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ABSTRACT

Context. The interpretation of infrared (IR) measurements of photon-dominated regions (PDRs) relies on understanding the properties
of dust. Additionally, the dependence of dust properties on the environment provides key insights into dust composition, evolution, as
well as formation and destruction processes. This work is conducted as part of the Physics and Chemistry of PDR Fronts program
dedicated to the study of dust and gas in PDRs with the James Webb Space Telescope (JWST).

Aims. A significant component of interstellar dust consists of carbonaceous nano-grains which often dominate the mid-IR output of
PDREs. In this paper, we study the evolution of the nano-grains across the illuminated edge of the Horsehead nebula and especially their
abundance and size properties.

Methods. We used NIRCam (3.0, 3.35, and 4.3 um) and MIRI (5.6, 7.7, 10.0, 11.3, 12.8, 15.0, 18.0, 21.0, and 25.5 um) photometric
bands, along with NIRSpec and MRS spectroscopic observations to map the illuminated edge of the Horsehead. We modeled dust
emission, including the aromatic and aliphatic IR bands, using the THEMIS interstellar dust model together with the 3D radiative
transfer code SOC, in order to fit the photometric bands.

Results. A detailed modeling of high angular resolution JWST data (~6 times higher than that of former observations) allowed us
to obtain quantitative constraints on the size distribution of nano-grains. In addition, original constraints on the optical properties of
these nano-grains were derived from the JWST NIRSpec spectroscopic data. We find that the diffuse interstellar medium (DISM) dust
cannot account for the observed data, and it is necessary to use evolved grains. A sharp increase in density is observed at the illuminated
edge, consistent with recent ALMA observations, which reveal a very sharp transition between molecular and ionized gas. Although
the PDR length along the line of sight (/ppr) could not be directly determined from this study, we estimate an upper limit of ~0.015 pc
based on geometric considerations and low extinction measured in the IR. This constraint implies a lower limit on the abundance of
small grains (M,_c/My > 0.003), showing that small grains are not depleted at the external edge of the Horsehead nebula, unlike in
other PDRs such as the Orion Bar.

Conclusions. Our findings indicate a high-density environment and a less steep size distribution for nano-grains at the illuminated
edge, in contrast with the DISM. This implies that nano-grain destruction mechanisms, such as UV-induced destruction, might be
less efficient in the Horsehead’s moderate-UV field than in PDRs with more intense radiation, such as the Orion Bar. These results
support a model where nano-grain population recovery, potentially through grain reformation due to the fragmentation of larger grains,
is slower in moderate-ultraviolet (UV) environments, leading to a unique dust size distribution at the edge of the Horsehead nebula.

Key words. ISM: abundances — ISM: clouds — dust, extinction — evolution — ISM: lines and bands

1. Introduction stars (Hollenbach & Tielens 1997; Hollenbach & Tielens 1999;
. . . Wolfire et al. 2022). These regions, with their varying physical
Photon-dominated regions (PDRs) are interfaces between HII  copqitions, are ideal for studying dust evolution. Mid-infrared
regions and molecular clouds, irradiated by nearby energetic (mid-IR) spectra of PDRs, analyzed using ISO and Spitzer data,
show significant variations due to small grains overlaying the hot

* Corresponding author: melyajouri@stsci.edu dust continuum (e.g., Peeters et al. 2002; Peeters et al. 2004;
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Rapacioli et al. 2006; Abergel et al. 2002; Berné et al. 2007).
Herschel far-IR data have enabled the study of large grain emis-
sion in thermal equilibrium and probed the densest parts of
PDRs. The combination of SPIRE, PACS, and Spitzer maps
has provided full emission spectra (3—500 um) of all dust par-
ticles that have been compared to radiative transfer models. In
NGC 7023, Abergel et al. (2010) illustrated the dramatic influ-
ence of radiative transfer on spatial structures observed at long
wavelengths. Arab et al. (2012) showed that radiative trans-
fer with Diffuse-Interstellar Medium (DISM) dust alone cannot
reproduce the observations of the Orion Bar PDR.

Using recent James Webb Space Telescope (JWST) observa-
tions as part of an Early Release Science program (PDRs4All,
Berné et al. 2022; Habart et al. 2024; Peeters et al. 2024), the
most detailed dust evolution modeling of the edge of a molecu-
lar cloud to date is that of the Orion Bar PDR (Elyajouri et al.
2024). The authors were able, for the first time, to spatially
resolve the steep variation of dust emission at the illuminated
edge of the Orion Bar PDR. By considering the THEMIS model
(see Jones et al. 2013; Jones 2014; Jones et al. 2017; Kohler
et al. 2015; Ysard et al. 2015) with carbonaceous nano-grains and
submicronic coated silicate grains, they derived unprecedented
constraints on the properties of dust across the Orion Bar. More-
over, they found that the nano-grains must be strongly depleted
with an abundance (relative to the gas) 15 times less than in
the DISM. The NIRSpec and MRS spectroscopic observations
reveal variations in the hydrogenation of the carbon nano-grains.
The lowest hydrogenation levels are found in the vicinity of
the illuminating stars suggesting photo-processing while more
hydrogenated nano-grains are found in the cold and dense molec-
ular region, potentially indicative of larger grains. However, the
Orion Bar is illuminated by an extremely high-ultraviolet (UV)
radiation field (Marconi et al. 1998), with Gy ~ 10*, whereas
Gy = 1.7 represents the average radiation field in the local inter-
stellar medium (Draine 1978). Such intense radiation is not
typical of most UV-illuminated molecular gas in the Milky Way
and other galaxies, which usually experience lower to moder-
ate radiation fields. Therefore, studying dust evolution in PDRs
with a moderate radiation field is crucial for a broader under-
standing of the physical structures of PDRs and the evolution of
the physico-chemical characteristics of the gas and dust with the
local conditions (density and illumination).

The Horsehead nebula serves as an archetype of moderately
excited PDRs. Due to its proximity (~400 pc, Anthony-Twarog
1982; Gaia Collaboration 2018) and favored geometry (nearly
edge-on), the PDR located at the edge of the Horsehead nebula
is an excellent template for low-UV-illuminated PDRs (with G
~ 100; Abergel et al. 2003). The Horsehead has been extensively
studied, leading to a large dataset on dust observations (Abergel
et al. 2003; Teyssier et al. 2004; Compiegne et al. 2007; Pety
et al. 2005; Compiegne et al. 2008; Arab et al. 2012) , gas obser-
vations (e.g., Habart et al. 2005a; Goicoechea et al. 2006; Gerin
et al. 2009; Guzmén et al. 2011; Pety et al. 2012; Ohashi et al.
2013; Le Gal et al. 2017), and laboratory experiments on ther-
mal processed and UV-irradiated dust grain analogs (see Smith
1984; Zubko et al. 2004; Alata et al. 2014, 2015; Duley et al.
2015). Recent high angular resolution (~0.5") observations of
the millimetric molecular emission obtained with the Atacama
Large Millimeter/submillimeter Array (ALMA) have allowed a
sharp transition to be revealed (<650 AU) between the molecu-
lar and ionized gas at the edge of the PDR (Herndndez-Vera et al.
2023).

Observations with Spitzer have refined the observational pic-
ture of the variations of the nano-grain emission among PDRs
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but did not provide a clear picture of the origin of the vari-
ations. Compiegne et al. (2007) proposed a scenario in which
PAHs survive in H 11 regions and Compiegne et al. (2008) inter-
preted that mid-IR spectral variations cannot be solely explained
by radiative transfer effects and are therefore a consequence of
dust evolution across the Horsehead.

