the MS (ΔMS > 0.3), ∼39% are consistent with the MS (−0.3 < ΔMS < 0.3), and ∼29% fall below it (ΔMS < −0.3). This relatively even distribution indicates that nitrogen enhancement is not confined to starburst systems, but is also common among galaxies with more typical star-formation rates.
A more comprehensive investigation of the interplay between stellar mass, metallicity, SFR, and nitrogen enrichment requires a multi-parameter approach that accounts for additional physical properties. A detailed analysis incorporating multiple properties, along with a careful reassessment of stellar mass estimates across the full sample, will be presented in a forthcoming study.
	[image: Thumbnail: Fig. D.3. Refer to the following caption and surrounding text.]	Fig. D.3. Same as Figure 4, but including upper limits on [N II], shown for direct measurements (purple) and strong-line estimates (orange).



	[image: Thumbnail: Fig. D.4. Refer to the following caption and surrounding text.]	Fig. D.4. Representation of the offset Δlog(N/O) of the high-redshift data with respect to the local N/O best-fit relation, as a function of ΔMS, i.e. the offset of the same galaxies from the MS of Popesso et al. (2023), computed at the specific redshift of each object. The black dashed lines indicate the zero offsets, corresponding to perfect agreement between the observed log(N/O) and the local best-fit relation, and between the observed SFR and the SFR predicted by the Popesso et al. Main Sequence. The green dashed line marks the adopted enhancement threshold, corresponding to galaxies with log(N/O) higher by more than 0.3 dex than expected. As visible from the figure, no clear trend of the N/O enhancement with ΔMS is observed.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Redshift distribution of 664 galaxies for which we measured O/H and N/O in the high-z sample. JWST galaxies with auroral-line detections are shown in light blue; JWST objects without auroral-line detections (strong-line measurements only) are displayed in teal; objects from ground-based surveys (strong-line measurements from MOSDEF and KLEVER) are plotted in green.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Flowchart summarising the decision process adopted to compute nitrogen and oxygen abundances depending on the available spectral features. The first step is to assess whether the dataset includes detections of auroral lines. If two oxygen auroral lines are detected, the direct method is applied: both T2 and T3 temperatures and the electron density are derived, providing all the quantities needed to compute nitrogen abundances and metallicities. If only one auroral line is available, the corresponding temperature is measured directly, while the second is inferred from a T2 − T3 relation appropriately calibrated using a local-based relation for nearby galaxies, or the C25 calibration for high-redshift objects. If no auroral detections are present, the procedure diverges between local and high-redshift samples. For high-z galaxies, metallicities are obtained from strong-line calibrations of C25, and nitrogen abundances from the corresponding high-z N/O–strong-line relations. For local samples, metallicities are derived from the Curti et al. (2017) calibrations, while nitrogen abundances follow N/O–strong-line relations calibrated on SDSS local stacks. The local sample in this figure refers to the dataset described in Section 2.1.3, and JWST refers to the Sample depicted in Section 2.1.2.
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	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Relation between N/O ratio measured using the Te method and the N2O2 (upper panel) and N2S2 (lower panel) diagnostics for our full high-z auroral-line sample. For comparison, we include local galaxies with auroral-line detections from the literature as grey points (see references in Sect. 2.1.3). The local calibration from Pérez-Montero & Contini (2009) is shown in blue and a fit to the SDSS stacks of Curti et al. (2017) is given in green. In both panels, the grey error bar in the top left corner represents the median measurement uncertainty of the local comparison sample. The solid red line shows the best fit obtained from the high-z sample, with the uncertainty range shaded.
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Relation between N/O and O/H for our full sample, as described in Section 2. Gold hexagons indicate MARTA galaxies with direct measurements, and light blue triangles show the JWST auroral-line dataset. High-redshift strong-line galaxies from the literature are plotted as teal triangles, and local galaxies (both direct and strong-line measurements) are shown as grey circles. White squares represent local galaxies binned in metallicity, showing the median N/O value in each bin. Two large blue stars indicate the median N/O values for high-redshift galaxies, with the first corresponding to 12 + log(O/H) < 8.1 and the second to 12 + log(O/H)≥8.1. The black line shows the best-fit relation derived from the binned values of local galaxies using the functional form from Hayden-Pawson et al. (2022), with the best-fit parameters obtained in this work and reported in Table 1. The solar abundance values from Asplund et al. (2021) are shown with the orange Sun symbol. Finally, the pink diamonds represent higher redshift, UV-based abundances drawn from the recent compilation by Ji et al. (2026). These sources are shown to illustrate the respective loci occupied by optical-based and UV-based abundances in this parameter space.
In the text



