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ABSTRACT

Context. The spectral properties of Little Red Dots (LRDs) differ from those of active galactic nuclei. LRDs may be the first stage of
supermassive black holes formation, where the central engine is hidden in a dense gas reservoir, being de-facto quasi-stars.

Aims. We investigate whether atmosphere models traditionally used for massive stars with strong winds can produce synthetic spectra
morphologically similar to those of LRDs.

Methods. We compute atmosphere models and synthetic spectra with the code CMFGEN. The models assume a thermalized radiation
field at the inner boundary, parameterized by a temperature varying between 5000 and 12000 K. We adopt a typical luminosity of
10'° L, . The models are spherical, assume an expanding atmosphere, and are computed under non-LTE conditions and for several
metallicities.

Results. The spectral energy distribution (SED) is different from a blackbody, with a blue optical spectrum. Broad hydrogen emission
lines are produced, their wings being formed by electron scattering. The SED near the Balmer and Paschen limit is rather continuous.
A Balmer break is predicted for the coolest temperature models provided the wind density is reduced. The SED and Balmer decrement
of most LRDs is reproduced by the models, provided they are dust-attenuated with Av~1.9-2.7. Assuming the absorbed luminosity
is re-radiated in the infrared, the energy output at these wavelengths is'consistent with observational constraints. The models predict
Feu, oxygen and calcium lines. O1lines at 8446 A and 1.129 um are produced mostly by Lyp fluorescence. The strength of emission
lines from metals depends on input temperature, metallicity, and details of the radiative transfer models.

Conclusions. CMFGEN atmosphere models predict a large number of spectral properties observed in many LRDs. They struggle to
simultaneously produce a genuine Balmer break and strong emission lines. Whether they are more relevant or not to explain LRDs’

spectra compared to alternative models is unclear, leaving open the question of the physical conditions in LRDs.
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1. Introduction

‘_! The physical nature of Little Red Dots (LRD) discovered by
L) JWST (Matthee et al. [2024) remains elusive. They are charac-
O terized by a point source morphology, a red optical spectrum

O

associated with a blue ultraviolet (UV) component, produc-

(N ing a typical V-shape spectral morphology (Setton et all2025a;

X
S

D’Eugenio et all 2025a; |de Graaff et al. 2025b), and very of-
ten broad emission lines (Akins et al.[2025; Hviding et al/[2025;
de Graaff et al||2025b) among which He is particularly remark-
able. Mostly found at redshifts beyond 3 (Akins etall 2025;
Hyviding et al/ [2025), a few examples have nevertheless been
detected locally (Lin et al! 2025;; lJi et all20254). For these lat-
ter cases, as well as a couple of bright LRDs (Kokorev et al.
2025; [Lambrides et al! 2025), high resolution spectroscopy re-
veals a rich spectrum of emission and absorption metallic lines
including O1, Fen, Can, Nai, No. Within this global pic-
ture, LRDs tend to show spectral diversity (Barro et al. [2025;
Pérez-Gonzdlez et al. [2026; [Billand et al! 2026) with important
variations in the morphology of the V-shape, the strength of
broad lines and the presence or not of specific metallic lines.

Send offprint requests to: Fabrice Martins
e-mail: fabrice.martins@umontpellier. fr

LRDs were initially interpreted as dust-obscured AGNs
or old stellar populations, but these scenarios quickly faced
major limitations. The absence of X-ray detection, weak or even
no spectral variability, and upper limits on the mid infrared
emission are not consistent with the presence of type I AGNs
(Yue et al. 2024;; [Kokubo & Harikane 2025; Burke et all 2025
Maiolino et al. 2025; [Zhang et al! [2025; |Setton et all 2025b;
Wang et al. [2025; [Liuetal! [2026b). In addition the black
hole (BH) masses inferred from the Ha width are orders of
magnitudes larger than expected from classical relations be-
tween stellar and BH masses in galaxies (Maiolino et al. [2024;
Jones et all2025). And the stellar masses required to explain the
observed optical and infrared fluxes exceed what is conceivable
for mass assembly in the early Universe (Labbe et all [2024;
Akins et al.2025).

An alternative explanation for these newly discovered, in-
triguing astrophysical objects is that they may be supermas-
sive black-holes enshrouded in a dense gas envelope (Kido et al.
20235; Naidu et all 2025; Inayoshi et all 2025; |de Graaff et al.
20254). As such they are also referred to as BH stars and are
described by the quasi-stars model presented by Begelman et al.
(2008). In the quasi-star model a BH inside a dense envelope
grows by accretion at a high rate and radiates energy at a lu-
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minosity corresponding to that of the BH plus envelope mass
(see also Roman-Garza et al.| 2026). Refinements of this model
by Begelman & Dextet (2026) predict that several of the obser-
vational properties of LRDs are qualitatively reproduced. In par-
ticular the spectral energy distribution (SED) shape would be due
to the low temperature of the ionized envelope. A high density
of free electrons would cause scattering that could account for
the broad Balmer lines (Rusakov et al.[2025;|Chang et all2025).
The high gas density would absorb all X-ray photons.

To describe the shape of LRD spectra at 4 = 4000 A sev-
eral studies relied on blackbodies with a temperature of ~4000-
7000 K, and modifications of the blackbody (de Graaff et al.
20254d). To first order, this reproduces the general shape of the
SED, with a peak in the optical and a drop at shorter wave-
length, mimicking the red part of the V-shape SED of LRDs.
The rest-UV emission is attributed to an independent stellar
population from the host galaxy, as also suggested my numer-
ous other studies (e.g. Inayoshi et al! 2025; [Kido et al! 2025;
Sun et all[2026). Alternatively, Santarelli et al. (2025) used stel-
lar models for evolved stars. They show that the continuum can
be broadly recovered by models with low gravity and effec-
tive temperatures typical of F- and G-type stars, as also sug-
gested by lJi et al. (2025a). [Liu et al! (20264) reach similar con-
clusions with a similar type of stellar models. In addition they
produce absorption lines from calcium that are qualitatively con-
sistent with those observed in some LRDs. The stellar models
of [Santarelli et al.! (2025) and [Liu et al. (2026a) adopt a plane-
parallel geometry and LTE conditions. |[Sneppen et al! (2026)
dropped these assumptions in their "cocoon" models which are
based on a dynamical and extended envelope, illuminated by a
blackbody with 7~ 10° K to describe emission from accre-
tion onto a central object. They show that under certain con-
ditions on the neutral hydrogen density and column density a
Balmer break is observed together with broad hydrogen emission
lines. Other models investigated the reprocessing of an incident
SED characteristic of active galactic nuclei (AGN) through a
slab of dense gas (Inayoshi & Maiolino2025; Naidu et all[2025;
Torralba et al! 12025; Ji et al! 2025b; [Pacucci et al! 202¢). The
photoionization code CLOUDY (Gunasekera et all2025) is used
and provides the transmitted spectrum. The input AGN spectrum
is either an analytical model or an empirical spectrum. These
models are able to explain the optical spectrum of LRDs, es-
pecially the Balmer break-like feature, by hydrogen atom colli-
sionally excited in their n=2 level, providing a large opacity in
the Balmer continuum. No or little dust absorption is required,
and emission lines are predicted. Scattering is generally invoked
to explain the width of Ha (Ji_et all2025b). Fe 1 lines are formed
in the outer layers of the covering slab (Torralba et all2025). The
UV continuum is attributed to either the un-attenuated scattered
emission from the AGN or light from the host galaxy.