Schirmer et al. (2020) fit Spitzer and Herschel observa-
tions of the Horsehead PDR with the THEMIS dust evolution
model. Despite the limited angular resolution, a radiative transfer
model including the evolution of dust grains (size, abundance,
and properties) allowed them to highlight a strong depletion
of nano-grains in the irradiated outer part (i.e., <0.05 pc or
25" from the edge) of this PDR and a size distribution shifted
toward larger particles compared to the diffuse ISM. However,
due to the limited angular resolution of Spitzer, no spatial vari-
ation of this depletion could be detected along the illuminated
edge. Additionally, since attenuation effects were neglected at
the time, no definitive conclusions could be drawn. In the
denser part, evolved grains (aggregates, with/without ice man-
tles) were needed to reproduce the observations. Extending
to several PDRs, Schirmer et al. (2022) report broad PDR-
to-PDR variations in dust properties and a common tendency
toward nano-grain depletion at UV-exposed interfaces, and pro-
pose fragmentation of large grains in radiative pressure—driven
collisions as a viable scenario.

Recent JWST observations have now provided unprece-
dented detail of the spatial variations at the edge of the Horse-
head nebula. As part of the Guaranteed Time Observations
(GTO) program (PID 01192), Abergel et al. (2024) used NIR-
Cam and MIRI with 23 filters to explore the global structure of
the PDR, resolving its spatial complexity from 0.7 to 25 um with
an angular resolution of 0.1-1” (Fig. 1). Their study provided
the first quantitative analysis of dust attenuation, suggesting that
attenuation could be the dominant process behind the observed
large-scale color variations. They found that dust attenuation
is non-negligible across most lines of sight through the inner
regions of the Horsehead, yet a small, localized region at the
very edge (0 to 5”") appears to be unaffected by attenuation.

Motivated by the high angular resolution of the JWST and
the need to address the previously overlooked attenuation effects,
this study focuses specifically on the clean, non-attenuated exter-
nal filament. We aim to constrain the properties of nano-grains
at the illuminated edge of the Horsehead PDR. Using spectral
and photometric data from the JWST, we seek to understand
the mechanisms driving nano-grain formation and destruction in
this region. This approach will enable us to constrain the optical
properties of nano-grains, building on similar work by Elyajouri
et al. (2024) in the Orion Bar.

This paper is structured as follows: Sect. 2 presents the obser-
vations of the Horsehead. In Sect. 3, we describe the radiative
transfer modeling of the dust emission, whereas in Sect.4 we
derive constraints on their properties and the physical conditions
of the PDR. In Sect.5, we describe the PDR models that best
reproduce the observations. We discuss the evidence of a steep
density gradient and dust evolution in the Horsehead in Sect. 6,
and we summarize the results and conclusions in Sect. 7.

2. Data

The observations are part of the JWST Guaranteed Time Observ-
ing (GTO) “Physics and Chemistry of PDR Fronts” program
ID 1192. The detailed processing of the JWST imaging maps
is described in Abergel et al. (2024). We also utilize the spec-
tral extractions from Misselt et al. (2025); the full details of
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Fig. 1. Top: (Left) Hubble’s view of the Horsehead nebula at near-infrared wavelengths of 1.1 um (blue/cyan) and 1.6 um (red/orange); NASA,
ESA, and the Hubble Heritage Team (STScI/AURA). (Middle) a zoom-in image of part of the Horsehead nebula as seen by the NIRCam instrument.
This image is composed of light at wavelengths of 1.4 and 2.5 um (blue), 3.0 and 3.23 um (cyan), 3.35 um (green), 4.3 pm (yellow), and 4.7 and
4.05 pm (red). (Right) The same zoom-in region visualized by the JWST instrument MIRL. In this image, blue represents light at wavelengths of
5.6, 7.7, and 10 pm; green is 11, 12, and 15 pm; and red is 18, 21, and 25 pm. The NIRCam and MIRI images are from the recent ESA/Webb release,
NASA, CSA, K. Misselt (University of Arizona) and A. Abergel (IAS/University Paris-Saclay, CNRS). The blue solid lines correspond to the cut
used in our study. Bottom: profiles of the relative brightness (normalized at a distance of 2" from the edge) for NIRCam and MIRI filters, adapted

from Abergel et al. (2024).

the observations, data reduction, region definition, and spectral
extraction for the NIRSpec IFU and MIRI/MRS data are given
therein.

2.1. Imaging

We use observations in 12 photometric bands (3.0, 3.35 and
4.3 um) for JWST/NIRCam and (5.6, 7.7, 10.0, 11.3, 12.8, 15.0,
18.0, 21.0 and 25.5 pm) for JWST/MIRI (see Fig. 1). Calibra-
tion uncertainties are estimated at 4% for JWST/NIRCam bands
(Abergel et al. 2024) and 3% for JWST/MIRI filters (Gordon
et al. 2025). We study the observed emission profiles through
a perpendicular cut (labeled “2” in Schirmer et al. 2020 and “3”
in Abergel et al. 2024). This cut corresponds to the location of
the IFU observations (see Sect. 2.2).

2.2. Spectra

In the present work, we focus on the DFI region spectrum
which probes the externally illuminated edge of the PDR. This
region provides the most stringent constraints on the aromatic
and aliphatic C-H features and spatially coincides with the exter-
nal filament located 0-5" from the illuminated edge (see Fig. 1),
which is unaffected by dust attenuation along the line of sight as
presented in Abergel et al. (2024).

2.3. Bands and line contamination

Using NIRSpec and MRS spectra, Misselt et al. (2025) quanti-
fied contamination by H, lines for each JWST band. Although

most of the flux in the photometric bands arises from dust
emission, several filters are significantly contaminated by H,
emission lines (as seen in the NIRSpec spectrum in Fig. 5).
For DF1, the contamination reaches about 50% in F300M, 20%
in F430M and F1000W, and 10% in F335M. At shorter wave-
lengths (1-2.5 pm), the broad NIRCam filters are dominated by
gas emission lines. We therefore exclude these bands from our
analysis.

We correct all photometric bands for H, contamination using
the line-contribution values in Misselt et al. (2025, Table 3).
After this correction, the 3.35 pum filter primarily captures con-
tinuum emission and the aromatic C-H stretch band at 3.3 pum,
along with the aliphatic band at 3.4 pm. The 7.7, 11.3 and
12.8 pum filters trace the broad emission bands commonly
referred to as aromatic IR bands (AIBs), which can serve as
a proxy for the ionization state of Polycyclic Aromatic Hydro-
carbons (PAHs; e.g. Joblin et al. 1996; Galliano et al. 2008).
Meanwhile, the filters at 5.6, 10.0, 15.0, 18.0, 21.0, and 25.5 um
are dominated by continuum emission, analogous to the corre-
sponding bands in WISE, Spitzer, and IRAS.

3. Radiative transfer modeling

Photon-dominated regions (PDRs) are dense environments
exposed to strong radiation fields, which leads to differences
in the optical properties and composition of dust compared to
diffuse regions. Our objective is to identify, characterize, and
quantify these variations in dust properties. However, radiative
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Table 1. SOC radiative transfer inputs.

