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Abstract

We present Balmer decrement, Hα/Hβ, measurements for a sample of 51 galaxies at redshifts z = 4 − 7 observed with the JWST/NIRSpec micro-shutter assembly (MSA), as part of the JWST Advanced Deep Extragalactic Survey (JADES). Leveraging 28-hour long exposures and the efficiency of the prism/clear configuration (but also using information from the medium-resolution gratings), we were able to directly probe the low-mass end of the galaxy population, reaching stellar masses, M⋆, as low as 107 M⊙. We find that the correlation between the Balmer decrement and M⋆ is already established at these high redshifts, indicating a rapid buildup of dust in moderately massive galaxies at such early epochs. The lowest-mass galaxies in our sample (M⋆ = 1 − 3 × 107 M⊙) display a remarkably low Balmer decrement of 2.88 ± 0.08, consistent with Case B, suggesting very little dust content. However, we warn that such a low observed Balmer decrement may also partly be a consequence of an intrinsically lower Hα/Hβ resulting from the extreme conditions of the ionised gas in these primeval and unevolved systems. We further compare the Balmer decrement to continuum-derived star formation rates (SFRs), finding tentative evidence of a correlation, which likely traces the underlying connection between the SFR and the mass of cold gas. However, we note that larger samples are required to distinguish between direct and primary correlations from indirect and secondary dependences at such high redshifts.
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1. Introduction
Balmer recombination lines are an efficient probe of star-forming regions. They are the brightest non-resonant series (enabling efficient escape, unlike the intrinsically brighter Lyman series), and they are less affected by dust attenuation compared to probes at shorter wavelengths. The Balmer series is therefore the brightest measure of the flux of hydrogen-ionising continuum emitted by massive, short-lived stars (< 10 Myr). These lines therefore provide the most direct measure of the current rate of star formation, on timescales of 3–10 Myr (Flores Velázquez et al. 2021; Tacchella et al. 2022).
Because of the wavelength-dependent attenuation from dust, the observed flux ratio between the Balmer lines (the Balmer decrement) provides a direct measure of the optical depth towards star-forming regions. This measurement is essential to complement alternative probes such as the attenuation of the optical and ultraviolet (UV) stellar continuum (e.g. Galliano et al. 2018; Salim & Narayanan 2020), which probe different optical depths (e.g. Calzetti et al. 1994).
This measurement requires knowledge of the intrinsic ratio, which is known from atomic physics and is relatively insensitive to a broad range of different physical conditions commonly found in star-forming regions (Osterbrock & Ferland 2006; Smith et al. 2022). In particular, variations in the gas temperature between 5000 and 20 000 K and in the density between 100 and 10 000 cm−3 can change the Balmer decrement by less than 10%.
Leveraging these advantages, the ratio of the two brightest lines – Hα/Hβ – has been used to estimate the dust and gas content of star-forming regions (Reddy et al. 2015; Nelson et al. 2016; Matharu et al. 2023; Piotrowska et al. 2020) and their relations with other galaxy properties (e.g. Groves et al. 2012). Maheson et al. (2023) show that the Balmer decrement correlates with the stellar mass, M⋆, with secondary dependences on gas metallicity and velocity dispersion. One should, however, also take into account that the geometry of the dust distribution also plays a role in the observed Balmer decrement. Specifically, very dusty and optically thick systems can potentially result in a low Balmer decrement, as the Balmer lines may trace only the outer, optically thin regions of the galaxy.
However, as we strive to observe more distant galaxies, at earlier cosmic times, the Balmer series is redshifted towards near-infrared (NIR) wavelengths, where atmospheric absorption, as well as thermal and telluric emission from the atmosphere, make ground-based observations difficult. Despite that, in recent years, ground-based NIR surveys have revealed how the Balmer decrement evolves up to cosmic noon, at redshifts z = 2 − 3 (Kriek et al. 2015; Reddy et al. 2015; Curti et al. 2020; Lorenz et al. 2023). Yet, at z > 3, Hα is redshifted beyond 2.6 μm, where ground-based observations of faint distant galaxies are prohibitively expensive. This meant that, at these high redshifts, dust could only be probed using sub-millimetre observations (Watson et al. 2015; Laporte et al. 2017; Witstok et al. 2022), which is feasible only for relatively high stellar masses.