In the present study we compute complementary synthetic
spectra that incorporate some of the previous physics as well as
new ingredients. In particular we investigate if it is possible to
produce a spectrum with 1) the red-optical SED, 2) broad hydro-
gen lines, 3) helium emission lines, 4) metallic absorption and/or
emission lines. We use a non-LTE atmosphere code which is
widely used to investigate massive stars’ atmospheres, for the
reasons that we describe in Sect. 2l A major difference com-
pared to previous models is that we do not assume any incident
spectrum for the source. We consider thermalized emission in
a dense atmosphere and self-consistently compute the emergent
spectrum. We recall the physical ingredients of the models in
Sect. 21 In Sect. Bl we present the resulting spectra before dis-
cussing them in Sect.[dl We gather our conclusions in Sect.
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2. Method
2.1. Motivation

A few LRDs have been observed at spectral resolution and
signal-to-noise ratio that allows the identification of several
emission and absorption lines from metals, as well as helium.
This is the case of three local LRDs presented by [Lin et al
(2025). [ Kokoreyv et al) (2025) also obtained a good quality spec-
trum of the LRD GLIMPSE 17775 (z=3.5) owing to its magnifi-
cation by a gravitational lens. This spectrun{] is shown in Fig.[T]
where it is overplotted on top of the spectrum of the massive
star i Catfl. That star is a luminous blue variable (LBV), a class
of massive stars that experience strong stellar wind and rapid
evolution. 17 Car is one of the most luminous star in the Galaxy
(Davidson & Humphreys [1997) and is known for its eruptive
phase during the XIX”* century. At that time it expelled about
40 My of material in a few decades (Morris et all2017).

n Car displays a rich spectrum of emission lines, among
which He is intense and relatively broad. [Hillier et all (2001)
showed that its wings are explained by electron scattering. Her
emission is present, e.g the 7065 A feature (see top right panel
in Fig.[, and a rich spectrum of Fe 11 is also observed. Although
differences exist, there are also striking similarities between the
spectrum of 7 Car and that of GLIMPSE 17775. The Fen lines
around 9000-9200 A, the morphology of Her1 7065, the broad
wings of He, all these features indicate that the physical con-
ditions in the atmosphere of 17 Car may be relatively similar to
those of LRDs.

Similarities also exist between the spectra of LRDs and
those of type II supernovae (Dessart et al. 2009; [Matthee et al.
2026), supernovae remnants remnants (Lee et al.|2019), and Be
stars (Arias et all 2006). This prompted us to calculate "atmo-
sphere" models of LRDs using the same tools as those rou-
tinely used for the analysis of massive stars’ spectra, in particu-
lar those of LBVs. This work is an extension of that presented
in [Martins et al. (2020) where we studied the spectral proper-
ties and detectability of supermassive stars with luminosities
L ~10"° Ly . We now describe how we proceeded.

2.2. Atmosphere models and input parameters

We have used the code CMFGEN (Hillier & Miller 1998) to
build atmosphere models and the associated emergent spectrum.
CMFGEN was developed for the modeling of the atmospheres
of massive stars and supernovae. It solves the radiative transfer
under non-local thermodynamical equilibrium (non-LTE) condi-
tions, assuming a spherically extended and expanding medium,
and including many ions with abundances specified by the user.
The code is described in Appendix[Al

In the present study we aimed at obtaining synthetic spectra
for a few representative cases of LRDs. We thus adopted typical
parameters of LRDs as currently known. For the luminosity, we
chose a value of 10'° L, . This corresponds to 1043 erg/s which
is representative of the bulk of LRDs (e.g.|de Graaff et al![2025a;
Greene et all 2025), although some objects reach luminosities
nearly a factor 100 higher (Ji et al/|2025a; [Kokorev et al/[2025).
The models assume a thermalized radiation field at the inner
boundary, characterized by a temperature that will be refereed as
the input temperature (Tj,py) in the following. The input SED is

I Retrieved from the DAWN JSWT archive at
https://dawn-cph.github.io/dja/
2 ESO/UVES spectrum retrieved from

https://archive.eso.org/scienceportal /home
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Fig. 1. Comparison between the JWST spectrum of GLIMPSE 17775
at z=3.5 (red) and the ESO/UVES spectrum of 7 Car (black).

Table 1. Main parameters of the models at a metallicity of 0.2 Z.

model ID | Tippue  log LL@ R¢ T M

(K] [Ro] (K] Mg /yr
T12 12000 10 23265 3322 0.20
T9 9000 10 41360 3606 0.15
T6 6000 10 93061 3276 0.30
TS5 5000 10 134008 4504 0.60

Notes. a: the radius is given at the inner boundary of the model. It is not
the effective radius at which T is defined.

thus a blackbody defined by that temperature at the bottom of the
atmosphere. The inner radius directly follows from the assumed
luminosity and input temperature. We produce models with an
input temperature that ranges from 5000 to 12000 K. We will see
that this does not correspond to the effective temperature, Tef, Of
the models, which is here defined as the temperature where the
Rosseland mean optical depth Tross = 2/3.

Our models are spherical, 1D, and monotonically expand-
ing. We adjust the velocity, and consequently the density, at the
base of the atmosphere to ensure that the diffusion approxima-
tion is verified at depth (i.e. the optical depth is larger than about
100 and a thermalized atmosphere is recovered). Unless stated
otherwise the maximum velocity at the outer boundary of the
models is set to 200 km s~!. The parameters that define the ve-
locity structure (velocity at the inner boundary, terminal veloc-
ity, scale height) alter the shape of the velocity, and thus den-
sity, structure. The mass loss rate (M) globally shifts the den-
sity structure upward or downward. The main parameters of the
models discussed in this paper are listed in Table[Il Other param-
eters describing the wind velocity and density, possible inhomo-
geneities, and microturbulence are discussed in Appendix[Al We
computed models for several metallicities between 0.01 Z and
0.4 Z, scaling the solar composition.

log F, [erg/s/cmz?/A]

P I |
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Fig. 2. SEDs of representative models at Z=0.2 Z,. The gray dotted
lines mark the position of the Balmer discontinuity. The blue and black
lines show blackbody SEDs for an effective temperature of 4500 K and
3500 K respectively. The resolution of the spectra is ~1000.

3. Results

In this Section we first describe the SED of our models and com-
pare them to those of LRDs. We then focus on specific lines
predicted by the models, and discuss their physical properties,
formation process, and observability.

3.1. Overall SEDs

Fig. 2] shows the SED of representative models, ordered by in-
put temperature. The SEDs have a maximum that shifts from
~1500 A to ~4000 A as the input temperature decreases. For
all models T is of the order 3300-4500 K which, as described
in appendix[Al is different from the input temperature. For such
Teq a blackbody SED peaks near 7000-8000 A, as seen in Fig.
The model SEDs are thus very different from a blackbody, as
already noted by Martins et al! (2020) for models with similar
input physics but lower luminosities, and also reported recently
(Liu et ali[2026a; Begelman & Dextet2026). All models show a
blue optical continuum and the absence of a strong Balmer break
is noticeable. The intrinsic rest-optical SEDs are thus quite dif-
ferent from those of observed LRDs (but see below). Many emis-
sion lines are predicted, including broad hydrogen lines from the
Balmer and Paschen series. Metallic lines are also present and
will be discussed in Sect.[3.21

Fig. Blhelps better understand the nature of the models. The
continuum emission is shown for two of the models displayed
in Fig. 2| Instead of a Balmer break, our models predict a rel-
atively flat continuum or actually a Balmer jump. The reasons
for this behavior have been described in [Martins et al. (2020).
The strong non-LTE conditions in the atmosphere, coupled to
the temperature structure, imply a stronger emission below the
Balmer break. However, the jump is not clearly seen when lines
are taken into account, and a rather continuous flux distribution
or a weak Balmer break emerges from the models. This is caused
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Fig. 3. Spectra of the T12 (cyan) and T6 (pink) models with their re-
spective continua in blue and red. The left (right) panel shows the region
near the Balmer (Paschen) limit.
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Fig. 4. Effect of density, modified by varying M, on the emergent spec-
trum of the T6 model. The spectral resolution is ~500.

by the broad emission from high-order Balmer lines that tend to
overlap near the Balmer limit, creating a pseudo-continuum that
smoothly connects to the flux just short of the Balmer break. The
SED near the Paschen limit behaves similarly (see Fig. B): the
continuum shows a clear jump that is hidden by the high-order
Paschen emission lines.

