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Abstract

Dust in galaxies absorbs a substantial fraction —often exceeding half— of the stellar energy
emitted at the ultraviolet and optical wavelengths, significantly impacting our interpreta-
tion of galaxy evolution. Accurately quantifying dust obscuration, particularly in galaxies
at intermediate to high redshifts, remains a major challenge, introducing considerable un-
certainties in the derivation of key physical parameters such as star formation rates, stellar
ages, luminosity functions, and more.

However, recent observations, such as those from JWST, are increasing the number of
spectroscopically confirmed high-redshift galaxies, enabling more detailed studies of dust
attenuation. The aim of this work is to derive the dust attenuation curve for star-forming
galaxies at high redshift.

We make use of the JADES Data Release 3 and the ASTRODEEP photometric catalog
from JWST. The selected sample consists of ~ 100 star-forming galaxies with stellar masses
in the range 9 < log(M,/Mg) < 11, spanning redshifts 2 < z < 7.

Following the method of Calzetti et al. (1994), we characterize the dust attenuation using
the UV power-law index, 3, and the Balmer optical depth, 75 = Tr5 — Taa-

The UV slope is derived by interpolating photometric bands, while the Balmer optical
depth is estimated from fully resolved Ha and H 3 emission lines, obtained using medium-
resolution gratings.

We investigate the 3 — 75 relation for the entire sample, and subsequently divide the sample
into stellar mass bins, focusing on galaxies with log(M,/Mg) > 9 —a range where dust
absorption is expected to be significant. The sample was then further divided into bins of
74, and, using low-dispersion prism spectra —particularly suited for studying continuum
features— we constructed average spectral templates for each bin. Finally, we derived a
selective attenuation curve, (), over the wavelength range 1500A < A < 11400A.

The obtained selective attenuation curve is in agreement with findings at 1 < z < 2 by
Reddy et al. (2015), Shivaei et al. (2020) and Battisti et al. (2022), and in tension with the
recent claims of strong evolution over 2 < z < 11 by Markov et al. (2024), which are based
on modeling assumptions.
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Chapter 1

Introduction

One of the main challenges in observational cosmology over the past several decades has
been quantifying the dust opacity of galaxies, across all types and redshifts as a function
of wavelength. Addressing this complex issue has required the collective effort of numerous
researchers worldwide and, in many respects, it remains open and unresolved problem.

The strong interest in addressing this issue arises from the crucial role of dust in shaping
galaxy spectral energy distributions (SEDs) making it difficult to interpret the fundamental
properties of galaxies and limiting our understanding of their evolution.

Dust affects observations in two primary ways: by attenuating light in the UV-to-NIR
wavelength range—through absorption and scattering of stellar and nebular emission—and
by re-emitting the absorbed energy in the infrared, in accordance with energy conservation.
To first order, the effect depends on the grain-size distribution': since small grains are more
abundant than large ones, shorter wavelengths are more affected, resulting in a reddening
of the SED (Iyer et al., 2025).

These effects are particularly impactful in the wavelength ranges where most of observations
are conducted. As a result, the interpretation of galaxies SED in terms of key physical
parameters —such as age, stellar population mix, star formation rate (SFR), and initial
mass function (IMF)— is significantly compromised (Calzetti, 2001).

'Dust grains typically range from 5 to 250 nm in size, much smaller than what we commonly refer to as
dust on Earth.

B. Dust grains absorb and scatter lightintherest  C.The absorbed energy is re-reradiated in
UV-optical following an attenuation curve the infrared, and helps trace star formation
that is obscured in the UV-optical

Figure 1.1: A schematic showing dust attenuation in the optical-UV and re-emission in the infrared,
Iyer et al. (2025).
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Figure 1.2: Observational characteristics of attenuation curves in the local Universe, Salim and
Narayanan (2020).

This interest also stems from the fact that investigating dust extinction in extragalactic
systems provides critical insight into the physical processes governing the evolution of grain
sizes distribution and compositions across a wide range of galactic environments.

A key focus in high-redshift studies of the extinction curve has been the potential variation
of the 2175A UV bump, a feature typically associated with small carbonaceous grains,
including polycyclic aromatic hydrocarbons (PAHs). High-redshift galaxies serve as valuable
laboratories for investigating the strength of this feature due to their diverse metallicities
(Z) and incident radiation fields (Salim and Narayanan (2020)). Some examples of dust
attenuation curves A, /Ay, with and without the UV bump, are shown in Figure 1.2.

Moreover, uncertainties in extinction corrections and photometric redshifts of individual
galaxies represent a major limitation to the precision of current dark energy studies, affect-
ing the accuracy of both weak lensing and supernova observations (Battisti et al., 2016).

Since young stellar populations are, on average, located in denser dusty clouds than older
ones, variations in dust opacity within a galaxy affect the derivation of its star formation
history (SFH), by biasing the relative contributions of different stellar age populations.
This introduces the well-known age—dust degeneracy, whereby a galaxy can appear red ei-
ther because it is genuinely old or because it is heavily obscured by dust. In such cases,
dust can cause a galaxy to appear "redder” than it truly is, mimicking the color signature
of an older stellar population (Calzetti (2001)).

As a result, dust extinction may cause an underestimation of the contribution from young
stars and an overestimation of older populations in SFH reconstructions. This misrepre-
sentation, in turn, affects IMF estimates and complicates efforts to determine whether and
how the IMF varies across different environments, such as quiescent or dust-rich galaxies.

Disentangling the effects of age and dust is therefore a non-trivial task and represents one
of the main challenges in modern galaxy modeling (Calzetti (2001)).

Past studies (Calzetti et al., 1994; Calzetti, 2001) have primarily focused on starburst galax-
ies and blue compact galaxies (BCGs), as these populations are characterized by intense
episodes of star formation, making them ideal laboratories for investigating the effects of
dust on stellar light. Other studies have targeted star-forming galaxies (SFGs) more broadly,

2
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Figure 1.3: Schematic summarizing the difference between extinction and attenuation. The for-
mer encapsulates absorption and scattering out of the line of sight, while the latter folds in the
complexities of star-dust geometry in galaxies, and may include scattering back into the line of
sight, varying column densities/optical depths, and the contribution by unobscured stars, Salim
and Narayanan (2020)

given their crucial role in shaping our understanding of the star formation history and the
overall evolution of galaxies (Battisti et al., 2016).

However, due to the limited availability of multi-wavelength observations, most of these
studies have been confined to the local Universe, where data are more accessible and reli-
able.

The well-known Calzetti dust attenuation law (Calzetti et al. (1994), Battisti et al. (2016))
has been widely applied to correct for reddening in galaxies of various types across a broad
range of redshifts. It is therefore essential to evaluate whether this law is truly universal
and can be reliably extended to galaxies with different physical properties and at different
cosmic epochs.

In recent years, several studies have aimed to explore the evolution of dust attenuation with
redshift, including works by Reddy et al. (2015), Shivaei et al. (2020), Battisti et al. (2022),
Markov et al. (2024), and Markov et al. (2025)—see Section 1.3.

Historically, the absolute value and wavelength dependence of the dust extinction curve
have been determined by comparing reddened and unreddened stars. This corresponds to a
simple dust-to-star geometry: it is straightforward to assume a point-like background source
with a uniform foreground dust screen. In this configuration, the absorption and scattering
of photons by dust grains both contribute to removing flux from the line of sight (LOS).
This loss of light is referred to as dust extinction, and it depends solely on the intrinsic
properties of the dust.

However, for extended regions or sources, like galaxies, the assumption of a foreground
extinction screen becomes insufficient. In more complex geometries, the scattering of pho-
tons—while still responsible for removing light from the original path—can also redirect
some photons back into the line of sight, like showed in the simple sketch in Figure 1.3. We
refer to dust attenuation when the dusty medium is not arranged as a simple foreground
screen, but is instead mixed with the stars in a more complex spatial configuration. This
results in a weaker net dimming of the observed light compared to a simple screen geometry.
If we adopt the historical extinction law, we may overestimate the overall correction (Calzetti
et al. (1994), Markov et al. (2024)).

Hence, in conclusion, the fundamental difference between reconstructing the extinction curve
in nearby galaxies, like Milky Way or Magellanic Clouds, and high-redshift galaxies is that in
the first case dust extinction can be directly measured using individual stars, so that the size
distribution and composition of dust grains are directly related to the observed extinction. In
the latter, we are forced to use unresolved stellar populations, which have more complicated
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SEDs as a result of being composed of many stars of different stellar populations and will
depend on the SFH and IMF. Ultimately, using collections of stars rather than individual
stars introduces the additional factor of geometry, further complicating the overall picture
of extinction (Battisti et al. (2016)).

It is therefore important to note that attenuation is not a direct measure of dust properties.
Rather, it is a combination of extinction, geometry, and scattering effects that collectively
influence the observed SED of galaxies.

As explained by Calzetti et al. (1994), the difficulty in defining a consistent model for dust
attenuation in extended regions, such as galaxies, lies in two main aspects:

(a) the emerging flux depends on the geometrical distribution of dust inside the region;
(b) the composition and grain size distribution of dust in the ISM are not well determined;

Both factors influence the shape of the dust attenuation curve in galaxies. Regarding the
geometrical distribution of dust with respect to stars, dust can be intermixed with gas—and
therefore with stellar light sources—within the interstellar medium (referred to as internal
dust), and can be concentrated in clumpy structures such as molecular clouds, dense HII
regions, filaments and spiral arms of galaxies. If dust is strongly clumped, some LOS can
be heavily attenuated while others remain nearly transparent. This creates a net effect of
gray attenuation’, as ultraviolet (UV) light can escape through less dense regions, reducing
the observed optical depths at short wavelengths. As the dust-to-star geometry becomes
increasingly complex, the attenuation curve tends to flatten and the characteristic UV bump
at 2175A weakens in prominence, regardless of the intrinsic dust extinction curve. On the
other side, simpler geometries that more uniformly obscure UV light produce steeper atten-
uation curves.

In addition to dust geometry, the grain size distribution influences the differential absorp-
tion behavior and, consequently, the shape —particularly the slope— of the dust attenuation
curve. A more uniform distribution of grain sizes leads to grayer attenuation. As a result,
even in the presence of significant dust, color variations remain small. The composition of
the dust, which is closely tied to the galaxy’s metallicity, affects both the overall slope of
the attenuation curve from the near- to far-UV and the prominence of the 2175A UV bump.

Beyond complex dust-to-star geometries and grain properties, one of the main drivers of
dust attenuation variation in shape (and normalization) is the V-band attenuation (Ay).
This trend is probably a manifestation of a more fundamental dependence on the dust col-
umn density along the LOS, for which the optical attenuation serves as a proxy.

Larger Ay values correspond to flatter attenuation curves: such correlation has been con-
firmed both theoretically and observationally. Physically, in the low-Ay (optically thin)
regime, UV photons are more likely to be scattered and eventually absorbed, steepening the
attenuation curve. Conversely, in the high-Ay (optically thick) regime, the curve appears
flatter due to a combination of scattering back into the line of sight and the contribution of
unobscured OB stars (Salim and Narayanan (2020), Markov et al. (2024)).

Of course, this effect depends on the inclination of galaxies. Splitting the sample by incli-
nation, Battisti et al. (2017) did find a correlation with the attenuation curve slopes, such
that highly inclined galaxies have shallower slopes with a possible weak bump, whereas face

2Meaning that the curve becomes flatter, i.e. light absorption becomes less dependent on wavelength
compared to a typical extinction curve.
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Figure 1.4: Left Panel: Images of a TNG50 galaxy (id 42) observed along different lines of sight,
with increasing values of visual attenuation (Ay) from top to bottom. Each row shows the pre-
dicted emission at a different wavelength: 2175 A, and the SDSS g, r, and z bands. Right panel:

Corresponding attenuation curves for each line of sight, color-coded according to Ay (see colorbar),
Sommovigo et al. (2025).

on galaxies had steeper slopes. The strength of the UV bump was found to be stronger in
edge-on galaxies. Simulations by Sommovigo et al. (2025) using the TNG50 galaxy sample
illustrate the effect of inclination on the visual attenuation Ay and on the shape of the
attenuation curve, as shown in Figure 1.4.

In turn, these main drivers depends on galaxy properties, like the metallicity (Z) and the
environmental UV radiation. Since Ay reflects the dust column density, it is shaped by the
total dust content of a galaxy, which scales with both its metallicity, Z, and gas mass M.
In general:

Mdust x7Z- Mgas (]_].)

Dust formation is primarily regulated by asymptotic giant branch (AGB) stars, core-collapse
supernovae (SNII), and subsequent grain growth via accretion in the interstellar medium
(ISM). The raw materials for dust—heavy elements such as carbon, silicon, and iron—are
produced by stars during their lifecycles. However, the presence of gas is also essential for
the formation and survival of dust. In particular, for dust to condense and grow efficiently
through ISM accretion, gas must be present at low temperatures and with sufficient den-

sity. Conversely, dust grains can be destroyed by energetic events such as supernova shocks
(Rémy-Ruyer et al. (2014), Inoue (2011)).

As the galaxy evolves, the gas content decreases as it is consumed in star formation, while
the metallicity increases because stars process gas into heavy elements, which are then re-
turned to the ISM through stellar winds and supernovae. Since the trends of Z and Mg,
move in opposite directions, we expect that the dust content reaches a peak during the
galaxy’s evolution (Calzetti et al. (1994)).