The start of the James Webb Space Telescope (JWST) science operations in July 2022 gave us, for the first time, a view into Hα at redshifts z > 3 (Gardner et al. 2023). Early results using data from the Cosmic Evolution Early Release Science Survey (CEERS; Finkelstein et al. 2023) show that the correlation between the Balmer decrement and stellar mass is already established at z = 4 − 6 (Shapley et al. 2023). In particular, low-mass galaxies are confirmed to have a low Balmer decrement – suggesting a low dust content. At the same time, studies of collisionally excited lines show that the star-forming regions of early galaxies were hotter than in the local Universe, with electron temperatures of ≈20 000 K (e.g. Schaerer et al. 2022; Curti et al. 2023, 2024), and possibly denser, with electron densities ne ≈ 500 cm−3 (Reddy et al. 2023). These differences mean that the intrinsic Balmer decrement should also be slightly different, requiring a correction to our methods for estimating dust attenuation.
In this work we leveraged the unprecedented depth of the JWST Advanced Deep Extragalactic Survey (JADES; Eisenstein et al. 2023) to probe dust attenuation in the star-forming regions of galaxies at redshifts z = 4 − 7. In Sect. 2 we introduce the data and sample and describe the measurements we used. Our results are presented in Sect. 3, and we conclude the article with a discussion of the implications (Sect. 4) and a summary (Sect. 5).
Throughout this work, we assume a flat Λ cold dark matter cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. For the initial mass function, we assume the functional shape of Chabrier (2003).
2. Data and sample selection
2.1. Data
We used data from JADES (Bunker et al. 2024; Eisenstein et al. 2023) obtained as part of programme ID 1210 (PI: N. Lützgendorf). The targets were selected from the GOODS-South field (Great Observatories Origins Deep Survey; Giavalisco et al. 2004), as described in Bunker et al. (2024). JWST/NIRSpec was configured to use the micro-shutter assembly (MSA; Jakobsen et al. 2022), with the prism/clear disperser/filter combination to obtain low-resolution spectroscopy (nominal R = 30 − 100) for 253 targets between 0.6 < λ < 5.3 μm. An example spectrum (JADES-GS+53.16904–27.77884) is shown in Fig. 1.
	[image: thumbnail]	Fig. 1. NIRSpec low-resolution spectrum of JADES-GS+53.16904–27.77884 with a redshift of z = 6.6. Top: 2D spectrum colour-coded by the S/N. Bottom: Extracted 1D flux density versus observed wavelength.



Each target was assigned to an array of 3 × 1 micro-shutters, forming an effective slit of 0.2 arcsec width and ≈1.3 arcsec length. We used three dither positions and three nods, for a total integration time of up to 28 hours. The data reduction was performed using the pipeline developed by the ESA NIRSpec Science Operations Team and the NIRSpec GTO Team. We used the publicly available data products v3.0, which include a wavelength-dependent slit-loss correction, assuming all sources are unresolved. We refer to Carniani et al. (in prep.) and to Cameron et al. (2023), Curti et al. (2024), Curtis-Lake et al. (2023) for more information on the data reduction process.
In addition to prism spectroscopy, JADES also provides medium-resolution (nominal R = 1000) spectroscopy covering the full 0.6–5.3 μm range, combining the three disperser/filter configurations: g140m/f070lp, g235m/f170lp and g395m/f290lp. This dataset is less deep than the prism observations, owing to shorter exposure times (≈7 hours). Moreover, medium-resolution observations do not cover the entire sample.
2.2. Target selection and redshift determination
The target selection was based on the photometric Lyman-break technique, as described in Bunker et al. (2024). With the sensitivity of our observations (reaching a 10σ emission-line sensitivity of 3 × 10−19 erg s−1 cm−2 in the prism; Eisenstein et al. 2023, their Fig. 9), we probe stellar masses down to 106 M⊙. However, in this work we are limited to 107 M⊙ due to additional requirements in the emission-line signal-to-noise ratio (S/N).
Galaxy redshifts were obtained with an iterative procedure. We used BAGPIPES (Carnall et al. 2018) to infer the spectroscopic redshift from the prism observations. This redshift was subsequently refined via a visual inspection of the medium- and high-resolution spectra (if available) and by fitting the emission lines with a Gaussian. In this work, we always require the detection of at least two emission lines (Hβ and Hα); therefore, the redshifts are always well determined, within the accuracy of the spectroscopic data (Bunker et al. 2024; Jakobsen et al., in prep.).
At redshifts z < 4 the spectral resolution of the prism is unable to resolve the 0.1 μm gap between Hβ and [O III]λ4959. Noting that Hα is redshifted beyond 5.3 μm at redshift z = 7, we applied a redshift cut of 4 < z < 7, reducing our sample size to 58 (out of 253) objects.
