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ABSTRACT

Context. A large variety of dust attenuation and/or extinction curves has been observed in high-redshift galaxies. Some studies
investigated their correlations with fundamental galaxy properties, which yielded mixed results. These variations are likely driven by
underlying factors such as the intrinsic dust properties, the total dust content, and the spatial distribution of dust relative to stars.
Aims. We investigate the correlations between the shape of dust attenuation curves, defined by the UV-optical slope (S ) and the UV
bump parameter (B), and fundamental galaxy properties. Our goal is to identify the key physical mechanisms that shape the dust
attenuation curves through cosmic time in the broader context of galaxy formation and evolution.
Methods. We extended the analysis of 173 dusty high-redshift (z ∼ 2 − 11.5) galaxies, whose dust attenuation curves were inferred
by fitting James Webb Space Telescope (JWST) data with a modified version of the spectral energy distribution (SED) fitting code
BAGPIPES. We investigate the trends between the dust attenuation parameters and different galaxy properties as inferred from the
SED fitting: V-band attenuation (AV ), star formation rate (SFR), stellar mass (M∗), specific SFR (sSFR = SFR/M∗), mass-weighted
stellar age (〈a〉m∗ ), ionization parameter (log U), and metallicity (Z). For a subset of sources, we additionally explored the trends with
oxygen abundance (12 + log(O/H)), which we derived using the direct Te-based method.
Results. We report moderate correlations between S and AV , and B and AV . Galaxies characterized by lower (higher) AV exhibit
steeper (flatter) slopes and stronger (weaker) UV bumps. These results agree with radiative transfer (RT) predictions that account
for the total dust content and the relative spatial distribution of dust with respect to stars. Additionally, we find that S flattens with
decreasing 〈a〉m∗ and increasing sSFR. These two trends can be explained if the strong radiation fields associated with young stars (low
〈a〉m∗ ) and/or bursty galaxies (high sSFR) preferentially destroy small dust grains, which would shift the size distribution toward larger
grains. Finally, the positive correlation between B and 12 + log(O/H) that emerged from our analysis might be driven by variations in
the intrinsic dust properties with the gas metallicity.
Conclusions. The shape of the dust attenuation curves primarily correlates with four key galaxy properties: (1) With the redshift,
which traces variations in the intrinsic and/or reprocessed dust properties, (2) with AV , which reflects RT effects, (3) with the mass-
weighted stellar age or sSFR, which might be driven by the radiation field strength, and (4) with the oxygen abundance, which might
be linked to intrinsic dust properties. The overlap between some of these mechanisms makes it difficult to isolate their contributions,
however. Further progress requires a combination of observations of a larger galaxy sample, point-like sources, spatially resolved
galaxy studies, and theoretical models incorporating dust evolution in cosmological simulations.

Key words. dust, extinction – galaxies: abundances – galaxies: evolution – galaxies: fundamental parameters –
galaxies: high-redshift – galaxies: ISM

1. Introduction

Dust attenuation is defined as the wavelength-dependent absorp-
tion and scattering of light from galaxies that is caused by inter-
stellar dust along the line of sight (LOS). It depends on the
intrinsic dust properties (primarily, on the grain size distribution
and composition) and radiative transfer (RT) effects that take the
total dust content along the LOS and the complex distribution
of dust relative to stars in galaxies into account. In local galax-
ies, where resolved stars and foreground dust act as point-like
sources behind a uniform screen, this effect is instead called dust
extinction and is primarily driven by the intrinsic dust proper-
? Corresponding author: vladan.markov@fmf.uni-lj.si

ties (see, e.g., Calzetti 2001, 2013; Salim & Narayanan 2020 for
reviews).

In the local Universe, dust attenuation and extinction
laws range from the relatively flat Calzetti attenuation curve
(Calzetti et al. 1994, 2000) to the steeper extinction curve
of the Small Magellanic Cloud (SMC) (Gordon et al. 2003,
2024). The amplitude of the UV bump also varies signifi-
cantly from being absent, as in the SMC, to the prominent UV
bump observed in the Milky Way (MW; Cardelli et al. 1989).
Furthermore, extinction curves are diverse even within indi-
vidual galaxies including the MW (Fitzpatrick & Massa 1990;
Clayton et al. 2000; Fitzpatrick & Massa 2007), SMC, and Large
Magellanic Cloud (LMC; Gordon et al. 2003; Hagen et al. 2017;
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Gordon et al. 2024). The steepness and the amplitude of the UV
bump also varies considerably for individual sight lines.

At high redshifts (z > 3), the attenuation curves of galaxies
(Boquien et al. 2022; Markov et al. 2023, 2024; Sanders et al.
2024a; Fisher et al. 2025; Ormerod et al. 2025) and the extinc-
tion curves of quasars (Maiolino et al. 2004; Gallerani et al.
2010; Di Mascia et al. 2021), and gamma-ray burst (GRB) after-
glows (Stratta et al. 2011; Bolmer et al. 2018; Zafar et al. 2018a)
deviate from the standard empirical curves of local galaxies.
These deviations likely arise from a combination of factors,
that is, (i) from variations in the intrinsic dust properties
(Makiya & Hirashita 2022) driven by the different dust pro-
duction mechanisms (Markov et al. 2024), and (ii) from differ-
ences in the amount and relative spatial distribution of dust
with respect to stars (Narayanan et al. 2018; Trayford et al.
2020) because the dust content at high z is generally lower
(Ferrara et al. 2023; Cullen et al. 2024; Nakazato & Ferrara
2024; Ferrara et al. 2025; McKinney et al. 2025) and the dust
and gas distribution is more complex and clumpier than in
stars at intermediate to high redshifts (Behrens et al. 2018;
Carniani et al. 2018; Hodge et al. 2019; Markov et al. 2020;
Sommovigo et al. 2022).

We adopted the parameterization of Salim & Narayanan
(2020) to characterize the shape of the dust attenuation and/or
extinction curves with two key features: the overall ultravi-
olet (UV)-optical slope (S ), and the characteristic UV bump
strength (B) at ∼2175 Å (Salim & Narayanan 2020). Alternative
parameterizations of these curves exist, however, that incorpo-
rate varying numbers of parameters (e.g., Fitzpatrick & Massa
2007; Li et al. 2008; Noll et al. 2009a; Conroy et al. 2010). We
primarily used the Salim & Narayanan (2020) parameterization
for our analysis to facilitate comparisons with similar studies.
Additionally, we employed the more flexible Li et al. (2008)
parameterization in the spectral energy distribution (SED) fitting
procedure to recover the true shape of the attenuation curve.

Studies have investigated trends that connect the shape of
the attenuation and/or extinction curves to fundamental galaxy
properties. The diverse curve shapes are often attributed to pri-
mary underlying factors, including RT effects (e.g., Ferrara et al.
1999; Witt & Gordon 2000; Seon & Draine 2016) and intrinsic
dust properties (e.g., McKinnon et al. 2018; Hirashita & Murga
2020; Makiya & Hirashita 2022). Although valuable informa-
tion was offered about the primary drivers of the diversity of the
attenuation curves (for review, see Salim & Narayanan 2020),
the study results and interpretation often contradict each other,
probably because the galaxy samples and methods that were
used to characterize dust attenuation differ.

A common finding among the different results is an anti-
correlation between the UV-optical slope S and the optical
attenuation AV , where galaxies with high (low) AV typically
exhibit flatter (steeper) slopes. This trend was observed at low
(z ∼ 0; Calzetti et al. 1994; Clayton et al. 2000; Leja et al. 2017;
Salim et al. 2018; Decleir et al. 2019; Salim & Narayanan 2020;
Zhou et al. 2023; Maheson et al. 2025), intermediate (z ∼ 0.1 −
3.5; Arnouts et al. 2013; Salmon et al. 2016; Battisti et al. 2020),
and high redshift (z > 4; Boquien et al. 2022; Markov et al.
2024; Fisher et al. 2025), and it aligns with RT predictions that
suggest that shallower curves emerge with increasing dust col-
umn density for which AV serves as a proxy (Inoue 2005;
Chevallard et al. 2013; Seon & Draine 2016; Trayford et al.
2020; Lin et al. 2021).

After AV is accounted for, most trends between the slope
and inclination, stellar mass (M∗), the specific star formation
rate (sSFR), and metallicity (Z) become mostly insignificant

(Salim & Narayanan 2020). For example, a negative correlation
of the slope with inclination was observed (Wild et al. 2011;
Battisti et al. 2017a) and predicted (Inoue 2005; Chevallard et al.
2013; Trayford et al. 2020; Sommovigo et al. 2025). It is
probably caused by the increased dust opacity (i.e., AV )
in edge-on systems. On the other hand, the correla-
tion of the slope with M∗ varies widely in the studies.
Some found negative trends (Salim et al. 2018; Reddy et al.
2018; Álvarez-Márquez et al. 2019; Salim & Narayanan 2020;
Shivaei et al. 2020a; Maheson et al. 2025), others reported pos-
itive trends (Buat et al. 2012; Zeimann et al. 2015), and some
detected no significant trends at all (Johnson et al. 2007;
Salmon et al. 2016; Battisti et al. 2016, 2017b; Nagaraj et al.
2022; Fisher et al. 2025). Likewise, studies of the correla-
tion of the slope with sSFR and/or stellar age (an inverse of
the sSFR can be considered as a proxy for the mean stellar
age; e.g., Zeimann et al. 2015; Langeroodi et al. 2024). reported
mixed results. Some reported negative S -sSFR or positive S -age
trends (Kriek & Conroy 2013; Zeimann et al. 2015; Tress et al.
2019; Battisti et al. 2020), while others reported inverse trends
(Noll et al. 2007, 2009b; Salim et al. 2018) or no significant
trends (Johnson et al. 2007; Wild et al. 2011; Battisti et al. 2016,
2017b; Salim & Boquien 2019). Similarly, the correlation of the
slope with metallicity was reported to vary, with either nega-
tive trends (Reddy et al. 2018; Shivaei et al. 2020a,b) or a lack
of trends (Battisti et al. 2017b; Salim et al. 2018; Fisher et al.
2025).