Name Values
Cloud Geometry

Model size 0.05 x 0.02 x 0.01 pc

25”x 10”x 5"
Star

Location (x, y, 2) (0 pc, 0 pc, 3.5 pc)

Temperature 34600 K

Go 100

Observer

Distance 400 pc

Y

I A =0.001 pc (0.5”
pdr A=u pc (0.57)
.{' ! z

x —
A/

d opserver ~ 400 pc

=t

o-Orionis (09.5V)

d c4ge~ 3.5 pc

Fig. 2. Schematic illustration of the Horsehead PDR illuminated by a
radiation field (from the right). The lppr parameter is the length of the
PDR along the line of sight. Refer to Table 1 for the corresponding
values.

transfer effects play a critical role in shaping the observed dust
emission, making it necessary to use detailed modeling to accu-
rately recover the grain properties in regions like the Horsehead
PDR.

We adopted the methodology detailed in Elyajouri et al.
(2024), combining a radiative transfer method with the THEMIS
dust model Jones et al. (2013). The radiative transfer calcula-
tions were performed using the SOC code (Juvela 2019), which
requires input on the radiation field, density profile, geometry,
and dust model within the PDR.

3.1. PDR structure and density profile

The Horsehead nebula is illuminated by the 09.5V binary sys-
tem o-Orionis (Warren & Hesser 1977), which has an effective
temperature of T ~ 34 600 K (Schaerer & de Koter 1997). This
star system is located approximately degge ~ 3.5 pc from the edge
of the PDR. In this model, the PDR is represented by a plane-
parallel rectilinear slab that is externally illuminated by a single
blackbody source. This idealized geometry assumes an edge-on
PDR where photons enter perpendicularly to the PDR edge, with
no inclination effects, at a projected distance of degee = 3.5 pc.
The radiation field parameters (the radius of the exciting star,
its temperature, and its distance from the cloud), are derived
from stellar parameters of the 09.5V binary system o-Orionis
(Warren & Hesser 1977) and fixed to give an illumination equal
to 100 x Gy in Habing units. The input parameters of our model
are given in Table 1 and the geometry illustrated in Fig. 2.

The density profile is set by the previous gas and dust models
of PDR edges (Habart et al. 2005b; Elyajouri et al. 2024) along
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Fig. 3. Assumed density profile across the illuminated edge of the
Horsehead PDR (see Sect. 3.1).

the z-direction,

z Y .
mo={ wla) e W
0 0>

where z is the distance from the edge of the PDR, the power-
law index y governs the steepness of the density front and is
equal to 2.5. The maximum value of the density n is reached at
the depth zp and is assumed to remain constant for z > z,. The
density profile is illustrated in Fig. 3.

In the following, we define the length of the PDR along the
line of sight as lppg, it is related to the column density Ny ()
by Nu.ot(z) = ng(z) X lppg, where ny is the density along the
line of sight. The parameters /ppRr, 719, and z are treated as free
parameters.

3.2. Dust model

The dust grains have the properties from the original version
of THEMIS (The Heterogeneous dust Evolution Model for
Interstellar Solids, Jones et al. 2017, and references therein).
THEMIS is based on observational constraints and laboratory
measurements on interstellar dust analogs that are amorphous
hydrocarbons, a-C(:H) (e.g., Jones 2012a,b,c) and amorphous
silicates, a-Sil. The THEMIS model for the diffuse ISM (DISM)
is therefore composed of three dust populations that are built
upon these two materials:

— Carbon nano-grains (a-C): this population follows a
power-law size distribution with an exponential cut-
off. These nano-grains are small, partially hydrogenated,
(sub)nanometric a-C carbon grains (0.4 < a < 20 nm,
hereafter, a-C nano-grains). Similar to polycyclic aro-
matic hydrocarbons (PAHs), they contain intrinsic aromatic
domain substructures, but also olefinic and aliphatic sub-
structures.

— Large Carbon Core-mantle grains (a-C:H/a-C): this pop-
ulation follows a log-normal size distribution and consists
predominantly of a-C:H/a-C core-mantle grains (99% of the
mass), with a small fraction of pure a-C. We refer to this
population as a-C:H/a-C grains.

— Carbon coated silicate grains (a-Sil/a-C): This population
consists of amorphous silicate grains surrounded by an aro-
matic carbonaceous a-C mantle following a log-normal size
distribution.

The size distributions of these three populations are shown in
Fig.4 (red and black lines) and the associated parameters are
detailed in Table 2. In the near-IR (1-5 wm) and mid-IR (5—
30 pm), dust emission comes mainly from the a-C nano-grains.
To study the influence of dust evolution on the emission across
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10°
—— Carbon nano-grains (a-C) with DISM size: a = —5, amin = 0.4 nm

—=—= Carbon nano-grains (a-C) with modified size: a = — 3.5, amin = 0.35 nm
----- Large carbon grains (a-C:H/a-C)

1024 =" Large carbon coated silicate grains (a-Sil/a-C)

ni! a* dn/da [10722 cm3/H]

a[nm]

Fig. 4. Size distributions of the dust mixtures from THEMIS using the
dust emission tool DustEM (Compiegne et al. 2011) (parameters are
listed in Table 2). The red, black dotted line, and black dashed line cor-
respond to a-C, a-C:H/a-C and a-Sil/a-C respectively. The Blue dashed
line corresponds to the distribution of a-C grains for the best-fit param-
eters at the edge of the Horsehead.

Table 2. Size distribution parameters for the dust population.

Name Size @ dmin  Gmax ac a; ap
(nm) (nmm) (nm) (nm) (nm)
a-C plaw 5 04 4900 10 50 -
a-C:H/a-C logn - 0.5 4900 - - 7
a-Sil/a-C log-n - 1 4900 - - 8

Notes. p-law: power-law size distribution with exponential tail; log-
n: log-normal distribution. Parameters are defined in Sect.3.2. « is
the power-law exponent, @, and ay.x are the minimum and max-
imum grain sizes, a. is the cutoff size for the exponential tail,
a; is the transition size, and aq is the central size for log-normal
distributions.

the Horsehead, we use a-C nano-grains with modified size distri-
butions. Three parameters associated with their size distribution
are varied: 1) the abundance, that is, the a-C to gas mass ratio,
M,-c/My; 2) the minimum size, dpn, o—c; and 3) the exponent of
the power-law size distribution, a.

We note that we employ the original version of THEMIS
rather than the recently updated THEMIS 2.0 (Ysard et al. 2024).
This choice is motivated by two considerations: First, the near-
and mid-IR observations analyzed in this work are dominated by
emission from carbonaceous nano-grains, whose optical proper-
ties remain unchanged between THEMIS versions. The updates
in THEMIS 2.0 primarily concern silicate optical constants,
which may affect the fit in the 9—10 pm region (as discussed
in Sect. 5.5) but do not significantly impact our constraints
on the carbonaceous nano-grain population that dominates the
observed spectral range. Second, adopting the same dust model
used in recent comparable studies of the Horsehead and Orion
Bar PDRs (Schirmer et al. 2020, 2022; Elyajouri et al. 2024)
ensures that the variations we report reflect genuine physical
differences between these environments rather than artifacts of

model version changes. Future work will incorporate THEMIS
2.0 to evaluate potential improvements in the silicate emission
region.

To compare our dust emission models with JWST observa-
tions, we applied post-processing to the model outputs. This pro-
cess includes convolving the models with the point spread func-
tions (PSFs) of NIRCam and MIRI, obtained from WebbPSF
(Perrin et al. 2014), and integrating them over the relevant photo-
metric bands using the photon-to-electron conversion efficiency.