Several studies comparing the Milky Way (MW), Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC) extinction laws, show that they have different trends as a func-
tion of the wavelength for A < 2600A: the slope increases and the UV bump decreases in
strength going from the MW, to the LMC, to the SMC. This discrepancy is thought to stem
from differences in the metallicity of the three galaxies.
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Mid- and far-infrared studies of star-forming regions in the MW have shown that the en-
vironmental UV radiation intensity appear to play as important role as the metallicity in
shaping the extinction curve: the UV energy density level affects the grain size distribution,
via deconstruction or coagulation, and the dust physical characteristics, via ionization state
changes (Calzetti (2001)).

Therefore, even if high-redshift galaxies, on average, have lower metal content, this does
not necessarily imply a lower dust content. In fact, young galaxies can exhibit significant
amounts of dust despite their early evolutionary stage as they still retain large gas reservoirs,
which facilitate efficient dust growth in the ISM, in addition to the dust initially produced
by massive stars. Moreover, dust formation in distant galaxies may occur rapidly due to
the presence of type II supernovae (SNell) or Wolf-Rayet (WR) stars, which are efficient
producers of heavy elements. Thus, high gas mass (Mg,s) can compensate for low metallicity
(Z), allowing for substantial dust content even in metal-poor environments.

A key issue that has emerged in high-redshift studies is the quantification of the differential
attenuation between ionized regions and the stellar continuum.

Calzetti et al. (1994) reported that nebular lines in galaxies experience significantly greater
attenuation than the stellar continuum. They determined a typical ratio of color excess,
E(B-V), between nebular and stellar region. In particular, the difference in optical depth
between the Balmer emission lines Ho and HfS is ~ 2 times larger than the difference in the
optical depth between the continuum underlying the two Balmer lines. This result was in-
terpreted as a consequence of the fact that the hot ionizing stars are associated with dustier
regions than the cold stellar population is. Evidence for increased attenuation toward neb-
ular regions may indicate the presence of a birthcloud-like dust component introduced by
Charlot and Fall (2000).

These results were confirmed for low-redshift galaxies in the large-scale study by Wild et al.
(2011), but evidence for the need for additional attenuation toward HII regions at high
redshift remains inconsistent (see Section 1.1.4).

Despite decades of study, several key questions about dust attenuation and its role in galaxy
evolution remain unresolved:

1. What are the potential drivers of attenuation curve slope differences beyond the optical
opacity that can be probed observationally? How much of the scatter is due to the
different intrinsic extinction curves? How do we test this?

2. What drives the evolution of the grain size distribution in galaxies across the mass
function over cosmic time?

3. What is the minimum number of independent parameters necessary to develop a
parameterization for attenuation curves that captures the diversity of effective atten-
uation curves across different spectral regimes?

It’s strictly important to constrain the attenuation curve as a function of galaxies properties,
and to identify the main drivers of the evolution of the attenuation curve across cosmic time,
in order to obtain a clear picture of galaxy evolution.

1.1 Theory and Modeling: Basic Concepts

The interstellar medium of galaxies consists of a multiphase mixture of gas, plasma, and
dust grains, which serve as the primary reservoirs of star formation fuel and are in turn in-
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fluenced by feedback from both stars and Active Galactic Nuclei (AGN) (Iyer et al. (2025)).
The gaseous component of galaxies —including both atomic and molecular phases— con-
tributes to their SEDs through a variety of emission mechanisms, such as collisionally excited
and auroral lines, as well as rotovibrational and spin-flip transitions. These features are com-
monly grouped under the term "nebular emission”, which refers to nebulae of ionized gases
surrounding young star, where such emissions are produced. The nebular emission of galax-
ies is influenced by the chemical abundance and composition of the gas, the intensity of the
ionizing radiation field, and the gas-to-dust ratio.

The ISM gas of galaxies is composed by:

e Molecular gas - Hy: Molecular gas, which is cold and dense and primarily composed
of Hsy, serves as the main reservoir for star formation. CO molecules, commonly used
as tracers of this phase, are excited through collisions with Hy and emit via low-energy
rotational transitions detectable at radio wavelengths.

e Atomic gas - HI: Atomic gas, composed mainly of neutral hydrogen (HI), acts as
a reservoir of material that cools and is converted into (Hs), to form stars. In diffuse
interstellar clouds, HI tends to be cool in the inner regions and warmer in the outer
layers, where it can become partially ionized by the hard ultraviolet photons of the
interstellar radiation field. HI emits at a wavelength of 21-cm, which corresponds to
the spin-flip transition between the two hyperfine levels of the fundamental state.

e Ionized gas - HII: Ionized gas exists both as diffuse intercloud material and as
concentrated HII regions. The diffuse component is characterized by high tempera-
tures but extremely low densities. According to the model proposed by McKee and
Ostriker (1977), the state of the ISM is largely governed by supernova explosions,
which sweep up gas, disrupt molecular clouds, and sustain the hot, ionized intercloud
medium. When molecular gas cools and star formation occurs, the newly formed O-
and B-type stars emit large numbers of ionizing photons that irradiate the surround-
ing birth cloud, creating an HII region. These regions are easily detectable through
strong hydrogen and oxygen emission lines in the optical spectrum.

The spectrum of an HII region is characterized by strong emission lines and a continuum
component, coming from two sources: recombination processes and the radiative cooling of
collisionally excited gas.

The continuum consists of free—free (Bremsstrahlung radiation resulting from electron-
ion interactions), free-bound (arising from radiative recombination events), and two-photon
emission (from the decay of the metastable 22S; /5 state of Hydrogen). This emission is the
strongest at high ionization parameters U?® and low metallicities Z. It is especially prominent
near the Balmer break (~ 3646A) in local young star clusters or in high redshift galaxies
that are still in low Z environment.

The emission-line component is the result of recombination of ions and radiative de-
excitation of collisionally excited molecules, atoms, and ions in the gas cloud (Osterbrock
and Ferland (2006); Kewley et al. (2019)). If the cloud is optically thin, all photons issued
from recombination can escape the nebula (case-A recombination). Otherwise, all photons
issued from recombination that cascade to the ground state are immediately reabsorbed
by a neutral hydrogen atom, so that all downward transitions to the n=1 level can be
ignored (case-B recombination, more common in astrophysical contexts). In this case, every

3defined as the ratio of ionizing photon density to hydrogen density.
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Figure 1.5: A schematic of a galaxy’s pan-chromatic SED, broken down by source of emission at
different wavelengths, Iyer et al. (2025).

recombination must eventually yield a Balmer photon (transition to the n=2 level) at optical
wavelengths.

1.1.1 Extinction Law Theory: Basic Framework

Cosmic dust particles (or grains) form in the atmospheres of evolved stars, such as AGB
stars, and are released into the ISM by stellar winds or explosions (7). Dust grains typically
range in size from 5 to 250 nm, with the composition being carbonaceous and silicate
depending on whether the stars are carbon- or oxygen-rich respectively.

The optical depth seen by photons interacting with dust is:
7—dust(/\) = Nd : Qext CT CL2 (12)

where Ny is the column density of dust, a is the size of the grain (therefore assuming a
spherical geometry) and Qe is the ratio of the extinction cross section to the geometric
cross section (Salim and Narayanan (2020)). The extinction cross section is the sum of the
absorption and scattering cross sections, and depends on the grain composition (7). In order
to develop a theoretical model for the extinction law, one must therefore simultaneously
develop a model for the size distribution (a), as well as for the composition of the interstellar
grains.

Dust is heated by short wavelength photons and re-emits light at long wavelengths. About
half of all the UV /optical light produced by stars in the Universe is reprocessed by dust
(Dole, H. et al. (2006)).

Factors such as the amount of dust surrounding the birth-clouds of young stars, grain-size
distributions, the ratio of silicates and carbonate grains, the clumpiness of dust in the ISM,
and even galaxy-wide factors like the inclination of galaxies with respect to the observer can
affect the amount of differential attenuation affecting the stellar populations in any given
galaxy.

Dust emission can be represented as a combination of out-of-equilibrium PAHs heated in
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the photodissociation regions around young stars (Li and Draine (2001)) and black body
emissions at different temperatures in the mid- to far-IR (da Cunha et al. (2008)). The
far-IR emission is characterized by a bump that depends on the temperature of warm and
cold grains in thermal equilibrium.

Some attenuation curves feature a “dust bump” in the UV around ~ 2175A due to PAHs
and other small grains (Noll et al. (2009); Krick and Conroy (2013)). The existence of the
2175A extinction bump points to at least some carbonaceous grains in the ISM (Salim and
Narayanan (2020)). It’s debated if the presence of the 2175A is rare, or sometimes simply
not visible. According to Calzetti et al. (1994), the absence of the 2175A dust feature can
be due either to the effects of the scattering and clumpiness of the dust, or to a chemical
composition different from that of MW dust grains. Disentangling the two interpretations
is not easy because of the complexity of the spatial distribution of the emitting regions.

In general, all models deriving attenuation laws share the same basic methodology:

1. they develop a model for the structure of galaxies and populate them with stars and
ISM;

2. they make assumptions regarding the extinction properties of the dust grains in those
galaxies;

3. they model the radiative transfer of stellar light as it escapes these systems.

The major difference between models lies in how the star-dust geometry is specified. Sim-
ulation methods range from relatively simplified analytic prescriptions for galaxy structure
to complex hydrodynamic galaxy formation simulations. More complex simulations likely
reflect a more realistic star-dust geometry, though at the expense of both increased compu-
tation time and ease in isolating the impact of individual physical phenomena on the final
dust attenuation curve.

The structure of the ISM in analytic models can range from simple screen models (e.g.,
Calzetti (2001)) to models that include stellar birthclouds (e.g., Charlot and Fall (2000),
Wild et al. (2011)).

1.1.2 Radiative Transfer Equation

The configuration of the relative distribution of ionized gas and dust, namely the star-
dust geometry, plays an important role in shaping the attenuation curve. According to
the model involved for the relative distribution, the equation of the radiative transfer has
different solutions (Calzetti et al. (1994)).

In the plane parallel approximation of slab of dust and ionized gas, the radiative transfer
equation can be written as:

I
COS@% = —kyIy + e\ + k:,\(:—; /],\CI)(COS@)dQ (1.3)

where 6 is the angle between the direction perpendicular to the plane and the direction of
the light beam; I, is the radiation intensity; k) is the extinction coefficient of the dust,
given by the sum of the absorption and the scattering coefficients; €, is the emissivity of
the sources embedded in the slab; wy is the albedo, which is the probability of a photon to
be scattered; ®(cos®) is the phase function of the dust grains, which is the probability of
a photon to be scattered in a certain direction, depending on © which is the angle between
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the directions of the incident and scattered photon.

The three terms on the right-hand side of equation 1.3 represent respectively: the loss of
intensity of the beam due to absorption and scattering; the contribution to the emerging flux
due to the sources in the slab; the positive contribution to the intensity due to scattering of
the light back into the beam. The dust emissivity term has been neglected, since it becomes
important in the infrared, while we are interested in the attenuation in the optical and UV
wavelength regions.

Five models can be considered to represent different configurations of the relative distribu-
tion of ionized gas and dust, as shown in Figure 1.6:

1. Uniform dust screen: This configuration is commonly applied when dereddening in-
dividual stars. The screen is physically distant from the cloud of ionized stars, so
the effect of dust grains is to remove photons from the LOS through absorption and
scattering. This model can be an over-simplification in the case of galaxies;

2. Clumpy dust screen: The dust is located in a screen distant from the cloud of gas, but
in this case the dust is organized in clumps. This model is more realistic than model
1.

Y

3. Uniform scattering slab: The slab is close to the source of radiation, implying that
the action of scattering by grains is also to convey photons back into the LOS, giving
a positive contribution to the emerging radiation;

4. Clumpy scattering slab: Similar to model 3, but dust is clumped;
5. Internal dust: Dust and ionized gas are uniformly mixes.

Here, we briefly summarize the solution of equation 1.3 for each model.
— In model 1 the dust screen is detached from the cloud of ionizing gas, which means ¢, = 0,
as well as the third term on the right-hand side of the equation is zero. The solution for the
emerging radiation is therefore:

Iy =10e ™™ (1.4)

with extinction optical depth:
T(A) = kyz/cosb.

— In model 2 the second and third terms on the right-hand side of the equation are still
zero, so the form of the solution remains the same as in equation 1.4, but with an effective
optical depth 7.4(A\). An analytical solution can be found by assuming that all clumps
have the same optical depth and are Poisson-distributed, with an average number N of
clumps along the LOS. The average optical depth 7,,(\) —i.e., a measure of the total dust
content in front of the emitting region— is given by: is 7,,(A\) = N7.(\). However, in
an inhomogeneous configuration, 7,,(A) does not coincide with the effective optical depth
Tes(A), which quantifies the actual attenuation experienced by the emerging radiation. In
this case, the effective depth is given by:

Teg(A) = N[1 — e ™) (1.5)
The general solution for the intensity is therefore:
I = e = [le=Nl=e™™) (1.6)
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In the asymptotic case 7. < 1, the behavior of the clumpy dust screen becomes observation-
ally indistinguishable from that of a uniform dust screen, since 7.4(\) ~ 7,,(\). Conversely,
in the limit 7. > 1, the flux saturates because the opacity itself becomes saturated: further
increases in dust content, and hence in 7.(\), do not result in a corresponding increase in
Tes(A). It is important to note that, for large N, the clumpy model reproduces the behavior
of a uniform screen regardless of the value of 7., making the two models observationally
indistinguishable.