Martins et al! (2020) report that it is possible to produce
a Balmer break by changing the atmospheric structure. Fig. []
shows that a Balmer break develops in models with reduced
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density. At the same time, the strength of all emission lines is
severely reduced. From top to bottom of Fig. [ the density at
an optical depth of unity, representative of the depth at which
the optical continuum is emitted, increases. The model with the
stronger break has the highest density at that optical depth, while
it has the smallest M. This counter-intuitive behavior results
from the change in the optical depth scale: in the model with
the smallest M, the location of the T = 1 layer is pushed inward
compared to models with higher M. Consequently, in the low M
model the continuum is formed at a position where the density is
higher. The ionization structure is also different. Altogether this
causes the appearance of a Balmer break.

Independently of the exact density structure, Fig. E] shows
that the peak of the SED remains near 4000 A, and the optical
continuum is blue. If the models represent the physical condi-
tions in LRDs, we thus need to invoke some amount of extinction
to reproduce their red optical continuum as we now demonstrate.

To test the ability of the models to reproduce the observed
SED of LRDs, Fig. 5] compares our predictions with obser-
vations from stacked LRD spectra covering a range of LRD
properties, taken from [Pérez-Gonzdlez et al. (2026). To repro-
duce the overall continuum shape we reddened the spectra us-
ing the SMC extinction law of |Gordon et al. (2003). With values
of Ay ~ 1.9 — 2.7 our models match well the observed SEDs
or LRDs. With the exception of the most extreme LRDs (bot-
tom right panel of Fig. [5) no true Balmer break is present in
the models, only a curvature of the SED caused by extinction.
We also note that the Ho/Hg ratio is fairly well reproduced,
which, for our models, is only possible with dust attenuation,
as we will discuss in Sect. B.2.Jl All models reproduce quali-
tatively the optical continuum down to the minimum of the V-
shape. Obviously, a single model is not able to simultaneously
explain the UV part nor some narrow emission lines in the opti-
cal (e.g., [Om] 4959,5007), which we attribute to the host galaxy
(not modeled here; see Sect. [)).

To match the different LRD stacks illustrated here with the
selected models, the fraction of energy absorbed by dust is typi-
cally fairly high, i.e. faps ~ 75—93 % of the input luminosity. For
observed LRD luminosities which are typically Ly,s ~ 10'° L
in the rest-optical part of the spectrum (de Graaff et all[2025a),
this implies that our models would predict dust emission with
luminosities Laust = fabs/(1 = fabs)Lobs ~ (3 — 13) X Lops =~
(3 = 13) x 10'° L, . These values are compatible with current
upper limits on dust emission from (Casey et al. (2025), who ob-
tained upper limits of Lig S 10" Ly from stacks of 60 LRDs,
and individual upper limits of Lix < 10'> L, (Setton et al’
2025b; Xiao et al. [2025). Overall our models are thus able to
reproduce the main properties of SEDs of LRDs, provided some
dust attenuation is invoked. The amount of attenuation required
is consistent with current measurements of rest-frame infrared
luminosities of LRDs.

3.2. Spectral lines

We now describe several spectral lines produced by the models.
Fig. |6l shows the same four models as in Fig. [2l now normalized
to the continuum. We add the observed spectra of the GN 9771
(Torralba et all 2025) and GLIMPSE 17775 (Kokorev et al.
2025) to highlight the presence of typical lines observed in
LRDs.
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attenuation is given for each model. In the bottom right panel the yellow (blue) line is a model with an increased (reduced) mass loss rate.

3.2.1. Hydrogen

Broad Balmer and Paschen hydrogen emission lines are pro-
duced by the models, with He standing out as a strong emission
feature. Rusakov et all (2025) argue that the Ha profile of LRDs
is dominated by electron scattering (see also (Chang et all2025).
Studying a sample of 32 objects including LRDs |Scholtz et al.
(2026) show that the Ha profile are not necessarily exponential,
as is typical of electron scattering. A significant fraction of ob-
jects have profile more consistent with a Lorentzian shape (see
also |de Graaff et al. 2025b; Brazzini et all [2025). These studies
favor a stratified medium in which each layer is Doppler broad-
ened at a different velocity, resulting in the observed profile.

In our models electron scattering is responsible for the broad-
ening of the Ha profiles (see also Dessart et al|2009, for a com-
plete description of the process in CMFGEN models). The ex-
tension of the profiles reaches 6000 km s~! (Fig. [7). Numeri-
cal tests limiting the number of scattering produce less extended
wings, confirming the physical nature of the process.

The Ha emission profile of the models features a blueshifted
absorption dip. It is naturally produced from a monotonically
increasing velocity in a spherical geometry, which creates a P-
Cygni profile. The absorption part of this profile is almost en-
tirely filled by the emission part, leaving only a weak blueshifted
absorption dip. This absorption component is seen in the spec-
tra of some LRDs (e.g.[Kokorev et al![2025; Torralba et all[2025;
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Fig. 6. Normalized spectra of the models presented in Fig. [2| compared
Spectra are shifted vertically for clarity.

Brazzini et al!2025;|Scholtz et al|2026). In our case such an ab-
sorption dip is a signature of the outflowing nature of the model
(see also Sect.[3.2.2).

The T12 model matches relatively well the blue wing, ab-
sorption dip and line core of GN-9771 (Fig.[7). However, the red
wing exceeds the observed one, since the model He profile is not
symmetric. This is typical of an homogeneous expanding atmo-
sphere in which photons scattered in the receding hemisphere
experience more interaction while traveling through the atmo-
sphere to reach the observer. The asymmetry is clearly seen in
the right panel of Fig.[7 in the T9 model. The asymmetric pro-
files are different from those observed in LRDs, where symmetry
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to the spectra of LRD GN 9771 (gray) and GLIMPSE 17775 (black).

seems to be the rule (e.g.[Matthee et al/2026). If this is a generic
feature of LRD spectra, our models thus need to be adjusted in
order to produce symmetric Balmer lines.

A possibility is that the atmosphere is not homogeneous,
but clumpy. In massive stars, including LBVs such as n Car
and Wolf-Rayet stars, the electron-scattering wings of hydrogen
lines, and in particular the red wing, are sensitive to the degree of
inhomogeneities in the atmosphere (Hillier1987,11991)). In addi-
tion it is established that massive stars have clumpy winds (e.g.
Eversberg et al. [1998; Hillier et al. [2001; Bouret et al| [2005;
Sundgqyvist et al! 2018). In their analysis of the rest-UV spectrum
of the LRD QSOl, [Tang et all (2026) and Ji et all (2026) con-
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the profiles of GN-9771 (left panel) and J1025 (right panel). The solid
lines are the initial models, the dotted lines models including clumping
with a volume filling factor of 0.5 (left) or 0.1 (right). In the right panel
the turbulent velocity has been increased to 100 km s~!.

clude that an inhomogeneous medium is the best explanation of
the morphology of Ly« and its effects on the formation of UV O1
and Fen lines. The dotted lines in Fig.[Zlshow a models in which
clumping has been introduced. The details on the formalism can
be found in Appendix [Al The effect is striking, especially in the
T9 model with a large clumping factor. Indeed, while the ini-
tial profile (solid line) is significantly broader than the observed
profile of J1025, the profile of the clumped model almost per-
fectly matches the observations. To reach this level of agreement
we also increased the turbulent velocity in the model from 50
to 100 km s~!. This affects the electron scattering wings (Hilliet
1991)) but in the present case most of the difference is caused by
the clumpy structure. The increased turbulence causes the deeper
absorption dip. The fine tuning of the clumped model does not
necessarily mean that the physical conditions in J1025 are re-
produced by the model. It merely shows that the symmetric Ho
profile width and intensities comparable to those of some LRDs
can be produced, providing the assumption of homogeneity is
dropped. Fig.[[ also shows that clumping is not always success-
ful in fitting Ha profiles. The clumped model in the left panel
better reproduces the red wing of GN-9771, but at the cost of a
degraded fit of the blue wing.

