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ABSTRACT

Context. Roughly spherical envelopes around asymptotic giant branch (AGB) stars transform into the highly asymmetric morphologies
observed in planetary nebulae. The complex processes involved in this metamorphosis are not yet completely understood. However,
binarity emerges as a strong shaping factor, although the identification of binary companions in AGB stars is observationally challeng-
ing. The presence of ultraviolet (UV) excesses in AGB stars has been suggested as a potential indicator of binarity.

Aims. In a first study, we characterised the properties of the gas component in the circumstellar envelopes surrounding a sample of
29 AGB stars with UV excesses. Now, we intend to complement this information with an analysis of the dust component and compare
the estimated parameters with those previously inferred from larger samples of AGB stars.

Methods. We modelled the spectral energy distributions of the sample using dust radiative transfer models. In some cases, we com-
plemented the analysis with Herschel/PACS radial surface brightness profiles.

Results. We derived mass-loss rates and gas-to-dust ratios, which are in the typical ranges for AGB stars. We found that the stellar and
mass-loss parameters follow similar trends to those presented in the literature. There is an anticorrelation between the gas-to-dust ratio
and the UV emission, although it is weaker than its correlations with pulsation and mass-loss. We also estimated the dust attenuation
produced by the dust at UV wavelengths and describe its effects on the intrinsic UV emission.

Conclusions. Stellar and mass-loss parameters of UV emitting AGB stars follow similar trends as found for larger samples of AGB
stars. High-angular-resolution observations are required to explore the dust-forming regions and identify the presence of stellar com-
panions. Circumstellar dust attenuation might play a dominant role in the observed UV emission and needs to be taken into account to

estimate the intrinsic UV emission.
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1. Introduction

When stars with low and intermediate masses (i.e. with masses
~1-8 M;) leave the main sequence, they evolve through the
Hertzsprung—Russell diagram (HRD), increasing their luminosi-
ties while lowering their effective temperatures. They eventually
reach the asymptotic giant branch (AGB). At this stage their
huge luminosities (from hundreds to thousands of solar lumi-
nosities) and intense stellar pulsation induce high mass-loss rates
(M~10"8-10 M, yr~!). The large amount of material trans-
ferred by these stars to the interstellar medium (ISM) causes
AGB sources to become a major source of galactic chemical
enrichment (see Tielens 2005; Ferrarotti & Gail 2006).

During this process, the stellar material is expelled at low
velocities (~5-30 kms™') and accumulates surrounding the
stars, where the low temperatures allow the formation of molecu-
lar gas and dust in the vicinity of the star (see Hofner & Olofsson
2018). This process leads to the formation of dense circum-
stellar envelopes (CSEs) that display (roughly) spherical shapes
(Castro-Carrizo et al. 2010). In addition, AGB CSEs show a
very rich molecular and dust chemistry (for a recent overview
see Agundez et al. 2020), which is mainly determined by the
carbon-to-oxygen ratio (C/O). The chemistry in O-rich AGB

* Corresponding author: jalonso@cab.inta-csic.es

stars (C/O<1) is dominated by O-bearing molecules (e.g. H,O
and SiO) and related dust (silicates, oxides), whereas in C-rich
AGB stars (C/O>1) it is dominated by C-bearing molecules (e.g.
C,H, and HCN) and related dust (carbon and carbides).

When these stars leave the AGB, a dramatic transformation is
observed in the shape of their CSEs, which might metamorphose
into the large variety of shapes commonly found in planetary
nebulae (PNe) and pre-PNe. They include highly elliptical, bipo-
lar, or multipolar structures (Sahai & Trauger 1998; Ueta et al.
2000; Sahai et al. 2007, 2011a; Stanghellini et al. 2016) that
greatly contrast the shapes of AGB CSEs (see Balick & Frank
2002). Moreover, during these post-AGB stages high-velocity
outflows develop and CSEs become optically thinner allowing
a high degree of ionisation by the central star (see e.g. Kwitter &
Henry 2022).

Even though the processes that lead to this morphological
and kinematic transformation are still not well understood, bina-
rity is expected to play a major role in shaping the CSEs (see
e.g. Nordhaus & Blackman 2006; De Marco 2009). Binarity is
likely common in AGB stars since it is found to be common
on the main sequence (see Duquennoy & Mayor 1991) and dur-
ing the post-AGB phase(see Miszalski et al. 2009). However, the
direct identification of stellar companions of AGB stars remains
a major challenge due to their high luminosity, the extinction
produced by their CSEs, and the intrinsic variability (in both
photometry and radial velocities) induced by stellar pulsations.
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Recently, high-angular-resolution observations have identi-
fied the formation of binary-induced structures (e.g. spirals and
rotating discs) on small scales in some AGB stars (see e.g.
Decin et al. 2020 and references therein). These structures, likely
shaped by stellar companions, can serve as initial seeds for the
development of the complex morphologies found in PNe.

On the other hand, Sahai et al. (2008) discovered a subclass
of AGB stars that show an intense ultraviolet (UV) emis-
sion (hereafter uvAGBs) orders of magnitude higher than the
expected. These UV excesses can be explained by the presence
of hot stellar companions and accretion processes (see e.g. Sahai
et al. 2008; Ortiz & Guerrero 2016), although other phenom-
ena including chromospheric activity cannot be ruled out (see
Montez et al. 2017). Moreover, complementary observational
efforts have found significant UV variability (Sahai et al. 2011b,
2016, 2018), continuum-dominated UV spectra (Ortiz et al.
2019), and detected X-ray emission (Ramstedt et al. 2012; Sahai
et al. 2015; Ortiz & Guerrero 2021) in some of these stars.
In these cases, the most likely explanation is the presence of
interacting stellar companions and accretion processes.

Recently, Sahai et al. (2022) performed a series of mod-
elling studies and proposed that the origin of UV excesses
can be related to the ratio between far ultraviolet (FUV)
and near ultraviolet (NUV) fluxes (Rryv,nuv). UV excesses
with Rpyy/nuv20.06 are likely produced by intense accretion,
whereas Rryy,nuv<$0.06 can be produced by chromospheric
activity and/or less intense accretion processes.

The first characterisation of the CSEs of uvAGBs as a
class was performed by Alonso-Herndndez et al. (2024). These
authors studied their mass-loss properties based on CO rotational
emission lines. One of their results was a statistically lower CO
intensity against the 60 um flux in comparison with large sam-
ples of AGB stars, indicating lower amounts of molecular gas
with respect to dust (i.e. lower gas-to-dust ratios).

In this paper we present the first characterisation of the dust
component of the CSEs, using the modelling of spectral energy
distributions (SEDs), in uvAGBs and explore the effects of dust
opacity on the observed UV emission. In Sect. 2, we describe our
sample and observations. In Sect. 3 we describe the modelling
procedure, the comparison with the observational data and the
space of parameters explored. In Sect. 4 we describe the main
results obtained in this study, which are later discussed in Sect. 5.
Finally, we summarise our main conclusions in Sect. 6.

2. Observational data sets

In this study, we specifically focused on the sample of 29 UV
emitting AGB stars presented in Alonso-Herndndez et al. (2024),
which is based on a CO emission-line survey of AGB stars
with UV emission detected by the Galaxy Evolution Explorer
(GALEX, Martin et al. 2005). The equatorial coordinates, dis-
tances and complementary information about the sources can be
found in Table 1 of Alonso-Hernandez et al. (2024).

We based our analysis on three kinds of archival data, which
are classified as follows: (i) photometric fluxes obtained from
general catalogues and surveys; (ii) optical and infrared spec-
tra; and (iii) Herschel/PACS images from which we extracted the
photometric fluxes and radial surface brightness profiles.

2.1. Photometry

The SEDs were built using previously calibrated photomet-
ric fluxes that cover the optical to far infrared (FIR) range
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(0.5-200 pum), with the most reliable fluxes using the VizieR
Photometry viewer tool available at the VizieR database
(Ochsenbein et al. 2000). In the optical range, we selected pho-
tometry corresponding to the Johnson B and V, Gaia Ggp, G,
and Ggep filters. In the infrared range, we selected the 2MASS
J, H and K, Infrared Astronomical Satellite (IRAS, Neugebauer
et al. 1984) and AKARI (Doi et al. 2015) photometry (quality
flag 2 or 3 for detections and 1 for upper limits, respectively).
The available WISE observations were not used due to satura-
tion, as it is common in most galactic AGB stars (see e.g. Suh
2018).

We note the presence of near-field objects in the vicinity of
some of our targets. However, in all the cases our AGB stars are
significantly brighter than the surrounding objects. The effect
of pollution was estimated to be around or less than 1% of the
fluxes (i.e. lower than total flux uncertainties) using the observa-
tions with highest angular resolution (e.g. Gaia in the optical and
Herschel/PACS in the FIR, see also Sect. 2.3).