— In model 3, in contrast to model 1, scattering provides a positive contribution to the
emerging radiation, making the integral in the equation non-zero. Thus, the result depends
on the albedo w, and the phase function ®(cos®). It can be approximated by considering
the two extreme cases: the isotropic scattering, with ®(cos®) = 1, and the forward-only
scattering, with ®(cos®) = 26(cos® — 1). The intermediate cases can be approximated
introducing a weight parameter h, describing the anisotropy of the scattering, such that:

D (cosO) = hy + (1 — hy)25(1 — cosO) (1.7)
In this way, the solution of the equation can be written as:
I = Ile W (1.8)

with:
Toe(A) = aeg(A)T(N) (1.9)

where:

aeﬁ(/\) :hk\/l _W)\+(1_h)\)<1_w>\) (110)

— Model 4 includes the properties of both models 2 and 3. Dust is organized in clumps, so
T is given by equation 1.5. But now 7,,,(\) = 74.(A) given by 1.9, such that:

Tse(N)
N

T.(A) = (1.11)
—In model 5, the radiation sources are uniformly mixed with the gas; therefore, the emissivity
is constant, €, = const. Scattering effectively redirects photons along the line of sight, and
this effect can be approximated using equations 1.9 and 1.10. A solution of equation 1.3 is:

1 — e 7@

=B

= Liy(\) (1.12)

In this case, the flux can reach saturation if 7,, > 1, since I, — I3/7s in the asymptotic
limit.

The configuration of dust and stars within a galaxy significantly affects the shape of the
attenuation curve. In principle, the radiative transfer equation should be solved for each
geometry to model the attenuation. However, full solutions depend on various unknowns
(e.g., dust distribution, albedo, scattering phase function), and are not directly applicable
to empirical data.

Calzetti et al. (1994) founds the integrated galaxy light is affected in a way that mimics
the uniform dust screen model. In such model, the attenuation at each wavelength is
proportional to the dust optical depth 75 leading to predictable and linear changes in the
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Figure 1.6: A schematic representation of the five configurations of dust/ionized gas. From top to
bottom, they are (1) the uniform dust screen; (2) the clumpy dust screen; (3) the uniform scattering
slab; (4) the clumpy scattering slab; (5) the internal dust model, (Calzetti et al. (1994)).

shape of the observed spectrum as dust content increases. Specifically, the reddening of the
UV continuum —and so, the SED slope quantified by f— increases linearly with optical
depth. Similarly, the Balmer decrement —used to compute 74— increases with the amount
of dust affecting ionized gas. The observed relation between 3 and 74 is linear and thus
compatible with a uniform foreground screen (model 1) configuration, in which attenuation
is proportional to opacity: A(\) = 1.086 - 7(\).

In contrast, more complex geometries, such as mixed or clumpy distributions, produce non-
linear or saturating relations between the observed flux — and thus attenuation — and the
dust content — namely, the optical depth. This leads to a non linear relationship 8 — 75.

As a consequence, despite the physical complexity of dust geometries in real galaxies, the
foreground screen approximation proves effective in capturing the average behavior of the
attenuation, and enables the empirical derivation of attenuation curves via quantities like
the Balmer optical depth 75, as addressed in details in Section 1.2.

1.1.3 Definitions of Attenuation Curve

We define effective extinction (or attenuation) A,, the measure in magnitude of dimming
of light suffered by an extended source at the specified band:

Ay =my, —myy (1.13)

where m, o is the magnitude of the dust-free source, and my, , is the measured (attenuated)
magnitude. Equivalently:
Fa

-2
0
EX
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We call dust attenuation curve, the effective extinction A, as a function of wavelength.
In the literature, dust attenuation curves have been formulated in three different ways,
depending on the chosen normalization and whether the curve is absolute or relative (Salim
et al. (2018)). They are the selective, total and absolute attenuation curves, defined as
follows:

A, — A
Selective: —A; — A\\/;
A,
Total: ———— 1.15
ota An_ Au ( )
A
Absolute: A_;\/

An higher value of A, corresponds to an higher content of dust. The V-band attenuation,
Ay, which represents the attenuation at A = 5500A, approximately quantifies the galaxy
dust content along the LOS. The V band lies in a wavelength range between the UV and
the IR, where extinction is significant but not as dramatic as in the UV, nor as flat as in the
IR. This makes it a representative measure of the overall dust effect. Additionally, many
stars emit light in the V band, making it an ideal choice for studying large samples of stars
and galaxies without too much dependence on spectral type.

Since two galaxies can share the same attenuation law, with one exhibiting a higher A,
—indicating it is dustier— A, must be normalized in order to derive the attenuation curve.
This normalization removes the differences due to the total dust content and isolates the
shape of the attenuation curve, independent of the absolute amount of dust.

In selective and total formulations, the normalization is done by the color excess E(B — V) =
Ag — Ay. The total formulation of the attenuation curve is usually denoted as kj:

Ax

ko= EB - V)

(1.16)

The normalization implies that k(B) —k(V) = 1 by definition, so the slope of all total
attenuation curves will be equal in the region B — V. The value of the total attenuation
curve in the V band is ky = Ay/E(B — V) = Ry, and is known as the ratio of total to
selective extinction in V. This parameter can be related to the dust grain environment
along the LOS, which varies the interstellar extinction: Cardelli et al. (1989) showed that
both the steepness of the far-UV (A < 0.3 pm) rise of the extinction curve and the strength
of the 0.2175 um absorption feature decrease for increasing Ry, where low values of Ry
correspond to diffuse ISM LOS, while high values associated with dense clouds. The large
values of Ry in dense clouds are also consistent with dust grains having systematically larger
sizes than in the diffuse medium.

Obviously, this framework becomes more intricate when moving from local galaxies, where
individual stars can be resolved, to distant, unresolved systems. In the latter, Ry will also
depend on the geometry of dust with respect to stellar populations.

Estimating Ry requires either NIR photometry or total infrared data, so due to the lack of IR
data (i.e., the energy balance), the selective formulation is the most common in literature.
The selective attenuation curve is related to the total curve as ky — Ry, giving only the
relative attenuation with respect to V.

13
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The third formulation, i.e. the absolute attenuation curve, is more intuitive, since it involves
the normalization by the absolute attenuation Ay. For historical reasons, the normalization
of the curve is tied to the V band, though ideally it should be at longer wavelengths, because
different sightlines in our galaxy still show some variations in the extinction curves around
V (Cardelli et al. (1989)). This form is related to the total curve formulation through:

Ay/Av = ky/ky = ky/Ry (1.17)

This formulation is more intuitive because two curves with the same slopes in the total
formulation, but offset from each other due to different Ry values, will not share the same
slopes in the absolute formulation. Lower Ry values imply that for the same Ay, the
attenuation at B would be higher, resulting in a steeper absolute attenuation curve in the
optical range. This suggests that dust affects light in distinct ways.

1.1.4 Differential Attenuation: Nebular vs Stellar Emission

In a galaxy, we distinguish the light coming from the stellar continuum and the nebular
emission. The stellar continuum is the light of a galaxy’s stars, based on its stellar popula-
tions —including the older one— such that the light is shaped by their age and metallicity.
The nebular emission is the light coming from collisionally excited gas and plasma in the
ISM. It’s composed by both nebular continuum and emission lines. Emission lines, such as
Ha, arise from HII regions, where gas is ionized by young stars.

If the nebular light is more attenuated, it means that the dust is denser near the young
stars.

A key issue that has emerged in high-redshift studies is the quantification of the differential
attenuation between ionized regions and the stellar continuum.

The findings of Calzetti et al. (1994) about the differential reddening between nebular emis-
sion and stellar continuum, led to the introduction of a two-component model of dust atten-
uation by Charlot and Fall (2000). In this model, the radiation from all stars is attenuated
by a diffuse interstellar medium dust component. However, stars younger than a thresh-
old age tinresnolda —approximately 10 Myr, corresponding to the typical dispersal timescale
of their birth clouds— experience additional attenuation due to their surrounding natal
birthclouds. Both the birthclouds and the ISM attenuate light according to fixed power-
law attenuation curves, named component curves, to distinguish them from the resulting
effective attenuation curves:

—hDBC

—NIsSM
A A
Ay ism <—/\V) + Avse <_Av> t < tinreshold

A/\ - 3\ ThasM
Ay ism | t > Tinreshold
Av

(1.18)

where ngc and nigy correspond to power-law exponents for the diffuse ISM and natal birth-
clouds.

Charlot and Fall (2000) found that a single exponent of n = 0.7 for both components worked
well for: reproducing the attenuation of nebular lines, and the relation between infrared ex-
cess and UV slope (IRX-/f relation). da Cunha et al. (2008) later suggested that a steeper
exponent, n = 1.3, is more appropriate for birthclouds.

The effective attenuation curve resulting from this model becomes steeper following a strong
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burst of star formation.

Furthermore, Inoue (2005) showed that because the young luminous stars which dominate
at short wavelengths are also the most heavily attenuated, the resulting effective curve will
be steeper than the component curves. Moreover, the non-homogeneous distribution, mean-
ing that high-density regions contain young luminous stars, amplifies this effect.

As we previously mentioned, the need for additional attenuation toward HII regions in high
redshift galaxies, is highly debated.

Reddy and Steidel (2004), Erb et al. (2006), Reddy et al. (2012), and Shivaei et al. (2015)
found that the dust reddening affecting nebular regions is comparable to that of the stellar
continuum, based on comparisons of SFR indicators derived from X-ray, UV, Ha, infrared,
and radio observations. Meanwhile, Forster Schreiber et al. (2009), Wuyts et al. (2011),
Price et al. (2014), report evidence for additional attenuation toward nebular regions, in
agreement with the two-component birthcloud model.

An important step forward to clarify this discrepancy was made by Price et al. (2014), who
found not only the need for increased attenuation toward HII regions in z ~ 1.5 galax-
ies, but also a decreased difference in Ay compared to Ayy with increasing sSFR, later
confirmed by Puglisi, A. et al. (2016). The physical interpretation is that a galaxy with a
high sSFR is expected to host a large population of OB stars, which reside within optically
thick birth clouds. In such cases, these massive stars dominate both the UV continuum
and emission lines, resulting in similar levels of attenuation for the continuum and nebular
emission. In these situations, Agg ~ Ayy. Conversely, in galaxies with low sSFR, the
number of OB stars is reduced, and the UV-optical continuum is primarily produced by less
massive stars located in both the birth clouds and the diffuse interstellar medium (ISM).
Here, Agnr > Ayvy, as the emission lines originates from regions with higher dust density
compared to those contributing to the continuum.

A correlation with sSFR is observed even at low redshift (Wild et al. (2011)), where the
ratio of Ag — Ay reddenings for nebular and continuum emission approaches unity in the
case of extreme local starbursts.

1.2 Methodology for Characterizing Attenuation

Calzetti et al. (1994) investigated the discrepancy between the dust extinction measured
from Balmer line ratios and that inferred from the UV stellar continuum, by analyzing UV
and optical spectra of the central regions of 39 line-emitting starburst and blue compact
galaxies.

The main difficulty in characterizing dust attenuation in the UV arises from the degeneracy
between dust effects and stellar population aging. While in the optical range the Balmer line
ratio provides a robust diagnostic of extinction, being sensitive only to dust, no analogous
set of lines exists in the UV (1220-3200A). As a result, disentangling dust effects from
intrinsic spectral variations is challenging in that regime.

Despite the complexity of dust geometry in galaxies, Calzetti et al. (1994) demonstrated
that it is possible to empirically derive the shape of the dust attenuation curve by using
two measurable quantities: the Balmer optical depth 75, which traces dust affecting nebular
lines, and the UV slope 8, which characterizes the reddening of the stellar continuum. The
key assumption is that 3 and 74 are linearly correlated, which implies that, on average,
dust behaves like a uniform screen in front of the emitting sources (as discussed in Section
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1.1.2). While this ”foreground screen” model is a simplification—especially in the context of
extended and clumpy star-forming regions—Calzetti et al. (1994) noted that even a clumpy
dust distribution can mimic a screen-like behavior if the number of clumps along the line of
sight is large (N > 10). In that regime, the attenuation becomes effectively linear with dust
content, and deviations from linearity are smaller than the intrinsic scatter of the data.
Therefore, the observed linear relation between 8 and 74 provides empirical justification
for modeling dust attenuation as a screen, at least statistically. This greatly simplifies the
derivation of the attenuation law, since no a priori assumption is made about its shape.
Instead, 75 can be used as an independent variable, allowing the attenuation curve to
be constructed empirically. A further advantage of this approach is its applicability to
integrated galaxy spectra. Although galaxies host complex mixtures of stellar populations
of different ages—making it impossible to know the intrinsic (unreddened) spectrum for
each galaxy—one can average out population differences by binning galaxies by 75. In
doing so, the variations in UV slope within a bin are dominated by dust effects rather than
stellar aging. As explained in Section 1.2.3, the SEDs of galaxies in different 75 bins can be
compared. Their ratios reveal the shape of the attenuation curve. This statistical method
avoids requiring knowledge of individual stellar populations and instead exploits the large
sample size to isolate the imprint of dust attenuation.

The present work builds upon the approach developed by Calzetti et al. (1994), extending
it to the context of high-redshift galaxies.

1.2.1 Balmer Optical Depth

The dust attenuation in a galaxy can be measured from the optical depth, 7(A). For the
simple case of a uniform layer of dust between a source of intensity I3, and the observer,
the optical depth is defined as:

L=1). ™™ (1.19)

where [ is the observed intensity and all quantities are dependent on the wavelength. If
the optical depth is positive, it means that the emission is significantly reduced by dust.
In the case of a point source such as a star with a well-characterized SED, the optical depth
can easily be determined by comparing the observed and intrinsic SEDs. However, in the
case of entire galaxies for which the underlying SED is strongly affected by many factors,
including the underlying stellar population, star formation history, and IMF, this becomes
much more difficult.