Since line asymmetry is caused by the expanding nature of
the atmosphere, reducing the expansion velocity produces more
symmetric lines. This is illustrated in Fig. DI A smaller termi-
nal velocity leads to more symmetric profiles. Line blends and
clumping explain that the far wings deviate from symmetry in
both panels. The reduction of the expansion velocity also induces
a shift of the blue absorption dip towards the line center. From
these different test models we argue that the asymmetry of the
emission lines observed in our initial models can be reduced by
adjusting the atmospheric structure.

The models presented in Fig. [2| have a ratio of He to Hf
luminosity of 1.5. This is different from a pure case B nebular

ratio (~3.0), but not unseen in other stellar environments. [Briot
(1971)) and Banerjee et all (2024) report Ha/Hp ratios between
1.0 and 2.0 for Be stars, objects known to have a dense equato-
rial disk. Similarly [Levesque et al. (2014) measure a ratio vary-
ing between 1.2 and 3.0 in the LBV star SN2009ip.|Chugai et al.
(2004) found that the type IIn supernova SN1994w displayed a
Hea/Hp ratio in the range 1.0-3.0 depending on the time of ob-
servation. Our predicted relative strength of Balmer lines is not
specific to the present models, but traces peculiar stellar environ-
ments. All are characterized by a dense medium: Be and LBV
stars have dense atmospheres, and type IIn are thought to corre-
spond to explosion in a dense layer of material previously ejected
by the SN precursor. In App. [C] we demonstrate that this small
Ha/Hg ratio is likely caused by radiative transfer effects.

The predicted Balmer line ratios are very different from ob-
servations of LRDs showing ratios exceeding case B and up to
10 (e.g.ISun et al.[2026). Consequently, dust attenuation needs to
be invoked to match the observed line ratios. We have shown in
Sect.3Jlthat an extinction of Av~1.9-2.7 was sufficient to repro-
duce the overall shape of the SED of a large fraction of LRDs.
The Balmer decrement is also correctly predicted once dust at-
tenuation is taken into account (see Fig.[3), except perhaps for
the most extreme LRDs (Fig.[3 bottom right).

3.2.2. Helium

The spectrum of GLIMPSE 17775 shown in Fig.[@ldisplays clear
He1 emission lines (see also RUBIES-BLAGN-1 [Wang et al.
2025). The morphology of these features appears to be dual, with
a relatively broad component superimposed on a narrow emis-
sion core (see below). The models are able to produce broad
emission, as is seen in He1 5876 and He1 7065 for instance. The
Her 1.083 um emission is also prominent in the hottest model.
The narrow emission is likely due to nebular emission in the host
component. The He 1 features of the models are quite sensitive to
temperature since they completely vanish in the coolest models
of Fig. 6l In the three local LRDs presented by (Lin et all[2025)
the one that shows a clear Can triplet in absorption — J1025 —
also has the narrowest He1 emission lines, while the the other
two objects He1 lines are broader and no Can triplet is detected.
This indicates that a range of ionization conditions is observed in
LRDs. Relatively high temperatures are needed to produce Her
emission.

An absorption dip is observed in He1 1.083 um (see Fig. [6).
‘Wang et all (2025) argue that it could be due to an outflow with a
velocity of about 200 km s~'. Close inspection of this feature in
Fig.[@reveals that such an absorption dip is present in the hottest
models. Its origin is the same as for Ha: it is part of a P-Cygni
profile formed in the expanding atmosphere.

3.2.3. Iron

Feu lines have been reported in several LRDs. GN 9771 dis-
plays several forbidden lines in emission (Torralba et al! [2025).
GLIMPSE 17775 shows emission lines in the near-infrared, as
seen in Fig.[6l Figure[§]shows how the hottest models compare to
the spectrum of GLIMPSE 17775. Most lines that are observed
are also present in the models, with a variable degree of inten-
sity. The Fen lines near 9150 A are reasonably well accounted
for by the Z=0.4 Z, models, especially since the models are not
tailored to fit any peculiar LRD. At 9997 A and 1.049 um the
Fe 1 lines are better reproduced by the 0.2 Z, models. Forbidden
lines, e.g. [Fen] 4417, 4453, and 5160 A are present in our mod-
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Fig. 8. Oxygen and Feu lines in the T12 (cyan) and T9 (magenta) mod-
els. Solid (dashed, dotted) lines are for Z=0.2 (0.4, 0.01) Z,. The black
solid lines shows the normalized spectrum of GLIMPSE 17775.

els, especially at the highest metallicities we probed. All lines
vanish at low metallicity. Whether these lines can be used for
more quantitative metallicity estimates needs to be investigated.
Sigut & Pradhan (1998, 2003) showed that their formation is
complex, involves Lya fluorescence mechanisms, and their pre-
dicted emission does not perfectly match the observed features
of AGNs. [Hillier et all (2001)) also pointed out that the predicted
Fe n emission spectrum of n Car depended heavily on non-LTE
modeling, and is affected by uncertainties in atomic physics.

In our models Fen lines are also predicted near 4550 A
and 5250 A, but only for the coolest input temperatures. In
the TS and T6 models of Fig. |6] they appear as broad emis-
sion features within which individual contributions can be
seen. Such broad emission complexes are ubiquitous features
of AGN spectra (Boroson & Green [1992; Marinello et al! 2016,
2020; [Véron-Cetty et al. [2004). Nebular models computed with
CLOUDY have reproduced these lines with various degrees
of success (Panda et all [2020; |Sarkar et al. 2021); [Zhang et al|
2024). Trefoloni et al. (2025) shows that the Fe it emission near
4550 A is weak in LRDs and have interpreted this as a sign of
low metallicity. Figure [9] shows that indeed the emission com-
plexes disappear when Z goes significantly below 0.1 Z. How-
ever a broad absorption feature near 4500 A is also reported in
some objects (e.g. Jiet al! 20254; [Pérez-Gonzdlez et al) 2026).
Figures [] and [0 show that when the atmosphere density is rel-
atively low the Fen lines around 4550 A are predicted in ab-
sorption, potentially explaining the observed feature provided
the metallicity is 20.1 Zg.

Our models thus predict different strengths of various Fen
lines depending on temperature, atmosphere density, and metal-
licity. The absence of the emission complex near 4550 A can
be due to a low metal content, but can also be attributed to a
relatively hot environment. Constraining the metallicity of the
sources thus requires additional information on the physical con-
ditions under which iron lines are observed or not detected.
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3.2.4. Oxygen

The neutral oxygen lines at 8446 A and 1.129 pm seen in sev-
eral LRDs are present in the models except the coolest one. As
summarized by [Kokorev et al! (2025) their formation depends
on charge exchange reactions and Lyg fluorescence (see also
Tripodi et al.!2025a). In Appendix [Bl we present numerical tests
that confirm the role of these physical mechanisms. Predicting
the correct intensity is thus complex since this involves sensi-
tive non-LTE radiative transfer calculations. This is illustrated in
Fig. Bl where the O1 8446 line does not show a clear trend with
metallicity in the T9 model. This counter-intuitive result stresses
that correctly taking into account line opacities near Ly is cru-
cial in the formation and intensity of that O1 line.

Regarding O1 1.129 pym the models underestimate the
strength of the line observed in GLIMPSE 17775. The line
shape is qualitatively reproduced, with an emission peak and
an extended red wing, clearly seen in GLIMPSE 17775. The
models we employ are known to be sensitive to subtle radiative
transfer effects when lines of close wavelength compete for
photons, as in fluorescence phenomena. [Najarro et al! (2006)
reported the dependence of optical Her lines on the Ferv
model atom used in the modeling of O-type stars. Similarly
Martins & Hillier (2012) showed that optical Cm lines near
4650 A and at 5696 A are sensitive to the UV radiation field
and to various metallic lines. Rivero Gonzalez et al! (2011
found the same type of effects for optical N 1 4634-4642 lines.
Consequently it is not surprising to find that the Or1 lines dis-
cussed above show deviations in strength compared to observed
lines. [Kokorev et al| (2025) argue that the ratio of the 1.129 ym
to 8446 A O1 lines can be used to measure dust extinction,
because their ratio should only be set by atomic physics. This
is not the case in our models since in Fig. [8] the line ratio varies
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with metallicity. This most likely results from radiative transfer
effects affecting Lyg fluorescence as described above.