When multi-epoch photometric values were available, we
used the average fluxes. The flux uncertainties were estimated as
the sum of their standard deviation and the average of their indi-
vidual uncertainties. These uncertainties are dominated by the
standard deviation, as they typically show a significant scattering
related to the flux variability induced by the AGB pulsations.

2.2. Spectra

We gathered some large-wavelength-coverage spectra in order to
obtain a more complete view of these objects. In particular, we
mainly used Gaia DR3 XP (see De Angeli et al. 2023) as optical
spectra (covering ~340—-1020 nm with R~20-200) for 25 sources
and IRAS Low-Resolution Spectrometer (LRS) spectra from the
extended LRS atlas' (see Sloan et al. 2025) as infrared spectra
(covering ~7.7-22.7 um with R~20-60) for the whole sample.
Moreover, we used the Infrared Space Observatory (ISO,
Kessler et al. 1996, 2003) Short Wavelength Spectrometer (SWS;
de Graauw et al. 1996; Leech et al. 2003) from the SWS atlas?
(see Sloan et al. 2003b) for three sources and Long Wave-
length Spectrometer (LWS; Clegg et al. 1996; Gry et al. 2003)
from the ISO archive for one source. We used the available
ISO SWS (covering ~2.4-45.2 um with R~1000-2000) and ISO
LWS (covering ~43—-197 um with R~150-200) when available
as infrared spectra instead of IRAS LRS due to their larger
wavelength coverages and higher spectral resolutions.

2.3. Herschel/PACS imaging

We used archival observations performed with the Photodetector
Array Camera and Spectrometer (PACS; Poglitsch et al. 2010)
on board the Herschel Space Observatory (Pilbratt et al. 2010),
in particular photometric images in its three bands (‘BLUE’ at
70 um, ‘GREEN’ at 100 um, ‘RED’ at 160 um) for seventeen
sources. Four sources have available level 2.5 ‘scan’ data: we
used the images combined with the UNIMAP method (Piazzo
et al. 2015) for VY UMa and with the JSCANAM method
(Gracid-Carpio et al. 2015) for VEri, EY Hya, and IN Hya.
Moreover, 13 sources have level 2.0 data: we combined the
available scan (as a first option) or ‘chop-nod’ (as a second
option), images with standard Herschel Interactive Processing
Environment (HIPE, Ott 2010) scripts.

I Publicly available on https://users.physics.unc.edu/
~gcsloan/library/lrsatlas
2 Publicly available on https://users.physics.unc.edu/
~gcsloan/library/swsatlas
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First, we checked whether the angular sizes of our targets
were well-described by Herschel/PACS point spread functions
(PSFs). For this purpose, we estimated the PACS radial sur-
face brightness profiles and compared them with those of the
PSFs. We found this case in most of our targets (‘point sources’),
whereas in four sources (RU Her, SV Peg, T Dra, and V Eri) the
angular sizes are slightly larger than the PSFs (‘semi-extended
sources’, see Appendix A). Furthermore, VY UMa presents an
extended detached shell with an extension of ~35-70" (previ-
ously reported by Cox et al. 2012; van Marle et al. 2014) that
dominates the integrated FIR emission (see Appendix B).

We performed open aperture photometry removing near-field
sources in the Herschel/PACS image to accurately estimate their
fluxes. For the ‘point sources’, the photometric aperture radii
were the standard values for point sources (12”7, 20”, and 25”
in the BLUE and GREEN bands and 22", 24", and 28" in the
RED band), whereas for ‘semi-extended sources’ we applied
photometric aperture radii of 22, 24", and 28", respectively.

In the case of VY UMa, we used aperture sizes of 12" for the
BLUE and GREEN bands, and 22" for the RED band, subtracted
the surface brightness at the centre of the detached shell, and
estimated the sky background in clear regions. We noted a large
discrepancy with respect to the fluxes of IRAS and AKARI at
similar wavelengths because their larger beams include, at least
partially, the detached shell. We additionally estimated the emis-
sion of the detached shell, with aperture sizes of 70" in the three
bands, and propose a model to fit the extended emission of this
detached shell (see Appendix B).

The relative flux uncertainties from the individual and com-
bined Herschel/PACS images can be lower than 1%. However,
the flux variability between different epochs, even considering
the scarcity of multi-epoch images and the sparse temporal cov-
erage for most sources, is significantly larger (in some cases at
least 5-20%). Therefore, the instrumental uncertainties underes-
timate the intrinsic variability of AGB stars on the far-infrared
(this also can apply to IRAS and AKARI photometry). The
employed Herschel/PACS observations and their respective esti-
mated fluxes are summarised in electronic format at the CDS.

3. Analysis: Dust-emission model

The circumstellar dust produces absorption, scattering, and ther-
mal emission across the whole electromagnetic spectra, leading
to changes in the overall shape of SEDs. Therefore, the com-
parison between the observed SEDs and those expected for the
photospheres of AGB stars allows us to simultaneously charac-
terise the main physical parameters of both the stellar (e.g. the
effective temperature, luminosity, and, roughly, the C/O ratio)
and dust (e.g. optical depth, dust density and temperature) com-
ponents of the CSE. A broad wavelength coverage is particularly
relevant to this analysis, although complementary infrared spec-
troscopy can be useful to constrain the dust composition by
fitting the spectral features produced by the solid-state bands
from the dust.

3.1. Description of the DUSTY envelope models

We modelled the optical to far-infrared SEDs of our 29 tar-
gets with the 1D radiative transfer code DUSTY (Ivezic et al.
1999), which creates synthetic spectra based on the emission
originating from a central source surrounded by spherical dust
layers. The six main variables for DUSTY models are (i) input
stellar spectra, (ii) dust chemical composition, (iii) grain size

distribution, (iv) temperature at the inner radius (Ti,,), (V)
density distribution, and (vi) optical depth.

We note that uvAGBs are binary candidates in which the
presence of accreting stellar companions is expected. They
should be located inside the dust formation zone and can produce
shaping mechanisms, mass transfer, and an anisotropic radia-
tion field. These phenomena may lead to significant deviations
from spherical symmetry in their CSEs, with a more pronounced
effect in the innermost regions. Nevertheless, in the absence of
spatially resolved observations, we consider spherical symmetry
to be a good approximation of the bulk of the CSE. We discuss
possible effects of this approximation in Sect. 5.

The stellar component (input spectra) used as an input for
DUSTY was included with the COMARCS stellar atmosphere
library® (see Aringer et al. (2016) for O-rich stars and Aringer
et al. (2019) for C-rich stars). These stellar models mainly depend
on the stellar effective temperature (7.) and the ratio between
carbon and oxygen atomic abundances.

Given the lack of accurate measurements, we selected
COMARCS models with standard abundances of C/O=0.55 for
oxygen-rich stars and C/O=~1.40 for carbon-rich stars and solar
metallicity (e.g. Agtindez et al. 2020). We remark that a varia-
tion of the C/O ratio only significantly affects the stellar spectra,
in terms of SED modelling, at values near C/O=~1.00 due to the
drastic change from O-rich to C-rich chemistry (see Aringer et al.
2016, 2019).

The dust composition is a key parameter that mainly affects
the shape of the SED in the infrared, producing different and
characteristic broad spectral features and modifying the shape
of the continuum emission. For the O-rich AGB stars, we
assumed a mixture of silicates (from Draine & Lee 1984), alu-
mina (Al,Os3, from Begemann et al. 1997), and iron oxide (FeO,
from Henning et al. 1995). on the other hand, for the C-rich
AGB stars we assumed a mixture of amorphous carbon (from
Hanner 1988), silicon carbide (SiC, from Pegourie 1988), and
graphite (from Draine & Lee 1984).

We performed a basic characterisation of the dust composi-
tion only for the three targets with available ISO SWS spectra.
For this purpose, we performed an iterative process in which
we varied the relative dust abundances in 5% steps until we
found solutions that fitted the overall SEDs (see Sect. 3.2) and
the infrared spectral features. We obtain the following best-
fit grain compositions: RW Boo (60% silicates, 30% Al,O3
and 10% FeO), SV Peg (50% silicates, 30% Al,O3 and 20%
FeO) and TDra (80% amorphous carbon, 15% SiC and 5%
graphite), which reproduce the spectral features associated with
the assumed dust compounds, although, we noted the presence
of other small features.