4. Methodology

As demonstrated in Elyajouri et al. (2024), combining both spec-
troscopic and photometric approaches yields a more complete
understanding of dust behavior in PDRs than relying on either
method alone. By constraining both the large spatial-scale imag-
ing data and the spectral data limited to a narrow cut, which
overlaps with a small part of the imaging data, we can bet-
ter understand the dust properties at various spatial scales and
validate our model with the limited spectral data.

To begin with, we compare the DustEM spectral energy
distributions (SEDs), calculated under optically thin conditions
without radiative transfer, with NIRSpec data. This allows us to
determine the hydrogenation state of the nano-grains using the
3.3-t0-3.4 um band ratio. We then compare the photometric data
obtained from NIRCam and MIRI, with model-generated pro-
files using THEMIS and SOC. Subsequently, using the parame-
ters derived from these photometric comparisons, we extract the
SOC-computed spectrum at peak emission and validate it against
the NIRSpec spectrum. This approach allows us to thoroughly
investigate how variations in parameters such as dust grain size,
composition, radiation field, and density affect the emission pro-
files. A grid-based analysis is used to systematically explore a
range of free parameters.

The free parameters in our model' incorporate elements
associated with both the density profile and nano-grain proper-
ties, as well as the structure of the PDR:

1. Position (z9) and density (ng) are the density profile param-
eters already defined in (Eq. (1)). They influence the spatial
emission profiles (steepness and width) for all of the NIR-
Cam and MIRI filter fitting.

2. Band gap energy (Eg) — hydrogenation state: is completely
determined by the electronic structure of a-C(:H) nano-
grains and is primarily and strongly constrained by the
spectral data. This parameter particularly affects the 3.3-to-
3.4 um band ratio and as such is the initial focus of our grid
exploration using NIRSpec spectra.

3. Abundance (M,.c/Myg): the a-C dust mass to gas ratio,
represents the abundance of the small a-C nano-grains
(~sub-20 nm radius) relative to the gas.

4. Minimum size (Qminq-c): the smallest a-C nano-grain size in
the distribution. This parameter impacts both the spectral
shape and emission continuum slope.

5. Slope (a): of the a-C power-law size distribution. Like
amina-c, this plays a significant role in determining the
spectral shape and emission continuum slope.

6. Length of the PDR (lppg) along the line of sight. We
assume that the lppr does not affect the shape of the dust
spectrum and is considered as a multiplying factor on the

' The model parameters are only free in the sense that a given set
of coupled parameters (e.g. minimum size and band gap) determine
the observable dust properties over a wide wavelength range (e.g. NIR
to MIR or MIR to millimeter). One cannot therefore adopt arbitrary
parameter values.
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dust spectrum (assuming lppr < 0.05 pc). The intensity

increases linearly with lppg without altering the shape of the

dust spectrum (e.g. Schirmer et al. 2020).
In our approach, we constrain each set of parameters sequen-
tially using specific observational tracers. This methodology is
designed to be time-efficient and reduce the number of free
parameters at each step. The order chosen to constrain the free
parameters is critical, as it ensures physical consistency between
spectroscopy and imaging data. Our procedure reflects extensive
testing with various parameter sequences, and the final param-
eters are obtained from joint optimization over all observables,
informed by the methodology developed in previous PDR studies
(Schirmer et al. 2020, 2022; Elyajouri et al. 2024).

5. Main results

The sequential approach proceeds as follows: (1) We first use
NIRSpec spectroscopy to fix the band gap energy E, from the
3.4/3.3 um band ratio (Sect. 5.1). This spectroscopic constraint
is crucial because it also narrows the viable ranges of @ and
amin — parameter combinations that might fit the photometric
bands but contradict the spectral continuum shape and slope
are immediately rejected. (2) We then constrain the density pro-
file parameters (ng, zo) using the Full Width at Half Maximum
(FWHM) of the emission profiles (Sect. 5.2). As demonstrated in
Fig. B.1, the FWHM is primarily sensitive to the density param-
eters and remains largely unaffected by dust properties (amin, @,
M,_c/Mpy). This allows us to determine n( and zp independently
of the grain size distribution parameters. (3) Finally, with £, con-
strained by spectroscopy and (ng, zo) by the FWHM analysis,
we use radiative transfer modeling to constrain the remaining
dust parameters (M,_c/My, amin, @) through grid exploration
(Sect. 5.3).

The choice of this specific order is essential. Exploring
the (@, amiy) parameter space from imaging data alone could
yield solutions that appear acceptable in y? space but are
inconsistent with the spectroscopic constraints once those are
applied. Starting with spectroscopy eliminates such nonphys-
ical minima and significantly reduces the viable parameter
space.

5.1. First step: Constraining the hydrogenation state E,

We start by constraining the hydrogenation state, E,, using the
3.3/3.4 pm ratio as a tracer derived from the NIRSpec spectrum
and following the same approach as in Elyajouri et al. (2024).
Changes in E, are most prominently reflected in this ratio, where
a decrease (increase) in the band gap corresponds to the removal
(addition) of hydrogen atoms from the grain structure, leading to
a reduction (enhancement) in the 3.4 pm aliphatic band (see also
Jones 2012c; Jones et al. 2013).

Fig. 5 shows the comparison between the modeled SED (E,
varies from 0.03 to 0.15 eV) and the NIRSpec spectrum corre-
sponding to the illuminated edge of the Horsehead. All SEDs
correspond to a minimum grain size of 0.4 nm and o = -5 (dif-
fuse ISM values). Although the continuum fits relatively well,
we note variations of the ratio between the 3.3 pm aromatic band
and the 3.4 um aliphatic band. For E;, = 0.15 eV, the 3.4 um band
is significantly overestimated (factor of ~2), while for lower val-
ues of the band gap (E; = 0.03 and 0.06 V), the 3.4 um band is
significantly underestimated (factor of ~2). Regarding the DISM
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Fig. 5. Comparison of observed surface brightness and DustEM models
normalized to the 3.3 wm observed band (without radiative transfer) in
the illuminated edge of the Horsehead PDR. The black data points rep-
resent observations from NIRSpec, while the colored lines show model
predictions with varying band gap energies. The dust parameters used
are those of the DISM model, @iy o-c= 0.4 nm, & =-5.

THEMIS model (a 0.1 eV band gap), the fit is reasonably” good
for the continuum and the bands. Therefore, we can determine
the best band gap as 0.1 eV.

5.2. Second step: Constraining ny and zo

Next, we constrain the parameters of the density profile ny and
Zo using the Full Width at Half Maximum (FWHM) of the emis-
sion profiles as a tracer. This approach is justified because the
FWHM is primarily influenced by the parameters ng and zo,
while it remains largely unaffected by dust properties. As demon-
strated in Fig. B.1, an increase in ng or a decrease in zq results in
a narrower FWHM (see Fig. B.1, lower panels). In contrast, dust
properties such as M,_c/My, @pin, a—c, and @ have minimal to no
effect on the FWHM (top panels of Fig. B.1).