2.3. Emission-line measurements
Emission-line fluxes were measured using simultaneous fitting of the stellar continuum and nebular emission with the software PPXF (Cappellari 2017, 2022).
The stellar continuum was modelled as a non-negative linear superposition of single stellar population (SSP) templates. The SSP spectra use C3K synthetic model atmospheres (Conroy et al. 2019) and MIST isochrones (Choi et al. 2016; Dotter 2016), which we convolved with a wavelength-dependent Gaussian kernel corresponding to 0.5 times the nominal spectral resolution of the NIRSpec prism. This is to provide a first-order correction to the increased spectral resolution for sources that are smaller than the micro-shutter width. Any flux bluewards of Lyα is set to zero because we do not model foreground absorption due to neutral-gas. In addition to the SSP spectra, the continuum also includes a fifth-order multiplicative Legendre polynomial, to model the effect of dust and the possible damping wing at rest-frame 0.12 μm. In this work we focused on rest-frame 0.4–0.7 μm, where the effect of these modelling choices is negligible. To evaluate the detection of the continuum, we focused on three spectral bands on the rest-frame prism spectra, each with a width of 150 Å on either side of 1500 Å, Hβ, and Hα. After masking emission lines, we estimated a median S/N per spectral pixel of 28, 9, and 4 in each of the three bands. The 5th (95th) percentiles are 5 (73), 1, (27), and 0 (21). These numbers imply that, in most cases, the continuum is detected both bluewards and redwards of the Balmer limit, which enables us to constrain the presence or absence of a Balmer break and, as a consequence, the strength of potential stellar absorption.
Emission lines were modelled as Gaussians, with a reduced set of parameters to maximise S/N; in particular, for this study, we tied together the velocity and velocity dispersion of the Hβ–[O III]λλ4959, 5007 complex and of the Hα–[N II]λλ6548, 6583 complex (hereafter, we always refer to the [O III]λλ4959, 5007 and [N II]λλ6548, 6583 doublets as [O III] and [N II]). When fixed by atomic physics, the ratio of emission-line doublets is constrained, which in this paper is relevant for both the [O III] and [N II] doublets. A critical aspect of these emission-line measurements is that – by simultaneously modelling the stellar continuum – our algorithm includes a correction for stellar-atmospheric absorption.
To evaluate the impact of absorption, we measured the absorbed flux from the best-fit continuum models and took the relevant ratio to the Balmer lines. The median ratio between the absorbed and emitted flux is 2 ± 4% for Hβ and 0.3 ± 0.7% for Hα (1σ uncertainties). Considering the final sample size of 51 galaxies (see below), and estimating the uncertainty on the median absorption as the standard deviation divided by [image: equation], we obtain a detection of the absorption of 3.5 and 3σ for Hβ and Hα, respectively.
Using low-resolution instead of medium-resolution spectroscopy presents advantages and disadvantages. In medium resolution, we always resolve the Hβ–[O III] and the Hα–[N II] complexes, giving more accurate measurements. However, medium-resolution observations are less deep and cover a smaller sample than the low-resolution observations. This means using low-resolution increases the precision at the expense of accuracy.
Within this context, we note that the Hα and [N II] lines are blended in the prism. Therefore, in order to measure Hα, we first measured the total Hα + [N II] flux from the prism. For five objects in our sample, we detect [N II] in the corresponding medium-resolution spectra (S/N > 3). For these objects we multiplied the total low-resolution Hα + [N II] flux by the medium-resolution corrective factor: Hα/(Hα + [N II]). For the remaining objects, we used a constant correction of Hα/(Hα + [N II]) = 0.96 determined from the stack of all z > 4 medium-resolution spectra.
From our sample of 58 galaxies (4 < z < 7), we removed seven objects with Hβ S/N < 3. Of these seven, three also have an Hα S/N < 3; one has a ‘blocky’, asymmetric Hα profile (probably resulting from a noise spike not reflected in the noise array); and for the remaining three, we are able to calculate 3σ lower limits to Hα/Hβ. Our final sample then consists of 51 galaxies, for which the Balmer decrement is measured as the ratio between Hα and Hβ. Of these targets, 43 also have medium-resolution spectroscopy from the gratings.