In short, a careful investigation of the O1 formation in the
models is necessary before they can be used as quantitative in-
dicators. This is beyond the scope of the present work, and will
be pursued in a subsequent study. In addition to O1, the models
produce the O lines at 7320 and 7330 A (see Fig. [8). When
compared to GLIMPSE 17775 the intensity is qualitatively ac-
counted for. The presence of both O1 and O lines can poten-
tially provide a constraint on the ionization and thus the temper-
ature in the emitting region.

3.2.5. Calcium

Fig. |6l shows that the coolest models display the Can triplet in
absorption, or at least with an absorption component since the
line profile are more of a P-Cygni type. The Can triplet is ob-
served in some LRDs, for which high resolution spectra have
been obtained. In particular it is detected in J1025, one of the
three low redshift LRDs presented by [Lin et al! (2025) and fur-
ther investigated by \Ji et all (2025a). The calcium H&K lines are
also produced by the models and observed in J1025 (Lin et al
2025). In Fig.[Bl we see how the calcium lines change with input
temperature, metallicity and turbulence.

Near 8400 A the presence of O1 8446 and/or the calcium
triplet on top of the Paschen lines can create a broad feature with
a step-like structure on the blue side. This is seen in the bottom
right panel of Fig.[3l A similar morphology has been presented
by ILin et al! (2025) in the spectrum of J1025 (see their Fig. 2).

4. Discussion

4.1. Success, failures, and limitations of our atmosphere
models

Our models reproduce multiple observational features of LRDs,
both qualitatively and sometimes also quantitatively (see sum-
mary in Table ). However, as for other models, they also re-
quire at least one additional component. This is the case to ex-
plain the rest-UV continuum emission, narrow nebular [O ]
A14959,5007, and forbidden low-ionization emission lines in-
dicative of low density gas, such as [O 1] 16300, [N 1] 16584,
and [S ] A116717,6731 seen in some LRDs (e.g.ID’Eugenio et al.
2025b). The simplest explanation is that these emission lines
originate from the ISM of the LRD host galaxy or its surround-
ings, and that they are primarily powered by massive star forma-
tion in the host or a star cluster surrounding the LRD. This is
supported by multiple empirical evidence (e.g. |Sun et all 2026
Matthee et al![2026).

Our models assume spherical symmetry and slow outflows,
which leads to somewhat asymmetric Balmer lines, in contrast
with the observations of some LRDs. Several studies suggest
aspherical symmetries: For example, the models developed by
Sneppen et all (2026) can reproduce the symmetry of Balmer
lines if both inflows and outflows are considered, and thus
multi-dimensional effects are present. [Madau & Maiolino
(2026) favor a disk-like origin for LRDs, with the diversity
in SED shape being due to viewing angles. In that picture
there is obviously no spherically symmetric component. And,
the observations of a strongly broaded Ly« line profile in a
gravitationally lensed LRD are interpreted bylli et all (2026) and
Tang et all (2026) as evidence for clumpy structures that may
also imply a non-spherical gas geometry. However, clumpiness
can be treated in one dimensional codes as CMFGEN assuming

the clump size is small relative to the characteristic size of the
atmosphere. We have shown that clumping may be an alternative
solution to explain line asymmetry.

Most studies involving modeling have so far focused on
the production of a true Balmer break, i.e. a sharp flux drop at
the Balmer limit rather than a smooth roll-over of the SED. As
pointed out by [Pérez-Gonzélez et all (2026) and [Billand et al.
(2026) LRDs that show a sharp and strong Balmer break
represent at most 10% of the LRD population. The models we
present here are not able to produce both a sharp break and
strong Balmer emission lines. Composite spectra can be built
out of the models shown in Fig. @ assuming a fraction of the
flux comes from a dense part of the atmosphere (thus producing
Balmer emission lines but no proper Balmer break) and the
remaining fraction comes from less dense regions (producing
a true break but weak Balmer lines). Fine-tuning of the relative
fraction of these two components can produce SEDs that show
qualitatively both a true Balmer break and Balmer emission
lines. If the environment in which LRD spectra are formed
is clumped, with strong density variations, such a simplified
composite spectrum may apply to describe the most extreme
LRDs. In any case, the majority of LRDs do not show a genuine
Balmer break, but a soft transition from a red optical slope to a
blue UV one. The CMFGEN models appear to better reproduce
the bulk of LRDs spectra rather than the extreme ones.

Despite these limitations our expanding atmosphere models
successfully account for the P-Cygni profile of He and some
Her1 lines (Sect. [3.2), which can be interpreted as evidence for
an outflow. Matthee et al/ (2026) show that LRDs with such
line profiles have SEDs with smooth rather than sharp Balmer
breaks. They discuss possible origins for these differences. If
LRDs are accreting BH with thick equatorial disks, viewing
angle may cause variation in the spectral appearance. Alterna-
tively, different stages of evolution, going from a very dense
"cocoon" to more optically thin "atmospheres", may be invoked
(see also Madau & Maiolind[2026).

4.2. Comparison to alternative models

In Sect.[[lwe summarized various attempts to model the spectra
of LRDs, beyond adopting (modified) blackbody distributions.
They broadly fall under two main categories: studies that use the
photo-ionization code CLOUDY and others that rely on stellar-
type atmosphere models. To assist the discussion we have sum-
marized features of some of these models in Table 2l

In the first category, a slab of material of constant density
is usually assumed. It is illuminated by an incident radiation
field and the transmitted radiation flux is predicted. An an-
alytical SED representing a classical type I AGN spectrum
Jin et al! 2012; [Yue et al. 2013) is usually assumed as input.
Inayoshi & Maioling (2025) show that for gas densities of
the order 10°-10'! ¢cm™> a Balmer break is produced (see
also i et all [2025¢). Elaborating on this finding, [Naidu et al.
(2025) could reproduce the SED of the LRD MoM-BH*-1 by
adjusting slightly the shape of the input spectrum, gas density
and total column density. A modest extinction (Av=0.15) was
also necessary as well as a large turbulent velocity (500 km s™!)
to reproduce a smooth rollover of the SED instead of a sharp
Balmer break. With a similar approach [Torralba et al! (2025)
found a set of CLOUDY models that can produce both a Balmer
break and Fen emission lines consistent with the spectrum
of GN-9771. Again, gas densities larger than 10° cm™ are
preferred. [Pacucci et al! (2026) dropped the assumption of a
plane-parallel slab of constant density and adopt the density
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Table 2. Main observational features of LRDs and ability of models to predict them.

Observational feature CMFGEN CLOUDY SIROCCO
(this work)
optical SED shape, Balmer break-like feature v dust v high N(H) | v dust, high N(H)
Broad Hi1 lines v electron scattering - v electron scattering
H1 line absorption components v v 4
Broad Her lines v 4 v
He 1 line absorption components v v v
Fe 1 emission v v -
Fen, Can absorption v atlow T and density | v highN(H) | -
018446, O 1 7320-30 emission Ve - -
X-ray / radio weakness v v 4
rest-UV continuum X X X
[O 1] 4959,5007 emission X X X
[O1] 216300, [N m] 416584, [S ] A16717,6731 emission | X X X

Notes. a - CLOUDY models do not include detailed line profiles. b - see text for explanation of the double mark. A v (X, —) mark indicates that
the feature is present (absent, not included or addressed) in the model. Specific conditions to reproduce a given feature are given next to symbols,

when relevant. N(H) stands for hydrogen column density.

structure resulting from simulations of direct collapse black
holes (DCBH). With a prescribed AGN-like input spectrum
for a 10°°° M, BH, their model reproduces well several main
features of the LRD RUBIES-42046, including the Balmer
lines and break, and its overall continuum SED from the UV
to the optical, with a relatively moderate amount of attenuation
(Ay ~ 0.7). While some CLOUDY models can reproduce
the overall continuum shape including the rest-UV (see, e.g.,
Pacucci et al. 2026)), most of them cannot (e.g. Naidu et al.
2025; [Inayoshietal! [2025). These latter models generally
invoke another origin that is also required to explain forbidden
nebular [O m] 414959,5007 and low ionization lines since they
are suppressed by collisions in high-density environments.