Some works identified the characteristic UV bump amplitude
at rest ∼2175 Å (B), and explored the correlations between B and
the fundamental galaxy properties, which yielded varied results.
In general, B appears to decrease with increasing AV in attenua-
tion curves of low- and intermediate-z galaxies (e.g., Salim et al.
2018; Decleir et al. 2019; Tress et al. 2019). This agrees with
RT models, which show that the UV bump is suppressed
in dustier systems (Pierini et al. 2004; Seon & Draine 2016;
Di Mascia et al. 2025). Other studies reported no significant
B − AV trends, however (Battisti et al. 2020; Zhou et al. 2023).
Additionally, studies of the UV bump strengths in the extinc-
tion curves of local galaxies (Clayton et al. 2000; Gordon et al.
2003, 2024), distant quasars (York et al. 2006; Ma et al. 2015),
and GRB afterglows (Zafar et al. 2011, 2018b) reported oppo-
site B–AV trends that probably reflect variations in the dust
properties.

The trend of B with other galaxy properties is also mixed.
For example, UV bumps are more prominent in edge-on sys-
tems (Wild et al. 2011; Kriek & Conroy 2013; Battisti et al.
2017a), although some studies reported no significant link to
inclination (Battisti et al. 2020; Zhou et al. 2023). Next, B −
M∗ trends are only marginally significant (Noll et al. 2007;
Battisti et al. 2020; Fisher et al. 2025). They have a (weakly)
positive (Buat et al. 2012; Kashino et al. 2021) or negative cor-
relation in various cases (Barišić et al. 2020). Moreover, B
generally decreases with increasing sSFR (Wild et al. 2011;
Buat et al. 2012; Kriek & Conroy 2013; Kashino et al. 2021;
Zhou et al. 2023; Battisti et al. 2025), or decreasing stellar age
(Buat et al. 2012). Some studies found no significant trends
(Battisti et al. 2020) or inverse trends with sSFR (Noll et al.
2009b; Ormerod et al. 2025) and age (Tress et al. 2019), how-
ever. UV bumps also tend to be more prominent in high-
metallicity systems (Shivaei et al. 2020a, 2022), although this
trend is still debated (Salim et al. 2018; Battisti et al. 2025;
Fisher et al. 2025).

Finally, a positive correlation between S and B
was predicted by the RT models (Seon & Draine 2016;
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Narayanan et al. 2018) and confirmed by observations at z ∼ 0
(Salim et al. 2018; Salim & Narayanan 2020) and at interme-
diate z (Kriek & Conroy 2013; Tress et al. 2018, 2019). Other
studies reported no significant trends (Buat et al. 2011, 2012) or
even inverse S − B trends in attenuation curves (Shivaei et al.
2020a) and extinction curves (Cardelli et al. 1989; Gordon et al.
2024), however. This might indicate that the intrinsic dust
properties are the main factor that shapes these curves.

In summary, except for the S − AV relation, there is no broad
consensus on independent correlations between the parameters
of the dust attenuation law and other galaxy properties. The
unclear trends might reflect the complex interplay of the dust
size distribution and composition and RT effects.

Markov et al. (2024) analyzed the dust attenuation curves
of 173 galaxies at z ∼ 2 − 12, inferred from our customized
SED fitting model and spectroscopic observations with the
James Webb Space Telescope (JWST). The focus of that work
was the redshift evolution on the UV-optical slope (S) and
UV bump strength (B)1, expanding on similar studies at inter-
mediate (e.g., Buat et al. 2011, 2012; Battisti et al. 2022) and
high z (Gallerani et al. 2010; Scoville et al. 2015). In this work,
we revisit this sample (Sect. 2) and adopt the same method
as Markov et al. (2024) (Sect. 3) to systematically explore the
trends between S , B, and remaining galaxy properties inferred
from the SED fitting or emission line diagnostics (Sect. 4). We
determine the main trends between the fundamental galaxy prop-
erties in Sect. 5. Finally, we discuss the implications for the phys-
ical processes that might drive the correlations between (i) S and
stellar age (〈a〉m∗ ) and (ii) between B and the oxygen abundance
(12 + log(O/H)) in Sect. 6.

2. Spectroscopic data

This section provides a brief overview of the JWST/NIRSpec
data, the sample selection criteria, the galaxy dataset, and the
slit-loss correction method. Full details can be found in the orig-
inal paper of Markov et al. (2024).

We analyzed the JWST Near Infrared Spectrograph (NIR-
Spec) prism/clear (henceforth prism) spectroscopic dataset from
the DAWN JWST Archive (DJA)2. This archive includes uni-
formly reduced NIRSpec prism data from various JWST sur-
veys, reprocessed by the Cosmic Dawn Center, with the
MSAEXP Python script (Brammer 2023; Heintz et al. 2024;
de Graaff et al. 2025). The low-resolution (R ∼ 30 − 300) 1D
prism spectra span a broad wavelength range (λ ∼ 0.6− 5.3µm),
but the limited velocity resolution (&1000 km s−1) leaves nebu-
lar emission lines unresolved (Jakobsen et al. 2022). We masked
wavelengths below the rest-frame Lyα to avoid contamination
from the neutral intergalactic medium (IGM).

To account for flux losses due to slit effects, we first extracted
photometric data from the grizli-v7.0 photometric catalogs
using the publicly available Python script provided by the DJA3.
The photometry spans multiple bands from the Hubble Space
Telescope Wide Field Camera 3 (WFC3) and Advanced Camera
for Surveys (ACS), and JWST Near Infrared Camera (NIRCam)
and Near Infrared Imager and Slitless Spectrograph (NIRISS)
instruments. The exact number of bands we used varied by field

1 A subset of the galaxy properties specifically connected to the results
presented by Markov et al. (2024, e.g., redshift, S , B, c4, and AV ) was
made publicly available upon the publication of Markov et al. (2024).
2 https://dawn-cph.github.io/dja/index.html
3 https://dawn-cph.github.io/dja/blog/2023/07/14/
photometric-catalog-demo/

and typically ranged from 16 to 30 (see Table A.1). We used the
flux measurements from aperture 1 (corresponding to a diameter
of 0.5 arcseconds), which were corrected for flux losses outside
the aperture.

We overlaid the photometric points on the spectra and then
corrected the spectrum by dividing it by one of the throughputs
provided in the JWST user documentation4 until we achieved
a satisfactory alignment between the spectra and photometry.
Furthermore, to assess potential systematics in the above visu-
ally based method, we applied an independent correction for
slit losses. This approach estimates the offsets between spectro-
scopic and photometric flux densities, fits these offsets with an
uncertainty-weighted linear relation, and then corrects the spec-
tra accordingly. Finally, we compared the SED fitting results on
spectra with and without slit-loss corrections to ensure consis-
tency. Our key findings on the redshift evolution of dust attenu-
ation curves remain robust across all methods (see Markov et al.
2024 for more details).

For our sample selection, we first identified spectra with reli-
able spectroscopic redshifts, based on robust spectroscopic fea-
tures (grade 3 spectra). We then focused on galaxies at z > 2
to probe the rest-frame UV-optical range, enabling accurate con-
straints on the shape of the dust attenuation curve. We refined
our sample by selecting spectra with a high signal-to-noise ratio
S/N > 3) per channel in the rest-frame 1925 − 2425 Å wave-
length range, corresponding to the UV bump region. We finally
restricted the sample to galaxies with significant dust attenua-
tion along the LOS, that is, to galaxies with AV > 0.1 at >3σ
significance. This yielded a final sample of 173 dusty galaxies
(see supplementary material of Markov et al. 2024) that cov-
ered a broad redshift range (2.0 . z . 11.4) and spanned a
wide range of fundamental galaxy properties in terms of stel-
lar masses (6.9 . log M∗/M� . 10.9), star formation rates
(0.1 . SFR/M� yr−1 . 240), and V-band dust attenuation
(0.1 . AV . 2.3).

3. Method

In this section, we provide a brief overview of our customized
SED fitting method in Sect. 3.1, which is previously detailed by
Markov et al. (2023). In Sect. 3.2 we present our new analysis of
oxygen abundance measurements using the direct Te (electron
temperature) method, which is fully described by Sanders et al.
(2024b).

3.1. SED fitting with BAGPIPES

We employed a customized version (Markov et al. 2023) of the
BAGPIPES SED fitting code (Carnall et al. 2018), which uses a
Bayesian framework and the MultiNest nested-sampling algo-
rithm (Feroz et al. 2019) to construct realistic galaxy spectra.
The stellar emission was modeled using the stellar popula-
tion synthesis (SPS) models of Chevallard & Charlot (2016).
In BAGPIPES, nebular continuum and line emissions are mod-
eled using precomputed grids of CLOUDY models (Ferland et al.
2017). In these grids, the ionization parameter varies in the
range of log U ∼ −4, 0 by changing the number of hydrogen-
ionizing photons QH and assuming a constant hydrogen density
of n = 100 atoms cm−3. The grids are interpolated based on the

4 https://jwst-docs.stsci.edu/
jwst-near-infrared-spectrograph/
nirspec-operations/nirspec-mos-operations/
nirspec-mos-operations-slit-losses
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Fig. 1. Example of the SED fitting results for a galaxy with a UV-bump detection (1210_13510 at z ≈ 5.12). Left panel: NIRSpec prism spectrum
(blue) and best-fit posterior model (orange; top panel). The shaded regions represent the respective 1σ uncertainties. The vertical gray and red lines
indicate the positions of potential emission lines and the UV bump absorption feature, respectively. The residuals of the best-fit model relative to
the observed spectrum (∆ fλ) are reported in the bottom panel, along with the 1σ uncertainties. Right panel: Best-fit dust attenuation curve with
1σ uncertainties derived from a bootstrap method that generated 5000 attenuation curves by randomly sampling the c1 − c4 parameters (Eq. 1)
from the posterior distribution. For comparison, the Calzetti, MW, and SMC empirical curves are shown as solid, dashed, and dotted black lines,
respectively.

stellar population age (a∗ ∼ 1 Myr − acosmo, where acosmo is the
age of the Universe) and metallicity (Z ∼ 0.005−5. Z�) to derive
the emission line strengths and nebular continuum of the output
spectrum.