According to Calzetti (2001), a way to estimate the dust attenuation of a galaxy, that is
relatively insensitive to the underlying stellar population and IMF, is given by the flux ratio
of Ha and Hf emission lines.

These lines are Balmer emission lines, arising from the recombination and subsequent cas-
cade of electrons to the n = 2 level of hydrogen. While collisional excitation can also con-
tribute to the Balmer line emission in hot media (see e.g. Ferland et al. (2009)), photoion-
ization and recombination are the predominant energetic processes in most galaxies.

The Ha line corresponds to the transition from n = 3 to n = 2, with the emission of a photon
at a wavelength of Ay, = 6563A; while the Hf line corresponds to the transition n = 4 — 2,
with A\gs = 4861A.

Since dust absorbs mainly the bluer wavelength, the Balmer line ratio Ha/Hg allows us to
characterize the dust extinction in the regions where the nebular lines are produced, like
HII regions near young and massive stars. Indeed, the intrinsic flux ratio is well determined,
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since is set by quantum mechanics and is only affected by the electron temperature, T,, and
density, n,, at the ~ 5 — 10% level (?). So it has a weak dependence on the parameters of
the ionized gas. In this way, the difference between the measured ratios of the Balmer lines

and the intrinsic values can be used to determine the reddening of galaxies, according to
(1.20):

AUV 120

Th = THp — THa = In ( 5 7E
where the superscript [ indicates that 75 has been obtained from emission line and should
be distinguished from optical depths associated with the stellar continuum; while the value
2.75 comes from the theoretical value expected from the unreddened ratio Hoa/H/ undergo-
ing Case B recombination with T, = 2 - 10*°K and n., = 10%cm~3. Since we are considering
galaxies at z > 1.8 we chose the intrinsic value of ratio corresponding to the temperature
T, = 2- 10K, instead of T, = 10K of the works of Calzetti et al. (1994), Battisti et al.
(2016), Reddy et al. (2015) which corresponds to the unreddened ratio of 2.86.

A key point in Calzetti et al. (1994) is that the Balmer optical depth does not depend on
any assumption on the extinction law.

1.2.2 UV Spectral Slope

In the UV spectral region, no set of lines comparable to the Balmer lines exists for galaxies,
and the dust manifest itself in the depression of the intrinsic continuum. Consequently, the
shape of the observed UV continuum can, in principle, be used to infer dust attenuation.

In actively star-forming galaxies, where the UV emission is dominated by recent star for-
mation, and thus by young and massive stars, dust attenuation can be quantified using the
UV spectral slope, 3, defined by:

F()\) o< M (1.21)

where F()) is the flux density between 1250 A and 2600 A. The presence of younger stars
results in a steeper, more negative 5. As dust absorbs UV photons and re-emits energy in the
infrared, 5 becomes less negative —i.e., redder—due to attenuation (Salim and Narayanan
(2020)).

However, it’s important to note that S corresponds to the observed UV continuum slope
and does not account for the intrinsic properties of the underlying stellar population. As a
result, a galaxy with an older stellar population—where the UV flux is dominated by A-type
or later stars—can exhibit the same [ value as a younger, dust-reddened galaxy whose UV
emission is primarily from OB stars. This degeneracy complicates the interpretation of 3
as a pure tracer of dust attenuation.

The contamination from older populations is especially relevant in systems with low specific
star formation rates (sSFRs), where the current production of UV-bright massive stars is
low. As noted by Reddy et al. (2015), this effect increases the scatter in 8 at fixed optical
depth, and may even steepen the S—r relation if dustier galaxies are also, on average, older
and more massive.

Therefore, while a correlation between 3 and 74 is expected if 3 traces dust, some in-
trinsic scatter is inevitable. This dispersion cannot be attributed solely to measurement
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uncertainties; it also reflects variations in SFH, stellar metallicity, dust geometry, and grain
composition.

The UV power-law index 8 can be measured from observed FUV and NUV photometry
according to Battisti et al. (2016):

_ log[FA\(FUV)/F\(NUV)]
B log P\FUV/ )\NUV]

(1.22)

where the flux density F) is in erg s~tem2A " Typical values of the UV continuum slope
0 range from ~ —2.5 in young, dust-free star-forming galaxies to ~ 0 or higher in heavily
dust-obscured or evolved systems (e.g., Calzetti et al. (1994); Reddy et al. (2015); Salim
and Narayanan (2020)).

1.2.3 Dust Attenuation Curve

Following Calzetti et al. (1994) and Battisti et al. (2016), in order to characterize the
dust attenuation curve of galaxies, we define a rescaled optical depth. Given n templates of
average SEDs binned in 75, and a reference spectrum F.()), selected among the n templates
(with r < n), the rescaled optical depth is defined as:

Qur) = 5 (1.23)
e Tna(A) = —lnFn(/\) (1.24)

TR |
corresponds to the dust optical depth of template n with flux density F,,()\), and:

5711371’,, =71h —Th (1.25)

is the difference between the Balmer optical depth of template n and r.

Since the templates are spectral averages of different galaxies, i.e. at different distances
and with different luminosities, the equation (1.23) give us informations on the selective
attenuation, but not on the total attenuation, implying that the zero-point of @, () is
arbitrary. We set Q,,,(5500A) = 0 as the zero-point. Since each function is weighted by
its associated TZB’VM" we compute the average of the templates @, (\) to derive an effective
selection curve, Q.4(A). The effective selection curve can be related to the total attenuation
curve:

k(A) = fQ(N) + Ry (1.26)

where the factor f acts to change the tilt of the curve to make k(B) —k(V) =1, where
B and V bands corresponds to A = 4400A and A = 5500A, respectively. Physically, the
term f accounts for the difference in reddening affecting the ionized gas compared to the
stellar continuum. This factor can be quantitatively described by expressing the differential
reddening between the two components through a reformulation of each term on the right-
hand side of equation 1.23. Assuming that the reference source has 75 = 0, and using the
definition of total extinction 1.16, the numerator can be written as:
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F,(\
() = ) g gora, = 0.921E(B — V)ak(2) (1.27)
Fo(N)
while the denominator is:
k(HSB) — k(H
Srh =~ tho = K g VBB V) 129

where k(H3) and k(Ha) are the values for the intrinsic extinction curve of the galaxy and
not from the attenuation curve. Therefore, equation 1.23 can be rewritten as:

k(A) =Ry E(B = V)sar
(HB) — k(Ha) E(B — V) gas

QW) =+ (1.29)

where the term Ry is explicity added to account for the zero-point normalization that was
applied at 5500A. By comparison of this equation, to 1.23, we find that the term f is
equivalent to:

k(HB) — k(Ha)

/= E(B — V)star/EB — V)

(1.30)

For extinction curves like that of the Milky Way, E(B — V)gar = E(B — V) gas, and f corre-
sponds simply to the difference in extinction between the Balmer emission lines. However,
this equivalence does not hold for attenuation curves, where it is typically observed that
E(B - V)Star < E(B - V)gas-

Therefore, fQ(A) is the actual selective attenuation curve, representing the true wavelength-
dependent behavior of the attenuation curve on the stellar continuum. Nonetheless, it does
not correspond to a total attenuation curve unless the normalization factor, Ry is known.
We reiterate that, since Q.g()) is computed using galaxies with different luminosities and
at different redshifts, the normalization of the attenuation curve must be determined sepa-
rately. Nonetheless, Q) 4(A) is useful in two respects: it indicates the wavelength dependence
of the obscuration of the stellar continuum and the optical depth to dust of the continuum
relative to the Balmer lines (Reddy et al. (2015)).

1.3 High-z Recent Results

Battisti et al. (2016) followed the methodology introduced by Calzetti et al. (1994), which
was originally applied to a sample of ~ 39 local starburst galaxies. By combining optical
spectra from SDSS (Abazajian et al. (2009)) and ultraviolet photometry from GALEX
(Martin et al. (2005)), they analyzed dust attenuation in over 900 local star-forming galaxies
(z £0.1) and derived a statistically robust average attenuation curve. This study confirmed
several key findings of Calzetti et al. (1994): the derived curve is qualitatively consistent
with the Calzetti law; the stellar continuum attenuation is systematically lower than that
measured from nebular emission lines; and the observed scatter in UV slope 3 at low 74
suggests that variations in dust geometry are not the primary driver of the dispersion.
Beyond these important studies on the dust attenuation curves of local galaxies, several
works have extended the same methodology to galaxies at higher redshifts.

19



1 INTRODUCTION

1-0 T T T T T T T T
2.0 [ T T T i
0.5r ] L5 — log[sSFR/yr ] = -9.60 to -8.84
—~ = “11=- - ]
= ool 1 log[sSFR/yr "] 8'84.t0 8.00
o 1.0k = = = Calzetti+94
=
9 -osf .
| w05 1
o ()
e -10f ] &
2 0.0f ]
[
-15} .
g) -0.5} ]
—2.0p / —9.60 <log(sSFR) <—8.84 ] —1.0F ]
/ —8.84 <log(sSFR) <—8.00 -~
=25 ! ! ! ! ! ! . -1.5 I I ! -|
00 02 04 06 08 10 12 14 5000 10000 15000 20000
T A (A)

Figure 1.7: Left panel: Linear regressions between Ssgp and 7,. The solid lines and shaded regions
indicate the best-fit linear functions and estimated intrinsic scatter for the different bins of sSFR;
Right panel: effective attenuation curves (Q.g ) for each sSFR bin, Reddy et al. (2015).

Reddy et al. (2015) explored a sample of ~ 224 star-forming galaxies at z = 1.36 — 2.59.
To this end, they used Ha and HS emission line measurements from the MOSDEF survey
(Kriek et al. (2015)), and constructed average SEDs combining HST photometric data.
They grouped galaxies in bins of sSFR and identified a “sequence” in the distribution of
galaxies within the -75 plane as a function of sSSFR, where the locus shifts toward redder
3 values at fixed 75 with decreasing sSFR. They found the Q.4 in the two sSFR bin have
different trends in the UV: an higher sSFR correspond to a grayer attenuation in the UV,
even if the two curves are quite similar. Both curves appear to deviate at long wavelengths
relative to the Calzetti et al. (1994) attenuation curve (Figure 1.7). In the end they found
that the degree to which E(B — V), diverges from E(B — V)gars depends on sSFR of the
galaxy, with the largest difference for galaxies with the largest sSFRs (Figure 1.8).

Shivaei et al. (2020) derived the UV-optical stellar dust attenuation curve for galaxies at
redshift z = 1.4-2.6 as a function of gas-phase metallicity. Their analysis is based on a
sample of ~218 star-forming galaxies from the MOSDEF survey (Krick et al. (2015)), with
robust spectroscopic measurements of Ho, HS, and [NII] emission lines obtained using Keck-
/MOSFIRE spectrograph (Mclean et al. (2010)). They computed the effective attenuation
curve (ky — Ry) in two metallicity bins, separated at 12 + log(O/H) = 8.5.

The low-metallicity curve appears to show a steep UV rise similar to that of the SMC curve.
In contrast, the high-metallicity curve has a slope consistent with the Calzetti et al. (1994)
curve and is best fitted with a UV bump at 2175A as shown in Figure 1.9. This result may
be attributed either to differences in dust grain properties between low- and high-metallicity
environments, or to variations in the spatial distribution of dust and stars. In the latter case,
the steeper attenuation curve seen in low-metallicity galaxies could arise from a greater frac-
tion of young stars still embedded in their natal clouds, experiencing stronger attenuation
at shorter wavelengths. The former scenario proposes that small dust grains—responsible
for the UV rise—are more prevalent in low-metallicity environments, either as a result of
the fragmentation of larger grains under intense ionizing radiation and/or because of the
low fraction of molecular clouds for dust grains to hide in.

They also find that the ionized gas reddening is, on average, ~ 2 times larger than the

20



1.3 HIGH-Z RECENT RESULTS

E(B_V)gas_E(B_V)stars

Figure 1.8: Difference between the gas and continuum color excesses as a function of sSFR, where
the solid line indicates no difference between the color excess of the nebular regions and the stellar
continuum. The large star denotes the average values for the HG-undetected galaxies, Reddy et al.
(2015).
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Figure 1.9: Stellar attenuation curves at z=1.4-2.6 for the two samples with gas-phase metallicities
below and above 12 + log(O/H) = 8.5, Shivaei et al. (2020).

stellar continuum reddening at low metallicities, and is similar to the continuum reddening
at high metallicities (Figure 1.10).

Battisti et al. (2022) explored the effect of dust on ~ 900 galaxies at z ~ 1.3 with HST
grism surveys (Atek et al. (2010); Brammer et al. (2012)). They found the 8 — 74 relation
and the average dust attenuation curve using stacked spectra, binned by (Ha+[NII])/[OI1I]
line ratio. They found values for the slope S and normalization Ry intermediate between
the findings of Calzetti et al. (1994) at z ~ 0, and Reddy et al. (2015) at z ~ 2 (Figure
1.11), suggesting a redshift evolution. The intensity of the UV bump shows values similar
to those found in other SED-based studies at various redshifts, suggesting that the bump
may depend more strongly on metallicity (Shivaei et al. (2020)) than on redshift.