2.4. Stellar mass and star formation rate measurements
Stellar masses (M⋆) and star formation rates (SFRs) were obtained again from PPXF, but using a separate, continuum-focused pipeline. The procedure is described in detail in Looser et al. (2023); here we report only a brief summary. As input we used the same C3K/MIST SSP library, with a logarithmic grid of ages spanning between 106 yr and the age of the Universe at the redshift of the target. The effect of dust was modelled using the Calzetti law (Calzetti et al. 2000). The star formation history (SFH) was reconstructed using a combination of low regularisation and wild bootstrapping, following the approach of Looser et al. (2023). Stellar masses are defined as the total mass formed, by integrating the SFH. The SFR is measured as the time-averaged SFH over the last 10 Myr. This value is derived purely from the rest-frame UV stellar continuum (i.e. nebular emission is marginalised over), but Looser et al. (2023) show these measurements trace the SFR derived combining Hα and the Balmer decrement from medium-resolution spectroscopy (Curti et al. 2024), with a scatter of 0.4 dex and an offset of −0.1 dex. Assuming measurement uncertainties are equal between the Hα- and continuum-based SFRs, we obtain a median uncertainty of 0.3 dex on the SFR (Looser et al. 2023, their Fig. 7). The overall agreement is not surprising, given that SFRs estimated from nebular emission and from the UV continuum also tend to agree (e.g. Davies et al. 2016). Interestingly, the scatter with respect to the Hα-inferred SFRs decreases when moving from PPXF-inferred SFRs estimated over 100 Myr to the estimates over 10 Myr (Looser et al. 2023, their Fig. 7). This fact suggests that – in the particular conditions of low M⋆ and low nebular attenuation found in our sample – PPXF is able to use information from the rest-frame UV spectrum to infer the fraction of stars with ages ≲10 Myr.
To assess the quality of our M⋆ measurements, we compared the PPXF-inferred estimates to the values obtained using BEAGLE (Chevallard & Charlot 2016; Chevallard et al., in prep.). Looser et al. (2023) find good agreement, with a median uncertainty on M⋆ of 0.2 dex (Looser et al. 2023, their Fig. B.1). Crucially, the PPXF-derived SFRs are not directly coupled with the Balmer decrement (even though we cannot rule out a small correlation due to stellar absorption); therefore, we can study the relation between these two galaxy observables with negligible correlated noise, compared to the Hα-derived SFR.
3. Results
In Fig. 2 we show the Balmer decrement as a function of redshift. Circles represent individual galaxies, colour-coded by the S/N of the Hα emission line. The error bars combine the random measurement uncertainties on the line fluxes as well as a systematic uncertainty of 10% due to flux calibration; grey triangles are 3σ upper limits. The horizontal dashed line traces the intrinsic (unattenuated) Hα/Hβ ratio of 2.86, appropriate for Case B recombination, temperature Te = 10 000 K and density ne = 100 cm−3 (e.g. Osterbrock & Ferland 2006). Changing these assumptions within the range typical for star-forming regions (5000 < Te < 30 000 K and 10 < ne < 500 cm−3) changes the Balmer decrement by 5−6%.
	[image: thumbnail]	Fig. 2. Balmer decrement, Hα/Hβ, plotted against redshift for our sample of 51 galaxies. The points are colour-coded by their corresponding Hα S/N. The error bars combine the random measurement uncertainties on the line fluxes with a systematic uncertainty of 10%. Three lower limits are shown as grey triangles. The horizontal dashed grey line corresponds to a Balmer decrement of 2.86, appropriate for local star-forming regions. The grey shaded region represents the 6% range of Hα/Hβ, corresponding to 5000 < Te < 30 000 K and 10 < ne < 500 cm−3. The horizontal dotted grey line corresponds to a Balmer decrement of 2.75.



The distribution of measured Balmer decrements is highly scattered, also reaching values below the Case B limit of 2.86. However, within the uncertainties, almost all galaxies below the dashed horizontal line are consistent with a Balmer decrement of 2.86 or higher. The exception are the two galaxies with the lowest Balmer decrements, which have values clearly deviating from the common assumptions valid in local star-forming regions (≳2σ below the unattenuated value of 2.86). We note, however, that these two galaxies are also the ones with the lowest Hα S/N (as highlighted by the colour coding in Fig. 2), suggesting that the low ratio is due to contamination of Hβ and their uncertainties may be underestimated. Alternatively, these galaxies could be ‘anomalous Balmer emitters’ (i.e. galaxies with density-bounded photoionisation regions), which results in intrinsic Balmer ratios different from the Case B assumption above (McClymont et al. 2024).