A major difference between the CLOUDY models and our
atmosphere models is the assumption of an incident spectrum.
All models discussed above adopt various forms of type I AGN
SEDs, and the emergent SEDs depend on the input spectra. In
contrast, in our models, the interior of the atmosphere is opti-
cally thick at all wavelengths so that the radiation field is ther-
malized. The input radiation field is thus a blackbody defined by
the assumed luminosity and input temperature.

Similar to CLOUDY models, |Sneppen et al. (2026) assumed
a hot black body spectrum (T ~ 10° K) as input to their two-
dimensional, spherical models computed with the Monte-Carlo
radiation transfer code SIROCCO (Matthews et al. [2025). In
their study |Sneppen et all (2026) adopted various atmospheric
structures but argue that a density oc =2 gives the best results.
Their models produce a variety of SEDs all showing broad
hydrogen emission lines (see their Fig. 3) with electron scat-
tering wings. This is consistent with our findings. Most of the
SIROCCO SEDs in fact show a blue UV to optical continuum,
and only models with high column densities (Ne > 10 cm™2)
produce a strong Balmer break. These models reproduce the
spectra of LRDs with extreme Balmer breaks, while still pro-
ducing broad and intense emission lines. This is something our
CMFGEN models cannot produce. The causes of the differences
between our models and those of [Sneppen et al. (2026) are not
clear. The main differences in the model set-up are the assumed
input radiation field, the density structure, and the 1D versus
2D geometry. Radiative transfer is also not computed with
the same formalisms (co-moving frame for CMFGEN versus
Sobolev approximation for SIROCCO). Matthews et all (2025)
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performed a comparison between both codes for O-type stars
and found reasonable agreement, although also quantitative
differences in predicted spectra. The only thing that is easily
testable is the assumption of the atmospheric structure. A simple
test is performed in Appendix [El The SED shape depends on
the density structure but a genuine Balmer break is still not
produced in the test model. A more careful investigation of
the parameter space is required to see if true Balmer breaks
are confined to a specific region. The results of ISneppen et al.
(2026) tend to favor such an explanation.

Other studies, e.g. [Santarelli et all (2025), used LTE plane-
parallel stellar atmosphere models computed with ATLAS9
(Castelli & Kurucz 2003). Their models marginally cover the
range of parameters of the quasi-star scenario they explore.
The spectra predict a Balmer break, and the Ca H&K lines are
present, although with a too strong absorption. Obviously, since
these models are plane parallel, no strong emission lines are
predicted. [Liu et al! (20264) used similar plane-parallel models
computed with the TLUSTY atmosphere code (Lanz & Hubeny
2003), assuming LTE. Focussing on two LRDs, including J1025,
they find that low surface gravities, corresponding to low gas
densities, are preferred to reproduce the shape of the continuum
that significantly departs form a blackbody distribution. They
use the calcium triplet feature to estimate the degree of turbu-
lence, favoring values of the order 120 km s~!. These studies all
assume plane-parallel geometry and LTE. The former assump-
tion prevents the formation of broad emission lines, contrary to
our models. Martins et al. (2020) showed that non-LTE condi-
tions prevail in the atmosphere of very luminous and relatively
cool atmospheres as the ones presented here. The specific spec-
troscopic properties of the models described in Sect. B.1] (see
also Sect.[C) confirm that departures from local thermodynamic
equilibrium are very large.

4.3. Implications and future tests

One of the immediate implications of our optically thick radia-
tion transfer models is that, if applied to a spherically symmet-
ric geometry, the emergent spectrum does not contain any direct
observational feature, i.e. is agnostic of the underlying source
powering the base of the atmosphere. In practice, this means that
signatures from a possible central BH illuminating the “cocoon”
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of an LRD cannot be observed if the outermost layers are even
approximately described by the atmosphere structures adopted
here. Quantities such as BH masses can therefore not be inferred
with our models.

On the other hand, spherically extended atmosphere models
as the ones calculated here depend on the luminosity of the ob-
ject, which can thus be constrained — together with other phys-
ical properties — from a comparison between predicted and ob-
served spectra. The comparison with typical LRD spectra (stacks
from [Pérez-Gonzalez et all[2026) has shown that our models re-
produce quite well the observations with dust attenuation cor-
responding to a “bolometric correction” BC = 1/(1 — fus) ~
(4 — 14) — see Sect. 3.1l The intrinsic luminosity of the red
part of LRDs (i.e. excluding the UV component) is therefore
Ling ® BCX Lops ~ (4—14)x10'° L, , adopting a typical value of
Lobs ~ 1010 L, . If we assume that the object is at its Eddington
luminosity, the total mass is

M Lops
— 227x 105 xBCx =2 « (1 -4)x 10°
Mo Lo

Lobs
100y

ey

This mass-luminosity relation is predicted to apply, e.g., to su-
permassive stars and quasi-stars in hydrostatic equilibrium, in-
dependently of metallicity (cf. Roman-Garza et al![2026). In all
cases the mass refers to the total mass, which includes the BH
mass plus envelope for quasi-stars, or the total stellar mass for
objects powered by nuclear burning.

Detailed non-LTE radiation transfer models, such as the ones
shown here, can in principle also be used to determine the metal-
licity of LRDs. This would be an important constraint regard-
ing their formation. The DCBH model usually requires metal-
free or extremely metal poor conditions to prevent gas fragmen-
tation (e.g. [Loeb & Rasio [1994;; [Ferrara et al! 2014), although
high pressure metal-rich environments may also form DCBH
(Mayer et al.2024). DCBH has been advocated as a viable path-
way to form LRDs (e.g. Jeon et al! 2026; |Cenci & Habouzit
2025). We have seen that metallicities below 0.1 Z seemed to be
required to avoid the formation of Fe n emission bumps around
4550 and 5250 A. At the same time, reproducing Fe i1 emission
lines near 9150 A is possible only for metal contents typical of
the Magellanic Clouds (0.2-0.4 Zs). Does this mean that LRDs
show a variety of metallicities, in line with their spectroscopic
diversity? Answering that question requires a better understand-
ing of metal line formation, and dedicated studies of LRDs for
which medium-resolution high signal-to-noise spectra are avail-
able. This plea applies in general to our models, CLOUDY mod-
eling, and others.

In parallel, further work is needed to test the applicability of
our models to LRDs. In particular, our models imply that dust
must be present in LRDs. |Brazzini et al. (2026); [Barro et al.
(2026) find that such a component with a temperature of about
1000 K is required to explain the rest-IR measurements of some
LRDs, including the so-called Rosetta Stone (JuodZbalis et al
2024). From the stack of 60 LRDs |Casey et al. (2025) place
upper limits on the IR luminosity, which are broadly consistent
with our predictions (see Sect. 3.I). The need for dust attenu-
ation is a major difference between CMFGEN and CLOUDY
models. The latter predict the correct overall SED shape from
gas absorption only. The presence or absence of dust in LRDs is
thus a key element to test which category of models is the most
relevant to describe them.

If LRDs involve supermassive stars at some point of their
formation, one may expect to detect nucleosynthesis products
in their spectra (Roman-Garza et al! 2026; [Nandal et al! [2026).

In fact a fraction of LRDs are also classified as N-emitters
(Tripodi et al! 2025Y), a class of emission-line galaxies that
show elevated nitrogen-to-oxygen ratios (Cameron et al. [2023;
Morel et all 12025; [Naidu et al/ 2026). Furthermore, supermas-
sive stars are one of the candidates to produce the chemical im-
prints of N-emitters (Charbonnel et all[2023; Nagele & Umeda
2023; Marques-Chaves et all2024). Measurements of the CNO
abundances and other elements in LRDs may thus provide addi-
tional insights on the possible link between supermassive stars
and LRDs.