This thesis presents the first study to explore the empirical dust attenuation curve over
the wide redshift range of 2 < z < 7 using JADES spectroscopy (D'Eugenio et al. (2024)),
following the methodology proposed by Calzetti et al. (1994). In Chapter 2, we present the
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Figure 1.10: Nebular (blue) and stellar (orange) reddening as a function of metallicity. The
linear regression fits are shown with solid lines. Both nebular and stellar reddening increase with
increasing metallicity, although the trend is weak for nebular reddening vs. metallicity, Shivaei
et al. (2020).
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Figure 1.11: Left-hand panel: Total-to-selective dust attenuation curve, k()), for z ~ 1.3 sample
(cyan line) compared to other studies using the same Balmer decrement technique at other redshifts
(colour lines), with the curve normalization, k(V), for each also denoted. The extinction curves
for the MW and SMC are also shown for reference (gray lines). Right-hand panel: Similar to
left, but showing the normalized dust attenuation curve, k(A)/k(V), with the UV curve slope,
S = A(0.15)/A(V), for each also denoted. The values of k(V) and S at z ~ 1.3 lie in-between those
at z ~ 0 and z ~ 2, supporting the notion that the average values of these quantities evolve with
redshift, Battisti et al. (2022).
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photometric and spectroscopic datasets and detail the sample selection criteria. Chapter 3
outlines the SED fitting procedures used to derive galaxy physical properties and describes
the implementation of the methodology introduced by Calzetti et al. (1994). In Chapter
4, we report our main findings, including sample characteristics, average spectral energy
distributions (SEDs), and the derived attenuation curves. Finally, Chapter 5 is devoted to
the discussion and interpretation of the results.
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Chapter 2

A JWST Spectroscopic Sample at
2< 2L

2.1 JADES and ASTRODEEP Catalogs

The dataset used includes both spectroscopic and photometric data from the GOODS-North
and GOODS-South fields. In fact, the aim of this study is to characterize the dust attenua-
tion curve at high redshifts and explore its connection to the physical properties of galaxies.

The spectroscopic sample is represented by the third data release of JADES, the JWST
Advanced Deep Extragalactic Survey (D'Eugenio et al. (2024)). It provides both imaging
and spectroscopy into the two GOODS fields.

The photometric catalog is provided by the ASTRODEEP-JWST project (Merlin et al.
(2024)) aimed at studying early galaxy formation and evolution in the high-redshift Uni-
verse. It provides NIRCam-HST multiband photometry and redshifts for half a million
sources in six extragalactic deep fields.

Spectroscopy consists of medium-depth and deep NIRSpec/MSA spectra of 4,000 targets,
covering the spectral range 0.6-5.3 pum and observed with both the low-dispersion prism
(R = 30-300) and all three medium-resolution gratings (R = 500-1500), that are G140M,
G235M, and G395M.

The data release includes 1-d and 2-d fully reduced spectra, with slit-loss corrections and
background subtraction optimized for point sources. For extended sources, which are also
of interest in our study, slit-loss correction is not provided. Moreover, the spectra are not
corrected for Galactic extinction. Therefore, we applied corrections for both slit losses and
Galactic extinction, as described in Section 3.3.

Spectroscopic redshifts and S/N > 5 emission-line flux catalogs for the prism and grating
spectra are provided, and the targets span from redshift z = 0.5 up to z = 13.

To date, this dataset constitutes the most extensive statistical foundation for investigating
the physical characteristics of galaxy populations formed during the Universe’s first billion
years.

The ASTRODEEP catalog gathers data from eight JWST NIRCam observational pro-
grams, targeting the Abell 2744 (GLASS-JWST, UNCOVER, DDT2756 and G0O3990),
EGS (CEERS), COSMOS and UDS (PRIMER), and GOODS North and South (JADES
and NGDEEP) deep fields, for a total area of ~ 0.2 sq. degrees. Data from the JADES
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Figure 2.1: Transmission curves of the HST ACS and WFC3 filters (top panel) and JWST NIRCam
filters (bottom panel), showing mean system throughputs.

program, of our interest, cover an area of ~ 83.0 sq. arcmin in the GOODS-North region
(JADES-GN hereafter), and of ~ 84.5 sq. arcmin in the GOODS-South region (JADES-GS
hereafter).

Moreover, new measurements from HST archival data are included, thus collecting 16 bands
spanning from 0.44 to 4.44 um.

The chosen bands are: HST ACS F435W, F606W, F775W and F814W; HST WFC3 F105W,
F125W, F140W and F160W; and NIRCam F090W, F115W, F150W, F200W, F277W,
F356W, F410M and F444W. The mean system throughputs of such filters are are taken
from the SVO Filter Profile Service' and plotted in Figure 2.1.

All the total fluxes were corrected for the effect of galactic extinction through the use of the
NASA /TPAC Extragalactic Database (NED)? extinction calculator.

2.2 Sample Selection

The JADES Data Release 3 provides spectra for 4086 targets located in the GOODS-North
and GOODS-South fields. The subsequent sample selection is based on two key require-
ments: availability of Ha and Hf emission line fluxes for estimating the Balmer optical
depth, 75, and photometric fluxes in the UV rest-frame to derive the UV-f slope.

We first selected the targets with available Ha and HS emission line fluxes, using the fast
selection tools provided by the TOPCAT® software.

In this way, we obtained 627 targets from the low-dispersion prism spectra and 585 tar-
gets from the medium-resolution gratings. We then excluded data flagged by the DR-flags

LSVO Filter Profile Service: svo2.cab.intacsic.es
2Extinction calculator: ned.ipac.caltech.edu/extinction _calculator
3An interactive graphical viewer and editor for tabular data.
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2.2 SAMPLE SELECTION

indicator, which identifies spectra affected by data reduction issues or shutter problems
(including cases with low-level contamination). After this filtering, we ended up with two
separate samples: 545 targets from the low-dispersion prism spectra and 584 targets from
the medium-resolution gratings.

Furthermore, the low-dispersion prism does not have sufficient resolution to fully resolve the
Ho emission line. It only provides a single component which is a blend of Ha and [N11]6584,
but we need precise measurements of emission lines to study the Balmer decrement. For
this reason we decided to use the medium-resolution gratings data, in which Ha and Hf
emission lines are fully resolved thanks to its better resolution.

We then performed a cross-match between the spectroscopic and photometric catalogs, se-
lecting matches based on coordinate agreement within 1 arcsec
The resulting sample comprises 534 galaxies, with redshifts ranging from z ~ 0.6 to z ~ 6.9.

2.2.1 Parameter Constraints and Sample Cleaning

Starting with the selected sample of 534 sources, several cuts were applied during the pa-
rameter estimation procedure — specifically, for the computation of 74 and 3 — as well as
in the spectral analysis, to ensure the quality of the spectra.

As a first step, we cross-matched our catalog with the slit-loss correction parameter cata-
log for JADES targets, provided by Pietro Benotto and described in Section 3.3. Since 30
sources lacked slit loss correction values, we excluded them from our sample.

Then, as previously mentioned, flux measurements in the near-UV (NUV) and far-UV
(FUV) rest-frame bands—centered at Ayyy = 2267 A and A\pyyv = 1516 A, respectively—are
required to compute the UV-£ slope as defined in equation (1.22). However, our photometric
filters cover a wavelength range starting from A,.; = 4329 A so we lack measurements for the
FUV rest-frame flux at lower redshifts. Therefore, only objects with rest-frame photometry
covering the UV slope were considered. According to the redshift definition (2.1):

)\obs =\ (1 + Z) (21)

where the emitted wavelengths A correspond to the NUV and FUV rest-frame wavelengths,
our analysis includes targets with redshifts z > 1.84, excluding 74 targets.

Moreover, 5 targets have been discarded during the computation of 3, due to the quality of
photometric data in the bands of interest. More details about this selection procedure are
provided in Section 3.2. We also excluded two targets for which the uncertainties exceeded
the measured flux values (e.g., opyy > Fruv).

Subsequently, we focused on the computation of 75. As a first step, we discarded sources
with unreliable Ha and HS fluxes — specifically, those with negative values or with Fg, <
Fyig. This led to the removal of 4 targets.

At this point, we checked if there were some AGN in the sample. In fact, in the context
of AGN, the interpretation of the Balmer decrement is more complex due to the extreme
physical conditions present in the emission regions.

21 AGN have been found in our sample, provided by the works of Maiolino et al. (2024)
and Scholtz, Jan et al. (2025). Section 2.2.2 provides further insight into this topic.

After these selection steps, 64 sources exhibited negative values of 75, which are non-
physical, as they violate basic principles of quantum mechanics: 75 < 0, means that the
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Figure 2.2: Example sources displaying the shutter bump in the rest-frame continuum.

observed ratio Ha/Hf is smaller than the intrinsic one, in absence of dust. This could
be related to uncertainties in the measure of the emission fluxes, or from variations in
the environment in which we should evaluate the intrinsic ratio: for T, > 2 - 10*K end/or
n. > 10%cm™? the intrinsic ratio decreases (Battisti et al. (2016)). Therefore, these targets
were excluded from the sample.

As a final step of the selection, the spectral quality was verified.

By visual inspection, we identified a spurious bump in the rest-frame continuum around
0.4 pm in some sources. This feature was attributed to a shutter-related artifact, and the
affected targets were consequently excluded from the final sample. A total of 12 sources
were identified as affected by the so-called ”shutter bump” feature, with examples shown in
Figure 2.2.

After that, we visually inspected the spectra to evaluate the prominence of the Balmer
break—a discontinuity at 4000 A that is linked to the average age of the stellar population.
This feature is quantified by the D, (4000) index: low values of D, (4000) are associated
with young galaxies dominated by hot, massive (blue) stars, whereas high values indicate
older stellar populations dominated by cooler, red stars. Including targets with a wide
range of D,,(4000) values in the sample can bias the derivation of the attenuation curve. In
particular, galaxies with intrinsically redder continua due to older stellar populations may
artificially inflate the estimated attenuation in the blue region (A < 5500 A), leading to
an overestimation of dust effects. Because reliably measuring D,,(4000) at high redshift is
non-trivial, we opted to exclude from the sample those targets exhibiting a very prominent
Balmer break compared to the majority of the sample, as these likely correspond to evolved,
older stellar populations. We selected 3 targets with this feature, showed in Figure 2.3.

In the end, we examined the continuum SNR. As explained in Chapter 4, the construction
of the selective attenuation curve relies on the creation of average SEDs in 74 bins. Since
the most informative part of the attenuation curve lies in the UV region — which is also the
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Figure 2.3: Example sources displaying an high Balmer break in the rest-frame continuum.

noisiest due to the limited resolving power of the prism — we retained only sources with
SNR > 2 in the rest-frame interval 0.15 ym < A < 0.40 um, in order to better constrain the
shape of the selective attenuation curve. This step led to the removal of 18 targets from the
sample.

This constraint may introduce potential biases, as faint, high-redshift, or heavily dust-
obscured galaxies tend to have lower UV fluxes and thus lower SNR in that region. However,
the excluded targets all exhibit relatively low Balmer optical depths (74 < 0.5), indicating
that they are not significantly dust-obscured. Therefore, this cut does not bias the sample
against dusty galaxies.

Regarding redshift bias, we find that the SNR-based cut introduces a mild redshift-dependent
selection effect. The median redshift of excluded sources is z = 4.22, compared to z = 3.47
for the original sample and z = 3.46 for the remaining targets. This suggests that the SNR
cut preferentially removes higher-redshift galaxies, likely due to decreased line detectability
at higher redshifts. Although the impact is limited in our current sample, we will take this
potential bias into account in future analyses, particularly when increasing the sample size.
In Figure 2.4 we show the redshift distribution of the sample before and after the SNR-based
cut cut.

Table 2.1 summarizes all the steps involved in the sample selection process, along with the
corresponding sample sizes.

2.2.2 AGN

AGN are often considered extreme objects in astronomy due to their exceptionally high lumi-
nosities, relativistic jets, rapid variability, and the extreme physical conditions surrounding
the supermassive black holes at their centers. These features make the interpretation of
emission line luminosities and the Balmer decrement particularly challenging.

In AGN, two distinct emission regions are typically identified, each with different charac-
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Figure 2.4: Redshift distribution of the original spectroscopic sample (blue) and of the subset
selected after applying a SNR > 2 cut on the continuum in the rest-frame interval 0.15 pm <
A < 0.40 pm (orange). Vertical lines indicate the median redshifts of each distribution. The cut
preferentially excludes higher-redshift galaxies, introducing a mild redshift-dependent selection
bias. However, the effect is limited in the current sample.

teristics: the Broad Line Region (BLR) and the Narrow Line Region (NLR).

The BLR is located closer to the supermassive black hole of the AGN and is strongly influ-
enced by its gravitational field. It contains high-density gas moving at high velocities (up
to thousands of km/s), producing broad emission lines in the spectrum due to the Doppler
effect. The NLR, on the other hand, is found at greater distances from the black hole
compared to the BLR. It contains lower-density gas, ionized by the AGN radiation, and
produces narrower emission lines, with typical velocities of a few hundred km/s.

Lu et al. (2018) found that the NLR is subject to more reddening by dust than the broad-line
region (BLR), and that HaP/H3® does not correlate with Ha"/HS™. But more importantly
they found that Balmer decrements have no correlation with optical luminosity, but show
some dependence on accretion rate: in the NLR, the accretion rate could indirectly affect
dust extinction or the physics of the ionized gas, whereas in the BLR, no clear dependence
is observed.

Recently, Wu et al. (2023) found that variations in the Balmer decrement can also be in-
fluenced by changes in AGN activity. For instance, in some low-luminosity AGNs and
”changing-look” AGNs, an elevated Balmer decrement might not be due to dust extinction
but rather to a decrease in the ionizing photon flux associated with a low accretion rate.