We do not find a clear correlation with redshift, suggesting that the dust content of galaxies does not evolve significantly between the end of reionisation at z = 7 − 6 and the epoch immediately before cosmic noon (z = 4). The dust properties likely do not evolve either (which is consistent with recent findings based on the far-IR/sub-millimetre properties of galaxies in this redshift range; Witstok et al. 2023a). However, the sample selection criteria prevent us from drawing general conclusions about evolution.
In the left panel of Fig. 3 we study the Balmer decrement as a function of M⋆. We detect a statistically significant Spearman’s rank correlation (r = 0.32, p < 0.05; traced by the moving mean, horizontal red lines in Fig. 3), as already found at lower redshifts (e.g. Groves et al. 2012; Shivaei et al. 2015, 2020; Maheson et al. 2023). We note, however, that the average Balmer decrement is very low – particularly so at the low-mass end. For stellar masses M⋆ < 3 × 107 M⊙ we find a median decrement of 2.88 ± 0.08, very close to the unattenuated value of 2.86 and therefore leaving little room for any dust attenuation. The three lower limits are not constraining (i.e. they are consistent with any amount of dust). This underscores that – with the depth of JADES – we do not miss significant numbers of highly obscured objects due to quality selection cuts.
	[image: thumbnail]	Fig. 3. Balmer decrement, Hα/Hβ, as a function of M⋆ (left panel) and SFR (right panel), both derived from the stellar continuum. Circles represent individual galaxies, colour-coded by their spectroscopic redshift. Three lower limits are shown on each panel as grey triangles. The median uncertainties on the M⋆ and SFR are 0.2 and 0.3 dex, respectively. The horizontal dashed grey line corresponds to a Balmer decrement of 2.86, appropriate for local star-forming regions. The grey shaded region represents the 6% range of Hα/Hβ, corresponding to 5000 < Te < 30 000 K and 10 < ne < 500 cm−3. The horizontal dotted grey line corresponds to a Balmer decrement of 2.75. The horizontal red lines and shaded regions represent the running mean and error on the mean. The Balmer decrement shows a statistically significant correlation with M⋆. For the SFR, we find an increasing trend from log(SFR/M⋆ yr−1) >  − 0.5 dex. Because we measure both the M⋆ and SFR from PPXF (Sect. 2.4), the Hα and Hβ emission lines do not enter these two measurements, meaning the observed correlations with the Balmer decrement are not due to correlated noise.



In the right panel of Fig. 3 we study the Balmer decrement as a function of the continuum-inferred SFR, averaged over the last 10 Myr. The symbols and colours are the same as in the left panel. In this case, we do not find a statistically significant Spearman’s rank correlation (r = 0.18, p > 0.05). However, we do find a correlation for galaxies with log(SFR/M⋆ yr−1) >  − 0.5 dex (r = 0.48 and p = 0.001). We note that this result is not driven by the high-SFR outliers: removing also galaxies with log(SFR/M⋆ yr−1) > 1 dex we obtain r = 0.44 and p = 0.004.
At this stage, we cannot say whether the Balmer decrement correlates more tightly with the M⋆ or with the SFR. A comparison of the PPXF-derived stellar masses to their BEAGLE-inferred equivalents suggests a mean uncertainty of 0.2 dex (accounting for both random noise and systematics due to different SFH assumptions; e.g. Carnall et al. 2019; Leja et al. 2019; Sandles et al. 2022). For the SFR, a comparison between PPXF and the Hα derived values suggests a scatter of 0.4 dex. If we assume that the SFR from PPXF accurately traces the SFR on 10 Myr timescales, then the measurement uncertainties on the SFR are larger than on M⋆. This would make the intrinsic correlation between the Balmer decrement and SFR stronger (i.e. higher correlation coefficient) and more significant than the correlation between the Balmer decrement and M⋆. More data and a better characterisation of the systematic uncertainties could help address which of these two correlations is stronger.