	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Residuals of observed N/O ratios with respect to the local best-fit relation, binned as a function of metallicity for the local (grey) and high-redshift (teal) samples. Error bars represent the uncertainties on the median values, while the shaded regions indicate the dispersion within each bin. The single data points represent the residuals of previously published literature sources with N/O and O/H measurements from rest-frame optical lines: five objects from Sanders et al. (2023) (CEERS program, cyan triangles); two galaxies from the EXCELS programme in Arellano-Córdova et al. (2025b) (red crosses); the Sunburst Arc from Welch et al. (2025) (orange square); the SGAS 1732 from Welch et al. (2024) (green plus); the GTO_2758_60001 from Zhang et al. (2026) (inverted dark red triangle); and the CECILIA D40 from Rogers et al. (2024) (purple diamond).
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	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Same as Figure 4, but with the SDSS density contours as the sole local reference for simplicity. The high-z sample is represented with circles, with no distinction between different datasets. Left panel: High-z sample colour-coded by ΔMS, i.e. the deviation from the parametrised SFMS from Popesso et al. (2023), computed at each specific redshift. Right panel: High-z sample colour-coded by stellar mass. The gradient angle of the M* trend within the plane is shown as a red arrow, visually representing the finding that N-enhanced galaxies are preferentially associated with lower stellar masses.
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	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Same as Figure 4, but with Milky Way globular-cluster contours (representing probability levels of 5, 16, 50, 84, and 95).
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	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Same as Figure 4, but here we include six panels arranged in three rows by two columns, each showing the relation between directly measured N/O and the observed emission-line ratios [N II]/[O II] (left column) and [N II]/[S II] (right column). Each row adopts a different colour coding: redshift (top), gas-phase metallicity derived via the direct method (middle), and [O III] electron temperature, T3 (bottom).
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	[image: Thumbnail: Fig. D.1. Refer to the following caption and surrounding text.]	Fig. D.1. Example spectra of N-enhanced galaxies from the DAWN Archive. The [N II] feature is marked by a red dashed vertical line, while the inset panels highlight the [O II] detections with green dashed lines. In all cases, both lines are robustly detected with signal-to-noise ratios greater than 3.
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	[image: Thumbnail: Fig. D.2. Refer to the following caption and surrounding text.]	Fig. D.2. N2O2 as a function of density for the CLOUDY models described in Appendix D (triangles), colour-coded by the ionisation parameter log(U). The green solid line shows the N2O2 value corresponding to the model N/O using the calibration 3. The grey dashed, dot-dashed, and dotted lines indicate the N/O that would be inferred from the calibration at those specific N2O2. While our calibration performs well at densities ≤103 cm−3, it overestimates N/O at higher gas densities, as expected.
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	[image: Thumbnail: Fig. D.3. Refer to the following caption and surrounding text.]	Fig. D.3. Same as Figure 4, but including upper limits on [N II], shown for direct measurements (purple) and strong-line estimates (orange).
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	[image: Thumbnail: Fig. D.4. Refer to the following caption and surrounding text.]	Fig. D.4. Representation of the offset Δlog(N/O) of the high-redshift data with respect to the local N/O best-fit relation, as a function of ΔMS, i.e. the offset of the same galaxies from the MS of Popesso et al. (2023), computed at the specific redshift of each object. The black dashed lines indicate the zero offsets, corresponding to perfect agreement between the observed log(N/O) and the local best-fit relation, and between the observed SFR and the SFR predicted by the Popesso et al. Main Sequence. The green dashed line marks the adopted enhancement threshold, corresponding to galaxies with log(N/O) higher by more than 0.3 dex than expected. As visible from the figure, no clear trend of the N/O enhancement with ΔMS is observed.
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        Redshift distribution of 664 galaxies for which we measured O/H and N/O in the high-z sample. JWST galaxies with auroral-line detections are shown in light blue; JWST objects without auroral-line detections (strong-line measurements only) are displayed in teal; objects from ground-based surveys (strong-line measurements from MOSDEF and KLEVER) are plotted in green.
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        Flowchart summarising the decision process adopted to compute nitrogen and oxygen abundances depending on the available spectral features. The first step is to assess whether the dataset includes detections of auroral lines. If two oxygen auroral lines are detected, the direct method is applied: both T2 and T3 temperatures and the electron density are derived, providing all the quantities needed to compute nitrogen abundances and metallicities. If only one auroral line is available, the corresponding temperature is measured directly, while the second is inferred from a T2 − T3 relation appropriately calibrated using a local-based relation for nearby galaxies, or the C25 calibration for high-redshift objects. If no auroral detections are present, the procedure diverges between local and high-redshift samples. For high-z galaxies, metallicities are obtained from strong-line calibrations of C25, and nitrogen abundances from the corresponding high-z N/O–strong-line relations. For local samples, metallicities are derived from the Curti et al. (2017) calibrations, while nitrogen abundances follow N/O–strong-line relations calibrated on SDSS local stacks. The local sample in this figure refers to the dataset described in Section 2.1.3, and JWST refers to the Sample depicted in Section 2.1.2.
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        Relation between N/O ratio measured using the Te method and the N2O2 (upper panel) and N2S2 (lower panel) diagnostics for our full high-z auroral-line sample. For comparison, we include local galaxies with auroral-line detections from the literature as grey points (see references in Sect. 2.1.3). The local calibration from Pérez-Montero & Contini (2009) is shown in blue and a fit to the SDSS stacks of Curti et al. (2017) is given in green. In both panels, the grey error bar in the top left corner represents the median measurement uncertainty of the local comparison sample. The solid red line shows the best fit obtained from the high-z sample, with the uncertainty range shaded.
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        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Relation between N/O and O/H for our full sample, as described in Section 2. Gold hexagons indicate MARTA galaxies with direct measurements, and light blue triangles show the JWST auroral-line dataset. High-redshift strong-line galaxies from the literature are plotted as teal triangles, and local galaxies (both direct and strong-line measurements) are shown as grey circles. White squares represent local galaxies binned in metallicity, showing the median N/O value in each bin. Two large blue stars indicate the median N/O values for high-redshift galaxies, with the first corresponding to 12 + log(O/H) < 8.1 and the second to 12 + log(O/H)≥8.1. The black line shows the best-fit relation derived from the binned values of local galaxies using the functional form from Hayden-Pawson et al. (2022), with the best-fit parameters obtained in this work and reported in Table 1. The solar abundance values from Asplund et al. (2021) are shown with the orange Sun symbol. Finally, the pink diamonds represent higher redshift, UV-based abundances drawn from the recent compilation by Ji et al. (2026). These sources are shown to illustrate the respective loci occupied by optical-based and UV-based abundances in this parameter space.