Our fiducial star formation history (SFH) model was the
nonparametric SFH model with a continuity prior (Leja et al.
2019) because it favors flexibility in capturing more accurate
SFH and unbiased physical property estimates than parametric
models. BAGPIPES accounts for the transmission of galaxy emis-
sion through the neutral gas in the IGM, following Inoue et al.
(2014). BAGPIPES also includes warm dust emission from H ii
regions computed with CLOUDY, along with cold dust emission in
the interstellar medium (ISM), modeled as a graybody. The dust
attenuation incorporates a two-component dust screen model to
account for additional attenuation experienced by young stars
within their stellar birth clouds (Charlot & Fall 2000).

For the fiducial dust attenuation model, we integrated the
analytical model from Li et al. (2008) into BAGPIPES. The
flexible attenuation model effectively recovers local empiri-
cal templates (Calzetti, MW, and SMC, as demonstrated in
Markov et al. 2023) and can capture variations in the dust
attenuation laws in galaxies that are expected at higher red-
shifts (Markov et al. 2023, 2024, see also Witstok et al. 2023;
Sanders et al. 2024a). This is particularly relevant for high-
redshift galaxies because there is no physical basis for assuming
that their dust attenuation curves mirror those of local galaxies.
The analytical form of the normalized dust attenuation is defined
as

Aλ/AV =
c1

(λ/0.08)c2 + (0.08/λ)c2 + c3

+
233[1 − c1/(6.88c2 + 0.145c2 + c3) − c4/4.60]

(λ/0.046)2 + (0.046/λ)2 + 90

+
c4

(λ/0.2175)2 + (0.2175/λ)2 − 1.95
, (1)

where c1 − c4 are dimensionless parameters, and λ is the wave-
length in µm.

To assess the difference in model performance between our
fiducial SED model with the flexible dust attenuation approach
and the SED models with the Calzetti curve, we used χ2 statis-

tics. In ∼86% of galaxies, the fiducial model yielded a statisti-
cally significant improvement (with P < 0.05), while in ∼13%
of cases, the improvement was present, but not statistically sig-
nificant (0.05 < P < 1). Only 1% of the sources showed no sig-
nificant difference between the models, probably because their
attenuation curves are intrinsically flat. Additionally, we con-
ducted a similar analysis by comparing the fiducial model to a
bump-free version of the same model (with c4 = 0) for a sub-
sample of 28 galaxies with a detectable UV bump. In this case,
we found that the fiducial model provided a significantly bet-
ter fit for ∼86% of the sources (P < 0.05; see Markov et al.
2024). Fig. 1 depicts an example of SED fitting results for a
high-z source with a detected UV bump with an amplitude of
B = 0.11 ± 0.04 (∼ 0.31BMW) or c4 = 0.014 ± 0.004.

3.2. Oxygen abundance measurements

We derived the oxygen abundances using the direct Te (electron
temperature) empirical metallicity calibrations for high-redshift
(z ∼ 2 − 9) low-metallicity (12 + log(O/H) ∼ 7.0 − 8.4) galax-
ies, following Sanders et al. (2024b), and employing the soft-
ware package PyNeb (Luridiana et al. 2015).

We fit the galaxy spectra using the DJA NIRSpec data prod-
ucts code (Heintz et al. 2024; de Graaff et al. 2025) to derive
the emission line fluxes (F) and the corresponding uncertain-
ties (Ferr) for the full galaxy sample. To ensure reliable oxygen
abundance estimates, we restricted our analysis to galaxies with
bright (F/Ferr > 3) optical emission lines that we used as metal-
licity calibrators, namely Hα (or Hγ for z & 7), Hβ, [O iii]λ5007,
[O iii]λ4363, and [O ii]λ3728 (due to the NIRSpec prism reso-
lution, we fit the blended [O ii]λλ3727, 3729 emission lines as a
single [O ii]λ3728 line). This yielded a subset of 14 sources at
z ∼ 4.6 − 8.0.

We corrected the line fluxes for nebular reddening,
E(B − V)gas, estimated from the observed-to-intrinsic ratios of
the hydrogen Balmer recombination lines. This was typically
Hα/Hβ for z . 7 galaxies and Hγ/Hβ for z & 7 sources.
The intrinsic Balmer line ratios and the correction for redden-
ing estimates assumed Te = 15000 K, an electron density of
ne = 300 cm−3 (Strom et al. 2017; Sanders et al. 2024b), and
a Calzetti-like attenuation curve (Calzetti et al. 2000), which
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Fig. 2. Example of SED fitting results for a galaxy with oxygen abundance measurements (1210_5173 at z ≈ 7.99). The NIRSpec prism spectrum
(black) and the best-fit model (red) are depicted with their respective 1σ uncertainties. The vertical lines indicate the positions of key optical
emission lines we used to estimate the oxygen abundance: Hγ and Hβ (orange), [O ii]λ3728 (purple), [O iii]λ4363 (blue), and [O iii]λ5007 (green).
The vertical dashed gray lines indicate the positions of the remaining emission lines. The olive lines indicate the continuum emission levels.

is overall consistent with the empirically measured attenuation
curve of high-z (z ∼ 4.5 − 11.5) sources (Markov et al. 2024).
The reddening correction does not account for possible stel-
lar absorption below the Balmer lines. While we did not apply
explicit corrections for stellar absorption, our sample consists
of bursty star-forming high-redshift galaxies with strong emis-
sion lines, where the effect of stellar absorption is expected to be
weak. For instance, Reddy et al. (2015) reported typical absorp-
tion corrections of .10% for Balmer emission line fluxes in
high-z galaxies. When these corrections are applied to our data,
we obtain systematically lower E(B−V)gas values that are gener-
ally within 1σ of our original estimates.

Next, we estimated the electron temperature
for the high-ionization region, Te([O2+]), using the
[O iii]λ4363/[O iii]λ5007 ratio and assuming an electron
density of ne = 300 cm−3 (Strom et al. 2017; Sanders et al.
2024b) because the density-sensitive emission lines
([O ii]λλ3727, 3729 and [S ii]λλ6718, 6733) are blended.
For the low-ionization zone, Te([O+]), we adopted the relation
Te([O+]) = 0.7 × Te([O2+]) + 3000 K (Campbell et al. 1986).

Ionic abundances (O2+/H+ and O+/H+) were calculated
from the [O iii]λ5007/Hβ and [O ii]λ3728/Hβ ratios using
inferred electron temperatures Te([O2+]) and Te([O+]), respec-
tively. The total oxygen abundance was then derived as O/H =
O2+/H+ + O+/H+.

The uncertainties were estimated by randomly drawing flux
values from a Gaussian distribution with the same 1σ as the
line flux uncertainties for each source and by recalculating
E(B − V)gas, Te, and O/H for each realization. This procedure
was performed 500 times, and the 1σ uncertainties were derived
from the 16th−84th percentile range of the resulting distribution.

The oxygen abundances of our galaxy subsample lie in the
range of 12 + log(O/H) ∼ 7.7− 8.7, and one outlier reaches 12 +
log(O/H) ∼ 9.5. Because the direct Te method is only valid for
low-metallicity sources, we excluded this outlier from our final
subset. This yielded our final subset of 13 sources with reliable
oxygen abundances. It covered a redshift range of 4.6 . z . 8.0,
stellar masses of 7.8 . log M∗/M� . 9.1, and a V-band dust
attenuation 0.2 . AV . 1.4. An example fit to the spectrum
of a high-z galaxy (ID 1210_5173) with an oxygen abundance
measurement (12 + log(O/H) ∼ 8.09 ± 0.09) is shown in Fig. 2.

In Fig. 2, the Hγ and [O iii]λ4363 lines appear to be partially
blended in the low-resolution NIRSpec prism spectrum because

of their close separation (∼22 Å), as shown in Fig. 2. The two
lines were fit independently, where each line was modeled as
a single-Gaussian profile centered at the line wavelength, and
convolved with the instrument line spread function (Heintz et al.
2024; de Graaff et al. 2025). This degeneracy may introduce
additional uncertainties in the individual flux measurements of
the two lines. We verified, however, that excluding these sources
(two z > 7 sources for which E(B − V)gas was calculated from
the Hγ/Hβ ratio) from our subsample does not alter the observed
B − 12 + log(O/H) trend, which remains significant.

For comparison, we also estimated oxygen abundances
using the strong-line diagnostics of Nakajima et al. (2022). This
method combines two optical emission line ratios,

R23 =
[O iii]λ4959, 5007 + [O ii]λ3727, 3730

H β
, (2)

and

O32 =
[O iii]λ5007

[O ii]λ3727, 3730
, (3)

to provide an independent metallicity measurement. For low-
metallicity sources (O32 ≥ 2), we used R23, incorporating
calibrations on the equivalent width of the H β line, while for
the high-metallicity sources (O32 < 2), we instead used O32
(Nakajima et al. 2022; Willott et al. 2025).

The oxygen abundances derived from the two methods are
broadly consistent, but the direct Te method systematically
yields higher oxygen abundances (up to a factor of ∼1.1) than
the calibration by Nakajima et al. (2022).