4. Discussion
Empowered by the combination of the exquisite sensitivity of JWST/NIRSpec with the unprecedented depth of JADES, we can probe for the first time the low-mass end of the galaxy distribution beyond cosmic noon, with tens of galaxies in the range 107 − 108 M⊙. In this mass regime, we find no evidence of high-attenuation galaxies, consistent with the overall trend of an increasing Balmer decrement with increasing M⋆, already reported by numerous authors for the local Universe (Groves et al. 2012), cosmic noon (Domínguez et al. 2013; Reddy et al. 2015; Nelson et al. 2016; Lorenz et al. 2023; Matharu et al. 2023), and redshifts 3 − 6 (Shapley et al. 2023). The lack of objects with significant nebular attenuation is also confirmed by the lack of constraining lower limits. Part of the reason we find no galaxies with a high Balmer decrement could be due to sample bias, because our primary targets were selected to be UV-bright objects with strong Lyα drops Bunker et al. (2024). However, secondary targets are not selected to be as UV bright; therefore, selection criteria alone may be insufficient to explain the observed dearth of galaxies with a high Balmer decrement. Indeed, our results are consistent with the shallower measurements from CEERS. In the sample of Shapley et al. (2023), there are six galaxies with 5 < z < 6 and M⋆ < 108 M⊙; of these, two imply Balmer decrements larger than 3. The only measurement with a Balmer decrement uncertainty smaller than 1 is fully consistent with our median Balmer decrement in the same mass range.
These findings suggest that, similar to the low-redshift Universe, even in the young Universe before cosmic noon, more massive galaxies produced more dust and/or could retain more dust. As discussed in Maheson et al. (2023), this might be partly due to the mass-metallicity relation (and the fact that dust content scales with metallicity). Retention of dust due to the gravitational potential seems to also play a role in the mass dependence. However, in addition to these two secondary correlations, dust attenuation is also found to have an intrinsic dependence on stellar mass. This is likely a consequence of the direct correlation between stellar mass and gas mass (Lin et al. 2019; Baker et al. 2023). At the high redshifts of our sample, disentangling the dependences on these individual parameters requires more statistics than currently available (the multi-parameter dependences found in local galaxies by Maheson et al. 2023 required a sample of thousands of galaxies).
Interestingly, we find evidence of extremely low Balmer decrements at the low-mass end (2.88 ± 0.08 for M⋆ < 3 × 107 M⊙). With the physical conditions of local star-forming regions (i.e. Te = 10 000 K and ne = 100 cm−3), the intrinsic Balmer decrement is 2.86. This means our measurement leaves little or no room for any interstellar medium (ISM) dust towards the H II regions (although dust might be present inside H II regions, while absorbing UV photons; Charlot et al. 2002). For example, assuming the Milky Way extinction law with RV = 3.1 (Cardelli et al. 1989, hereafter, CCM89) and an intrinsic Hα/Hβ ratio of 2.86, the observed Balmer decrement yields AV = 0.02 mag, meaning very little dust is present. This is a finding that was also inferred by the blue slopes of the spectra of galaxies at such high redshifts (Fiore et al. 2023) and is in agreement with current theoretical models (which predict a drop of the dust-to-stellar mass ratio by a factor of 2 between z = 0 and z = 4 − 7; Popping et al. 2017).
However, other studies have found evidence for some dust attenuation at such high redshifts in low-mass galaxies, for example through the detection of the UV carbonaceous dust absorption dip (Markov et al. 2023; Witstok et al. 2023b) and through spectral energy distribution modelling (e.g. Tacchella et al. 2023, although these authors explore a mass at least 2 − 3 times larger than here).
An interesting possibility is that the low Balmer decrement might be associated with ‘non-standard’ physical conditions in the ISM. In fact, our findings would be consistent with the hypothesis that at z = 4 − 7, star-forming gas in low-mass galaxies had higher Te (Schaerer et al. 2022; Curti et al. 2023) and/or higher ne (Reddy et al. 2023). Qualitatively, this is consistent with lower metallicity stars being the primary source of photoionisation, and with the prediction of higher gas densities from numerical simulations (e.g. Ceverino et al. 2018; Lovell et al. 2022). For example, assuming Te = 20 000 K and ne = 300 cm−3, the intrinsic Hα/Hβ ratio drops to 2.75. However, comparing this value to the observed decrement of 2.88, the CCM89 law gives AV = 0.14 mag – still indicating the presence of only a modest amount of dust.