      

    

  
    
      Table 1. 

      Best-fit parameters of the N/O–O/H relation for the local galaxy sample.

      
        


	log(N/O)0
	12 + log(O/H)0
	γ
	β





	−1.385 ± 0.017
	8.43 ± 0.08
	1.8 ± 0.1
	5.6 ± 0.9





      

      
Notes. The coefficients refer to equation (5). 12 + log(O/H)0 = 8.43 corresponds to (O/H)0 = 2.7 × 10−4.
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        Residuals of observed N/O ratios with respect to the local best-fit relation, binned as a function of metallicity for the local (grey) and high-redshift (teal) samples. Error bars represent the uncertainties on the median values, while the shaded regions indicate the dispersion within each bin. The single data points represent the residuals of previously published literature sources with N/O and O/H measurements from rest-frame optical lines: five objects from Sanders et al. (2023) (CEERS program, cyan triangles); two galaxies from the EXCELS programme in Arellano-Córdova et al. (2025b) (red crosses); the Sunburst Arc from Welch et al. (2025) (orange square); the SGAS 1732 from Welch et al. (2024) (green plus); the GTO_2758_60001 from Zhang et al. (2026) (inverted dark red triangle); and the CECILIA D40 from Rogers et al. (2024) (purple diamond).
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        Same as Figure 4, but with the SDSS density contours as the sole local reference for simplicity. The high-z sample is represented with circles, with no distinction between different datasets. Left panel: High-z sample colour-coded by ΔMS, i.e. the deviation from the parametrised SFMS from Popesso et al. (2023), computed at each specific redshift. Right panel: High-z sample colour-coded by stellar mass. The gradient angle of the M* trend within the plane is shown as a red arrow, visually representing the finding that N-enhanced galaxies are preferentially associated with lower stellar masses.
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        Same as Figure 4, but with Milky Way globular-cluster contours (representing probability levels of 5, 16, 50, 84, and 95).
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        Same as Figure 4, but here we include six panels arranged in three rows by two columns, each showing the relation between directly measured N/O and the observed emission-line ratios [N II]/[O II] (left column) and [N II]/[S II] (right column). Each row adopts a different colour coding: redshift (top), gas-phase metallicity derived via the direct method (middle), and [O III] electron temperature, T3 (bottom).