4. Trends with the slope (S) and UV bump (B)

In Markov et al. (2024) we showed that attenuation curves tend
to flatten at high redshift, and we discussed the origin of
this trend. In this follow-up work, we explore potential trends
between the shape of the attenuation curves and the main galaxy
properties as inferred from the SED fitting: V-band attenuation
(AV ), star formation rate (SFR) averaged over 10 Myr, stellar
mass (M∗), sSFR (sSFR = SFR/M∗), mass-weighted stellar age
(〈a〉m∗ ), ionization parameter (log U), and metallicity (Z). For the
metallicity, we also considered the more reliable estimates of the
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Fig. 3. Correlation matrix heatmap for the dust attenuation curve prop-
erties (the UV-optical slope S and the UV bump amplitude, i.e., B and
c4) and fundamental galaxy parameters as inferred from the SED fitting:
Redshift (z), V-band attenuation (AV ), SFR, stellar mass (log M), sSFR,
stellar age (〈a〉m∗ ), ionization parameter (log U), and metallicity (Z). The
color-code represents Pearson correlation coefficient (r) values, which
quantify the strength and the sign of the correlation. Typically, |r| = 1
signifies a perfect correlation, |r| = 0.7 − 1 a very strong correlation,
|r| = 0.5− 0.7 a strong correlation, and |r| ∼ 0.3− 0.5 a moderate corre-
lation (Benesty et al. 2009).

oxygen abundance (12 + log(O/H)) obtained from optical emis-
sion lines. We used the parameterization by Salim & Narayanan
(2020) (S and B parameters) for the dust attenuation curve. The
final goal was to separate the physical drivers of the potential
trends.

To identify independent trends between dust attenuation
curve properties and global galaxy parameters, the ideal
approach would involve slicing the sample across multiple
dimensions simultaneously, that is, analyzing one variable while
holding all other properties fixed. Our relatively small sample of
173 high-redshift galaxies limits such an analysis because of the
low number statistics in multiparameter bins, however. There-
fore, our conclusions are inherently subject to sample size limita-
tions, and future studies based on larger and more homogeneous
datasets are essential to verify and refine the trends we identi-
fied here. To mitigate these limitations, we augmented our analy-
sis by adopting two independent statistical methods, namely the
Pearson correlation analysis and the random forest regression
(RFR).

The correlation matrix offers a convenient first step for iden-
tifying linear relations between individual parameter pairs. We
computed the Pearson correlation coefficient (r) to quantify the
linear correlation between S , B, and all the fundamental proper-
ties inferred from the SED fitting. For comparison with previous
studies, we also included the sSFR. We claim that two proper-
ties are correlated when |r| > 0.3 (Greenacre et al. 2022; see the
caption of Fig. 3 for further details).

The correlation matrix is reported in Fig. 3 and shows the
following main results:

– We confirm the S − z (r = −0.46) and B − z (r = −0.28),
or equivalently, c4 − z (r = −0.31), anticorrelations found by
Markov et al. (2024).
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Fig. 4. Feature importance resulting from the RFR method. The score
assigned to each galaxy property quantifies its importance in predicting
the slope (S , horizontal sky blue bars) and the UV bump strength (B,
orange bars).

– We find that S is anticorrelated with the V-band attenuation,
AV (r = −0.35) and sSFR (r = −0.38) and correlated with
stellar age, 〈a〉m∗ (r = 0.47).

– The UV bump amplitude B (or c4) is anticorrelated with AV
(r = −0.32 for B, r = −0.34 for c4).

The main limitation of the correlation matrix analysis is that it
estimates linear relations between pairs of parameters without
accounting for the influence of other variables (Benesty et al.
2009). To complement and refine this analysis, we therefore
considered the RFR (Benesty et al. 2009) method and exploited
the scikit-learn library (Pedregosa et al. 2011). The RFR is
an ensemble-learning method that constructs multiple decision
trees and combines their results to improve the prediction accu-
racy. Unlike the correlation matrix, which evaluates each pair
of parameters in isolation, RFR can capture nonlinear relations
between the input parameters and the combined influence of
all input parameters on a target variable. It provides a measure
of feature importance, indicating the contribution of each input
parameter to reducing the overall prediction error on the target
variable. We used the RFR to assess the importance of various
global galaxy properties (e.g., z, AV , 〈a〉m∗ , and sSFR) in predict-
ing S and B.

Fig. 4 shows the feature importance of each galaxy prop-
erty in predicting S and B. The most important predictors of S
are z (∼0.29), AV (∼0.34) and 〈a〉m∗ ∼ 0.14, , while sSFR has
a lower feature importance (∼0.06). This might be explained
by the strong correlations of sSFR with z (r = 0.54) and 〈a〉m∗
(r = −0.54), making the S-sSFR correlation redundant when z
and 〈a〉m∗ are included in the model. The interpretation of the
results for B is more complicated: The RFR confirms that AV is
the most important quantity that shapes the UV bump strength
(feature importance (∼0.2)), but properties such as z, SFR, M∗
and U still provide an important contribution (∼0.1−0.15).

Fig. 5 shows the median dust attenuation curves along with
the corresponding 1σ dispersion for galaxy subsamples binned
in terms of the two key properties shaping the dust attenuation
curve: AV and 〈a〉m∗ (left and right panels, respectively). We split
our sample into four bins per property, ensuring an approxi-
mately equal number of sources in each bin (∼40 − 50 sources).
A first qualitative inspection shows that the slope (S ) of the dust
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Fig. 5. Median dust attenuation curves for our full galaxy sample binned in terms of key parameters: (left panel) V-band attenuation (AV ), and
(right panel) mass-weighted stellar age (〈a〉m∗ ). The median attenuation curves are plotted as solid lines, and the shaded regions indicate their 1σ
dispersion. These curves and uncertainties were estimated using a bootstrapping approach, where 5000 synthetic curves were generated and the
16th, 50th, and 84th percentiles were taken from the resulting distribution. For comparison, the Calzetti, MW, and SMC empirical curves are
displayed as solid, dashed, and dotted black lines, respectively. The bin limits were chosen to maintain a roughly equal number of sources per bin
(∼40 − 50 sources in four bins).

attenuation curves is anticorrelated with AV , but is correlated
with 〈a〉m∗ .

In the next sections, we briefly discuss the S − z and B − z
trends detailed by Markov et al. (2024) (Sect. 4.1), and we focus
on the S − AV and B − AV trends (Sect. 4.2) and S − 〈a〉m∗ trends
(Sect. 4.3). For the galaxy subset with determined oxygen abun-
dances from the optical emission lines, we further searched for a
potential B − 12 + log O/H correlation (Sect. 4.4).

A key caveat is that some SED-derived properties are
interdependent due to well-known degeneracies, such as
the age-metallicity-attenuation relation (Papovich et al. 2001;
Tacchella et al. 2022). We address this issue in more detail in
Appendix B. Despite this limitation, this analysis provides valu-
able insights and helps us to obtain a broader understanding of
the physics governing early galaxies.

4.1. Slope (S ) and bump (B) versus redshift

Fig. 6 illustrates the redshift evolution of the slope (S ) and the
UV bump (B). The left panel presents S and B parameters, color-
coded by redshift (grayscale), distributed in four quadrants (Q1–
Q4), delimited by the median values of S (S̃ ∼ 2.9) and B
(B̃ ∼ 0.03) for the full galaxy sample. The right panel shows
the redshift probability distribution functions for sources in each
quadrant.

At high redshift (z > 5), galaxy attenuation curves are typ-
ically Calzetti-like, that is, they are characterized by flat slopes
and the absence of a UV bump. As a result, these galaxies pre-
dominantly occupy the blue quadrant (Q1). This trend can be
explained if, at these redshifts, dust is primarily composed of
large grains (produced in the core-collapse Type II supernovae
(SNII) ejecta), leading to intrinsically flat and bump-free attenu-
ation curves (Makiya & Hirashita 2022; Markov et al. 2024).

At lower redshifts (z ∼ 2 − 5), galaxies exhibit a larger
diversity in attenuation curve shapes, and their distributions
are therefore spread across the remaining three quadrants. The
migration of low-z sources in the high-S and high-B param-
eter space reflects an evolution in the intrinsic dust properties

that favors smaller carbonaceous dust grains. This transition can
be driven by a combination of physical processes: (i) SNII-
type dust is reprocessed in the ISM (e.g., McKinnon et al. 2018;
Hirashita & Murga 2020), a process that converts large grains
into small grains through both grain-grain collisions (i.e., shat-
tering, Jones et al. 1996; Yan et al. 2004) and gas-grains col-
lisions (i.e., sputtering, Draine & Salpeter 1979; Tielens et al.
1994; Bianchi & Schneider 2007); (ii) the dominant dust produc-
tion mechanism moves toward asymptotic giant branch (AGB)
stars (Ferrarotti & Gail 2006) at later epochs.

In addition to redshift, S and B are influenced by AV , which
is a proxy for RT effects. It can shift the position of a galaxy in
the S –B parameter space in all directions. For instance, increas-
ing AV would systematically shift sources within the blue quad-
rant. Additionally, S depends on 〈a〉m∗ and sSFR, such that an
aging stellar population and declining burstiness can drive a
rightward shift in the B versus S plot. On the other hand, the B
parameter depends on 12 + log O/H, meaning that an increasing
metallicity can induce an upward shift in the B versus S plot.

4.2. Slope (S ) and bump (B) versus AV

In the correlation matrix (Fig. 3), we identified moderate S − AV
and B − AV anticorrelations, suggesting that galaxies with low
(high) AV tend to have steeper (flatter) slopes S and stronger
(weaker) UV bumps B. These trends are further illustrated in
Fig. 7. Because a power-law correlation between S and AV was
reported in previous studies (e.g., Salim & Narayanan 2020), we
modeled the S −AV correlation with a power-law fit, and we esti-
mated the best-fit parameters using the numpy polyfit func-
tion

log S = ks log AV + ns. (4)

The resulting best-fit model is reported in the left panel of
Fig. 7.