We assumed similar compositions for the rest of targets based
on their chemical type (50% silicates; 40% Al,O3; and 10%
FeO were used for O-rich, whereas 80% amorphous carbon;
5% graphite; and 15% SiC were used for C-rich ). These com-
positions are in agreement with those expected according to
the chemical type and mass-loss rates of our targets (see e.g.
Waters 2011). However, we acknowledge that dust composition
is a major source of uncertainty due to the presence of spectral
features with unknown carriers (see e.g. Sloan et al. 2003a), fea-
tureless dust components (e.g. metallic iron, see Kemper et al.
2002), and large degeneracies between the different spectral fea-
tures and with the overall shape of the SED (see e.g. Speck et al.
2000; Jones et al. 2014).

3 Publicly available on http://stev.oapd.inaf.it/atm/index.
html
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On the other hand, the infrared region on the SEDs is also

quite dependent of the grain size distribution (see e.g. Ysard et al.
2018), although it is very complicated to constrain empirically.
In this study we used the standard Mathis—Rumpl—Nordsieck
(MRN) distribution (Mathis et al. 1977), which is the most com-
mon distribution in circumstellar and interstellar dust studies
(see references in Mathis et al. 1977) and described as:
n(a) o< a4 for amin < a < amax, (1)
where q=3.5, a;;,=0.005 pm, and a;x=0.25 pmare, respec-
tively, the exponent, the minimum and the maximum. These are
the standard MNR values of the dust grain size distribution.

The temperature at the inner radius of the envelope indi-
cates the maximum temperature of the dust therefore affecting its
thermal emission. This parameter is completely correlated with
the inner radius of the envelope (Rj,,), which is also a DUSTY
output, through the temperature distribution (Ivezic et al. 1999).

The density distribution is assumed to be a power law:

p r_ln for Rinn <r< Rout, (2)
where R, is the outer radius, and n, the index of the power-law,
is a free parameter. In the case of a spherical wind expanding
at a constant velocity, the density distribution is described by
an index n=2 (see Ivezic & Elitzur 1995). The ratio Y=R,y/Rin
indicates the extension of the envelope.

Finally, the radial optical depth, 7559, at a fiducial wavelength
of 550 nm, was used to parametrise the optical depth of the
CSE across the entire wavelength range covered in the model.
We used the optical depths at the central wavelengths of the two
GALEX bands in order to estimate the effect of dust attenuation
in the observed UV emission (see Appendix C).

3.2. Parameter space and SED fitting

We performed a systematic search for the best-fit models with
five free parameters: T, Tin, B, T550, and Y. To determine the
best-fit parameters of the CSEs of the fit, we performed a reduced
x* minimisation, with y? described as:

1 &0 - MY
2 J J
= P’ 3
X N—p—lzjl 0'? 3)

here, O; is the photometric flux of each observation, o; is its
associated flux uncertainty, M; is the synthetic photometry esti-
mated from the model, N is the number of observations, p is the
number of free parameters (in our case 5), and N — p — 1 is the
number of degrees of freedom of the fitting. Spectral observa-
tions were not used to estimate the )(fe 4 because they contain gas
spectral lines that were not included in our SED modelling.

We estimated the synthetic photometry in each filter con-
volving the synthetic spectra produced by DUSTY with their
respective transmission curves, which are provided by the SVO
Filter Profile Service ‘Carlos Rodrigo’ (Rodrigo et al. 2012;
Rodrigo & Solano 2020; Rodrigo et al. 2024). In addition, we
applied ISM extinction correction to the SEDs using the extinc-
tion law presented in Gordon et al. (2023) and the E(B-V) values
from Alonso-Herndndez et al. (2024). Finally, we scaled all the
synthetic photometry by the coefficient that minimised the y?.

Particular fluxes with very low relative uncertainties might
induce model overfitting in certain spectral regions, leading to
incorrect best-fit solutions. As mentioned in Sect. 2, far-infrared
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single-epoch observations usually have very low flux uncertain-
ties. However, a large dispersion of the photometric points due
to the stellar pulsations is expected (see e.g. Onaka et al. 1999;
Groenewegen 2022; Tachibana et al. 2023) as well as at larger
wavelengths (see e.g. Jenness et al. 2002; Dehaes et al. 2007).
Our simple study of the multi-epoch Herschel/PACS obser-
vations (see Sect. 2.3) indicates that variability-induced uncer-
tainties should be at least around 5%. Therefore, we imposed a
minimum of 5% uncertainties in all photometric fluxes:

o = max{e;,0.05x 0}, “)

where e; is the uncertainty estimated as the sum of the instru-
mental error and the standard deviation when multi-epoch mea-
surements are available. This conservative limit prevents model
over-fitting and provides reasonable best-fit solutions.

Moreover, we noted that a few sources (R LMi, R UMa, and
Z Cnc) show a large difference between the fluxes obtained from
Herschel/PACS and those from IRAS and AKARI (see Fig. 1
and Appendix D). We noted that, in these cases, IRAS and
AKARI fluxes are systematically higher, indicating pollution
from an irregular sky brightness due to their more limited angu-
lar resolution. This large difference in a short wavelength range
produces a large increase of y? and complicates the overall relia-
bility of the fitting. Therefore, we did not include these fluxes in
the analysis.

To explore the parameter space, we employed a simple
fitting procedure, searching for an initial guest solution by
visual inspection. Once we reached an adequate solution, we
performed a numerical fitting with a grid of the five free param-
eters and chose the solution with the lowest y? as the best-fit
solution.

We used linear spaces for T, Tin, n and 7, and a logarith-
mic space for Y. The accuracy and ranges of the T, were limited
by the availability of the stellar photospheric models, whereas
for the rest of parameters they were determined considering
the steepness of the y? distribution in each case. A discussion
about the correlations between the different parameters and their
associated uncertainties is provided in Sect. 4.1.

4. Results

We present the main results from our characterisation of the dust
component of the CSEs of our sample. We describe the best-
fit models obtained from the SED modelling, derive additional
parameters, and explore correlations between the parameters.

4.1. Best-fit solutions and uncertainties

We find that the SEDs of most of our targets (21/29) show an
infrared excess and require a dusty CSE (see Fig. 1, Table 1
and Appendix D); we derived additional parameters for these
sources in Sects. 4.2 and 4.3. The SEDs of some sources (8/29)
can be fitted using only stellar photospheric models (see Fig. 2
and Table 2 implying a negligible dust component, presumably
because they have not yet experienced substantial mass-loss. We
refer to such sources as ‘naked’ (as defined by Sloan & Price
1995). Furthermore, we note that all the sources detected in CO
by Alonso-Hernandez et al. (2024) have infrared excess, whereas
not all dusty AGB stars were detected in CO.

We highlight that all the models fit the SEDs with
x*21.0 (ranging ~0.6-7.2) and show good agreement with
the available spectra, for both dusty and naked AGB stars.
Our best-fit DUSTY models satisfactorily reproduce the radial
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Fig. 1. SEDs and best-fit DUSTY models for the dusty AGB stars. Solid blue line: input spectra; solid red line: total DUSTY model; dotted
cyan line: attenuated input spectral component; dashed green line: dust scattered component; dot-dashed orange line: dust thermal component.
Photometric fluxes are indicated as filled circles (in a few cases the variability-induced uncertainties are larger than the average value), photometric
data not included in the analysis as empty circles, and upper limits as empty triangles. Solid grey lines are GAIA, IRAS, and ISO spectra; shadowed
areas indicate 10% uncertainties.

Table 1. Best-fit parameters from DUSTY models.