Figure 6 presents a comparison between the observed bright-
ness profiles and models with varying density parameters. Since
the effect is consistent across all bands, we illustrate this only
for the 3.35 um photometric band. In the left panel of Fig. 6 we
observe that as ng decreases, the FWHM of the profile broadens.
The model with ny = 4 x 10> Hem™ (blue profile) provides the
closest match to the observed profile. In the second panel, we
vary zp and find that zo = 7 x 107 pc (in blue) most accurately
reproduces the profile shape, in particular the width and the
steepness. Another couples of (n, zo) with lower zy and higher
ng could reproduce the width but not the steepness.

While the density value of 7y = 4 x 103 Hcem™ may initially
appear high for the region analyzed here, it is consistent with
ALMA observations presented by Hernandez-Vera et al. (2023).

Abergel et al. (2024) compare the ALMA observations with
the JWST brightness profiles at distances of 0-5" from the illu-
minated edge (see their Fig. 12, low panel). A notable increase
in CO emission as well as faint HCO* emission is observed from

2 Here, we have chosen to adjust only the main bands at 3.3 and 3.4 um
and the continuum, and to ignore the sub-band around 3.5 pum to avoid
over-interpreting the data. In light of recent spectroscopic observations,
it appears that the model, adjusted in 2012 based on observations of the
Galactic Center, needs to be updated (band exact positions, widths and
strengths).
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Fig. 6. Observed brightness profile (black) in
the 3.35 um photometric band, compared with
modeled profiles (colored) for varying density
parameters 71 (from 10° to 8 x10° Hem™3, left)
with zq fixed to 7 x 1073 pc and zy (from 2 X103
to 9 x1073 pc, right) with ny fixed to 4 x 10°
H c¢cm™3). The modeling was performed using
the following dust properties: M,_c/My= 2.3 X
1073, amin.a—c =0.53 nm, and & = —4. The inci-
dent radiation field, illuminating the Horsehead
nebula from the right, corresponds to a black-
body at 34 600 K with G, = 100. All emission

4
Distance [arcsec]

1 to 4” from the edge. The HCO™ J = 4-3 line emission, which
effectively traces dense molecular gas (density in the range 10*—
10° cm ~3, see Goicoechea et al. 2016), shows a marked increase
immediately behind the illuminated edge.

The uncertainties on ny and zy are estimated by assessing the
range of parameter values that still provide a good match to the
observed FWHM and profile shape. Therefore, the parameters
that are compatible with the observations and that describe the
density profile across the Horsehead are the following:
no=4+ 1)x10°Hem™;

20=(7 % 1)x 107 pc. )

5.3. Third step: Constraining nano-grain properties and lppr

At this stage, Ma—c/MHu, Gmin.a-c> @, and Ilppr are the only
remaining unconstrained parameters and are thus used to run the
grid of models. Unlike M,_c/Mpy, amin,a—c, and @, which vary
directly within the grid, Ippg is treated as a scaling factor because
changes in lppr primarily impact the overall intensity of the dust
spectrum, not its shape (see Sect. 4). We therefore fix lppr at
0.05 pc, avoiding the need to rerun the grid for different lppg
values. This value is comparable to the width of the observed
filaments along the cut (25”) and provides sufficient resolution
along the line of sight in the radiative transfer calculations.

5.3.1. Method

We vary the remaining three parameters in the grid as follows:
1. M,_c/My ranges from 0.001 x 1072 to 0.4 x 1072 on a loga-
rithmic grid of 44 points, including the DISM standard value
of 0.17x1072.
Amin, a—c varies from 0.35 nm to 0.95 nm in steps of 0.03 nm,
including the DISM standard value of 0.4 nm.
a ranges from —10 to -3 in steps of 0.5, including the DISM
value of -5.
The maximum value for M,_c/My is set to be ~2.3 times the
standard value in the diffuse interstellar medium (DISM: 0.17x
1072), while the minimum value is chosen to account for deple-
tion values reported by Schirmer et al. (2020). The ranges for
amin,a—c and a are broad enough to encompass all physically
plausible values, though extreme values can be excluded based

2.

3.

Distance [arcsec]

profiles have been convolved with the PSFs and
normalized to the observed filament.

on the NIRSpec spectrum, limiting the valid range to those near
the DISM values.

To compare the observed and modeled dust emission pro-
files, we minimize the following y2, distribution:

thot = Z

i efilters

3

max __ ymax 2
( Iobs,i Imod,i (IPDR)
b

g

where IJE‘;’; and IQ;EJ(ZPDR) are the i-th band maximum inten-

sities, respectively obtained from the observed and modeled
brightness profiles at position z, Iops, (z) and Imod,i(z, lppr) cor-
rected for H, line contamination as detailed in Sect. 2. We note
here that I;0q4.i(2, lppr) 1S proportional to lppr, the PDR length
chosen in the model.

The observed band profile is thus matched for a PDR length
Iopg fulfilling the constraint

max

PDR
IppR

max __ ymax
Iobs,i - Imod,i(lPDR) X

“

For comparison to observations, the model intensity profile is
consequently rescaled as follows

max

PDR
In04,i(2) = Imod,i(z, IpDR) X ,
IppR

&)

where Ippg is varied logarithmically from 10~ to 5 x 1072 pc on

a grid of 1000 points to find /5% . For simplicity, we note below
lmax

Ippr as the best-fitting (or minimum thm) value instead of I5f5}.
The uncertainty o; for each observed band is given by:

/ 2 2
50bs,i + 6H2,i’

where dobs; = 4% is the relative calibration error for each
band, and dy,; = 10% represents the uncertainty from Hj
contamination.

max
Iobs,i X

(6)

g; =

A203, page 7 of 15



Elyajouri, M., et al.: A&A, 704, A203 (2025)

a = -3.5, amin = 0.35 nm, M, _ /My = 3.1e-03, Ippr = 0.015 pc

0.4 0.5 0.6 0.7 0.8 0.9
amin,a—c [nM]
a = -3.5, amin = 0.35 nm, M, _ /My = 3.1e-03, Ippr = 0.014 pc
x1073

0.4 0.5 0.6 0.7 0.8
@min,a-C [nm]

Fig. 7. Constraints obtained from x?, /y2, maps with y2, = min (x2,)
and x2. /x%, = 1 for the best fit. Top: x2, /x2, in the 2D space (@
and min, a—c). Bottom: x?. /x2, in the 2D space (Ma_c/Mu, Gumin a—c)-
The white lines indicate the best-fitting lppr for each combination of
M,-c/My and apin o-c. A degeneracy is generally observed between
solutions with high M, /My and low lppg. The cross marker shows
the parameters that minimize y2,, representing the best fit. The dashed
blue lines indicate the DISM values (M,_c/My = 0.17 X1072, @pin oc =
0.4 nm, a =-5).

5.3.2. Result

We present the y? distribution in two 2D parameter spaces in
Fig. 7 with y2. = min (y2,) and x2. /x2, = 1 for the best fit.
The top panel shows the ratio x2. /x2, as a function of @ and
Qmin, revealing a minimum around @ = —3.5 and ay,;, = 0.35 nm.
The color gradient indicates that moving away from these values
increases y2,, which corresponds to a poorer fit. It appears that
the degeneracy in the (@, amin) parameter space is limited.