The B − AV relation also exhibits a power-law behav-
ior, which is consistent with predictions from RT models
(Pierini et al. 2004; Seon & Draine 2016). The prior limits
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imposed on the UV bump parameter c4 in the SED fitting proce-
dure (see Markov et al. 2023 for more details) mean that c4, and
consequently, the derived B parameter, might occasionally take
on slightly negative (unphysical) values, however. For this rea-
son, we adopted a simpler linear fit to model the B−AV relation,

B = kbAV + nb, (5)

and we represent the resulting best-fit model in the right panel of
Fig. 7. The best-fit coefficients of the power-law model, ks, ns,
and the linear model, kb, and nb, for the full sample and redshift
subsamples are instead reported in Table D.1. We underline that
in our sample, the S − AV and B − AV trends are independent of
the remaining key drivers in attenuation curve variations, such
as redshift, 〈a〉m∗ , and sSFR (see Appendix E for further details).

As previously discussed in Sect. 1, the S − AV power-
law correlation was observed at lower redshifts (z . 3;
e.g., Salim & Narayanan 2020; Battisti et al. 2020) and agrees
with predictions from RT models (e.g., Inoue 2005). Notably,
Salim & Narayanan (2020) reported a steeper but qualitatively
similar S − AV correlation for a sample of 23,000 galaxies at
z ∼ 0. We show the S −AV power-law correlations resulting from
our analysis at different redshifts in the inset of Fig. 7, where we
also report the z ∼ 0 relation. This figure demonstrates a qualita-
tive universality of the S − AV relation that smoothly evolves
with redshift: The S − AV relation is steeper at low redshifts
(ks = −0.68 at z ∼ 0, Salim & Narayanan 2020) and becomes
progressively flatter at intermediate (ks ∼ −0.59 at z ∼ 2 − 3.3),
and at increasingly higher redshifts (ks ∼ −0.18 at z ∼ 3.3 − 5.7
and ks ∼ −0.10 at z ∼ 5.7 − 11.5, respectively). This is consis-
tent with the findings of Markov et al. (2024, see Fig. 4a of their
work).

In the high-AV limit (AV & 1), average attenuation curves
tend to be Calzetti-like, exhibiting predominantly flat slopes
(S . 3) and negligible bumps (B . 0.1). This behavior
likely reflects strong RT effects at high AV (Natta & Panagia
1984; Narayanan et al. 2018). Conversely, in the low-AV regime
(AV . 0.5), where RT effects are not expected to domi-
nate (Natta & Panagia 1984; Calzetti et al. 1994), the attenuation

curves are typically steeper (S & 3), with more prominent bumps
(B & 0.1; Fig. 7). Additionally, in the low-AV regime, attenuation
curves exhibit greater dispersion, which might reflect secondary
dependences on other key parameters, such as z, 〈a〉m∗ , and sSFR.

Finally, the combined S − AV and B − AV relations enabled
us to constrain the average attenuation curve of a galaxy based
on a single parameter (AV ) within a specific range of redshift or
stellar age (or, equivalently, sSFR).

4.3. Slope (S ) versus stellar age 〈a〉m∗

Our analysis revealed a positive correlation between S and 〈a〉m∗
(r = 0.47), but we found no significant correlations between 〈a〉m∗
and B (r = 0.077). We report the trend of increasing S with 〈a〉m∗
in Fig. 8. We fit the S − 〈a〉m∗ correlation with a power law (see
Eq. (4), and Fig. 8), and we summarize the best-fit coefficients
in Table D.1.

We examined the consistency of the S − 〈a〉m∗ correlation
in the galaxy subsets grouped by redshift, AV , and sSFR (see
Appendix F). The right panel of Fig. F.1 shows that the S − 〈a〉m∗
trends become statistically insignificant when we controlled for
sSFR. In addition, our Pearson correlation analysis revealed a
strong anticorrelation between 〈a〉m∗ and sSFR (r = −0.54), con-
sistent with the interpretation that the sSFR serves as a proxy for
the mean stellar age (e.g., Langeroodi et al. 2024). This suggests
that the S − 〈a〉m∗ trend partially reflects the S − sSFR anticorre-
lation, and vice versa.

Similarly, the S − 〈a〉m∗ trend becomes somewhat weaker
when galaxies are binned by redshift (the left panel of Fig. F.1).
These results, along with the inverse relation between the 〈a〉m∗
and redshift (r = −0.37; Fig. 3), suggest that the S − 〈a〉m∗ cor-
relation in part depends on the previously reported S − z trend
(Markov et al. 2024).

To further analyze the redshift dependence of the S − 〈a〉m∗
trend, we show in the left panel of Fig. F.2 the redshift evo-
lution of S . We color-code individual sources with their 〈a〉m∗ .
This figure shows that young stellar populations (〈a〉m∗ . 50
Myr) are predominantly found at high redshift (z & 5) when
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with errors representing the 1σ dispersion of each bin. The best-fit correlations and their 1σ uncertainties for the entire sample and the intermediate-
and high-z subsets are shown by solid magenta lines, respectively. The shaded regions indicate the uncertainty ranges. Literature results for
nearby (Decleir et al. 2019; Salim & Narayanan 2020) and intermediate-z galaxies (Buat et al. 2011, 2012; Scoville et al. 2015; Reddy et al. 2015;
Shivaei et al. 2020a) are depicted as blue and green symbols, respectively. High-z objects (Boquien et al. 2022; Markov et al. 2023; Fisher et al.
2025; Ormerod et al. 2025) are shown as olive, orange, brown, and red symbols. The error bars indicate their 1σ uncertainties. The dotted blue and
green lines indicate the average attenuation curve slopes and UV bump strengths for local starbursts with AV ∼ 0.4 − 1.0 (Calzetti et al. 2000) and
for galaxies at z ∼ 0.5 − 2.0 with AV ∼ 0.5 − 2.25 (Kriek & Conroy 2013), respectively. Inset panel: Black lines represent the best-fit correlations
and their 1σ uncertainties for the subsets grouped by redshift. The shaded regions indicate the uncertainty ranges. The S − AV correlation from
Salim & Narayanan (2020) for a nearby (z ∼ 0) sample is shown as a dashed blue line in the left panel.

the attenuation curves are flattest (S . 3), while older sources
(〈a〉m∗ & 100 Myr) are typically observed at lower redshifts
(z . 4), when the attenuation curves become steeper (S & 4).

4.4. UV Bumb (B) versus oxygen abundance (12 + log(O/H))

We further investigated the correlations between the galaxy
properties and restricted our sample to the subset of 13 galaxies
(∼8% of our full sample) with oxygen abundance measurements
(see Sect. 3.2).

We found a strong correlation between the oxygen abun-
dance (12 + log(O/H) and the UV bump strength (r = 0.66 for
B and r = 0.65 for c4), but no significant correlation was found
between the slope (S ) and the oxygen abundance (r = 0.15).
In Fig. 9 we show the B − 12 + log(O/H) relation. The large
uncertainties associated with the small size of this sample pre-
vent us from determining a converging best-fit model for this
trend. In Sect. 6.2 we discuss the possible underlying origin of
the B − 12 + log(O/H) trend.

While these results provide useful insights, they should be
interpreted with caution because the number of sources was lim-
ited. A larger galaxy sample with oxygen abundance measure-
ments is necessary to confirm the correlations we identified in
our analysis and to ensure statistical robustness.

5. Trends between fundamental galaxy properties

We used the correlation matrix (Fig. 3) to identify the general
trends among the global properties derived from the SED fit-

ting (redshift, AV , SFR log M∗, sSFR, 〈a〉m∗ , and log U) for the
full galaxy sample. Furthermore, we considered the same cor-
relations with the oxygen abundance as were derived using the
direct Te method for our subset of sources with bright emission
lines. The emerging picture is summarized below.
A) AV : Dustier galaxies generally form more stars (r = 0.6) and

are more massive (r = 0.33; Fig. 10). Additionally, AV is
anticorrelated with the mean stellar age 〈a〉m∗ when log M∗ is
fixed, which indicates that galaxies with a higher dust atten-
uation typically host younger stellar populations.

B) 〈a〉m∗ and sSFR: Young stellar populations are predomi-
nantly found in star-bursting galaxies (r = −0.54) at high
redshift (r = −0.37), as shown in Fig. 11. Additionally,
young starbursts tend to be metal-poor (r = 0.44) and low-
mass sources (r = 0.44).

C) M∗, SFR, metallicity, log U: Massive sources have a higher
metallicity (r = 0.64), that is, oxygen abundance (r =
0.63), and increased star formation (r = 0.44), as shown
in Fig. 12. This follows the well-known mass-metallicity
relation (e.g., Tremonti et al. 2004). Furthermore, massive
sources are generally characterized by higher AV (r = 0.33)
and a more evolved stellar population (r = 0.44), as shown
in Fig. 10. Finally, massive sources also exhibit weaker ion-
ization log U (r = −0.48), and by definition, they have a
lower sSFR (r = −0.62).

6. Discussion

In this section, we connect the observed trends between
dust attenuation properties and fundamental galaxy properties
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Fig. 8. UV-optical slope (S) as a function of the mass-weighted stel-
lar age (〈a〉m∗ . Gray stars represent individual S measurements from
our sample, with 1σ uncertainties derived through a bootstrapping
method. Black stars indicate the median S values for galaxies grouped
by 〈a〉m∗ , and the error bars show the 1σ dispersion within each bin.
The solid cyan line represents the best-fit correlation for the entire sam-
ple using a power-law model (Eq. 4), and the shaded regions indicate
the uncertainty ranges. Literature results for intermediate-z sources or
stacks are illustrated as green (Shivaei et al. 2020a; Battisti et al. 2022)
and teal (Álvarez-Márquez et al. 2019) symbols. Finally, high-z objects
(Markov et al. 2023; Ormerod et al. 2025) are depicted as orange and
red symbols, respectively. The error bars represent their 1σ uncertain-
ties.