Source T. Tinn n T550 log( Y) L Rinn Rout Muust Mdust 6
X) X) (Lo) (10Bem)  (10"%em)  (10°°Mo) (107" Mo yrh
2 100 130 0.05 0.16 0.7
EY Hya 30001190 1350*130 1867095 0357018 3807 5200+800 7.9 50 29 19 310
2 100 150 0.05 0.02 1.0
FH Vir 34001190 1500*130  1.75%005 0.057092 44719 2100+300 33 83 13 - -
IN Hya 35007500 1450%70  1L78*00T 0.04%003  4.0%)9 1700200 33 33 2.4 - -
: 100 110 0.04 0.3 0.8
RLMi 31007090 12507130 2.03*00t  16%03  4.6%0%  3300+500 4.8 190 48 52 810
RUMa 3200000 7007420 2.13*006 0.40*013 40708 5000900 26 260 30 17 760
RR Eri 33007300 800713 1.84700¢  0.0470%3  3.070¢  4700+£900 20 20 32 6.0 680
100 140 0.06 0.09 0.7
RT Cnc 33001190 1350*140  1.927006 0277099 40707 2100+300 42 42 5.5 3.0 230
RU Her* <2700 700%30 198005 0.20%043  3.4*07  20000+£5000 50 130 72 13 1230
100 170 0.14 0.06 1.0
RW Boo 32001190 6007170 1907008 0.06709%  4.0739 22004300 6.6 66 35 21 1670
100 150 0.05 0.06 0.5
RZUMa 310050 12507130 1727003 020*008  3.4*03  5100+1000 7.4 19 21 17 70
100 170 0.07 0.03 0.5
ST UMa 3400*190  1150*170 1.86*097  0.09*093 36707 29004500 75 30 4.0 - -
SV Peg 29007300 9507160 172*000  020*003  3.0%93  10000+2000 21 21 41 45 330
TDra 27007000 1200710 2.007003 45700 4807 1300043000 19 1200 1200 37 780
100 180 0.07 0.15 1.0
TU And 32007390 15007180 1.847007 0357005 44709 750041700 59 150 127 - -
100 160 0.06 0.05 1.0
UY Leo 33007300 13507190 1.80700¢  0.20709% 42700 20004300 4.0 64 23 - -
V Eri 30007300 12007140 1.74*006 0457000 32709 510041000 8.1 13 26 65 90
VYUMa 31007300 14507150 2.22*012 0.40701>  4.0%9  4700£900 6.1 24 0.15 0.050 40000
VY UMa™ - - - - - - - - 5.5 - -
100 150 0.05 0.16 0.8
W Peg 3100%,00 9507130 2.03*00%  035%01¢  4.0%0% 530041000 15 150 26 4.1 1100
100 160 0.06 0.13 0.5
YCiB 31007300 13007150 1767098 0257043 32705 4500+800 6.4 64 75 8.1 160
100 160 0.06 0.03 0.5
Y Gem 31004190 12501190 1707906 0.03*303 2.8+ 8500+1800 92 5.8 L0 - -
ZCnc 32001190 10007390 16732 0107003 2.0703 42004600 12 12 11 1 55

Notes. Column 1: name of the source; Col. 2: stellar effective temperature; Col. 3: dust shell inner radius temperature; Col. 4: dust shell density
power-law index; Col. 5: dust shell radial optical depth at 550 nm (from Rj,, to Roy); Col. 6: logarithm of the dust shell outer-to-inner radii ratio;
Col. 7: bolometric luminosity; Col. 8: dust shell inner radius; Col. 9: dust shell outer radius; Col. 10: dust shell mass; Col. 11: dust mas-loss rate;
and Col. 12: gas-to-dust ratio. * In the case of RU Her, the sensitivity study indicates T.<2700K, although we noted that 2600 K fits the SED
correctly (see Fig. 1). ** In the case of VY UMa, the dust mass estimated for the detached shell is included separately.

surface brightness profiles of semi-extended sources (see AGB stars, although we acknowledge that the sample of C-rich
Appendix A), including the detached shell of VY UMa (see is very limited. The ‘naked’ stars are located at the highest tem-

Appendix

B).

peratures of the distribution (3400-3500 K) and also present low

Fig. 3 shows the distributions of the best-fit values for 7., luminosities (~800-3000 L), indicating that they might be in
Tinns 11, and Tss9. We find that dusty uvAGBs have T, in the range  the early-AGB phase or still on the red giant branch (see also
2600-3500 K, with similar values for both O-rich and C-rich  Alonso-Hernandez et al. 2024).
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Fig. 2. Same as Fig. 1, but for ‘naked’ sources.

Table 2. Properties of stars for which DUSTY models show no dust
component.

Source T. L.
X L(Lo)

AT Dra 3400*190 2500400
BC CMi 3400159 820+90
BD Cam 3500%)% 2800600
BY Boo 3400*1%0 2100+300
CG UMa 3400%159 2300400
DF Leo 3500199 1300+200
ome Vir 3400*159 2300500
RR UMi 3400*1%0 1400+300

Notes. Column 1: name of the source; Column 2: stellar effective
temperature; Column 3: bolometric luminosity.

All the sources have values of Ti,, lower than dust sublima-
tion temperatures (typically ~1400-1500 K, see Agtindez et al.
2020). In some cases, Tiyy is rather low (~600-1000 K, see Fig. 3
middle left), which indicates a relative lack of warm dust in the
immediate vicinity of the star.

The distribution of # is around the expected values of two
for radiatively driven winds (see e.g. Ivezic & Elitzur 1997),
although in some cases they are lower (see Fig. 3 middle
right). These low values might indicate deviations from smooth
outflows (we resume this point in Sect. 4.4).

Most of the sources presented in this study have optically
thin envelopes at the fiducial wavelength 7559<1, although a few
are optically thick (75501, see Fig. 3 right). This clustering
at low Tsso can be expected because uvAGBs with low optical
depths having a higher likelihood of being detected via their UV
emission due to a low attenuation (see Sect. 5 and Appendix C).

We found that, in some cases, Y is rather uncertain, because
the wavelength coverage of the observations does not extend to
the sufficiently long wavelength that is required to probe the
coldest dust located in the outermost regions of the envelopes
(see also Heras & Hony 2005).
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We performed a sensitivity analysis to determine the uncer-
tainties and correlations of the free parameters. The uncertainties
were estimated from the log-likelihood confidence intervals and
show asymmetric distributions. The uncertainties of the param-
eters are also affected by the spectral variability of AGB stars.
In the case of targets without a dust component, 7 is the only
parameter correctly estimated as 7 converges to zero in all cases
(7550<0.01) and the other parameters do not influence the fit.

We found that the free parameters are degenerate, and their
uncertainties systematically underestimate second order effects:
that is the parameters compensate the effects on the spectral
shape between them. Some of these correlations display a char-
acteristic ‘banana’ shape indicating non-linearity (we present a
detailed discussion about these correlations in Appendix E).

4.2. Derivation of related parameters

We derived the bolometric luminosity, the inner and outer radii
of the CSE (Rin, Rou), the radial optical depth as a func-
tion of wavelength (see also Appendix C), and the dust mass
(Mgys) from the spatial integration of the density distribution
(see Eq. (1) of Sahai et al. 2023):

-1

— YR, (Ta/K0),

Maus = 4:r’31 )

where y(Y)=(Y37"-1)/(1-Y'™"), and 7, and «, are, respectively,
the radial optical depth of the shell and the dust mass absorption
coefficient at a certain wavelength. In the case of a dust grain
mixture, DUSTY considers only one type of grain whose prop-
erties are averaged from those of the mixture according to their
abundances (see Ivezic & Elitzur 1995, 1997).

We considered 60 um as the reference wavelength, which
is long enough with respect to the assumed grain sizes that
grain size does not affect significantly the dust mass absorption
coefficient (see e.g. Ysard et al. 2018). The mass absorption coef-
ficients were estimated from their respective complex refractive
indexes applying the Mie theory (see e.g. Draine & Lee 1984;
Ivezic & Elitzur 1997 and references therein).

We obtained the values of kgopum for each dust composi-
tion used in this study. The different mixtures of O-rich dust has
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Fig. 3. Histograms showing the distributions of the best-fit solution SED modelling parameters. From left to right: stellar effective temperature,
dust inner radius temperature, density power-law index, dust shell radial optical depth at 550 nm. White bins represent ‘naked’ O-rich uvAGBs,
grey bins represent O-rich uvAGBs with dust component, and striped bins represent C-rich uvAGBs.

K60 um=100 cm? g‘1 (with small differences between them) and

the mixture of C-rich dust has ks um=90 cm? g"'. These keo tm
estimates are in good agreement with common values from the
literature (e.g. Fig. 3 from Ysard et al. 2018).

In the case of VY UMa, we estimated the dust shell masses
for the two different components: the present-day CSE (point-
source) and the detached shell (extended). This separation allows
a more direct comparison with the rest of the sample. The
present-day CSE has the lowest dust shell mass among the dusty
sources (1.5x1077 My), indicating that the mass-loss process
was resumed recently.

The sample presents a wide range of masses, ranging from
1.5x1077 to 1.2x1073 M. These mass estimates have a strong
dependence on Y (Maguec Y37 ie. linearly when n=2), which is
a relatively uncertain parameter.

4.3. Dust mass-loss rates and gas-to-dust ratio

We performed a comparison between the dust properties
obtained in this study and those from the molecular gas compo-
nent estimated by Alonso-Herndndez et al. (2024). For this, we
assumed that the expansion velocity of the dust (Vy,s) is similar
to that of CO and estimated the dust mass-loss rates by dividing
the dust masses over the dust expansion times (fexp=Rout/ Vaust):

Mause = Mdusl/texp~ (6)

Even though the dust masses estimated have a large depen-
dence on Y, which is uncertain in some cases, the derived dust
mass-loss rates are much less dependent on Y because the expan-
sion time compensates for this dependence (exactly when n=2)
and our estimated values of n are close to two. We therefore esti-
mated the average gas-to-dust ratios as the ratio between the gas
and dust mass-loss rates:
6= Mgas/Mdust, (N
where we used the Mgas estimates from Alonso-Herndndez et al.
(2024). Although the dust expansion velocities are expected to be
somewhat greater than those of the gas because of the finite drift
velocity of the dust grains relative to the gas, this difference is
not significant for the dust mass-loss rate estimates and produces
only slight differences (see Groenewegen et al. 1998).