Due to the complex physical conditions in their emission regions, the Balmer decrement
does not have a straightforward correlation with dust extinction, as it does in normal star-
forming galaxies. The presence of both broad-line and narrow-line regions, variations in
accretion rate, and changes in ionizing photon flux further complicate its interpretation.
For these reasons, we opted to remove known AGN—21 targets in total—from our analysis
to ensure a more reliable assessment of dust extinction and gas properties in our sample.
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2.2 SAMPLE SELECTION

Filtering Step

Sample Size

Selection Criteria

Initial sample 4086 JADES dr3 GOODS fields sources
Emission lines measurements 585 Sources with Ha and Hf fluxes from medium
resolution gratings
DR flag o84 Removed targets with Data Reduction problems
Match with Photometry 534 Sources with both spectroscopic and photometric
data
Match with Slit Loss 504 Sources with spectra corrected for slit loss
Redshift cut 430 Sources with UV restframe spectra
measurements, i.e. z > 1.84
UV-f slope computation 423 Removed targets with unestimable g
74 computation 419 Targets with reliable Ha and H measurements
AGNs cut 398 Sample without AGNs
Non-physical 75 cut 334 Sources with 75 >0
Shutter bump feature 322 Removed spectra with strange bump feature due
to telescope’s shutter problems.
High D,,(4000) cut 319 Removal of sources with prominent Balmer break
SNR cut 301 Sources with SNR > 2 in the region

0.15 pm < A < 0.40 pum

Table 2.1: Summary of the sample selection steps.
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Chapter 3

Methods

In this Chapter, we describe the methods used to estimate galaxy properties—focusing in
particular on the BAGPIPES tool—as well as the procedures for computing key parameters
such as the UV spectral slope 8 and the Balmer optical depth 75. We also detail the
construction of average SEDs used to derive the empirical dust attenuation curve.

In addition, we outline the steps taken to correct spectroscopic fluxes for the effects of
Galactic extinction and slit losses (Section 3.3).

Specifically, galaxy properties were derived from photometry (Section 3.1), and the UV slope
£ was computed as described in Section 3.2. Medium-resolution grating spectra were used
to measure the Ha and H 3 emission lines for the calculation of 74 (Section 3.4), while low-
dispersion prism spectra were employed to analyze the UV—optical continuum and construct
average SEDs in bins of 74, for the derivation of the selective attenuation curve (Section

3.5).

3.1 SED fitting: BAGPIPES

Bayesian Analysis of Galaxies for Physical Inference and Parameter EStimation (BAGPIPES')
is a Python code used for modelling galaxy spectra and fitting these models to arbitrary
combinations of spectroscopic and photometric observational data.

An important feature of BAGPIPES (Carnall et al. (2018)) is that it allows to model realistic
emission of galaxies from the far-ultraviolet to the microwave regime.

The internal model of a galaxy spectrum can be constructed with the desired level of com-
plexity by specifying various model features —such as global parameters, star-formation
history, nebular emission and dust attenuation components— each provided as input to the
API? as Python dictionaries containing parameters values.

As part of the model configuration, the user can specify the wavelength coverage of the
continuum spectral data, the set of photometric filters to be used (as done in our analysis),
and whether to include emission-line fluxes.

This code performes parameters estimation by utilizing a Multimodal nested sampling al-
gorithm, MultiNest (Feroz and Hobson (2008), Feroz et al. (2009)).

IThe official documentation is available at: bagpipes.readthedocs.io
2 Application Programming Interface.
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3.1.1 Model Generation

As we said previously, all of the physical parameters that the user provides when creating
a galary model object are passed within the model components dictionary.

A model for a galaxy spectrum, observed at redshift z,, is represented by the luminosity
per unit rest-frame wavelength Ly (). This luminosity is constructed in BAGPIPES from a
combination of four elements, according to the relationship 3.2:

(i) Simple Stellar-Population model, SSP(a, A\, Z), which are a function of A, age of stellar
population a, stellar metallicity Z and the initial mass function. BAGPIPES does not
directly implement the Stellar Population Synthesis SPS but instead utilizes predefined
models. Currently, the supported models are Bruzual and Charlot (2003), based on
the MILES library for the UV-optical region. The spectra of SSP are sampled on a
logarithmic age grid with a resolution of 0.1 dex, covering a range from 10° to 1002
years.

(ii) The star formation history, SFR(t), which is composed of a sum of one or more
components j, that specify the functional form for star-formation rate as a function
of time:

SFR(t Z SFR;(t (3.1)

(iii) The transmission function of the ionized ISM, T*(a, ), as defined by Charlot and
Longhetti (2001), including absorption, line emission, ionized continuum emission and
emission from warm dust within HII regions.

(iv) The transmission function of the neutral ISM, T°(a, ), accounting for diffuse dust
attenuation and emission.

ZZSFR t:)SSP (as, A, Z; )T (a;, \) T (a5, A) Aa; (3.2)

j=1 i=1

where 7 runs across the age bins used in BAGPIPES, Aa; are the widths of these bins, j runs
across SFH components, N, is the number of SFH components and N, the number of age
bins.

Then, the luminosity 3.2 is redshifted and converted into an observed frame flux density
Founs Aobs)s With Apps = A+ (1 4 zeps), according to the 3.3:

Ly(A)
47TDL (Zobs>2(1 + Zobs)

f)‘obs = TIGM<)\7 Zobs) (33)

where Dy, (2,p5) is the luminosity distance to redshift z,,s and Tign (A, zeps) is the transmission
function of the IGM.
The model components that can be given in input as dictionaries are:

e Global parameters: which can include the observed redshift, the maximum age of
birth clouds, the velocity dispersion of stars, and some SFH informations;
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3.1 SED FITTING: BAGPIPES

e Star-formation history components: the functional component of individual SFR;(t)
can be specified. The total SFH is given by the sum of all the individual components
as in 3.2. The functional components can be: delta function (for bursts), top-hat
function, 7 model, delayed-7 model, lognormal SFR, double-power law. One of these
model components, plus the total mass formed Miormeq and metallicity Z; must be
specified.

e Nebular component: this component tells BAGPIPES to include emission lines and
nebular continuum emission in the model. These come from the CLOUDY photoion-
ization code by Chatzikos et al. (2023) which models HII regions with a spherical
shell geometry. The metallicity of the gas in the stellar birth clouds is assumed to be
the same as the stars producing the ionizing flux. The only parameter that must be
specified is the ionization parameter logU.

e Dust attenuation and emission component: Three dust models are currently
implemented: the Calzetti (2001) law for local star-forming galaxies, the Cardelli
et al. (1989) Milky Way dust law, and a flexible model based on that of Charlot and
Fall (2000). Then, the absolute attenuation in the V band, Ay, must be specified.
Other features can be introduced as reported in the official documentation.

3.1.2 Prescription and Results

SED fitting was carried out using photometric flux data. For this purpose, the filter trans-
mission curves corresponding to the bands used in the analysis (shown in Figure 2.1) were
provided as input.

Subsequently, we defined the model components. For the star formation history (SFH), we
included the mandatory parameters: mass-formed (i.e., the total stellar mass formed) and
metallicity. We adopted a single SFH model -the delayed-7 model- characterized by two
parameters: age (the time since star formation began) and 7 (the timescale of its decline),

as described in Equation 3.4:

SFR(1) o ¢ - exp (-é) (3.4)

The nebular component was included to account for both emission lines and nebular con-
tinuum emission. To do so, we specified the ionization parameter U.

Finally, we included a dust attenuation component by selecting the ” Calzetti” law provided
by BAGPIPES, along with the absolute attenuation in the V band, denoted as Ay.

Moreover, we use the spectroscopic redshift provided by the JADES catalog as a direct
input to the fitting code, in order to obtain a more accurate parameter estimation.

The priors adopted for all parameters are summarized in Table 3.1.

In Figure 3.1, we show examples of SED fitting results obtained with Bagpipes. The large
number of photometric bands allows for a highly accurate fit.

The most important physical parameter for our study is the stellar mass—tightly linked
to the amount of dust—and it is one of the main outputs provided by BAGPIPES. The
reliability of our mass estimates was assessed by comparing them with the results obtained
by Pietro Benotto (private communication), spectroscopic SED fitting using BAGPIPES with
a non-parametric SFH. As shown in Figure 3.2, the two methods yield consistent estimates,
indicating that no systematic effects are present in our measurements.
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Figure 3.1: Example SED fitting results from BAGPIPES for targets 988 and 1130 in our sample.
The orange line shows the best-fit model spectrum from BAGPIPES, obtained by comparing a range
of synthetic spectral models with the observed photometry. Orange dots represent the model
photometric fluxes derived via convolution with the spectral template, while blue dots indicate the
observed fluxes with their associated uncertainties.
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Figure 3.2: Comparison between stellar masses M, estimated by SED fitting of our photometric
data and those derived from photometric SED fitting provided by Pietro Benotto.
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3.2 UV-SLOPE COMPUTATION

parameters prior range
dust Ay [mag] uniform 0, 6
nebular emission logU uniform | -4, -1
age [Gyr] uniform | 0.001, 15
7 |Gyr uniform | 0.01, 10
delayed-m model metallgcity] [Zo) uniform | 0, 2.5
mass-formed [log,(M./My)] | uniform | 6, 12.5

Table 3.1: Priors used in the BAGPIPES model.

Moreover, this comparison also serves to validate the quality of the photometric data adopted
in our analysis. The agreement between photometric and spectroscopic estimates further
suggests that the two datasets —photometric and spectroscopic— can be effectively com-
bined without introducing systematic effects in our study.

3.2 UV-slope Computation

For the computation of the UV spectral slope § (see Eq. 1.22), we start from the spectral
flux density F,, provided by ASTRODEEP, and recall its conversion to F):

Cc

F)\(/\):FVO/)E

(3.5)

However, using this relation, we can derive an equivalent expression for [ directly in terms
of F:

F,(FUV) A
P log (FV(NUV)) — 2log (%EU‘\;)
A
log (35:%)
where F,(FUV) and F,(NUV) are the rest-frame flux densities measured in the FUV and

NUV bands, respectively.
The error associated to [ is:

(3.6)

og = i 202 + i 202
’ OF,(FUV)) "BEW) T §E,(NUV) ) "R ENOV)

V()" () -
pum A .
In10 - log(5E2)

To compute these values, we performed a linear interpolation—using MCMC to incorporate
the associated uncertainties and estimate op,, and o, —between the fluxes measured in
the bands covering/containing the NUV or FUV rest-frame. The fluxes were then evaluated
at Axuy = 1516A and Appy = 2267A, following the methodology described by Battisti et al.
(2016).
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However, some targets exhibit spurious fluxes—either flagged in the catalog (e.g., with an
error code of -99.0) or showing non-physical integer values greater than 1.0. In addition,
certain bands display anomalously high fluxes compared to the others, such as values ex-
ceeding 10 pJy or clearly inconsistent with the underlying continuum (e.g., likely ejecta).
These cases were excluded from the analysis. Specifically, we discarded bands where the
flux difference between adjacent measurements exceeded an order of magnitude, or where
the uncertainty on the flux was larger than the measured flux itself.

To implement this filtering, we developed an algorithm that systematically skipped such
problematic bands and continued the interpolation using the next available ones. 5 targets
were removed in this step.

3.3 Spectra Correction

The previous sections have focused on the analysis of the photometric sample. Following
that, we proceeded with the spectroscopic data. The photometric catalog by Merlin et al.
(2024) already provides fluxes corrected for Galactic extinction. The authors made use of
the NASA/IPAC Extragalactic Database (NED) extinction calculator, which returns the
average extinction in each band at specified equatorial coordinates —set to the centers of
the fields’ FoVs.

The same procedure was applied to spectra: an interpolation between the galactic extinction
coefficient (GE) in the bands provided by NED was performed. Then an extrapolation was
done to extend the values to higher wavelengths, up to 5.2um. The observed fluxes F, in
the band X; was corrected using the relation 3.8:

GE(mag)

Fcorr,GE - Fobs -10725 = Lobs * Fe:ct (38)

The error associated to galactic extinction is considered equal to zero, since it’s not provided
in the NED.

Moreover, the spectroscopic catalogs provided by JADES has fluxes corrected for slit losses
only in the case of point-like sources. Since our targets are extended sources, we have
to apply slit losses correction on Ha and HS emission lines fluxes. Because of slit-
based measurements, a fraction of the galaxy’s flux falls outside the slit aperture, leading
to systematically lower fluxes in the spectra compared to the corresponding photometric
measurements.

The slit loss correction for the targets in our sample is derived from the work of Pietro
Benotto and is estimated as follows: first, the photometric bandpasses are convolved with
the observed spectra to estimate the amount of spectral flux that would be detected if
the observation were made through the corresponding photometric filter. Next, the ratio
between the photometric and spectroscopic flux is computed for each band. Finally, a linear
fit of the ratio values provides the best-fit line, which can be used to correct the fluxes
according to the equation 3.9:

Fcorr,SLIT = Fobs . [m ' Aobs("&) + Q] = Fobs : Fslit (39)
where m and q are the angular coefficient and intercept of the best fit line.
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3.4 BALMER OPTICAL DEPTH COMPUTATION

The error associated to slit loss correction is:

anlit ? anlit ? anlit anlit
O-glit = ( om ) 0-37,+ ( aq ) O-Z +2 om aq COU(”%Q)

= N2, + 0. 4 2XCov(m, q) (3.10)

We could not apply slit losses corrections to all the sample due to continuum spectra missing
for some targets. For this reason, the number of targets in the sample decreases to 504.