      

    

  
    
      Table B.1. 

      Summary of statistical tests for the N/O calibrations.

      
        


	Relation
	Quantity
	Angle [deg]
	Pearson r
	p-value





	N2O2–N/O
	z
	67 ± 49
	+0.11
	0.28



	O/H
	−48 ± 1
	−0.75
	< 10−4



	T3
	136 ± 14
	+0.20
	< 10−4



	




	N2S2–N/O
	z
	−14 ± 26
	−0.18
	0.10



	O/H
	−37 ± 2
	−0.39
	< 10−4



	T3
	148 ± 4
	+0.23
	< 10−4





      

      
Notes. Pearson correlation coefficients refer to the residuals of the best-fit relations.



    

  
    
      Table C.1. 

      Statistical comparison between local and high-z N/O populations.

      
        


	Property
	Local Universe
	High-z
	Notes





	Sample sizes



	Total sample
	88,201
	664
	Combined: 88,865



	12 + log(O/H) < 8.1
	234
	121
	



	12 + log(O/H)≥8.1
	87967
	543
	



	




	Raw log(N/O) distribution (no model correction)



	Median (all)
	−0.923
	−1.067
	Δ = +0.144 dex



	Std. deviation
	0.195
	0.226
	High-z more scattered



	




	Metallicity-binned comparison



	12 + log(O/H) < 8.1
	
	
	



	Median residual
	+0.03
	+0.35
	Δ = 0.32 dex



	Bootstrap 95% CI
	[0.27, 0.39]
	Excludes zero



	MW / AD tests
	p < 10−3
	Highly significant



	12 + log(O/H)≥8.1
	
	
	



	Median residual
	+0.001
	+0.134
	Δ = 0.13 dex



	Bootstrap 95% CI
	[0.111, 0.147]
	Excludes zero



	MW / AD tests
	p < 10−3
	Highly significant





      

      
Notes. Tests are computed both on the whole sample and in two metallicity bins 12+log(O/H) < 8.1, and 12+log(O/H) ≥8.1



    

  
    
      Fig. D.1. 

      
        [image: Fig. D.1. Refer to the following caption and surrounding text.]
      

      
        Example spectra of N-enhanced galaxies from the DAWN Archive. The [N II] feature is marked by a red dashed vertical line, while the inset panels highlight the [O II] detections with green dashed lines. In all cases, both lines are robustly detected with signal-to-noise ratios greater than 3.

      

    

  
    
      Fig. D.2. 

      
        [image: Fig. D.2. Refer to the following caption and surrounding text.]
      

      
        N2O2 as a function of density for the CLOUDY models described in Appendix D (triangles), colour-coded by the ionisation parameter log(U). The green solid line shows the N2O2 value corresponding to the model N/O using the calibration 3. The grey dashed, dot-dashed, and dotted lines indicate the N/O that would be inferred from the calibration at those specific N2O2. While our calibration performs well at densities ≤103 cm−3, it overestimates N/O at higher gas densities, as expected.

      

    

  
    
      Fig. D.3. 

      
        [image: Fig. D.3. Refer to the following caption and surrounding text.]
      

      
        Same as Figure 4, but including upper limits on [N II], shown for direct measurements (purple) and strong-line estimates (orange).

      

    

  
    
      Fig. D.4. 

      
        [image: Fig. D.4. Refer to the following caption and surrounding text.]
      

      
        Representation of the offset Δlog(N/O) of the high-redshift data with respect to the local N/O best-fit relation, as a function of ΔMS, i.e. the offset of the same galaxies from the MS of Popesso et al. (2023), computed at the specific redshift of each object. The black dashed lines indicate the zero offsets, corresponding to perfect agreement between the observed log(N/O) and the local best-fit relation, and between the observed SFR and the SFR predicted by the Popesso et al. Main Sequence. The green dashed line marks the adopted enhancement threshold, corresponding to galaxies with log(N/O) higher by more than 0.3 dex than expected. As visible from the figure, no clear trend of the N/O enhancement with ΔMS is observed.
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