We obtained moderate dust mass-loss rates, in the 0.05—
65x1071° Mg yr~! range. The lowest estimate corresponds to the
present-day CSE of VY UMa (5x107'2 My yr™"), in which the
estimation of ¢ is not straightforward due to the presence of two

components in the dust, whereas only one was detected in CO.
Therefore, we assumed that the CO emission and gas mass-loss
rate are related to the present-day dust CSE, and we used it to
estimate 6, which has a high value of 40000. The rest of the 6
values in the sample cover the ~50-1700 range.

4.4. Trends and comparison with larger samples

In this work, we characterised the dust component in CSEs
of uvAGBs and estimated the gas-to-dust ratio by comparing
the gas and dust mass-loss rates. The next step was to assess
whether these parameters are sensitive to the UV emission
and its underlying mechanism or are determined by the stellar
properties.

For this purpose, we performed a comparison with one inde-
pendent stellar property and one extrinsic to the star. For the
intrinsic stellar property, we used the variability classification
and pulsation period (P) from Samus’ et al. (2017), summarised
for this sample in Alonso-Herndndez et al. (2024). For the
extrinsic parameter, we used Rryv,Nuv, Which is associated with
binarity (when >0.06, see Sahai et al. 2022) and large UV
excesses (see Appendix C).

Fig. 4 shows the HRD for our sample, in which the dust shell
masses and variability classification are also shown. We found
that ‘naked’ stars are located in the bottom left corner (low lumi-
nosity and high temperature), which is consistent with an early
evolutionary stage and indicates that they are not undergoing a
significant mass-loss process yet. On the other hand, AGB stars
with larger dust masses are located in the top right corner (high
luminosity and low temperature); these sources are in a more
evolved stage and have more mass accumulated in their CSE. An
evolutionary trend can also be seen over the AGB, where irregu-
lar pulsators are located in the bottom left corner, Miras pulsators
are mostly located in the top right, and Semi-regulars are spread
over the other two groups.

Fig. 5 shows the comparisons between the most relevant
parameters estimated from the SED modelling with P and
Ry /NUV (defined as Rpyv/Nuv corrected from dust attenuation,
see Appendix C). We evaluated these comparisons qualitatively
because the strong dependence of these parameters and differ-
ent methodologies employed in the literature prevented us from
deriving simple relationships for comparison (see discussion in
Sect. 2 of Hofner & Olofsson 2018)

We found a decreasing (non-linear) trend of 7', with P (see
Fig. 5 top left). This relationship is a trend through the AGB, in
which the stellar effective temperatures decrease while pulsation
periods increase as the stars climb the AGB.
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Fig. 4. HRD of our the sample. The size of the markers is proportional to
the dust shell masses as shown in the bottom right legend. The marker’s
colour represents the variability type. Red: semi-regulars (SRs), green:
irregulars (LB), and blue: Miras (M). The shape of the markers rep-
resents the chemistry of the AGB stars. Circles: O-rich (‘naked’ as
asterisks), crosses: C-rich.

No clear correlation was found between Tj,, and P (see Fig. 5
middle, top left), indicating that Tj,, does not depend directly
on the pulsations and related stellar parameters. Low T},, values
indicate a lack of warm dust, which might result from a recent
decrease in the mass-loss rate or from the accumulation of dust
in structures at a certain distance from the star.

We also noted a dichotomy in the values of n (see Fig. 5
middle, bottom left). Miras present standard values with n~2.0
on average, whereas semi-regulars systematically present lower
values, with n~1.8 on average. Even though this result does not
have a direct interpretation, the systematically lower values can
be related to deviations from homogeneous outflows, in which
pulsation-driven mass-loss would contribute more significantly
in semi-regulars than in Miras.

We also found a positive (non-linear) correlation between
Tss0 and P (see Fig. 5 bottom left). The optical depth is pro-
portional to the mass-loss rate, which increases with P (see
e.g. McDonald & Zijlstra 2016), and indicates that the dust
production rates are higher for more evolved stars.

On the other hand, no clear correlations were found between
the parameters estimated from the SED modelling and R}y, INUV
(see Fig. 5 right panels). Only a slight decreasing trend of the
stellar temperature with Ry« might be seen. This correla-
tion, although weak, is expected due (in part) to the contribution
of the stellar photospheric emission in the NUV band increasing
with T, whereas its effect in the FUV band is negligible as it is
dominated by accretion or chromospheric emission. Therefore,
stars with larger 7', present systematically lower Rryy/Nuv-

Fig. 6 shows the comparison between the gas and dust mass-
loss rate estimates for our sample of uvAGBs and those estimated
by Wallstrom et al. (2025) for the Nearby Evolved Stars Survey
(NESS, Scicluna et al. 2022) sample, which includes 485 AGB
stars. Our CO-detected uvAGBs are located at moderate gas and
dust mass-loss rates (6x1078 Mg yr™'s Mg, <3x1076 Mg yr™!
and 5x107"?Mg yr 'S Mgy <7x107° Mg yr~!) and, apart from
VY UMa, show a good agreement with values derived from the
NESS sample.
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We found that our sources are in good agreement with those
of NESS and are spread around the trend shown in Wallstrom
et al. (2025). Furthermore, we note that the two C-rich AGB stars
and the four O-rich Miras in our sample are systematically found
to be above this trend. We expand the comparison with the NESS
sample in Appendix F.

Finally, we searched for correlations between the gas-to-dust
ratio (0) and different parameters (see Fig. 7). We used the lin-
ear correlation coefficient (r) as a simple statistical indicator to
identify first-order trends (we refer to |r{>0.7 and 0.7<|r|<0.3 as
strong and weak correlations, respectively).

We checked the positive correlation between ¢ and the ratio
between CO intensity and IRAS 60 um flux (r=0.37). When
rejecting R UMa, which has a significant dispersion in the FIR
photometry (see Sect. 3.2), this correlation becomes stronger
(r=0.63). We also found weak positive correlations of ¢ with
Mgas (r=0.51) and P (r=0.64), whereas a weak anti-correlation

was found with Ri{, NUV (r=—0.44).

5. Discussion

In this study, we characterised the dusty envelopes in a sam-
ple of 29 UV emitting AGB stars, which are binary candidates.
In particular, we searched for trends between the parameters
obtained from SED modelling, the pulsation properties, and
the UV emission. We also performed a comparison with the
NESS sample of AGB stars to discern whether uvAGBs present
systematic differences in their mass-loss rates or gas-to-dust
ratios.

We found that UV emitting AGB stars cannot be clearly dif-
ferentiated from the rest of the AGB stars, on the basis of their
SED shapes, mass-loss rates or gas-to-dust ratios. This result is
rather surprising considering the variety of binary-related physi-
cal phenomena that may affect the mass loss, dust formation and
enrichment, and gas-to-dust ratios in uvAGBs. In particular, we
list the following results below:

1. In uvAGBs, the internal UV/X-ray emission may photodis-
sociate the abundance of CO in the innermost regions on the
envelope. These abundance depletions can subtly modify the CO
line profiles and intensities, remaining unperceived and affecting
the gas mass-loss rate estimates (e.g. a factor ~2 for T Dra, see
Alonso-Hernandez et al. 2025).

2. Considering that uvAGBs are likely binary systems, they
can suffer alterations in the dust formation process, especially
in the wake of orbiting close stellar companions, where dust has
been proposed to form abundantly (Danilovich et al. 2025). Sim-
ilarly, the impact of UV emission on the abundances of dust
precursor molecular species (e.g. SiO and C,H,, see Van de
Sande & Millar 2019, 2022) may affect dust formation.

3. The presence of binary-induced structures (e.g. spirals and
discs), which usually cannot be directly identified by CO line
profiles or SED modelling, may lead to incorrect estimates of
the mass-loss rates for both dust (see Wiegert et al. 2020) and gas
(see Vermeulen et al. 2025) when assuming spherical geometry.

The combination of these phenomena can potentially pro-
duce variations in the mass-loss rates by orders of magnitude.
Even though it might be expected that uvAGBs have lower gas-
to-dust ratios as suggested by Alonso-Herndndez et al. (2024),
these phenomena may compensate each other in the overall
result. On the other hand, some properties of dust grains (e.g.
composition, size) in these systems may differ due to the UV
irradiation or effects of stellar companions on the environment.