The final flux corrected for both galactic extinction and slit losses effects will be given by
equation 3.11:

Fcorr = Lobs * Fext : Fslit = Fobs . 10(%) . [m : Aobs(A) + Q] (311)

The associated error will be:

2 aFcorr 2 2 + aFcorr ? 2 + aFcorr 2 2
g = o g o5,
corr aFobs obs aFewt ext anlit slit

= (Fext ' Fslit)2 . Ugbs + (Fobs : Femt>2 : Uglit

= (Fops - [m - A+ q])* 0, + (Fops - 10(%))20§lit (3.12)
with:
sy = Non, + a5 + 22Cov(m, q) (3.13)

These corrections have been applied to both emission line fluxes and 1D prism continuum
spectra provided by JADES.

3.4 Balmer Optical Depth Computation

We computed the Balmer optical depth 74 using the equation (1.20). We used the emission
lines fluxes of Ha and Hf provided by the JADES catalog and corrected for galactic extinc-
tion and slit loss effects according to equation 3.11, with corresponding errors op, and opg
estimated with the formula 3.12. The error associated to the Balmer optical depth is:

_ or \? ) or \? 5 OFa\? OFp 2 314
o=\ (a5m) ot (575) B (B +(3) @

This error is a bit overestimated because we did not consider the intrinsic correlation between
Ha and HS emissions which emerges in the estimation of the intercept and slope coefficient
in the linear fit procedure described in Section 3.3.
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3.5 Average SEDs Derivation

In order to study the average spectral energy distribution in different bins of Balmer optical
depth 745 we used the 1d prism continuum spectra provided by JADES. Specifically, we
use the low-resolution spectra because the continuum is not detected in the high-resolution
spectra. In the latter, the flux is distributed over more channels, requiring much longer
integration times. Emission lines, on the other hand, are easier to detect as they are much
brighter. Before computing the average SEDs in each 74 bin, since our targets span different
redshifts with 1.87 < z < 6.81, and we are interested in the spectral continuum features,
several operations on the prism spectra have been performed. The order of operations is as
follows:

1. Removal of Nan and negative values of the fluxes;

2. Shift of the observed spectra of each target to the rest-frame with the inverse of relation
(2.1);

3. Removal of emission lines by using masks at the location of expected emissions, and
a linear interpolation that keeps the same number of points of the original spectra.
The size € chosen for the masks interval is 0.001 gum, but a bigger interval was set for
more evident and wider emission lines, like OIII (e = 0.03 pm), SIII (¢ = 0.03 um),
and Nelll (e = 0.013 um);

4. Selection of the wavelength range common to all targets, since according to the redshift
they will lie in different wavalength intervals;

5. Regridding to bring all the spectra to the same resolution: the effect of redshift is also
to narrow the width of the wavelength intervals, so that the spectra will have different
resolution in the common region selected in point (3). The resolution corresponding
to the spectrum with the lowest resolution in the entire sample was chosen.

6. Normalization of the spectra by the flux value at 5500A;

After the initial spectral processing, the spectra were prepared for stacking. For each 74
bin, an average spectrum was computed, along with the corresponding dispersion within
the stack. To extend the wavelength coverage of the attenuation curve, this procedure was
applied separately to three distinct spectral regions, which were then combined into a single,
continuous average SED. A final smoothing step was performed using a median filter with
a kernel size of 11 points, aimed at better highlighting the shape of the continuum. The
results are discussed in Section 4.3.
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Chapter 4

Dust Attenuation Curve

Our aim is to characterize the dust attenuation curve for high redshift galaxies. The dust
attenuation curve describes how the value of the optical depth 7(\) varies with wavelength
A, showing how the medium absorbs and scatters light at different wavelengths.

As explained in Section 1.2.1 it is difficult to determine the optical depth of a galaxy, in
which the intrinsic SED is significantly influenced by multiple factors.

As a first attempt for deriving an attenuation curve, we work under the assumption that
the average flux density of the spectra within all bins of the same Balmer optical depth 74
create template spectra which represent galaxies with the same average stellar population
age, in order to isolate and highlight the effect of dust on the observed spectra. However, if
galaxies actually have very different stellar ages within the same bin of 75, the assumption
may not be valid and could introduce errors in the derivation of the attenuation curve.

In the context of galaxies we can derive the so-called selective attenuation curve @, ,.(\),
obtained by comparing the average SEDs of galaxies binned according to 7%, as we will
explain in Section 4.3.

In this chapter we describe the physical properties of the sample (Section 4.1); show and
discuss the relation between the Balmer optical depth 75 and the UV-3 slope (Section 4.2);
show the average SEDs obtained in each bin of 75 and the derived selective attenuation curve
4.3; in the end (Section 4.4) we have searched for possible evidence of redshift evolution of
the dust attenuation curve.

4.1 Physical Parameters of the Galaxy Sample

The galaxy sample, selected through several steps summarized in Table 2.1, spans a redshift
range of 1.87 < z < 6.81. The redshift distribution is shown in Figure 4.1: lower-redshift
bins are more populated than the higher-redshift ones, likely due to selection effects related
to the telescope’s sensitivity and to the selection function of the JADES targets.

We estimated stellar masses, M,, and specific star formation rates, sSFR, using BAGPIPES.
The range of stellar masses is 7.20 < log(M./Mg) < 11.07. In Figure 4.2, we show the dis-
tribution of stellar masses as a function of redshift to assess the statistical representativeness
of our sample. The distribution shows no clear increase in the stellar mass detection limit
with redshift, as low-mass galaxies (log(M./Mg) < 9) are observed up to z ~ 6. Across
the redshift range, the sample spans a broad range of stellar masses. Massive galaxies with
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Figure 4.1: Redshift distribution of sources in the selected sample.

log(M,./Mg) > 10.5 are only found at lower redshifts (z < 4), but aside from this, the stellar
mass coverage remains broadly uniform.

The range of sSFR spans —8.94 < log(sSFR/yr™!) < —7.93, including one source with a
notably lower value of log(sSFR/yr™) ~ —9.63, which lies outside the main distribution,
as shown in Figure 4.3. As a first attempt to derive sSFRs, we adopted a delayed-7 SFH in
our SED fitting. While this model captures a range of realistic galaxy evolutionary paths,
it assumes a smooth and monotonic decline in star formation, potentially underestimating
the diversity of recent star formation episodes—particularly in systems with rising or bursty
SFHs. If more flexible or non-parametric SFHs were adopted, one would expect increased
scatter in the derived sSFRs, especially at the high end, where recent starbursts could be
more accurately captured. The average sSFR across the sample might also be slightly over-
or underestimated, depending on how the true SFHs of individual galaxies deviate from the
assumed model.

However, since our primary aim is to investigate trends in the average dust attenuation
curve, the use of a consistent SFH model across the entire sample (such as the delayed-7)
ensures relative consistency among sSFR estimates. Although the absolute values of sSSFR
may be slightly over- or underestimated, this systematic effect applies uniformly across the
sample and therefore would not significantly impact the relative trends.

As explained in Sections 3.2 and 3.4, we computed the 3 and 75 parameters, which trace
the dust content affecting the stellar continuum and the emission lines from ionized regions,
respectively. Stellar mass is plotted as a function of 754 (left) and 3 (right) in Figure 4.4.
As shown in the first panel, more massive galaxies tend to contain more dust, as indicated
by the increasing trend of stellar mass with 75. A similar correlation is observed in the
second panel, which illustrates the dependence on 3. Therefore, in addition to 75, 8 can be
considered, to first order, a dust tracer—although with greater interpretative challenges due
to its sensitivity to variations in the stellar population. In Section 4.2 we study the 5 — 74
relation on which is based the method according to Calzetti et al. (1994).
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Figure 4.4: Stellar mass distribution as function of the Balmer optical depth T]l3 in the first panel,
and [ in the second panel. The black error bars indicate the typical uncertainties on both axes.

4.2 (3 — TlB Relation

We analyze the 3 — 74 relation and compare it to the relation found in the Local Universe
(2 £0.1) by Battisti et al. (2016). Since the UV slope 8 and the Balmer optical depth 74
are two indicators of the dust content of galaxies we expect a linear and positive correlation
between them. We plotted them into a scatter plot, with a color-bar referred to the redshift
of each target. Then, we performed a weighted linear fit by using the package linmix,
taking into account the intrinsic scattering of the relation.

In the fit performance we included target with 75 < 0, but compatible with the zero within
the error bars. Since the 3 — 74 relation is intrinsically much scattered, we preferred to
maximize the available statistics as much as possible.

We include in the analysis those targets whose errors on 3 and 75 exceed the measured val-
ues, since § can assume negative values by definition and there is no physical justification
for imposing a cutoff. Also, as explained in Section 3.4, the errors on 7% are likely overesti-
mated. In addition, the fit is weighted on the error, so these targets should not cause a big
problem in the final relation. The result is shown in Figure 4.5.

We can see the expected linear and positive relationship between 3 and 75, which indicates
that the dust behaves as a foreground-like screen to ionized gas region: in this scenario the
reddening of the stellar continuum linearly correlates with the reddening of nebular regions.
But the correlation is not significant: a large degree of scatter is present in the 3 — 75 plane.
The reason is to be found in the fact that S tends to be more dependent on variations in
the age of the stellar population, the star formation history, and/or the metallicity of each
galaxy, according to Calzetti et al. (1994). Moreover, since the scatter appears to be fairly
uniform across all values of 75, we can exclude variations in dust geometry as the primary
cause of this dispersion. If dust geometry were the main driver, we would expect the scatter
to decrease as 75 — 0.

The red line in Figure 4.5 is the linear fit performed using 1inmix. We found a relation:

B =(1.93+0.21)7 — (1.90 £ 0.07) (4.1)

In the end, we searched for a possible redshift evolution of the slope, by using a color-bar
in the scatter plot. However, by visual inspection, we do not notice a clear dependence
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target; the black error-bar represents the mean error on the parameters 5 and TlB; the red line is
the linear fit performed using linmix.

on the redshift, only that some higher redshift targets tends to have smaller 5 value with
respect to the lowest redshift galaxies. Nonetheless, it should be verified whether this is not
a selection effect, since we tend to observe brighter objects at higher redshifts, which may
exhibit lower (8 values.

For this reason we decided to include all the redshifts in our analysis, without performing a
bin in redshift.

4.3 Selective Attenuation Curve

We have divided the sample in stellar mass bins in order to separate the more massive
log(M/Mg) > 9, and therefore more extinguished, galaxies from the less massive ones. The
ideal case would have been to separate the low masses from the intermediate ones and from
the very massive ones, but the mass bin with log(M/Mg) > 10 has too low statistics to be
taken into consideration.

Therefore, in order to ensure a statistically significant sample we considered two bins, as
shown in Figure 4.6.

Subsequently, the distribution of the Balmer optical depth 74 within each mass bin was
studied. A binning in 75 was then performed to obtain the average SEDs within each bin.
However, since low-mass galaxies are fainter and exhibit lower SNR in the continuum, we
were uncertain about the reliability of their spectral shapes. Therefore, we chose to focus
our analysis on the high-mass bin, where extinction effects are also more pronounced.

Within the subsample of more massive galaxies, the Balmer optical depth spans the range
0 < 75 < 1.39. However, a cut at 75 < 0.9 was applied, since only three objects exceed

this value. Including them would have required a bin that was both too wide and poorly
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Figure 4.6: Mass distribution in the left panel; 7‘}3 distribution within the mass subsample with
log(M,./Mg) > 9.

populated. Moreover, the limited number of high-7} sources prevents the creation of addi-
tional well-sampled bins in that regime. The final binning scheme adopted for 75 is shown
in Figure 4.6.

For each 74 bin, we constructed the average SEDs following the procedure described in
Section 3.5. This procedure was applied to three distinct spectral regions. In particular,
the central interval, 0.21 pm < A < 0.68 pm, corresponds to the rest-frame range common
to all targets and thus provides the highest statistical reliability. The number of objects
contributing to this interval in each 75 bin is shown in Figure 4.6. The outer regions
of the templates are also well sampled, with each including more than 50% of the total
sample. This resulted in four average spectral templates spanning the wavelength range
0.16 pm < A < 1.14 pm. In Figure 4.7 we show the distributions of redshift, Balmer optical
depth, and specific star formation rate for each subsample defined by the 74 binning. The
redshift distribution is well sampled up to z < 4 in all bins. At higher redshifts, the sampling
becomes less uniform; however, as discussed in Section 4.2, this does not bias our analysis,
since the S-74 relation shows no significant dependence on redshift. For this reason, we
chose not to impose a redshift cut at z < 4. The 74 distributions appear fairly uniform
across the bins, with the exception of the 0.5 < 75 < 0.9 bin, which is less populated.
However, this does not affect the construction of the dust attenuation curve, as each SED
ratio is normalized using the median 75 value of the corresponding bin, as described in
the following section. The sSFR distributions indicate that the targets exhibit, on average,
similar star formation properties, with all 75 bins peaking around log(sSFR) ~ —8.0.

In Figure 4.8 we show the average SEDs in each 7% bin.

We observe an increase in attenuation in the average spectra with increasing 74, as indicated
by the flattening of the UV slope. The attenuation is more pronounced at lower wavelengths
as expected. There is no clear evidence of the 2175 A spectral bump, likely due to its weak
statistical significance, which causes it to be averaged out during the construction of the
average SED templates.

The templates show a similar Balmer break around 4000 A —clearly smoothed out by
the spectral resolution— indicating roughly similar stellar populations. This implies that
the different trends in the UV dictated primarly by differencies in dust obscuration, as
parametrized by 7, and not by significant differencies in the average intrinsic stellar popula-
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tions from one 75 bin to another. This is also confirmed by the fact that each 75 bin, shows
similar average sSFR. As consequence, the shape of the selective attenuation templates Q;
will probe directly the wavelength dependence of dust attenuation.