(Sect. 4) with the correlations found among galaxy properties
(Sect. 5). The final goal is to identify the key physical mecha-
nisms that shape dust attenuation curves through cosmic time in
the broader context of galaxy formation and evolution.

The origin of the S −z and B−z trends was discussed in detail
by Markov et al. (2024) and the S − AV and B− AV trends agree
with predictions from RT calculations (Narayanan et al. 2018).
We therefore focus in this section on the S − 〈a〉m∗ (or S − sSFR)
and B − 12 + log(O/H) trends.

Although there is no clear consensus in the literature, several
physical mechanisms have been proposed as drivers of these cor-
relations. We list them below.
M1: Additional attenuation in stellar birth clouds. Starburst

galaxies hosting young stars embedded in short-lived
molecular birth clouds (〈a〉∗ . 10 Myr; Charlot & Fall
2000) experience additional attenuation along the LOS
beyond the attenuation that is contributed by the diffuse
ISM (Granato et al. 2000; Panuzzo et al. 2007). In the opti-
cally thick (high-AV ) limit, the flattening of the attenuation
curve in the UV wavelength range is driven by radiation
from unobscured stars and scattering of UV light into the
LOS (Narayanan et al. 2018). This scenario agrees to some
extent with the global trend A) discussed in Sect. 5.

M2: Complex dust-star geometry. The increasing complexity of
the dust-star geometry in galaxies results in flatter attenua-
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Shivaei-hZ

Fig. 9. UV bump (B) as a function of the oxygen abundance (12 +
log(O/H)). Stars represent individual measurements from our sub-
sample of sources with oxygen abundance measurements, with 1σ
uncertainties derived through a bootstrapping method. For reference,
the solar oxygen abundance is 12 + log(O/H)� = 8.69 (dotted blue
line; Allende Prieto et al. 2001). The MW oxygen abundance is in the
12 + log(O/H) ∼ 8.24 − 8.76 range, depending on the Galactic radius
(horizontal blue strip; Pilyugin et al. 2023). Literature results for low-
z (Russell & Dopita 1992; Hunt et al. 2019; Decleir et al. 2019) and
intermediate-z (Shivaei et al. 2020a) sources are shown as blue and
green symbols, respectively.

tion curves (Witt & Gordon 1996; Narayanan et al. 2018).
In particular, Narayanan et al. (2018) emphasized that the
spatial distribution of dust relative to stellar populations of
different stellar ages is the key factor that shapes the atten-
uation curve. Specifically, a higher fraction of unobscured
young stars flattens the attenuation curve by making the
galaxy more transparent to UV photons.

M3: Strong radiation field in starbursts. Intense radiation fields
in young highly star-forming systems can destroy smaller
dust grains (the carriers of the steep slopes), shift the grain
size distribution toward larger grains, and flatten the attenu-
ation curves (Gordon et al. 2003; Fischera & Dopita 2011;
Kriek & Conroy 2013; Tazaki et al. 2020). This effect is
consistent with the global trend B) described in Sect. 5.
Conversely, some studies suggest that strong radiation
fields can also lead to the formation of ultrasmall dust
grains, including PAHs, which are commonly considered
to be the carriers of the UV bump feature (Desert et al.
1990; Siebenmorgen & Kruegel 1992; Bradley et al. 2005)
through increased shattering and UV-driven aromatization
(Narayanan et al. 2023; Ormerod et al. 2025).

M4: Variation in intrinsic dust properties with z. A shift in
the dust grain size distribution toward larger grains in
high-z sources results in flatter curves (McKinnon et al.
2018; Hirashita & Murga 2020; Makiya & Hirashita 2022;
Markov et al. 2024). This shift reflects changes in the dom-
inant dust production mechanism at early cosmic epochs,
where SNII ejecta play a primary role in the dust formation
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relation by McLure et al. (2018), based on the assumption of Calzetti
and SMC-like attenuation laws, respectively. We also include literature
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(Todini & Ferrara 2001; Nozawa et al. 2007; Gall et al.
2014; Langeroodi et al. 2024; McKinney et al. 2025).

To summarize, M1 and M2 are closely associated with RT
effects. At the same time, M3 and M4 involve variations in dust
properties: In the case of M3, variations in the dust properties
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Fig. 12. Mass-metallicity relation: Oxygen abundance (12 + log(O/H))
vs. stellar mass (log M) color-coded by the SFR. 12 + log(O/H)
is estimated using direct Te calibrations (Sanders et al. 2024b) for
a subset of 13 sources (∼ 8%) with bright emission lines (see
Sect. 4.4 for details). Our galaxies are represented as inverted stars.
The mass-metallicity relations found for nearby (Tremonti et al. 2004,
intermediate-z (Sanders et al. 2021), and high-z (Curti et al. 2024)
objects are depicted as solid, dashed and dotted, and dashed-dotted
black lines, respectively. We also show the literature results for
high-z sources (Nakajima et al. 2023; Curti et al. 2023; Witstok et al.
2023; Markov et al. 2023; Harshan et al. 2024; Venturi et al. 2024;
Ormerod et al. 2025).

are linked to dust re-processing, while in the case of M4, they
are caused by changes in the intrinsic dust properties associated
with different dust producers. Keeping in mind these mecha-
nisms, we now determine the primary drivers of the S − 〈a〉m∗
and B − 12 + log(O/H) relations.

6.1. Origin of the slope (S) - stellar age correlation

Our results shows a moderate correlation (r = 0.47) between
the slope (S ) and the stellar age (〈a〉m∗ ) and an anticorrelation
between S and sSFR (r = −0.38), such that S flattens with
decreasing stellar age (〈a〉m∗ ) and increasing sSFR (Figs. 8 and
C.1, respectively). The strong anticorrelation between 〈a〉m∗ and
sSFR (r = –0.54; Fig. 3) further highlights their close connec-
tion, with the inverse of sSFR serving as a proxy for mean stel-
lar age. Additionally, a lack of statistically significant S − 〈a〉m∗
trends is observed after fixing for sSFR, except in one bin
(Fig. F.1, right panel). These results strongly suggest that M3
is one of the primary factors driving the S − 〈a〉m∗ trend. Accord-
ing to M3, the flattening of the slope (S) is associated with
the destruction of small dust grains in strong radiation fields
associated with young starbursts (e.g., Kriek & Conroy 2013;
Battisti et al. 2025), particularly at high-z, where the ISM con-
ditions are more extreme (Ferrara et al. 2019; Vallini et al. 2020,
2021; Markov et al. 2022).

Next, a moderate anticorrelation between 〈a〉m∗ and redshift
(r = −0.37, Fig. 3), along with the fact that S − 〈a〉m∗ trend is
less pronounced after fixing the redshift (Fig. F.1, left panel),
suggest that M4 likely contributes to the observed S − 〈a〉m∗ cor-
relation. M4 involves the flattening of S with decreasing 〈a〉m∗ ,
which might reflect the underlying S − z trend discussed by
Markov et al. (2024).
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The lack of significant correlations between 〈a〉m∗ and AV
combined with the consistency of the S − 〈a〉m∗ relation in all
AV bins (Fig. F.1, middle panel) suggests that M1 alone cannot
account for the observed S − 〈a〉m∗ trend.

Finally, M2 (associated with the increasing complexity of
dust-star geometry, i.e., an increasing fraction of unobscured
young stars) is challenging to test observationally and relies on
theoretical works involving cosmological hydrodynamic simu-
lations (e.g., Narayanan et al. 2018). Within the redshift range
of our sample (z ∼ 2 − 11.5), the galaxy morphologies are
overall expected to be clumpy with strong dust-gas-star decou-
pling (Behrens et al. 2018; Carniani et al. 2018; Fujimoto et al.
2024). In a typical young clumpy galaxy within our sample (i.e.,
with lower 〈a〉m∗ ), an important fraction of young blue stars are
expected to be unobscured. The UV radiation from unobscured
young stars, combined with the scattering of UV light into the
line of sight in clumpy geometries, results in a flatter attenuation
curve slope (S ; Narayanan et al. 2018). Therefore, this mecha-
nism is consistent with the observed S −〈a〉m∗ anticorrelation and
cannot be excluded.

In summary, the observed S −〈a〉m∗ correlation, characterized
by the flattening of S with decreasing 〈a〉m∗ , appears to be primar-
ily driven by the starburst nature of these sources. This reflects
a shift in reprocessed dust properties through the destruction of
small dust grains in the intense radiation fields of dusty starburst
galaxies (M3). Contributions from the complex dust-star geome-
try (M2) and evolving intrinsic dust properties with redshift (M4)
are likely secondary effects because they partially overlap with
the trends associated with sSFR.

6.2. Origin of the UV bump (B)- oxygen abundance
correlation

Our analysis showed a strong correlation (r = 0.66) between
the UV bump parameter (B) and the oxygen abundance (12 +
log(O/H); Fig. 9). Furthermore, we found that the oxygen abun-
dance is anticorrelated with redshift (r = −0.4) and is correlated
with stellar age (r = 0.33) and stellar mass (r = 0.63). The
combination of these results suggests that the formation of small
carbonaceous dust grains or PAHs is more favorable in more
evolved massive metal-rich galaxies at lower redshifts (consis-
tently with the findings by Buat et al. 2012; Zeimann et al. 2015;
Shivaei et al. 2020a). In particular, the possible PAH-age corre-
lation may reflect the delayed injection of carbon dust into the
ISM by AGB stars (Galliano et al. 2008), the primary sources of
PAHs and carbon dust in galaxies. This scenario supports mech-
anism M4 as an important driver of the B− 12 + log(O/H) trend.