We also remark that binarity is expected to be common in
AGB stars. In particular, the fraction of uvAGBs is at least
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M_ys respectively.

UV/NUY include the multi-epoch variability of sources detected in both GALEX bands, arrows indicate that one observation

10% of the total population (see Alonso-Herndndez et al. 2024).
Therefore, it is likely that the uvAGBs present in the NESS
sample (see Appendix C) were producing an overlap when
we compared the samples, preventing a clear identification of
differences.

We also show that modelling dust attenuation at UV wave-
lengths is necessary for extracting intrinsic UV emission prop-
erties (see Appendix C). Optically thick CSEs can prevent even
the detection of sources with intrinsically intense UV emission,
resulting in an underestimation of the percentages of uvAGBs
(as suggested by Montez et al. 2017).

We also highlight the effect of dust attenuation on the
Rruv/Nuv20.06 threshold proposed by Sahai et al. (2022) as a
criterion to discern cases in which the UV excesses are clearly
related with accretion processes. The observed Rryy/nuv may
well differ from the intrinsic ratio due to the difference in the
optical depths between both bands. The optical depth in the
FUV band is larger than in the NUV band, leading to intrin-
sic Rryv/nuv larger than observed. O-rich AGB stars present a
larger difference in the optical depth between both bands (see
Appendix C).

The wavelength dependence of dust attenuation also affects
the overall shape of the UV spectra, affecting both continuum
measurements and line-intensity ratios. Although this effect is
small when comparing spectral lines and their adjoining contin-
uum emission (e.g. Guerrero & Ortiz 2020), it can be important
when measuring the continuum over a broad spectral range or
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when estimating ratios between distant spectral lines due to the
difference in attenuation (e.g. Ortiz et al. 2019).

We found a weak anticorrelation between the gas-to-dust
ratio and Ry, /Nuy- although we acknowledge that the uncer-
tainties associated with the dust attenuation correction and the
intrinsic variability of the UV emission in these sources may well
be hiding a stronger anticorrelation with R, INUV- Furthermore,
the correlations between the gas-to-dust ratio with the mass-loss
rate and stellar pulsations are stronger (see Fig. 7).

In this context, we remark that uvAGBs are predominantly
semi-regulars (see Alonso-Herndndez et al. 2024) and have mod-
erate or low mass-loss rates (the dust attenuation produces an
observational bias to detect UV emission in AGB stars with low
opacities), which have systematically lower gas-to-dust ratios.
Future studies are required to better understand the effect of UV
emission on gas-to-dust ratios.

6. Summary and conclusions

In this work, we studied the dust properties of UV emitting AGB
stars estimated from SED modelling. We included the reduction
of Herschel/PACS images and performed aperture photometry,
which was useful to check the angular sizes and density distri-
butions of the CSEs and to model the extended detached shell of
the C-rich AGB star VY UMa.

We obtained moderate dust mass-loss rates in the range
1071°-10"® Mg yr~! and gas-to-dust ratios ranging from 50 to
1700 (excluding VY UMa, see Table 1), which are intermediate
values in comparison with those estimated for the NESS sample
(see Fig. 4.3 and Appendix F). Our sample of uvAGBs presents
similar mass-loss rates and shows, at least qualitatively, the same
trends as larger samples of AGB stars. However, it is expected
that larger samples also contain some uvAGBs as they are at
least 10% of the population(see Alonso-Herndndez et al. 2024),
which may prevent us from identifying clear differences.

We found a weak anticorrelation (r=—0.44) between the
gas-to-dust ratio and Ry, INUV- This result indicates that the gas-
to-dust ratio of uvAGBs with larger Ry, INUV might be more
affected by UV emission and/or by the presence of a stellar
companions. However, we note that R;‘[’}Tv /NUY is affected by the
uncertainties on the dust attenuation correction as well as the
intrinsic UV variability found in uvAGBs. On the other hand,
the gas-to-dust ratio is also affected by pulsations and mass-loss
rates. Therefore, the relationship between the gas-to-dust ratio
and the UV emission is not simple.
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It is important to obtain not only samples with confirmed
stellar companions, but also of single (or not interacting) stellar
systems, to better understand the effect of binarity on mass-loss
processes. Future observations with high angular resolution are
required to explore the dust-forming regions surrounding these
stars, identify the presence of stellar companions, and constrain
their effect on dust formation and enrichment.

Infrared interferometry is useful to observe the dust distribu-
tion in the stellar vicinity, which is key to identifying whether
dust formation can be correctly described by radiatively driven
winds (Réstau et al. 2026), or to indicate the presence of stel-
lar companions (see e.g. Planquart et al. 2024). Sub-millimetre
interferometry has already shown significant capabilities to iden-
tify binary-induced structure and modified dynamic in the inte-
rior of CSEs (see e.g. Decin et al. 2020). Moreover, larger
spectral coverage is required for robust SED modelling, espe-
cially extending into the far-infrared, which traces the outermost
regions of the CSEs where a significant mass of cool dust may
reside.

We also described the effects of dust attenuation on the
observed UV emission and the importance of correct modelling
when analysing photometric or spectroscopic observations. Cor-
rect modelling of dust attenuation can provide a better under-
standing of the nature of the UV source (e.g. UV excesses and
Rruv/Nuv) as it is not negligible in some cases. Furthermore,
dust attenuation can prevent the detection of uvAGBs.

The detectability of UV emission is biased towards AGB
stars with low mass-loss rates (and low opacities), which have
systematically lower gas-to-dust ratios. A systematic study, using
a larger sample, in which binary and single AGB stars are iden-
tified, and covering wider ranges of parameters, would help to
refine the observed trends with the mass-loss properties.

Data availability

Tables containing the employed photometry for the SEDs and the
photometric fluxes estimated from the individual Herschel/PACS
observations are available at the CDS via https://cdsarc.
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Appendix A: Semi-extended sources

Fig. A.l1 shows radial surface brightness profiles for the four
semi-extended sources presented in this study (RU Her, SV Peg,
TDra and VEri). In addition, we created DUSTY synthetic
images for their best-fit models in the effective wavelength of
each Herschel/PACS filter and convolved them with their respec-
tive PSFs. Then, we radially averaged the surface brightness,
in both the observed and the synthetic images, in radial annuli
of 1”and compared them. The uncertainties were estimated as
the sum of the standard deviation of the flux and the average
instrumental error in each annulus.

The best-fit DUSTY models (see Sect. 4.1) reproduce cor-
rectly the angular sizes after convolving with the correspondent
PSF. In the four cases the difference between the angular sizes
and the Herschel/PACS PSFs can be appreciated better on the B
filter (70 um) due to its higher angular resolution.

5 10°4,, + PACS(70um) | = 100 f~=ue,, +  PACS (160 um)
9] My e DUSTY 9] Pohapy e DUSTY
; g,
2 Y o PSF 2 P, PSF
® 107! 4y © 10! li;
S §l 5 ”]‘
5 iy, s T
£1072 My, 1072
2 "*LLH 2z
<107 ’ } H €102
3 . 2
= RU Her £ RU Her
1074 1074
0 5 100 15 20 25 30 0 5 100 15 20 25 30
Radius (") Radius (")
= 1004, + PACS(70um) | = 100t~ +  PACS (160 um)
© '%L, »»»»» DUSTY k5 *’H},\ »»»»» DUSTY
k) . \L“ e PSF 2 § Fy . - PSF
© 10~ © 10" pre
g u\lt c [f{”‘x
4y £ H s
s} Ly, o T 4
£1072 "y i £107? -
z | z |
2103 o TH 2 10-3 :
3 . g
= SV Peg £ SV Peg
104 : . . : : 10 : - ; :
0 5 100 15 20 25 30 0 5 10 15 20 25 30
Radius (") Radius (")
5 100 ~, + PACS(T0um) | 5 10 g, +  PACS (160 um)
o W DUSTY o +.H‘ ----- DUSTY
2 ‘LM PSF ® 101 iy . PSF
2107 ML - Tty
£ M, € - 'HH +
810-2 R 810-2
> Ty > N
2 Ty 2
Q03 ’ H T 2,53
c 10 -, c 10
] ]
£ T Dra £ T Dra
1074 1074
0 5 100 15 20 25 30 0 5 10 15 20 25 30
Radius (") Radius (")
= 10%% + PACS(70um) | = 10%t, +  PACS (160 um)
9 *H ----- DUSTY ? Hﬁ H T DUSTY
2 . B ’ PSF 2 . HH” o PSF
© 107 .W~\ © 10~ Mo
£ HI £ Ir it
= T £ Ty
o . H++ o T Sy
£107? *-H.H_ L1072
> - h}*r_ > ’
k9 r” £
g 107 ¢ 1073
3 . 8
£ V Eri £ V Eri
1074 1074
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Radius (") Radius (")

Fig. A.1: Radial surface brightness profiles at 70 pm (left) and 160 pum
(right) for the four semi-extended sources in the sample (from fop to
bottom: RU Her, SV Peg, TDra and V Eri). Solid circles correspond
to Herschel/PACS radial surface brightness profiles, dashed lines to
DUSTY synthetic images convolved with their respective PSFs and dot-
ted lines to the PSFs to represent point-source radial surface brightness.
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Appendix B: VY UMa detached shell

We present a more detailed analysis of the SED modelling
for the particular case of VY UMa, which has a large-scale
detached shell in addition to a compact, bright central emis-
sion component that represents the present-day mass-loss rate.
This extended emission was previously identified in the Her-
schel/PACS images (Cox et al. 2012; van Marle et al. 2014) and
manifested in the SED as the large excesses in the far-infrared
(see the case of VY UMa in Fig. D.1).