Once computed the four average SEDs in bin of 75, we derived the templates for the selective
attenuation curve @, (), given all the possible combination of the templates as explained
in Section 4.3. Given a spectrum n, and a reference spectrum r, with » < n, all the possible
combination of their ratio are: 21, @31, Qa1, @32, Qa2 and Q4.

Each combined SED ratio was normalized by the difference in the median Balmer optical
depth between templates n and r, following Equation 1.25.

We stress that since the templates are spectral averages of different galaxies, i.e. at different
distances (redshift), the quantity (1.23) give us informations on the selective attenuation,
but not a total attenuation, and because of this the zero-point of @, ,(\) is arbitrary. Fol-
lowing Calzetti et al. (1994) and Battisti et al. (2016) we select @, (5500 A) = 0.0 as the
zero-point.

After we have obtained the @, ,(\) curves, we averaged them to produce the effective ex-
tinction law Q.g(N).

Figure 4.9 shows the selective attenuation curves @, .()), along with the effective curve
Qep(N). The @, (N\) templates appear quite noisy. Applying a smoothing filter to the
individual spectra before stacking would have resulted in smoother average SEDs and, con-
sequently, in less choppy @, (\) curves. Smoothing was intentionally applied only after
constructing the average SEDs over the full wavelength coverage—achieved by joining the
average SEDs from the three spectral regions described earlier. Smoothing prior to this
step would have introduced artificial trends at the junctions between spectral segments.
However, the Q.sr(\) curve, obtained from the average of @, ,.(\), exhibits a sufficiently
smooth and physically consistent trend, ensuring that the subsequent fitting procedure does
not introduce artificial oscillations or noise-driven artifacts.

As a final step, we performed a single third-order polynomial fit of Q.4(\) as a function of
x = Aum), and compared it to previous works. We obtained the following function:

Qrir(r) = 3.265 — 11.111z + 11.8612% — 4.5552°, (4.2)
0.159 pm < A < 1.132 um

In Figure 4.10, we show the best fit curve Qf;:(\) and the comparison with previous works
in both local and distant Universe. We recall that Shivaei et al. (2020), for the high-
metallicity curve, and Battisti et al. (2022) found that the attenuation curve is best fitted
when including a UV bump at 2175 A. However, since we did not explicitly investigate the
presence of this feature in our analysis, we chose to display only the underlying continuum
from their models, excluding the bump contribution.

Our selective attenuation curve in the blue region (A < 5000 A) is consistent with the results
of Reddy et al. (2015) at z ~ 2 for galaxies with —8.84 < log(sSFR) < —8.0, and Battisti
et al. (2022) at z ~ 1.4 and log(sSFR) ~ —8.4. The galaxies in our sample exhibit sSFR
values similar to those in the range considered by Reddy et al. (2015) and Battisti et al.
(2022). The works by Calzetti et al. (1994) and Battisti et al. (2016) at z ~ 0, Reddy
et al. (2015), Shivaei et al. (2020) at z ~ 2, with samples that have smaller sSSFR than ours,
appear steeper in the UV.
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Figure 4.10: Third-order polynomial fit of the effective attenuation curve, Qg¢(A) (dashed red
line), compared with results from Calzetti et al. (1994) (dashed yellow line), Battisti et al. (2016)
(dashed black line), Reddy et al. (2015) divided by sSFR range (dashed light blue and dotted
blue lines), Shivaei et al. (2020) divided by metallicity (Z) range (green and light green lines), and
Battisti et al. (2022) (dotted purple line). The gray shaded region represents the range of Q. ()
values (i.e., the envelope spanned by the curves shown in Figure 1.23).
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At longer wavelengths, our curve is compatible with high redshift results (z > 1) by Reddy
et al. (2015) for both sSFR subsamples, Shivaei et al. (2020) for both metallicity subsamples,
and Battisti et al. (2022), independently on sSFR. The observed decline beyond A > 10000 A
is likely not physical and may reflect limitations in the data or increased uncertainties in this
spectral region. For this reason we do not consider this interval in the following discussion.
In contrast, our results show no compatibility with the attenuation curves derived in the
local Universe by Calzetti et al. (1994) and Battisti et al. (2016).

These results suggest that dust attenuation in the UV may be correlated with the specific
star formation rate of galaxies.

As explained in Section 1.2, in order to obtain the actual selective attenuation on the stellar
continuum, we need to introduce the factor f defined in equation 1.30, that takes into
account the differential attenuation between ionized gas and stellar continuum. It can be
easily calculated imposing the normalization k(B) —k(V) = 1, with k()) total attenuation
curve defined by eq. 1.16. In this way, we can write:

S - (43)

where the B and V bands are assumed to be 4400A and 55004, respectively. We computed
Q(B) and Q(V) from equation 4.2. The value of f for our average selective attenuation
curve, Qrir(N), is f = 3.3307075;. The uncertainties reflect the maximum and minimum
values of f from fits using individual @, (). The resulting fQ () curve, together with
previous works results, is shown in Figure 4.11. The values of f in other works are f = 2.629
in Calzetti et al. (1994); f = 2.296 in Battisti et al. (2016); f = 2.676 and f = 3.178 for the
lower and higher sSFR subsample, respectively, in Reddy et al. (2015); f = 2.659 for both
metallicity subsamples in Shivaci et al. (2020); and f = 3.80 in Battisti et al. (2022).
When introducing the factor f, the slopes of all attenuation curve —excluding the curve at
low metallicity by Shivaei et al. (2020)— become strikingly similar. Our curve is consistent
with all of them for A < 6400, A, except for the curve by Battisti et al. (2016), which deviates
at A < 2000 A.

This result gives new insights on the physical interpretation of dust obscuration in high
redshift galaxies. The dependence of the effective attenuation curve on sSFR is manifested
in the degree to which E(B — V)4, diverges from E(B — V)gars. The differential attenuation
between ionized gas and stellar continuum increases with the increase of sSFR. Reddy et al.
(2015) found that the correlation between the difference in color excesses of the gas and
stellar continuum and the SFR is even stronger than its correlation with the sSFR.

Reddy et al. (2015) proposes a simple two-component stellar population model to explain the
observations. The first population, which experiences modest attenuation due to relatively
low dust content, dominates the observed UV-optical continuum and is present at all SFR
levels. The second population is heavily attenuated, located in very dusty and thus optically
thick regions. This component dominates the nebular emission lines and the total bolometric
luminosity (including the infrared). Its relative contribution increases with SFR. In other
words, as the SFR rises and the ISM becomes more dust-enriched, a larger fraction of stars
resides in highly obscured regions, leading to a growing difference between the attenuation
of the gas (traced by Ha/Hp and strongly attenuated) and that of the stellar continuum
(dominated by less obscured stars). This model differs somewhat from those proposed for
local galaxies (e.g., Charlot and Fall (2000); Calzetti et al. (1994)), in which young stars are
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Figure 4.11: Effective attenuation curve on the stellar continuum, fQg¢()\) (dashed red line),
compared with results from Calzetti et al. (1994) (dashed yellow line), Battisti et al. (2016) (dashed
black line), Reddy et al. (2015) divided by sSFR range (dashed light blue and dotted blue lines),
Shivaei et al. (2020) divided by metallicity (Z) range (green and light green lines), and Battisti
et al. (2022) (dotted purple line). The gray shaded region reflect the maximum and minimum
values of f from fits using individual @y, »(\).
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Figure 4.12: Tllustration of a simple geometry of dust and gas that can account for the trends in
the difference between ionized gas and continuum color excess, and total attenuation, vs. SFR.
The yellow region denotes the diffuse dust component (which may be patchy). The red regions
indicate areas of increased dustiness within the galaxy. The blue and red stars indicate high mass
(ionizing) and lower mass stars, respectively. At lower SFRs (< 20 M, yr~1), stars of all masses
are uniformly obscured. As the SFR increases, the diffuse component becomes more dust-enriched
(as indicated by the darker shade of yellow), while regions of more highly obscured SFR (red
regions) become prominent, Reddy et al. (2015).

assumed to be embedded in their birth clouds that later dissipate. In such models, the gas
is always more attenuated, as it remains in dust-rich HII regions, resulting in a systematic
difference between E(B — V), and E(B — V), regardless of the SFR. However, at higher
redshifts, this systematic offset is not observed across all SFRs; rather, the divergence
increases with SFR. A simple sketch of this model is shown in Figure 4.12.

For higher wavelengths (A > 65000A), our curve is compatible with all high-z results and
shows no consistency with local results. This implies that the curves at high redshift may
have a lower normalization Ry with respect curves of nearby galaxies.

In order to examine a possible effect of redshift evolution on the dust attenuation curve we
examined its evolution across redshift in Section 4.4.

4.4 Redshift Evolution

Previous results—such as the redshift independence of the 374 relation and the consis-
tency of attenuation curves across different redshifts for galaxies with similar sSSFR—suggest
that the shape (or ”grayness”) of the selective attenuation curve depends more strongly on
sSFR than on redshift. On the other side, the normalization Ry appears to be depen-
dent on redshift. For these reasons we investigated the redshift evolution of dust attenu-
ation. Specifically, we focused on the rest-frame wavelength range common to all sources
(0.50 gm < A < 0.90 wm), in order to maximize the sample statistics. We divided the
sample into two redshift bins, 1.87 < z < 3.33 and 3.33 < z < 6.76 as shown in Figure 4.13.
This choice was made to ensure that the two bins contain a similar number of objects.

These two subsamples exhibit comparable sSFR distributions, as displayed in Figure 4.14.
Within each redshift bin, we further subdivided the galaxies into three 75 bins, illustrated in
Figure 4.14. As a reference for comparison, we also constructed an attenuation curve from
the full redshift range, using the same new 75 binning. In this case, since we were working
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Figure 4.14: sSFR distributions (left panel) and % distributions (right panel) in each redshift bin.

within a single wavelength interval, we applied smoothing to the individual spectra before
stacking them to create the average SEDs. From these SEDs we derived the ()21, 31, and
()32 templates, and combined them into the effective attenuation curve Q.g(\). As shown
in Figure 4.15, the three curves are consistent with one another, reinforcing the conclusion
that the selective attenuation curve does not evolve significantly with redshift.
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Chapter 5

Results and Discussion

In this thesis, we used a sample of 111 star-forming galaxies at redshifts z = 1.87-6.76, with
measurements of the Ha and HS emission lines from JADES DR3, to constrain the dust
attenuation curve of high-redshift galaxies by applying the methodology of Calzetti et al.
(1994). Our sample spans a stellar mass range of 9 < log(M, /M) < 11.07 and a specific
star formation rate range of —8.93 < log(sSFR/[yr] ') < —7.93.

We estimated the UV slope 8 using ASTRODEEP photometry, and the Balmer optical
depth 75 from the Ha and Hf emission lines provided by JADES DR3. Relying on the
linearity of the 375 relation, we constructed average SEDs using continuum prism spectra
from JADES in bins of 74, and derived the selective attenuation curve Q(A) from their
ratios. Then, we investigated the effects of dust on the stellar continuum of high-redshift
galaxies by studying the selective attenuation curve fQ(A), where the factor f accounts for
the differential attenuation between nebular emission and stellar continuum, and was de-
rived from the fit of Q(A). In the end, we divided the sample into redshift bins and derived
the selective attenuation curve in each bin to search for clues of redshift evolution.

Our Q(A) curve is consistent in the UV with the results of Reddy et al. (2015) and Battisti
et al. (2022), whose samples span sSFR ranges similar to ours. In contrast, it differs from
studies based on samples with lower sSFRs. At higher wavelengths our curve is compatible
with high-redshift works (z > 1) by Reddy et al. (2015), Shivaei et al. (2020) and Battisti
et al. (2022), whereas it differs from local Universe works by Calzetti et al. (1994) and Bat-
tisti et al. (2016).

The fQ(X) curve shows good agreement in the UV with all these studies, except for Battisti
et al. (2016) at A < 2000, A and the low-metallicity subsample of Shivaci et al. (2020). At
longer wavelengths, the discrepancy between local and high-redshift studies persists.

The attenuation curves Q(\) derived in different redshift bins are consistent with each other,
suggesting no clear redshift evolution.

These results indicate that UV dust attenuation may correlate with the sSFR of galaxies,
such that the differential attenuation between nebular emission and stellar continuum in-
creases with sSFR, while showing no strong dependence on redshift. The only potential
redshift dependence of dust attenuation may lie in the normalization factor Ry, as local and
high-redshift results differ at longer wavelengths.

The upcoming JADES data release will significantly increase the sample size, allowing us to
more robustly test the results presented in this study. In addition, with improved statistics,
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it will be possible to define finer bins in stellar mass, sSSFR, and redshift, enabling the inves-
tigation of potential evolutionary trends in the attenuation curve. Since we are applying this
methodology for the first time at very high redshift, using continuum spectra to construct
average SEDs, we adopted a conservative approach by relying solely on JADES data. In
future work, however, we plan to incorporate data from other high-redshift spectroscopic
surveys (e.g., GLASS, FIGS, CEERS, POPPIES, NGSS), which will further increase the
sample size and improve the statistical power of the analysis.

Moreover, we aim to include submillimeter observations of JWST targets from ALMA, in
order to estimate Ry values where possible. These measurements will provide constraints
on the normalization of the attenuation curves and help anchor their absolute scale. Con-
straining the value of Ry is crucial, as it enables the derivation of the total attenuation
curve ky, and allows for a comprehensive comparison with previous studies. Moreover, it
provides the basis for converting to the absolute parametrization Ay/Ay, where different
Ry values result in different curve slopes. This, in turn, allows us to compare our results
with model-based works such as Markov et al. (2025), who claim a strong redshift evolution
of the dust attenuation curve.
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