The bottom panel of Fig. 7 displays anm /x2, in the space
of M,_c/My and ap;, for a fixed @ = —3.5. For ap;,, =
[0.35-0.45]nm, x?2, reaches a minimum regardless of the
M,_c/Mp value. The clear degeneracy we observe here is
between M,_c/My and lppr. The lppr value associated with the
minimum of X%m» decreases with an increase in M,_c/My. A
decrease in lppr reduces dust emission in the near and mid-IR
and this effect is counterbalanced by an increase in the value
of M,_c/My associated with the yz, minimum value in the
2D-space (My—c/MH, Gmin,a—C)-

The degeneracy between M, ¢/My and lppr is expected
as we have no observations taken at longer wavelengths and
with a comparable angular resolution to independently constrain
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Fig. 8. Spectra computed with SOC for different dust abundance val-
ues M, /My and Horsehead PDR layer thickness lppgr, highlighting
the degeneracy between dust abundance and /ppg. The models shown
correspond to a strongly depleted abundance (2.6 x 10~*, blue), a dif-
fuse ISM-like abundance (1.7 x 1073, green), and a high abundance
(6.0 x 1073, orange). An increase in M, /My is counterbalanced by
a decrease in lppr. The dashed vertical line marks the longest observed
wavelength of 25.5 um, which is thus most sensitive to the emission
from large grains.

Ippr using the larger grain emission that is at thermal equi-
librium. This can be surprising given the results of Elyajouri
et al. (2024), who showed that large grains produce significant
emission at 25 pum in the Orion bar. However, the weaker inci-
dent radiation field in the Horsehead leads to cooler large grains
that emit only beyond the 25 um. This is further illustrated
in Fig. 8.

Even though the value of /ppr cannot be determined from
the data we are using, its upper limit can be independently con-
strained. First, lppg is likely comparable to the observed width
of the filament, so lppg < 0.005-0.015 pc (<5”). Second, the low
extinction observed in the IR across this filament imposes that for
no = 4 x 10° Hem™ and Ny/Ay=1.85 x10?! cm~?/mag, lppr=
Npglng < 0.0075 pc to maintain Ay < 5 Abergel et al. (2024).
Consequently, if we have an upper limit on lppg around 0.015
pc, we obtain a lower limit on the abundance of small grains:
M,_c/My > 0.003 as shown in Fig. 7, indicating that the small
grains are not depleted in the Horsehead, unlike in the Orion Bar.

Finally, while we cannot rigorously exclude all possible
solution degeneracies, as is typical for spectral energy distri-
bution modeling, the combined spectroscopic and photometric
approach yields a sharply peaked y? distribution in the (a,
amin) parameter space once £, is fixed. The residual degener-
acy between M, c/My and lppg is further constrained by the
independently measured visual extinction and validated through
comparison of the radiative transfer spectrum with the com-
bined NIRSpec+MRS observations (Sect. 5.5). Given the current
observational constraints and modeling framework, the solution
presented represents the only parameter set fully consistent with
both the spectroscopic and photometric data. This conclusion
will be rigorously reviewed and potentially refined in future
studies with extended wavelength coverage.

5.4. Comparison with NIRCam and MIRI brightness profiles

We have seen in the previous section that while there is a degen-
eracy between the best M, ¢/Myg and Ilppr, we can constrain
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Fig. 9. Comparison between JWST photometric and spectroscopic data and the self-coherent models using SOC and THEMIS. Top: comparison
between the observed dust emission (black) and the modeled dust emission (blue) using the best set of dust parameters (from the model that
minimized the thm showed in Fig. 7) in twelve photometric bands (3.0, 3.3 and 4.8 pm; NIRCam filters, and 7.7, 10.0, 11.3, 12.8, 15.0, 18.0, 21.0
and 25.5 pm; MIRI filters). The dust observed emission is shown in black lines. The errors are shown in light gray. The cut considered across
the Horsehead is shown in blue in Fig. 1. Middle: wavelength coverage and photon-to-electron conversion efficiency (PCE) of the NIRCam and
MIRI imager filters used in this study. The central wavelengths of the filters are indicated with dashed vertical lines. Bottom: comparison of the
dust emission spectral energy distribution (SED) calculated using our radiative transfer model at the AIB peak emission with the NIRSpec+MRS
spectrum for DF1 region of the Horsehead PDR (black). The full extracted spectrum was obtained by subtracting the fitted line contributions from
the total flux as presented in Misselt et al. (2025). The photometric bands maximum values are represented by red squares and the photometric

band points from the model are shown in blue squares.

@min,a—c and . In fact, apip, 4—c is ~0.35-0.45 nm, i.e. compara-
ble to the diffuse ISM value (0.4 nm) and « is -3.5, i.e. 1.4 times
higher than in the diffuse ISM (-5), as illustrated in Fig. 4.

Let us now compare the dust modeled and observed emis-
sions across the illuminated edge of the Horsehead for the
best-fit parameters: dmin o-c = 0.35 nm, @ = -3.5, M,_c/My =
3.1 x1073 and lppr= 0.015 pc. In Fig. 9 (top panel), we see that
the width of the synthetic profiles reproduces well the observed
profiles, which supports our hypothesis that the profile width is
largely independent of dust properties and is instead determined
primarily by the density parameters.

The dust emission peaks are generally well reproduced
within the error bars, except at 5.6, 7.7, 10.0 um and 25 pum. The
discrepancies observed at these wavelengths will be discussed in
Sect. 5.5, following the comparison with NIRSpec data.

5.5. Spectral comparison at the peak position

Using the best parameters from the radiative transfer model
(@min,a—c = 0.35 nm, & = -3.5, M,_c/My = 3.1 x1073 and lppgr=
0.015 pc), we extract the computed spectrum at a distance of
0.004 pc from the PDR edge, corresponding to the peak emis-
sion in all photometric bands (see the lower panel of Fig. 9). The
brightness observed at the same position for each JWST filter we
are using are also overlaid, together with observed NIRSpec and
MIRI/MRS spectra.

The comparison between the modeled and observed spectra
shows good agreement across the near-IR spectrum. Given the
signal-to-noise of the MIRI/MRS spectrum, we cannot comment
on any structure around 5-6 microns. With this limitation, it
appears that the overall continuum and bands-to-continuum ratio
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Table 3. Physical and dust parameters for different PDR environments.

PDR Go Temr M,_c/My Amin,a-C a (no, z0) IppR
(K) (nm) (10° Hem™3, 1073 pe) (pc)
Horsehead
This work 100 35000 >0.3x%x1072 0.4 +0.05 -3.5 @4+1,7«1 <1.5x 1072
Schirmer+2020¢ 100 35000 (0.02+0.01)x1072 0.77+0.03 —-6+0.5 (2, 60) 0.25
Orion Bar” 26000 38000 0.01 x 1072 <05 -5 0.9, 3) 0.12
Diffuse ISM¢ 1 - 0.17 x 1072 0.4 -5 - -

Notes. Physical parameters: G, = radiation field strength (Habing units), T.s = effective temperature of illuminating star. Dust parameters:
M,-c/My= nano-grain abundance relative to gas, dmin .-c= minimum grain size, @ = size distribution slope. Density parameters: ny = initial
density, 7y = density scale height. lppg= PDR length along line of sight. ’Schirmer et al. (2020) focused on the bright filament, while this work
probes the illuminated edge at spatial scales inaccessible to Spitzer (see Sect. 6.3). ® Atomic PDR; Elyajouri et al. (2024). )Diffuse interstellar

medium; Jones et al. (2013).

of the MIRI/MRS spectrum are well reproduced by our model.
Additionally, we evaluate the model’s fit by comparing the pho-
tometric bands from the model with the available observed
maximum photometric points values. Consistent with the pho-
tometric brightness profile comparison, the model demonstrates
general coherence with the observations; however, specific dis-
crepancies are noted, particularly in the 5.6 and 7.7 wm bands, as
well as in the continuum around 10 pum and around 25 pm.