The contribution of the detached shell is only noticed in the
SED in the far-infrared because it is composed of very cold dust
(~10-100K), whose emission is concentrated in the ~30-300 um
region, and it does not modify the SED at shorter wavelengths.
Therefore, we used the Herschel/PACS fluxes, which isolates
the present-day mass-loss (black filled circles in Fig. D.1) and
the extended emission from the detached shell (black filled dia-
monds in Fig. D.1), and rejected IRAS and AKARI because they
included partially the emission form the detached shell.

To correctly fit the SED, we followed a similar methodology
to that presented in Mecina et al. (2014, 2020) to separate the
contribution from the present-day mass-loss and the detached
shell. We started by fitting the SED of the present-day mass-loss
(including Herschel/PACS fluxes and all the photometric obser-
vations at A<30 pum) following the same procedure as in the
rest of the sources. Once the best-fit solution for the present-day
mass-loss was found, we modified the normalised density distri-
bution including a peak at 3200-8000xR;,,, which is equivalent
to 31-78” considering the source distance and in agreement with
the location of the detached shell (see Fig. B.1).

100,

Normalised density
Detached shell

A R

Radius (Rinner)

i

Fig. B.1: Adopted density profile for VY UMa. The solid black line rep-
resents the modified density distribution to fit the detached shell. The
dotted red line represents the smooth density profile from the present-
day mass-loss. The green area represent the location of the detached
shell in the Herschel/PACS images.

This model reproduces satisfactorily both the FIR excesses
and the Herschel/PACS radial surface brightness profiles. It
allows us to estimate an overall density and dust mass of the
extended detached shell. However, we note that this single
1D model is not able to reproduce the asymmetrical shape of
the detached shell, which would require a more advanced 3D
radiative transfer model.
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Fig. B.2: Left: Herschel/PACS images of VY UMa. The solid cyan represents the aperture used to isolate the central component (representing
the present-day mass-loss), and the dashed cyan lines the aperture used to measure the extended detached shell. Right: Radial surface brightness
profiles, the markers indicate the surface brightness from the images, the dashed line the surface brightness from DUSTY models convolved with
their respective Herschel/PACS PSFs, and the dotted lines the Herschel/PACS PSFs.

Appendix C: UV excesses and dust attenuation

We computed synthetic stellar photometry on the GALEX bands
and compared them with the observed fluxes to estimate the UV
excesses (similarly to Sahai et al. 2008; Ortiz & Guerrero 2016).
We noted that GALEX NUV and FUV photometric bands fall
outside the wavelength range covered by the COMARCS models
used in this work (see Sect. 3). Therefore, the stellar fluxes were

estimated by extrapolating the input spectra following a black-
body distribution and convolving it with the transmission curves
of their respective filters. Table C.1 shows the observed and mod-
elled properties of the UV emission for the sources used in this
sample.

We acknowledge that the real stellar spectrum differs from
a blackbody approximation mainly due to the presence of (i)
molecular absorption bands, and (ii) emission-line features due
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Table C.1: UV emission parameters derived from GALEX observations and SED modelling.

Source NUV FUV NUV FUV NUV FUV RFUV/NUV TNUV TFUV R(l;({]r{//NUV
(Obs.) (Obs.) (SED) (SED) (excess) (excess) (Obs.)
(WJy) (Jy) (Jy) (WJy) (x10%)
AT Dra 2190+ 177t 1700 7.6x1072  1.29*00% 2307017 0.08070007 - - 0.0807007
< (%) +?g +5 -2 +8.'8% +8.'17 +8:886 _ _ +81886
BC CMi 1013*] 5512 720 2.9x10 1412002 1.90*017 0,054+ 0.054*
BD Cam® 5970%% 2330f%g 4200 3.2x107! 1.42j§}§i 7.28ﬁg';13 o.390ﬁ§}§§§ - - o.39ot§f§§§
Cotma 1R Wb oo demioe 188 aodll comd® T T povham
DFL ) 590+%0 364 1000 7I6X10—2 05008 g7 g o608 B e
EY Heo o gl 23 2'8X10-4 25 200 074000818 (.09 167 1461700
FH v 400740 49+ 370 1I4X10-2 poslt 35l 01008 g 024 033700
Vir 50 b 7 AX 0803 9207 12070010 O- . A33 0011
IN Hya 620f4§) 44;f 1200  8.6x1072 0.52f8;§? 0.51%07 0.071j8;8§; 0.11 0.19 0.077j8;8§§
ome Vir® 29503 179712 2100  9.3x1072  1.40*001  1.92+013 0.061j%;%0‘5‘ - - 0.061%;005
RLMi® 40%8 2.4f$; 7.6 5.2x107° 5 46+13 0.040f9j0{§ 4.50 7.63 0.9f$;%
R UMa 9Oj4_? 50+12 30 5.3%x107* 3.0ﬁi;2 94ﬁi3 0.6f8% 1.13 1.91 1.3*01
RR Eri 430;}% 28+ 300 8.4x1073 14702 3.3j8% 0.064j8;g}g 0.08 0.14  0.06870914
RR UMi 720079 1870%9 4100 1.8x1071 1767017 1,04+00 0.26j§;8§ - - 0.26+0.9%
RTCnc(b) 190;53 32+l 170 3.7><10;31 1.12;§;i§ 9+4 0.19*0%7 076 129 0.32:00
RWhoo 400 234 10 3300 2388 4305 005700 017 025 0o6sdnd
00 -60 11 DX .03 ) W gzm U ‘ V0% 603
RZ UMa® 189 8+ 22 3.6x1074 0.82i§;?4 22+ 0.4ﬁ§;; 0.51 0.86 o.6t%;§
STUM(&Z()*) 994;5{3 168*}3 680 2.7><10;21 1.46;8:32 6.2%02 017400 025 043 0.20%0)
Tomes  pd 20m1 26 4oxi0s DsA% 1908 0a54% 2% gos  0anom
ra -3 21 . aX S0 30 290,06 . - 330,08
TU And® 15% <5.75 19 43x10™*  0.8*03 <13 <0.96 0.98 1.67 <191
UY Leo 150+29 27+ 29 7.6x1074 5.2t§fg 3617, 0.18f§;g§ 0.56 0.95 0.27jg;§g
V Eri 100+ 67+1> 34 4.0x10™ 2.9fi;§ 17078 0.679¢, 141 2.39 1.8+
VY UMa 140+100 8+t 110 3.0x1073 1.3j8:9 27720 0067010 0.69 072 0.06*010
W Peg 180*39 1373 41 5.8x107* 4.4j8;7 2273 0.065°00%17 0.98 167 01300
Y CrB® 12}7%000 <5.365000 16 3.3><10:;‘ 0.8f+0];§00 <1+76000 <o.+607]0 0.70 1.19 <13>?11
Y Gem 6000+6000 5000*6000 4.6 1.0x10 1300_9220 5000_4900 0.86_83 0.08 0.14 0'91‘8-’
ZCnc 73+ 12+ 9.2 24x107°  7.9*0% 507150 01770% 028 048 021790

Notes. Column (1): Source; Col. (2): Averaged observed NUV flux; Col. (3): Averaged observed FUV flux; Col. (4): NUV flux expected from SED
modelling; Col. (5): FUV flux expected from SED modelling; Col. (6): NUV excess; Col. (7): FUV excess; Col. (8): Averaged ratio between FUV
and NUYV fluxes; Col. (9): Optical depth at NUV effective wavelength; Col. (10): Optical depth at FUV effective wavelength; Col. (11): Averaged

ratio between FUV and NUV fluxes corrected from dust attenuation.

to possible chromospheric emission, that can produce a signif-
icant effect on the shape of the stellar spectra in the UV. The
features in (ii) are expected to have a much stronger effect in
the FUV (compared to the NUV) where the photospheric contri-
bution is relatively much weaker. Note that the sole purpose of
this simple approximation is to explore whether Rryv/Nuv 1S a
reasonable proxy for the FUV excess.