In any case – at the low-mass end – there seems to be very little room for interstellar dust, even taking into account the possible effect of the extreme gas conditions, which might lower the intrinsic Balmer decrement. Part of the difference compared to higher-mass galaxies is the lower metallicity. Several authors (Curti et al. 2024; Nakajima et al. 2023) report the mass-metallicity relation is already in place at z > 4 – albeit with a large intrinsic scatter. A lower ISM metallicity implies lower dust content in the ISM (especially taking into account that the dust-to-gas ratio drops more than linearly at low metallicities; De Cia 2018). In addition, low-mass galaxies could also be more efficient at removing dust. Numerical simulations (Ceverino et al. 2018; Ma et al. 2018; Lovell et al. 2022; Dome et al. 2023) predict that galaxies with stellar masses M⋆ ≲ 0.5 − 5 × 108 M⊙ have ‘burstier’ SFHs; their SFR varies rapidly on timescales of 10 Myr, modulated by rapid gas accretion and efficient star formation. This phase is accompanied by gas depletion and strong, efficient feedback that removes any leftover gas (see also the discussion in Fiore et al. 2023). Burstier SFHs at low mass and high redshifts seem confirmed by a comparison between the SFRs averaged over 0–10 and 10–90 Myr (Looser et al. 2023, but see Rezaee et al. 2022 for a different view); our work presents a consistent picture from the point of view of the ISM attenuation. Finally, in terms of dust production timescales, the low dust content may also reflect the fact that low-mass galaxies are younger (Looser et al. 2023) and hence have had less time to produce dust through the asymptotic giant branch channel (whereas dust production from supernovae acts on very short timescales).
Regarding the possible correlation of the Balmer decrement with the SFR, we note that the lower metallicity and the burstiness of the SFH require a different calibration of the Hα-based SFR indicator, as already recognised by several authors (e.g. Hao et al. 2011; Reddy et al. 2018; Shivaei et al. 2022; Tacchella et al. 2022; Curti et al. 2024; Shapley et al. 2023). Metallicity enters the SFR calibrators through the production rate of hydrogen-ionising photons. Using a solar-metallicity calibrator in a low-metallicity galaxy leads to an overestimate of the SFR by a factor of 2–3. The burstiness of the SFH implies that the often adopted standard linear relation between the Hα luminosity and the SFR, which assumes a constant SFR, cannot be really applied. Additionally, the SFR inferred from Hα cannot be used for exploring the relation with the Balmer decrement because the Hα flux would enter in both quantities and introduce spurious correlations.
Therefore, we made use of the continuum-based SFR from PPXF to quantify the correlation between the Balmer decrement and the SFR (right panel of Fig. 3) and compared it to the well-known correlation with M⋆ (left panel Fig. 3). The correlation with M⋆ is statistically significant, while for the SFR we find a correlation only for SFR > 0.3 M⊙ yr−1. We are unable to determine if, for these distant galaxies, any of the two is a secondary correlation, as inferred for local galaxies (Maheson et al. 2023). In fact, because of the star-forming main sequence (i.e. the empirical correlation between the M⋆ and SFR), it is unclear if and to what extent the correlation between the Balmer decrement and the SFR reflects the combination of the known correlation between the Balmer decrement and M⋆ (e.g. Groves et al. 2012; Maheson et al. 2023), and the star-forming main sequence. A larger sample would enable a comparative analysis using partial correlation coefficients (e.g. Bait et al. 2017; Bluck et al. 2019) or even a machine-learning analysis (e.g. Bluck et al. 2022; Piotrowska et al. 2022).
Intriguingly, the relation between the Balmer decrement and the SFR may be tighter than the relation with M⋆ (except the set of outliers with high Balmer decrements and very low SFRs, 0.1–0.3 M⊙ yr−1). A primary correlation with the SFR would also be consistent – at least in a qualitative sense – with the picture of bursty SFHs from numerical simulations. Starbursts in low-mass galaxies are fuelled by short-lived reservoirs of dense gas. The burst phase ends as a consequence of the gas being exhausted and/or expelled; therefore, low-SFR galaxies would correspond to gas-poor systems observed in a ‘lull’ of their star formation.
The Balmer decrement intrinsically scaling with the SFR would also be consistent with other scaling relations observed in the local Universe. Specifically, the dust content scales with the amount of cold gas, via the dust-to-gas ratio. On the other hand, the SFR correlates with the amount of cold gas via the Kennicutt-Schmidt relation. Therefore, a correlation between the Balmer decrement and the SFR is not unexpected. In fact, in local galaxies the Balmer decrement correlates with the surface density of molecular gas (Barrera-Ballesteros et al. 2018; Piotrowska et al. 2020).