The discrepancy between the observed and modeled bright-
nesses in the FS60W filter likely arises from the absence of
some emission features between 5 and 6 pm within the THEMIS
model (see Fig. 8 of Elyajouri et al. 2024). When THEMIS was
developed, bands were assigned to various C-C and C-H bonds
based on available data Dartois et al. (2004); Pino et al. (2008);
Carpentier et al. (2012), and only well-determined features were
included (Jones 2012a,b,c).

At 7.7 pm, the model slightly overestimates the continuum,
even as the corresponding brightness profile is underestimated.
This discrepancy may stem from the broad spectral coverage of
the 7.7 um filter, which traces the combined emissions from the
continuum, the 7.7 pm complex, and 8.6 pm aromatic features.
The observed bands in the Horsehead PDR may be broader than
those included in the THEMIS model. A variation of the nano-
grains hydrogenation (or bandgap) with size cannot be excluded
and might also explain part of the discrepancy. Such variations
are not yet included in the THEMIS model.

Around 10 pum, the model underestimates the continuum,
where a plateau is expected between 9 and 11 um. We can note
that similar discrepancies at 5.6 and 10 um were observed in the
Orion Bar, as discussed in detail by Elyajouri et al. (2024). The
discrepancy around 10 um band (abundance and shape) could be
influenced by the large silicate grains. Adopting THEMIS 2.0
(Ysard et al. 2024), which updates the silicate optical constants,
is expected to improve the local fit near 10 um without altering
our constraints on the carbonaceous nano-grain population. We
will evaluate this explicitly in future work.

5.6. The case of a DISM slope a = -5

To further our analysis, we specifically test and ultimately rule
out the case of the diffuse interstellar medium (DISM) slope, a =
—5. For this purpose, we fix  at -5 and conduct various 2 tests,
using all filter bands in some cases, and selectively removing
either long-wavelength, short-wavelength, or H,-contaminated
bands in others.
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Figure C.1 shows the resulting models in comparison with
both photometry and spectroscopy. The results clearly indicate
that a DISM slope cannot reproduce all bands simultaneously.
Matching the NIR values requires apin o—c values comparable
to those of the diffuse medium, but this leads to underestimat-
ing the MIR emission. Conversely, achieving a good fit in the
MIR wavelengths necessitates significantly larger grain sizes for
Qmin,a—c» Which fails to reproduce the 3.3 and 3.4 pum features
as well as the NIR continuum. This analysis confirms that grain
evolution is clear, and the DISM slope @ = -5 is not sufficient
for this mixture of diffuse grain populations.

6. Discussion

The main results for the external filament located 0-5" from the
illuminated edge of the Horsehead are the following:

1. The gas density ng is estimated to be ~ng = 4 x 10° H cm™
and zp = 0.007 pc at the nano-grain emission peak.

2. The nano-grains (i.e. a-C grains) hydrogenation level, E,, is
the same as in the diffuse ISM (0.1 eV).

3. The minimum size of the nano-grains, dmyin, a—c, iS compara-
ble (0.35-0.45 nm) to the diffuse ISM value (0.4 nm).

4. The nano-grains size distribution is less steep (@ =-3.5) than
in the diffuse ISM (a =-5).

5. A notable degeneracy exists between the nano-grain dust-to-
gas mass ratio (M,_c/Mpy) and the PDR line-of-sight depth
(Ippr). This arises because both parameters influence the
intensity of near- and mid-IR emission without altering the
spectral shape. Despite this, our analysis constrains /ppgr to
an upper limit of 0.015 pc, which suggests that nano-grains
in this region do not exhibit the depletion seen in other
high-UV PDRs. Future observations extending to longer
wavelengths could help resolve this degeneracy by better
constraining the population of large grains responsible for
far-IR emissions. A summary and comparison of the physi-
cal parameters for the Horsehead, DISM and the Orion Bar
can be found in Table 3.

6.1. A high-density edge

The analysis reveals a high density of 7y = 4 x 10° Hem™ at the
illuminated edge of the Horsehead PDR. This result aligns with
the recent work by Herndndez-Vera et al. (2023) on ALMA data,
which reveals a very sharp transition between molecular and
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ionized gas, consistent with a high-density environment. Further-
more, we examined whether the density np = 4 X 10° H cm™3
obtained inside the PDR is compatible with the emission of the
far-IR fine-structure lines measured by PACS on board Herschel.
The ratio of the 158 um [CII] and the 145 um [OI] lines, weakly
affected by line opacity and dust attenuation effects along the
line of sight, is a good tracer of the local gas density. The beam
sizes of the maps obtained in these lines are increasing in order
of wavelength 8.8” and 11”. Thus, Herschel does not allow to
resolve the outer filament studied but probes the average gas
density inside the PDR. Thus, we use the [CII]158 um/[OI]
145 um ratio to put a constraint on the density by compar-
ing with the predicted values from PDR models (Ferland et al.
1998; Kaufman et al. 1999; Le Petit et al. 2006). For a broad
range of densities between 10° and 10® cm™3 (typical of PDRs),
the [CII]158 wm/[OI] 145 pm ratio varies between 2 and 40 for
Gy = 100. The observed [CII]158 wm/[OI] 145 pum ratio toward
the cut we are considering is about 5 + 2, compatible with den-
sity of a few 10° cm™3. There is therefore a good agreement with
our result.

A value of zp = 0.007 pc is required to accurately fit the
brightness profiles. This value is approximately nine times
smaller than the 0.06 pc estimated from Spitzer and Herschel
observations, a discrepancy likely due to the lower spatial res-
olution of these instruments (Schirmer et al. 2020).

6.2. Nano-grain hydrogenation

The analysis of the NIRSpec spectrum from the illuminated edge
of the Horsehead reveals that the small grains maintain the same
hydrogenation level as those in the diffuse medium (E; = 0.1 eV,
Gy = 1). In contrast, in the atomic region of the Orion Bar,
where the radiation field is significantly stronger (Go ~ 10%),
Elyajouri et al. (2024) observed a lower hydrogen content in the
grain structure (E, = 0.03 V). The use of JWST spectroscopic
data, with the main constraint being the 3.4/3.3 um band ratio,
has clearly demonstrated the efficiency of hydrogen loss in such
PDRs. The illuminated edge of the Horsehead nebula, where no
significant variation in hydrogen content is observed, suggests
that a stronger radiation field, with Gy > 100, may be required
to trigger noticeable dehydrogenation of the small grains. Obser-
vations of NGC 7023 (G, ~ 1000) provide additional evidence
of hydrogenation changes in subnanometric carbonaceous parti-
cles, such as PAHs. Pilleri et al. (2015) showed that the intensity
of the 3.3 um band relative to the total PAH emission increases
with Gy, while the contribution of the 3.4 um band decreases.
This trend reflects the progressive loss of hydrogen atoms from
the grain structure as the radiation field becomes harder. Sim-
ilar changes have also been reported in protoplanetary disks
(Boutéraon et al. 2019), where intense UV radiation plays a role
in the dehydrogenation process.