In addition, the UV spectral range is specially affected by cir-
cumstellar dust attenuation, which might imply a large difference
between the intrinsic and the observed UV emission, therefore,
affecting the estimation of the UV excesses. Moreover, the wave-
length dependency of the opacity produces a variation of the
Rruv/Nuv.

Fig. C.1 shows the opacity curves for the generic dust com-
position of C-rich AGB stars and O-rich AGB stars described in
Sect. 3.1 provided by DUSTY as well as the ISM from Gordon
et al. (2023). In O-rich AGB stars the dust opacity is dom-
inated by silicates and oxides, resulting in Tpyy 1.7TnUv.

~
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In C-rich AGB stars the dust opacity is dominated by amor-
phous carbon, which shows the ~2200A NUV bump, resulting
in Tryy = 1.027Nyv. Finally, the opacity curve of the ISM also
displays the NUV bump, although with a different overall shape,
resulting in Tpyy =~ 0.957Nyv-

The observed UV fluxes were corrected for the dust atten-
uation in order to estimate their intrinsic values, assuming that
the UV source is located inside the dust envelope and, therefore,
the flux is attenuated by the full radial optical depth of the dust
envelope. This assumption is reasonable considering that the UV
emission is expected to be produced by the presence of an inter-
acting close stellar companion, located at a few stellar radii and
inside the dust formation zone.

Fig. C.2 shows the dependence of the opacity correction fac-
tor with the optical depth and its effect on Rryv/Nuy. The optical
depth is larger in the FUV band than in the NUV band, leading to
intrinsic Rryv/Nuv larger than observed. Furthermore, the opac-
ity correction factor ¢("""v=™) increases exponentially with the
optical depth. The effect on O-rich AGB stars is significant for
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Fig. C.1: Dashed red: dust extinction curve for O-rich AGB stars (pro-
vided by DUSTY). Dashed blue: dust extinction curve for C-rich AGB
stars (provided by DUSTY). Solid black: ISM extinction law from Gor-
don et al. (2023). The effective wavelengths and filter widths of the
GALEX bands are represented as dotted lines and shadowed areas (cyan
and magenta respectively). The three curves are scaled to match in the
GALEX FUV band.

large opacities, whereas in C-rich AGB stars the effect remains
very small in this opacity range, due to the differences between
the opacity on NUV and FUV bands.

Fig C.3 shows the comparison between Rryv,nuv and the
UV excesses. It also shows linear fits between these parame-
ters. There is a weak correlation (r=0.39) between Rryv,nuv
and the NUV excess, which becomes stronger (r=0.62) after
correcting for the dust attenuation. In contrast, the correlation
between Rryv,nuv and the FUV excess is strong (r=0.85) and
becomes even stronger (r=0.89) after the correction. This corre-
lation shows that Rryv/Nuv is a good tracer of UV excesses and
can be used independently to explore trends.

This result is expected because small UV excesses indicate
a larger contribution of the stellar component to Rryy,nuy, and
stellar photospheric emission is characterised by low Rryv/nuv.
As described in Sect. 1, both UV excesses and Rpyy,nuv are
related to the nature of the UV emission: small UV excesses
and Rpyy,nuv indicate an intrinsic origin (i.e. chromospheric
activity), whereas large UV excesses and Rpyy,nyuv indicate an
extrinsic origin (i.e. accretion activity). We highlight that these
correlations can be seen despite the scatter produced by UV
emission variability, and they become more pronounced when
corrected for dust attenuation.

Appendix D: SEDs and best-fit models for the rest
of dusty AGB stars

Fig. D.1 shows the SEDs and their best-fit DUSTY models for
the rest of dusty AGB stars to complement the sources already
shown in Fig. 1.

Appendix E: Parameter uncertainties and
correlations from the SED modelling

We present a detailed description of the procedure used to
estimate the uncertainties of the free parameters used in the
SED modelling and identify correlations between them. Single
parameter uncertainties were estimated as 68% confidence inter-
vals from the normalised log-likelihood distribution /n(L(x)).
We defined the y? likelihood function as:

L(x) xc e X' D2, (E.)

where x are the free parameters. On the other hand, we
explore degeneracies between pairs of parameters from their y?
distributions. This method allowed us to identify which param-
eters are degenerated and visualise the degree to which these
degeneracies affect the y? value.

Fig. E.1 shows the corner plot obtained for EY Hya as an
example of the estimation of the uncertainties associated with the
free parameters from the SED modelling and the identification
of the correlations between them. We found the following sets
of positive correlations: T,—7, Ting—T, Tinn—Y, n—7, and n-Y. On
the other hand, we found the following set of anticorrelations:
T.~Tinn, Tinn—n, and 7-Y.

These correlations are quite linear in these ranges of the
parameters, although there are two exceptions: (i) log(Y) that
presents non-linearities with n and 7sso and (ii) T, that presents
sharp upper limits, this limit is related with an emission excess
in optical wavelengths that cannot be compensated by the rest of
parameters. Similar correlations were found for the rest of dusty
sources and can be generalised for the modelling procedure.

Appendix F: Comparison with NESS sample

We present a complementary comparison with the Nearby
Evolved Stars Survey (NESS, Scicluna et al. 2022), which
contains 485 nearby AGB stars. We first compared the CO(J=2-
1) and IRAS 60 um fluxes between our sample and NESS
(obtained from Wallstrom et al. 2025) to check whether
uvAGBs have statistically lower CO intensity at similar IRAS
60 um as suggested by Alonso-Herndndez et al. (2024) using the
CO(J=1-0).

Fig. F.1 shows the comparison between CO(J=2-1) inte-
grated intensity and IRAS 60 um flux. We used the CO(J=2-1)
intensities as they are available for both our sample and NESS.
We scaled NESS CO(J=2-1) intensities to match our intensities
for the three commonly detected in CO in both samples (R LMi,
SV Peg and W Peg).

In the case of unresolved and optically thin envelopes the
CO intensity is proportional to the infrared flux (i.e. slope of 1 in
logarithmic scale). Nevertheless, we noted that some scattering
in this relationship is expected due to optically depth, partially
resolved sources and ISM pollution. We found that our uvAGBs
with the largest IRAS 60 um fluxes in our sample overlap with
the trend described by NESS sources. However, our sources with
lowest IRAS 60 pum fluxes are systematically under this trend,
although they fall outside the IRAS 60 um range covered by
NESS. The resulting fits indicate that our sources have indeed
lower CO(J=2-1) intensities as well as CO(J=1-0), as previously
inferred by Alonso-Herndndez et al. (2024).

We also compared the correlations that we found in Fig. 7
for the gas-to-dust ratio with (i) the ratio between CO and IRAS
60 pm and (ii) with Rryy,nuv. Our 6 estimates are in the upper
part of those covered by NESS, although this parameter depends
in the methodology to estimate the mass-loss rates and it is sen-
sitive to systematic effects. In the case of Rryv,nuv, we used
the values without dust attenuation correction because we do not
have the dust optical depths for the NESS sources.

Fig. F.2 shows the comparison between the gas-to-dust ratio
and the ratio between CO and IRAS 60 um and Rpyv,nuv. It is
shown that ¢ correlates with the ratio between CO and infrared
emission, although some outliers (likely related with pollution in
the IRAS 60 pm images) are present. We noted that ¢ is not a
empirical value and depends on the employed assumptions and
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Fig. C.3: Correlations between Rpyy,nuv and the NUV and FUV excesses (left and right respectively). The colour and shape of the markers
represent the stellar variability and chemistry type as in Fig. 4. Grey markers are those without correction from dust attenuation. The dotted lines
link the markers for the same sources before and after the dust attenuation correction. The dashed lines represents linear fits to the points.

methodology. Therefore, it is likely the presence of some system-
atic differences between our ¢ estimates and NESS. On the other
hand, ¢ anticorrelates with Rryy,nuv, although it presents some
scatter that can be related with UV emission variability and it is
not corrected from dust attenuation.

Finally, we crossmatched the NESS catalogue with GALEX
and found that among the 485 AGB stars in NESS, 163 were
detected in the NUV band and 95 were also detected in the FUV
band. These percentages illustrate that large AGB star samples
also contain some uvAGBs.
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Fig. D.1: Same as Fig. 1, but for the rest of dusty AGB stars in the sample. In the case of VY UMa, the solid diamonds and the dashed magenta
line represent respectively the fluxes and the DUSTY model for the detached shell.
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