5. Conclusion

We have computed state-of-the-art, line blanketed, non-LTE at-
mosphere models and synthetic spectra for very luminous ob-
jects with luminosities ~ 10'° Ly, , typical of LRDs, quasi-stars
and related objects. We have used the CMFGEN code, tradi-
tionally employed for massive stars and supernovae, covering a
range of input temperatures and metallicities. The models as-
sume spherical symmetry and an expending geometry in the
form of a wind-like structure, and compute the atmosphere and
radiation transfer from the optically thick region to outer bound-
ary. The main results are:

— The SEDs differ strongly from blackbodies, with a blue op-
tical spectrum and effective temperatures of the order Teg~
3500—-4500 K, much lower than the input temperatures. This
is caused by the optical thickness of the models that trans-
lates into the position of the photosphere at a radius much
larger than the inner radius of the model.

— No Balmer break is produced, except in the coolest mod-
els that have a reduced atmospheric density. Reproducing
the observed SED shape and Balmer line decrements of
LRDs requires dust attenuation, with typical values of Av
~ 1.9 -2.7 The predicted attenuation is compatible with cur-
rent upper limits on their IR luminosity and individual detec-
tions attributed to host dust in LRDs.

— Broad Balmer lines are produced in models that have dense
atmospheres. Electron scattering dominates the formation of
the extended wings. Lines are asymmetric, with more flux in
the red wing, as expected of outflowing structures. Symmetry
can be recovered if 1) the expansion velocity is a few tens
of km s7!, or 2) a clumpy, but optically thick atmosphere is
assumed.

— Helium, Oxygen, Iron, and Calcium lines resembling those
of LRDs are produced by our models, with intensities that
depend on temperature, density, metallicity, and radiative
transfer effects. We confirm that the O1 8446 and 1.129um
lines are produced by Lyg fluorescence. In depth studies of
the formation process of metallic lines are required before
they can be used to infer physical properties of LRDs.

Compared to alternative models currently available our models
differ mostly in that they are optically thick at the inner bound-
ary, and make no assumption relative to the energy source pow-
ering LRDs. Whether the assumption of an optically thick envi-
ronment is appropriate to interpret LRDs and related objects is
presently unclear. Further work, including detailed quantitative
analysis of high resolution spectra with state-of-the-art models
such as those presented here should help clarify this situation
and shed more light on the nature of these objects.
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Appendix A: CMFGEN models

In this Appendix we describe the main features of the code CM-
FGEN. The reader should refer to Hillier & Miller (1998) for an
exhaustive presentation.

CMFGEN requires an input hydrodynamical structure that
can have various forms. In the present study we have adopted the
classical wind structure of expanding outflows of massive stars.
The inner structure is assumed to be in quasi-static equilibrium
and is parameterized by a pressure scale-height and a velocity at
the base of the atmosphere. It is connected to a wind structure
where the velocity is of the form v = v, X (1 — R/r)’ where r
is the radial coordinate, R the inner atmosphere extension, and
V. the maximum velocity at infinite radius. § is a parameter that
is typically set to unity. The two structures are connected at a
velocity typically chosen around 1 km s~!. We adopted V,, =
200 km s~', unless stated otherwise. The density structure nat-
urally follows from this velocity structure and the equation of

mass conservation which can be written p = %, with M the
mass loss rate. Clumping can be included under a volume fill-
ing factor formalism (see [Bouret et all[2005). The filling factor
f varies with velocity as f., + (1 — fi)e "/ where f., is the
maximum filling factor at the top of the atmosphere (and is what
is quoted as the clumping factor in CMFGEN models), v is the
velocity, and v, is the characteristic velocity of the clumping on-
set.

The inner structure is set so that the conditions of the dif-
fusion approximation are recovered in the inner regions. Ra-
diative transfer calculations are then performed in an iterative
way. Level populations of the various elements included in the
model are given by the statistical equilibrium equations. Radia-
tive and collisional processes are taken into account, which re-
quest the radiation field from the previous iteration to be known.
The source functions and opacities are computed from the level
populations, and used to predict the radiation field of the next it-
eration from the solution of the radiative transfer equation. Con-
vergence is achieved when level populations do not vary by more
than a control value, typically less than 0.1%. In this iterative
process, both line and continuum opacities are taken into ac-
count. Lines are assumed to have a Gaussian shape, and can
be artificially broadened by a turbulence velocity that we fix at
50 km s~'. The ions to be included, as well as the number of
electronic levels for each ion, can be varied.

A super-level approach is used to speed-up the calculations
(Anderson [1989). This means that some levels are grouped
into a single super-level and share the same departure from
LTE. This approach has been validated by decades of atmo-
sphere model computations for massive stars (Hillier & Miller
1998; Hillier et al.2001); Martins et al![2004; Bouret et al![2013;
Groh [2014; Bestenlehner et al. [2014; Martins et al| 2024). Be-
cause of the non-LTE nature of the code, the interaction of
photons with any transition that matches its rest-wavelength is
naturally taken into account in the prediction of the level pop-
ulations. This is usually referred to as "blanketing" effect in
stellar atmospheres. The formation and intensity of some lines
critically depend on these interactions (e.g. Najarro et all[2006;
Rivero Gonzalez et all 2011); Martins & Hillier 2012). Fluores-
cence phenomena are a sub-category of these radiative trans-
fer effects and are thus included in the models. Charge ex-
change reactions are also taken into account. A number of ions
are treated by this process, in particular Fe n-m-1v. [Hillier et al
(2001)) showed that charge exchange is an important ingredient
of the formation of Fe 1 emission in the atmosphere of 1 Car. In
the models presented here, we included ions from H, He, C, N,

0, Mg, AL S, Si, Ca, Fe. The selection of ions for each elements
depended on the input temperature of the models. We tested that
H™ has no effect in any of our models, its relative abundance
being at most 107>, but well below in the vast majority of the
models.

Once the atmosphere model is converged, a final solution of
the radiative transfer solution is performed in which the level
population are held fixed. More realistic line profiles are used,
including in particular pressure broadening and a depth variable
microturbulence ranging from 10 km s~! at the base of the model
up to 50 km s~ in the upper layers. In that part of the modeling
non coherent electron scattering caused by electron thermal mo-
tions is taken into account. We calculate the spectrum between
1000 A and 2.5 um.
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Fig. A.1. Radius, in the form of the height above the bottom of the
model (top panel), mass density (middle panel), and temperature (bot-
tom panel) as a function of Rosseland optical depth for model T9. In the
upper panel the gray dotted line shows the position of 7 = 2/3.

Fig. illustrates the typical atmospheric structure of the
models. The radius at 7 = 2/3 (where 7 is the Rosseland op-
tical depth) is about six times the radius at the bottom of the
atmosphere. Consequently the effective temperature, defined at
T = 2/3, is lower than the input temperature: its value is 3606 K.

This difference in the definition of the effective temper-
ature in dense and extended atmospheres is well known for
evolved massive stars (e.g. [Hamann et all [1993; [Hillier et al.
1998, 2001)). Because of the thickness of the atmosphere the
photosphere is located well beyond the inner radius. This makes
comparison between temperatures given by stellar atmosphere
and stellar evolution difficult, since the latter usually refer to ef-
fective temperatures at their outer boundary, that corresponds to
the inner boundary of atmosphere models. When atmosphere are
little extended both radii are almost the same. When atmospheres
are dense they differ significantly.

Fig.[Adlalso shows the density structure. Because of the as-
sumption of an expanding atmosphere, the density naturally de-
creases at lower optical depth. At 7 = 1, which is characteristic
of the value at which the optical continuum forms, the density is
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of the order 10715 g/cm?. The kink structure at an optical depth
of about 20 is caused by the rapid increase in velocity at that
location.

The temperature shown in the lower panel reaches ~8000 K
near 7=1.0, where most lines are formed.