We note, however, that although a positive B-metallicity cor-
relation is both theoretically expected and observed in local
extinction (e.g., Cardelli et al. 1989; Gordon et al. 2024) and
attenuation curves (e.g., Shivaei et al. 2020a, 2022), evidence for
this correlation is not universally found (e.g., Salim et al. 2018;
Battisti et al. 2025). This might be due to RT effects (see M1
and M2) that can considerably suppress the intrinsic UV bump
in attenuation curves (e.g., Witt & Gordon 2000; Seon & Draine
2016).

7. Summary and conclusions

This paper extended the analysis of the JWST NIRSpec prism
spectroscopic data of 173 dusty high-redshift (z ∼ 2 − 11.5)
galaxies presented by Markov et al. (2024). Using our cus-
tomized SED fitting approach (Markov et al. 2023, 2024), we
inferred a diverse range of dust attenuation curves in that study

and showed that their shape evolves with redshift. We also dis-
cussed potential origins of the observed trends.

In this work, we used the same sample of galaxies to search
for correlations between the parameters that govern the shape
of the dust attenuation curves (i.e., UV-optical slope S and UV
bump parameter B) and the galaxy properties, both derived from
the SED fitting (i.e., V-band attenuation AV , stellar mass log M∗,
mass-weighted stellar age 〈a〉m∗ , SFR, sSFR, metallicity Z, and
ionization parameter log U) and from optical emission lines (i.e.,
oxygen abundance 12 + log(O/H)).

We identified the main trends in the correlations among dust
parameters (S and B) and galaxy properties as listed below.

– Moderate correlations between S − AV and B − AV , where
galaxies with lower (higher) AV exhibit steeper (flatter)
slopes S and stronger (weaker) UV bumps B. These trends
are overall independent of other primary factors driving vari-
ations in S and B, such as redshift, stellar age (〈a〉m∗ ), and
sSFR. Additionally, these trends are consistent across all red-
shifts and agree well with predictions from RT models.

– A moderate positive S − 〈a〉m∗ trend, where the slope (S )
steepens as the galaxy stellar population ages. Additionally,
we observed a moderate negative S − sSFR correlation that
probably largely reflects the underlying S − 〈a〉m∗ relation
caused by the strong inverse correlation between 〈a〉m∗ and
sSFR. We hypothesized that the origin of the S − 〈a〉m∗ and
S − sSFR trends most probably lies in the starburst nature
of these galaxies and that additional contributions are con-
nected to the underlying redshift evolution of the intrinsic
dust properties and dust-star geometry.

– A strong positive correlation between the UV bump strength
(B) and oxygen abundance (12 + log(O/H)) for a subset of
galaxies with oxygen abundance measurements. This trend is
likely driven by intrinsic dust properties because extinction
curves typically exhibit the same behavior.

We identified the main trends for correlations among the galaxy
properties as listed below.

– AV : Dustier sources are typically more massive and form
more stars.

– 〈a〉m∗ and sSFR: Young starburst galaxies are typically found
at higher redshifts and have lower metallicities and stellar
masses.

– log M∗, SFR, Z (12 + log(O/H)), and log U: Massive galax-
ies typically form more stars, are richer in metals, are more
evolved, and are dustier. Their ionization and sSFR are lower.

Building on the analysis of Markov et al. (2024) and this work,
we found that the shape of the dust attenuation curves is pri-
marily correlated with four key galaxy properties: (1) redshift
(z), which serves as a proxy for variations in the dust proper-
ties, both driven by different dust production mechanisms and
by re-processing effects that occur in the ISM; (2) V-band atten-
uation (AV ), which reflects the impact of RT effects; (3) mass-
weighted stellar age (〈a〉m∗ ) or sSFR, which trace the radiation
field strength; and (4) oxygen abundance 12 + log(O/H), which
may be linked to intrinsic dust properties.

The trends presented by Markov et al. (2024) and in this
work collectively outline a broader picture of the dust lifecy-
cle in galaxies. In the early Universe, galaxies typically had rel-
atively flat featureless attenuation curves, primarily because of
their intrinsic dust properties, which were dominated by large
silicate-based grains that formed in SN ejecta. Over time, several
processes contributed to the steepening of the attenuation curve
and the emergence of the UV bump feature: (1) large grains are
reprocessed in the ISM into smaller ones through shattering and
sputtering; (2) AGB stars begin to dominate the dust production
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and contribute to smaller carbon-rich grains; and (3) the pro-
gressive metal enrichment of the ISM enhances the complexity
of dust. Additional processes can instead lead to a flattening of
the attenuation curve and suppression of the UV bump: (1) grain
growth through accretion and coagulation in the ISM, which
shifts the size distribution toward larger grains; and (2) intense
radiation fields in young starburst galaxies, which can destroy
small grains. Finally, the total amount of dust along the LOS as
well as the spatial distribution of dust relative to stars can signif-
icantly alter the observed attenuation curve through RT effects
that mask the underlying intrinsic extinction law.

Except for Markov et al. (2024) and this work, only a few
empirical studies have explored these correlations in detail,
particularly at high redshifts (z & 4), where the connec-
tion between dust properties and fundamental galaxy properties
remains largely unconstrained. Our results highlight the need for
a comprehensive approach, where all key correlations between
attenuation curves and evolving galaxy properties are jointly
analyzed to separate the complex interplay between the under-
lying physical mechanisms. It is essential to apply the method
we adopted in this work to larger galaxy samples to separate
the physical drivers of attenuation curve variations. Further-
more, observations of point-like sources such as quasars and
GRBs, which directly probe the intrinsic dust properties, are
necessary (Gallerani et al. 2010; Bolmer et al. 2018; Zafar et al.
2018a). Additionally, spatially resolved observations of galax-
ies are important for studying attenuation laws along differ-
ent lines of sight and accounting for dust-star geometry effects
(Decleir et al. 2019; Battisti et al. 2025; Ormerod et al. 2025).
Finally, cosmological hydrodynamical simulations incorporating
dust evolution models are essential for constraining the role of
RT effects in shaping attenuation curves (e.g., Di Mascia et al.
2021; Dubois et al. 2024).
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Appendix A: Photometric bands

In Table A.1, we report all photometric bands used to correct the NIRSpec prism spectra for slit losses. The photometry includes
16–30 filters, depending on the field, from HST/ACS, HST/WFC3, JWST/NIRCam, and JWST/NIRISS.

Table A.1. All photometric bands used to correct the NIRSpec prism spectra for slit losses.

field GDS GDN CEERS ABELL2744 RXJ2129 MACS0647
HST/ACS

F435W 3 3 3 3 3 3

F475W 3 7 7 3 3 3

F555W 7 7 7 7 3 3

F606W 3 3 3 3 3 3

F625W 7 7 7 7 3 3

F775W 3 3 7 3 3 3

F814W 3 3 3 3 3 3

F850LP 3 3 7 7 3 3

HST/WFC3/UVIS
F275WU 7 7 7 7 7 3

F336WU 7 7 7 7 7 3

F350LPU 7 7 7 7 7 3

F390WU 7 7 7 7 7 3

F606WU 3 7 3 7 3 7

F814WU 3 7 7 7 7 7

HST/WFC3
F105W 3 3 3 3 3 3

F110W 3 3 7 7 3 3

F125W 3 3 3 3 3 3

F140W 3 3 3 3 3 3

F160W 3 3 3 3 3 3

JWST/NIRCam
F090W 3 7 7 3 7 7

F115W 3 3 3 3 3 3

F150W 3 3 3 3 3 3

F182M 3 3 3 7 7 7

F200W 3 7 3 3 3 3

F210M 3 3 3 7 7 7

F277W 3 7 3 3 3 3

F335M 3 7 7 7 7 7

F356W 3 3 3 3 3 3

F410M 3 7 3 3 7 7

F430M 3 7 7 7 7 7

F444W 3 3 3 3 3 3

F460M 3 7 7 7 7 7

F480M 3 7 7 7 7 3

JWST/NIRISS
F115WN 3 7 7 3 7 7

F150WN 3 7 7 3 7 7

F200WN 3 7 7 3 7 7
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Appendix B: Dust-age-metallicity degeneracy

The dust–age–metallicity degeneracy is a well-known limitation of any SED fitting method, particularly in the absence of far-
infrared (FIR) observations, as is the case for our dataset (see the Methodology section of Markov et al. 2024). However, even when
rest-frame FIR data are available (e.g., from ALMA), they do not necessarily trace the same regions of a galaxy traced by the rest-
frame optical emission. Significant spatial offsets between stellar and dust-emitting regions have been found at high redshift (e.g.,
Behrens et al. 2018; Carniani et al. 2018; Fujimoto et al. 2024; Harshan et al. 2024), complicating a direct interpretation of the total
energy budget.

To assess the influence of these degeneracies on our main results, we first tested the robustness of the key trends presented in this
work — namely, the S –AV , B–AV , and S –〈a〉m∗ relations — to variations in the two remaining degenerate parameters. As shown in
Figure E.2 (Appendix E), the S –AV and B–AV trends are largely independent of stellar age, while the S –〈a〉m∗ relation is not affected
by AV (Figure F.2, Appendix F). In addition, we verified that these trends remain robust against variations in metallicity (Z).

To more directly quantify the impact of SFH-related degeneracies, particularly the age-attenuation degeneracy, we re-ran the
SED fitting for the full galaxy sample using a parametric constant SFH model. This contrasts with our fiducial model Sect. 3.1;
Markov et al. 2023, 2024), which adopts a flexible non-parametric (step-function) SFH (a comparison often adopted in the literature,
e.g., Leja et al. 2019; Topping et al. 2022; Whitler et al. 2023). This test allows us to evaluate how sensitive the derived parameters
are to the assumed SFH shape, thereby directly highlighting the impact of the age-attenuation degeneracy.