Other works (Maheson et al. 2023) have argued that – after controlling for inclination – the correlation between the SFR and the Balmer decrement is less important than the correlation of the Balmer decrement with M⋆ and other physical quantities (ISM metallicity and gas velocity dispersion). However, they are unable to compare the Balmer decrement to the SFR on timescales of 10 Myr – simply because the classic Hα-based estimator uses the Balmer decrement itself in its definition. Instead, they used the 4000-Å break as a proxy for the current SFR. However, the 4000-Å break is sensitive to the SFR on longer timescales of 100 Myr, so their different results could also be due to different timescales being probed. In any case, their much more detailed analysis is impossible with our sample size of only 51 galaxies, but requires samples 10–100 times larger that do not exist yet for the redshift range we are interested in.
A possible caveat is represented by the effect of different morphologies and inclination. We did not make any morphology cut and assumed that our sample probes all morphologies and inclinations equally. Larger samples may help clarify the role of morphology and inclination in our findings.
5. Summary and conclusions
In this work we have presented a comparative analysis of the Balmer decrement for galaxies with M⋆ = 107 − 109 M⊙ between cosmic noon and the end of reionisation (4 < z < 7). We used deep (28 hours), low-spectral-resolution observations of JWST/NIRSpec MSA, obtained as part of JADES. We used medium-resolution observations to apply a correction for [N II] contamination of Hα. We further explored the dependence on the SFR, averaged over the last 10 Myr, as measured from the stellar continuum – without using information from the emission lines.
We confirm earlier findings of a correlation between the Balmer decrement (i.e. dust attenuation) and M⋆ already in place at such early epochs.
At the low-mass end (M⋆ < 3 × 107 M⊙), there is little evidence of any dust attenuation, in agreement with theoretical expectations (Popping et al. 2017). This result is consistent with the expectation inferred from the fact that these systems are metal poor, young (hence with less time for dust formation), and with bursty SFHs (which may be more effective in depleting and expelling dust). In this mass range, the median Balmer decrement is only 2.88 ± 0.08, extremely close to 2.86 (the Case B value commonly assumed for star-forming regions at lower redshifts). This suggests that low-mass galaxies at these redshifts might have higher Te and/or ne compared to their local counterparts, which would result in a slightly lower intrinsic Balmer decrement.
We find tentative evidence of a correlation between the Balmer decrement and the SFR. If confirmed, this may trace the underlying correlation between the SFR and the cold gas mass, via the dust-to-gas ratio.
Future studies based on larger samples may clarify which of these correlations are intrinsic and direct, and which ones are an indirect byproduct of secondary correlations. Larger samples will also allow us to uncover correlations with other galaxy parameters, such as metallicity and velocity dispersion (Maheson et al. 2023).
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	[image: thumbnail]	Fig. 1. NIRSpec low-resolution spectrum of JADES-GS+53.16904–27.77884 with a redshift of z = 6.6. Top: 2D spectrum colour-coded by the S/N. Bottom: Extracted 1D flux density versus observed wavelength.
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	[image: thumbnail]	Fig. 2. Balmer decrement, Hα/Hβ, plotted against redshift for our sample of 51 galaxies. The points are colour-coded by their corresponding Hα S/N. The error bars combine the random measurement uncertainties on the line fluxes with a systematic uncertainty of 10%. Three lower limits are shown as grey triangles. The horizontal dashed grey line corresponds to a Balmer decrement of 2.86, appropriate for local star-forming regions. The grey shaded region represents the 6% range of Hα/Hβ, corresponding to 5000 < Te < 30 000 K and 10 < ne < 500 cm−3. The horizontal dotted grey line corresponds to a Balmer decrement of 2.75.
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	[image: thumbnail]	Fig. 3. Balmer decrement, Hα/Hβ, as a function of M⋆ (left panel) and SFR (right panel), both derived from the stellar continuum. Circles represent individual galaxies, colour-coded by their spectroscopic redshift. Three lower limits are shown on each panel as grey triangles. The median uncertainties on the M⋆ and SFR are 0.2 and 0.3 dex, respectively. The horizontal dashed grey line corresponds to a Balmer decrement of 2.86, appropriate for local star-forming regions. The grey shaded region represents the 6% range of Hα/Hβ, corresponding to 5000 < Te < 30 000 K and 10 < ne < 500 cm−3. The horizontal dotted grey line corresponds to a Balmer decrement of 2.75. The horizontal red lines and shaded regions represent the running mean and error on the mean. The Balmer decrement shows a statistically significant correlation with M⋆. For the SFR, we find an increasing trend from log(SFR/M⋆ yr−1) >  − 0.5 dex. Because we measure both the M⋆ and SFR from PPXF (Sect. 2.4), the Hα and Hβ emission lines do not enter these two measurements, meaning the observed correlations with the Balmer decrement are not due to correlated noise.
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