Appendix B: Formation of O1 lines

The formation of the O1 lines at 8446 A and 11287 A in
LRDs is suspected to be partly driven by Lyg fluorescence (e.g.
Kokorev et all 2025). The upper level of the 8446 A transi-
tion is the lower level of the 11287 A one. The upper level
of Or1 11287 A is connected to the ground state by a reso-
nance transition that has almost the same wavelength as Lyg.
As a consequence LyS photons can pump the upper level of
O1 11287 which then emits photons by de-excitation. Further
cascade down to the lower level of O 18446 produce emission in
that line too (Oliva|1993).

To test if this mechanisms is at work in our models we
made the following experiment. Starting from the T6 model at
Z = 0.4 Zo, we artificially reduced the oscillator strength of Lyf
by a factor 10°. We converged a new model with only this modi-
fication. The result is shown by the dotted line in Fig. Com-
pared to the initial model (solid line) the O1 lines in this new
model are much weaker, confirming the role of Ly in their for-
mation.

In addition to LygB fluorescence the Or1 8446 A and
O1 11287 A lines are potentially affected by charge exchange
reactions of the form Ou + H < O1 + H* since the amount of
neutral hydrogen is large in the atmospheres studied here (e.g.
Kokorev et all 2023). Fig. [B.I] shows how the line profile vary
when charge exchange reactions are omitted from the modelling.
There is indeed a reduction of the intensity of both lines, but
smaller than in the test of Ly fluorescence.

We thus confirm that both effects (charge exchange and flu-
orescence) are mechanisms that drive the strength of O18446 A
and O1 11287 A. As stressed in Sect. [3.2.4] the ratio of the two
lines varies with metallicity, indicating that radiative transfer ef-
fects are at work. A more detailed study of the formation of O1
lines is postponed to a subsequent publication.

Appendix C: Balmer decrement

In this Appendix we describe the physical conditions of the
T6 model to illustrate how a Balmer decrement of the order
1.5 is obtained. In several panels of the figures introduced in
this Section we show the contribution function of various lines.
This quantity, defined by Hillier (1987), evaluates the location at
which a given amount of energy is emitted in a particular line. It
is thus a good indicator of the formation region of lines.
Fig.[CIlprovides some information on the structure and level
populations of the model. From the top left panel one sees that
in the inner parts hydrogen is highly ionized. It recombines as
one moves to the outer layers where neutral hydrogen becomes
the dominant specie. In that model the total H1 column density
is log(N(H1))=23.7. In the top right panel the electron density is
shown. It drops from logn,=13 in the interior down to log n,=9
at the maximum of the contribution function of the main Balmer
lines. The total electron column density is log(N,) = 25.9. The
bottom panels of Fig. show the level populations and LTE
departure coeflicients of hydrogen. The latter are defined as the
actual population divided by the LTE population evaluated with
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Fig. B.1. Effect of Lyg on the intensity of O18446 and O1 11287. The
solid line is the initial model with T=9000 K. The dotted line is the
same model in which the oscillator strength of Lyg has been reduced by
a factor 10°.

the local temperature and density. The departure from LTE con-
ditions is striking, with the n=3 to 5 hydrogen level populations
being 3 to 8 times higher than LTE populations in the formation
regions of He, HB, and Hy.

Fig.[C2shows the radiative net rates defined as (seeMihalas
1978)

nuAul + nuBulJul - nlBluJul
nuAul

Jul
Sul

where A,;, B,;, and By, are the Einstein coefficients for transition
between the upper and lower levels u and [, J,; is the frequency-
averaged mean intensity of the radiation field for the transition
between the two levels, and S ,; the source function for this tran-
sition. Z,; evaluates the relative fraction of radiative emission
relative to spontaneous emission. A positive Z,; indicates a net
emission of photons, while a negative one means a net absorp-
tion. A value of zero is encountered in detailed radiative bal-
ance. In the line formation region of Ha, HB, and Hy (around
log(Trossetana) = 0—0.5) the net radiative rate is close to 0 for Ha.
It is a factor 5 to 50 larger for HB and Hy. Under nebular case B
conditions, Balmer lines radiative rates are equal to 1 since stim-
ulated emission is not taken into account and photo-excitation
is not authorized. Consequently the formation of Balmer lines is
different in our models, with reduced rates and different values
for different lines. Relative to case B, more photons are emitted
in Hp relative to Ha, which partly explains the lower Ha/Hp ra-
tio. [Drake & Ulrich (1980) investigated the Balmer decrement
under nebular conditions and showed that low values can be
obtained under high density conditions, typically logn, > 12,
when LTE is almost recovered. We have run test models with
CLOUDY, exploring the behavior of the Balmer decrement with
density. We confirm that the case B value is recovered at low
density, then Ha/Hp increases up to about 10 for densities of the
order 10'° cm™3, and then decreases for higher densities. This

Zu = =1- (C.1)
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Fig. C.1. Structure of the T6 model. Top left: ionization structure, showing the amount of neutral and ionized hydrogen expressed in terms of
density divided by the total (neutral + ionized) hydrogen density. Top right: electron density. Bottom left: relative populations of all hydrogen
levels included in the model; the first five levels are highlighted by colors and labels. Bottom right: departure coefficient of the first five hydrogen
levels. In all panels quantities are plotted against Rosseland optical depth. In the top right and bottom panels the contribution function of He, HB,

and Hy are shown by the dotted lines.

confirms the trends of [Drake & Ulrich (1980). Our models are
clearly not in the high density part of the parameter space as
discussed above (lower electron density, strong departure from
LTE). We thus attribute the differences in the predicted Balmer
decrement to radiative transfer effects. In Fig. we see that
the net rates behave very differently for different hydrogen se-
ries. Lya is in detailed balance at all depth. Balmer lines go from
net emission to net absorption from the interior towards the ex-
terior. The Paschen and Brackett lines go from detailed balance

to strong net emission in the outer regions. This is very different
from case B conditions where all rates would be equal to 1 (ex-
pect for Lya which is by assumption in detailed balance in case
B).

Appendix D: Balmer line asymmetry

Fig.[D.dlshows the effect of reducing the wind terminal velocity
on the (a)symmetry of the He line profile. The asymmetry of the
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Fig. C.2. Net radiative rates for selected hydrogen lines.

line is reduced when V., is reduced. In the right panel the far blue
wing is contaminated by line blends, but the central profile is
symmetric. In the left panel the line of the small velocity model
is not perfectly symmetric and the far red wing shows deviation
from symmetry, that can partly be attributed to clumping (see

Sect.[3.2.)).
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Fig. D.1. Effect of wind terminal velocity (V) on the symmetry of Ha
for model T12 (top panel) and T6 (bottom panel). The models are ho-
mogeneous, i.e. do not include clumping. In both panels the solid line is
the initial model, with V., = 200 km s~!. The dashed line is a model in
which the velocity is reduced to 50 km s~!(top) or 20 km s~! (bottom).
The main panel shows the blue and red wings folded on the same axis,
while the insert shows the full profile. Colors are used to highlight the
red and blue wings.
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Fig. E.1. Effect of the density structure (left panel) on the emergent spectrum (right panel). The black lines correspond to the T6 model of Fig.
The red line is a model with the same parameters except the velocity (and thus density) structure which is flatter. The models are for a metallicity
Z = 0.4 Z, which explains the strength of metal lines.

Appendix E: Effect of atmospheric structure on the SED

Fig. [Edl illustrates the effect of a change in density structure on the emergent spectrum. The black model is model T6, while the
red one is the same model in which the maximum velocity in the atmosphere has been reduced to 20 km s~!, and the scale height
increased by a factor 8, thus leading to a flattening of the velocity and density structures. The resulting density structure is shallower
than the initial one, but still steeper than a pure r~2 structure (that would correspond to a constant velocity structure). There is
an effect on the emerging spectrum in the sense that the SED peak is shifted from ~3300 A to ~3700 A. Part of the UV flux
is redistributed at longer wavelength since the continuum level of the new model is higher in the optical and near-infrared. The
roll-over of the spectrum is thus closer to the Balmer break.
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