We found that the key trends identified in this work: S –AV , B–AV , and S –〈a〉m∗ , as well as those reported in Markov et al. (2024)
(S − z and B − z), remain largely present when using the constant SFH model, although the correlations are generally somewhat
weaker, compared to our fiducial run. Most trends retain moderate Pearson correlation coefficients (|r| ≥ 0.3), except for B − z,
which becomes weaker (r ∼ −0.19), consistent with its already lower significance in the fiducial analysis (r ∼ −0.28; Fig. 3).

We also repeated the RFR analysis using the outputs from the constant SFH run and found results broadly consistent with those
from the fiducial model (Fig. 4). The most important predictors of S remain redshift (∼ 0.21), AV (∼ 0.31), and stellar age (〈a〉m∗ ;
∼ 0.16), while AV remains the dominant predictor of B (∼ 0.27).

To further assess the robustness of the attenuation curve parameters themselves, we compared the slope S and UV bump strength
B between the two SFH models for all 173 matched galaxies. We find that both parameters are overall consistent, with S constSFH ∈

S fiducial ± S fiducial
err for 62% of sources and BconstSFH ∈ Bfiducial ± Bfiducial

err for 84% of galaxies (Fig. B.1). These consistency levels
indicate that both S and B are relatively stable across different SFH assumptions. This aligns with our earlier findings that the dust
attenuation curve shapes are largely independent of the adopted SFH model, based on a smaller galaxy sample (Markov et al. 2023).

The most significant discrepancy between the two fitting runs is seen in the 〈a〉m∗ parameter. Under the constant SFH model,
stellar age estimates are strongly biased toward younger values due to the well-documented outshining effect (e.g., Leja et al. 2019;
Topping et al. 2022; Whitler et al. 2023).

In summary, our analysis shows that the key physical trends and the inferred shape of the dust attenuation curve (as parametrized
by the S and B parameters) are largely robust. While stellar age estimates are sensitive to SFH assumptions, the primary conclusions
of our study remain unchanged.
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Fig. B.1. Dust attenuation curve parameters S and B derived from SED fitting using two different star formation histories: a constant SFH and the
fiducial flexible (non-parametric) SFH model (Leja et al. 2019). The left panel shows the slope parameter S (blue), and the right panel shows the
UV bump strength B (orange). The solid black line indicates the 1:1 relation.
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Appendix C: Slope (S) vs. sSFR

Pearson’s correlation analysis reveals a moderate negative correlation between S and sSFR (r = −0.38), indicating that the slope S
tends to flatten with increasing sSFR. However, the RFR analysis suggests that sSFR is not a significant predictor of S when other
galaxy properties, such as redshift and stellar age, are included. The S − sSFR relation is shown in Fig. C.1. We fit the trend with a
power law model (see Eq. 4 and the corresponding best-fit coefficients are given in Table D.1.
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Alvares-Marquez

Markov

Fig. C.1. UV-optical slope (S) as a function of the sSFR. Gray stars represent individual S measurements from our sample, with 1σ uncertainties
estimated via bootstrapping. Black stars show the median S values for galaxies grouped by sSFR, with error bars indicating the 1σ dispersion
within each bin. The solid red line shows the best-fit relation for the full sample using a power-law model (Eq. 4), and the shaded region denotes
the associated uncertainty. Literature results for intermediate-z sources or stacks are shown in green (Reddy et al. 2015; Shivaei et al. 2020a;
Battisti et al. 2022) and teal (Álvarez-Márquez et al. 2019), while high-z objects (Boquien et al. 2022; Markov et al. 2023) are displayed as olive
and orange symbols, respectively. Error bars represent their 1σ uncertainties.

Appendix D: Best-fit parameters of the observed trends

Table D.1 summarizes the best-fit parameters for the observed trends between S and AV , and B and AV (Sect. 4.2), derived using
Eq. 4 and Eq. 5, respectively. We also report the best-fit parameters for S − 〈a〉m∗ (Sect. 4.3), S − sSFR, and 〈a〉m∗ − z trends (Sect. 5)
all derived using Eq. 4.
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Table D.1. Best-fit parameters of the various correlations found in our analysis.

parameter full sample ... ... ... ...
z 2 − 12 2 − 3.3 3.3 − 4.5 4.5 − 5.7 5.7 − 11.5

S − AV correlation
ks −0.32 ± 0.04 −0.59 ± 0.11 −0.17 ± 0.06 −0.19 ± 0.05 −0.10 ± 0.03
ns 0.39 ± 0.02 0.36 ± 0.06 0.49 ± 0.04 0.38 ± 0.02 0.37 ± 0.01

B − AV correlation
kb −0.13 ± 0.03 −0.29 ± 0.10 −0.06 ± 0.05 −0.14 ± 0.05 −0.10 ± 0.05
nb 0.14 ± 0.02 0.24 ± 0.04 0.13 ± 0.03 0.12 ± 0.03 0.09 ± 0.03

S − 〈a〉m∗ correlation
ks 0.12 ± 0.02 0.12 ± 0.06 0.05 ± 0.03 0.05 ± 0.02 0.04 ± 0.02
ns 0.67 ± 0.02 0.76 ± 0.06 0.62 ± 0.03 0.52 ± 0.03 0.48 ± 0.03

S − sSFR correlation
ks −0.24 ± 0.04 ... ... ... ...
ns 0.73 ± 0.04 ... ... ... ...

〈a〉m∗ − z correlation
ks −2.19 ± 0.27 ... ... ... ...
ns 3.11 ± 0.18 ... ... ... ...

Appendix E: Testing the consistency of S − AV and B − AV correlations

To assess whether the S − AV and B − AV trends are generally independent of the remaining key drivers of variations in S and B
(i.e., redshift, 〈a〉m∗ , and sSFR) we divided our full sample (z ∼ 2 − 11.5), into four subsets, ensuring approximately equal numbers
of sources per bin for each property. In Figs. E.1, E.2, and E.3 we illustrate that the S − AV and B − AV trends persist across the
redshift, mass-weighted stellar age (〈a〉m∗ ) and sSFR subsets, respectively. These trends are primarily driven by RT effects related to
the amount and spatial distribution of dust relative to stars.
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Fig. E.1. Dust attenuation parameters as a function of V-band attenuation, AV . Our sample is represented as gray stars. The left panel shows the
UV-optical slope (S), while the right panel displays the UV bump strength (B) as a function of AV . Black lines represent the best-fit correlations
and their 1σ uncertainties for the subsets grouped by redshift, with shaded regions indicating the uncertainty ranges. The S − AV correlation from
Salim & Narayanan (2020) for a nearby (z ∼ 0) sample is shown as a blue dashed line in the left panel.
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Fig. E.2. Dust attenuation parameters as a function of V-band attenuation, AV . Our sample is represented as gray stars. The left panel shows the
UV-optical slope (S), while the right panel displays the UV bump strength (B) as a function of AV . Blue lines show the best-fit correlations and
their 1sigma uncertainties for the subsets grouped by stellar ages, with shaded regions indicating the uncertainty ranges.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
AV

2

3

4

5

6

7

8

9

10

S

Our sample
This work, sSFR 0.0 5.6 Gyr 1

This work, sSFR 5.6 19.0 Gyr 1

This work, sSFR 19.0 51.7 Gyr 1

This work, sSFR 51.7 59.3 Gyr 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
AV

0.0

0.1

0.2

0.3

0.4

0.5

B

Fig. E.3. Dust attenuation parameters as a function of V-band attenuation, AV . Our sample is represented as gray stars. The left panel shows the
UV-optical slope (S), while the right panel displays the UV bump strength (B) as a function of AV . Red lines show the best-fit correlations and
their 1sigma uncertainties for the subsets grouped by sSFR, with shaded regions indicating the uncertainty ranges.

Appendix F: Testing the consistency of S − 〈a〉m
∗

correlation

Similarly to Appendix E, to investigate the persistency of the S − 〈a〉m∗ correlation on other key drivers of S variations (i.e., z, AV ,
and sSFR) we divide the full galaxy sample into bins based on each of these parameters. The left panel of Fig. F.1 illustrates S −〈a〉m∗
trends for subsets grouped by redshift. Fig. F.1 shows that the S − 〈a〉m∗ trends become less pronounced when restricting the analysis
to a relatively narrow redshift range, with a slope significance of (k〈a〉s /(k〈a〉s )err ∼ 2; Table D.1), suggesting that the redshift evolution
of the intrinsic dust properties likely contributes to the observed S − 〈a〉m∗ trends.
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Next, the middle panel of Fig. F.1 shows that the S − 〈a〉m∗ trend remains robust regardless of AV - a proxy for RT effects,
indicating that the S − 〈a〉m∗ trends are not primarily driven by dust–star geometry.

Finally, the right panel of Fig. F.1) shows that no statistically significant S −〈a〉m∗ trends are observed when controlling for sSFR,
except in the second sSFR bin (which spans a relatively wide range, sSFR ∼ 5.6 − 19.0 Gyr−1). This is expected as 〈a〉m∗ and sSFR
are strongly correlated, indicating the origin of the S − 〈a〉m∗ trend is likely linked to variations in the strength of the radiation field.
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Fig. F.1. UV-optical slope (S) as a function of the mass-weighted stellar age (〈a〉m∗ ). The black, purple, and red lines represent the best-fit correla-
tions and their 1σ uncertainties for the subsets grouped by z, AV , and sSFR (left, middle, and right panel, respectively). Shaded regions indicate
the uncertainty ranges.
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Fig. F.2. UV-optical slope (S ) vs. the redshift. Our sample is represented as stars, color-coded by the mass-weighted stellar age (〈a〉m∗ ; left panel),
and sSFR (right panel).
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