6.3. Evolution of the nano-grain minimum size and power-law
size-distribution exponent

In the Horsehead, our model indicates a similar nano-grain min-
imum size (apin,a-c = 0.35-0.45 nm) compared to the diffuse
ISM (0.4 nm; Jones et al. 2013) and smaller than the one found
by Schirmer et al. (2020), who reported 2 to 2.25 times larger
values than in the diffuse ISM.

The context provided by Abergel et al. (2024) is crucial for
interpreting these differences. This study shows that the IR flux
of the main bright filaments which are observed behind the illu-
mined edge (Fig. 1) are strongly influenced by the presence of

dense matter located behind the illuminated edge of the PDR and
the observer (see Fig. 13 of Abergel et al. 2024). This dense mat-
ter contains dust particles that attenuate the observed brightness
in all JWST filters. However, our analysis is focused specifically
on the illuminated external edge of the PDR at distances of 0—
5” which presents a filament fainter than the bright filaments
observed at larger distances (5—15", see Fig. 1). For this faint fil-
ament Abergel et al. (2024) have shown that the dust attenuation
is negligible.

This focus on a region with negligible attenuation is essen-
tial for accurately assessing grain sizes and abundances. In
contrast, the Schirmer et al. (2020) study which used Spitzer
and Herschel data was focused on the bright filaments without
accounting for dust attenuation. At the time, because the lack
of angular resolution and limited spectral coverage and sensi-
tivity, it was not known that the bright IR filament which were
observed were affected by dust attenuation, and as a result, the
observed emission was not corrected for this effect. This over-
sight led to a misinterpretation of the data, where diminished
short-wavelength bands — unaccounted for due to extinction —
were interpreted as evidence of a truncated distribution with a
larger minimum size of ~0.8 nm.

In addition, as shown in Fig. 4 (left panel), our model
indicates a less steep grain size distribution (@ = -3.5) com-
pared to the diffuse ISM (Jones et al. 2013) and the Orion bar
(Elyajouri et al. 2024) where the exponent of the THEMIS nano-
grain power-law size distribution is @ = —5. An increase in «,
leads to a decrease in the mass of the smallest a-C grains which
consequently leads to a decrease in the near-IR emission. Since
the total dust mass remains constant, an increase in @ causes a
redistribution of the dust mass from the smallest to the largest
a-C grains, resulting in an increase in the mid-IR emission.

The larger value of a found here along with the larger E,-
value shows that the nano-C grains are, in average, larger than in
the DISM or the Orion Bar. This suggests that the nano-grains in
the Horsehead have been little processed, if at all, by UV photons
or collisions (Schirmer et al. 2022).

These results support a model where nanograin population
recovery, potentially through grain reformation due to fragmen-
tation of larger grains, is slower in low- and moderate-UV
environments, leading to a unique dust size distribution at the
edge of the Horsehead nebula. Alternatively, it could be that
whatever the process that re-forms nano-grains (the photo- or
collisional-fragmentation of larger carbonaceous grains) is less
efficient in the Horsehead than in the Orion Bar and in the DISM.
In any event, the derived slope of the nano-grain size distribu-
tion is intermediate between that of the DISM and that of dense
clouds, perhaps signposting the disaggregation of dense cloud
dust evolving toward that of the DISM.

6.4. Evolution of the nano-grain abundance

We were unable to resolve the degeneracy concerning the abun-
dance of small grains relative to large grains. As illustrated in
Fig. 8, this limitation arises because the available JWST filters
provide access only to the NIR and MIR wavelength ranges, pre-
venting us from determining the number of large grains. This
issue could potentially be addressed by observing dust emis-
sion at longer wavelengths, as demonstrated by Schirmer et al.
(2020). The authors used Herschel/PACS (70 and 160 um) and
Herschel/SPIRE (250, 350, and 500 pm) to map the spatial dis-
tribution of dust in the Horsehead nebula throughout the entire
emission spectral range. However, we cannot apply these same
filters in our study due to their insufficient resolution to resolve

A203, page 11 of 15



Elyajouri, M., et al.: A&A, 704, A203 (2025)

the external isolated filament that spans only 0-5". Addition-
ally, as mentioned in the previous section, the overall flux in the
region is dominated by the attenuated large filament, rather than
the well-exposed small filament that is the focus of our study.
Large grains could also be studied through NIR scattering, which
is accessible with HST and JWST filters. However, the avail-
able HST and JWST filters are dominated by gas emission lines,
which hinders this type of analysis.

7. Conclusion

With the data presented in this paper, the behavior of the nano-
grains in the Horsehead PDR can be probed both photometrically
and spectroscopically. We focussed on the illuminated edge of
the Horsehead, an archetypical irradiated PDR. We first exam-
ined the NIRSpec spectrum through the 3.3 and 3.4 pum ratio
and found that the nano-grains are characterized by a band gap
energy similar to the typical 0.1 eV in the diffuse ISM. We
studied the Horsehead using 12 photometric bands, from 3.0
to 25.0 wm, covering the entire NIR and mid-IR dust spec-
trum. Our study presents a detailed model of dust emission at
the Horsehead PDR’s illuminated edge, using the THEMIS dust
model and SOC radiative transfer code to capture nano-grain
properties under moderate UV exposure. Our findings indicate
a high-density environment and a less steep size distribution for
nano-grains at the illuminated edge, in contrast with the dif-
fuse ISM. This implies that nano-grain destruction mechanisms,
such as UV-induced destruction, might be less efficient in the
Horsehead’s moderate-UV field than in PDRs with more intense
radiation, like the Orion Bar. This work provides a template for
understanding dust evolution in moderately illuminated PDRs
and highlights the need for longer-wavelength observations at
high spatial resolutions. Such observations could further con-
strain the abundance and distribution of nano-grains and larger
dust populations, offering insights applicable to other low-UV
PDRs.
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Appendix A: The contribution of H; lines to the
different NIRCam and MIRI filters

Table A.1. H, line contribution to JWST filters.

Filter Wavelength (um)  H; Contribution
F300M 3.0 0.51
F335M 3.35 0.095
F430M 43 0.212
F560W 5.6 0.06
F770W 7.7 0.067
F1000W 10.0 0.19
F1130W 11.3 0.00
F1280W 12.8 0.09
F1500W 15.0 0.005
F1800W 18.0 0.087
F2100W 21.0 0.00
F2550W 25.5 0.00

Notes. Average fractional contribution of H, emission lines to each JWST photometric filter in the external filament located 0-5" from the
illuminated edge of the Horsehead PDR. Line contributions derived from Misselt et al. (2025).
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Appendix B: FWHM for each band as a function of
nano-grains properties (M,_c/My, amin,a—c, @) and
density profile (ng,zo)
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Fig. B.1. FWHM for each band as a function of nano-grains properties (M,_-c/Mpu, @min,o—c, @) and density profile (r9,z9). Colors refer to the
different photometric bands shown on the right (of the panels). An offset was applied for clarification (the lines are shifted from bottom to top in
the order of increasing wavelength).

A203, page 14 of 15



Elyajouri, M., et al.: A&A, 704, A203 (2025)

Appendix C: Comparison between JWST
photometric and spectroscopic data and the
self-coherent models using SOC and THEMIS.
Different cases for ¢ =-5
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Fig. C.1. Same as Fig. 9 but for @« = -5 with different values of ay;,: 0.95 nm (orange), 0.86 nm (purple), 0.47 nm (green), and 0.4 nm (red). For
better visualization, we updated the photometric band colors and removed the MRS spectra. The maximum values of the photometric bands are
marked with magenta squares.
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