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ABSTRACT

Spherical asymmetries are prevalent within the outflows of AGB stars. Since binary interaction with a stellar or

planetary companion is thought to be the underlying mechanism behind large-scale structures, we included the

effects of UV radiation originating from a stellar companion in our chemical kinetics model. The one-dimensional

model provides a first approximation of its effects on the chemistry throughout the outflow. The presence of a close-by
stellar companion can strongly influence the chemistry within the entire outflow. Its impact depends on the intensity
of the radiation (set by the stellar radius and blackbody temperature) and on the extinction the UV radiation
experiences (set by the outflow density, density structure, and assumed radius of dust formation). Parent species can

be photodissociated by the companion, initiating a rich photon-driven chemistry in the inner parts of the outflow. The
outcome depends on the balance between two-body reactions and photoreactions. If two-body reactions dominate,
chemical complexity within the outflow increases. This can make the abundance profiles of daughters appear like

those of parents, with a larger inner abundance and a gaussian decline. If photoreactions dominate, the outflow
can appear molecule-poor. We model three stellar companions. The impact of a red dwarf companion is limited.
Solar-like companions show the largest effect, followed by a white dwarf. A stellar companion can also lead to the

formation of unexpected species. The outflow’s molecular content, especially combined with abundance profiles, can

indicate a stellar companion’s presence. Our results pave the way for further outflow-specific (three-dimensional)

model development.

Key words: Stars: AGB and post-AGB – circumstellar matter – astrochemistry – molecular processes

1 INTRODUCTION

The asymptotic giant branch (AGB) phase near the end of
the lives of low-to-intermediate mass stars is characterised by
strong mass loss. AGB stars lose their outer layers by means
of a stellar outflow or wind at a rate between 10−8 and 10−4

M⊙ yr−1. The strong gradients in density and temperature
present within the outflows make them rich astrochemical
environments: close to 100 different molecules have been de-
tected so far, as well as some 15 types of newly formed dust
(Decin 2021). Thanks to their outflows, AGB stars are im-
portant contributors to the chemical enrichment of the inter-
stellar medium (ISM, Tielens 2005).

Recent observations have confirmed that spherical asym-
metry is prevalent within AGB outflows. Both small-scale
asymmetries, such as density-enhanced clumps (e.g., Khouri
et al. 2016; Agúndez et al. 2017; Leão et al. 2006), and large-
scale structures, such as spirals (e.g., Mauron & Huggins
2006; Maercker et al. 2016) and disks (e.g., Kervella et al.

⋆ E-mail: m.vandesande@leeds.ac.uk

2014; Homan et al. 2018), have been widely observed. Binary
interaction with a stellar or planetary companion has been
proposed to be the driving mechanism behind the large-scale
asymmetries observed in the outflow (Decin et al. 2015; Ram-
stedt et al. 2017; Moe & Di Stefano 2017; Decin et al. 2020),
potentially setting the stage for the asymmetrical structures
observed around post-AGB stars and planetary nebulae (De
Marco 2009).

Further observational evidence of stellar companions comes
from UV observations by the Galaxy Evolution Explorer
(GALEX) mission. UV radiation could arise from sources
intrinsic to the AGB star, such as chromospheres or pulsa-
tional shock waves (Montez et al. 2017), or from extrinsic
sources, such as accretion disks or binary companions (Sahai
et al. 2008, 2011). Detections of far-UV emission could have
an extrinsic origin, but a definite origin is not clear (Ortiz
et al. 2019). X-ray observations of AGB stars are correlated
with far-UV emission, hinting towards X-ray emission from
accretion disks around companions (Ortiz & Guerrero 2021).
Additionally, the detection of CI emission towards the known
O-rich binary system omi Cet is thought to arise from irra-
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2 Van de Sande & Millar

diation by its white dwarf companion (Saberi et al. 2018),
while the inner wind of the symbiotic system R Aqr shows
evidence of photodissociation caused by its white dwarf (Bu-
jarrabal et al. 2021).

In this paper, we consider the effect of stellar companion
UV photons on the chemistry throughout the outflow in our
one-dimensional gas-phase chemical model. The presence of
a stellar companion in the inner wind initiates a rich photo-
chemistry in the dense inner outflow. This type of chemistry
is otherwise restricted to the tenuous outer regions of the
outflow, where it is initiated by interstellar UV photons. The
model is based on previous work (Van de Sande & Millar
2019) and allows us to present a first analysis of any effect
a stellar companion might have on the chemistry throughout
the outflow, with the aim to identify chemical markers for its
presence and guide future model development. To that end,
we assess the impact of an internal UV radiation field on a
variety of C-rich and O-rich outflows.

The physics and chemistry of the model is described in
Sect. 2, along with the approximations and assumptions
made. Our results for C-rich and O-rich outflows are pre-
sented in Sect. 3. Discussion and conclusions follow in Sects.
4 and 5, respectively.

2 CHEMICAL MODEL

2.1 Physics

The chemical kinetics model is that of Van de Sande &
Millar (2019). It is based on the publicly available UMIST
Database for Astrochemistry (UDfA) CSE model (McElroy
et al. 2013)1, adapted by Van de Sande et al. (2018b) to in-
clude a gas temperature profile that follows a power law,

T (r) = T∗

(

r

R∗

)−ǫ

. (1)

The model describes a spherically symmetric outflow with
constant mass-loss rate and outflow velocity. H2 is assumed to
be fully self-shielded; CO self-shielding is taken into account
using a single-band approximation (Morris & Jura 1983).

The rates of photoreactions, i.e. photodissociation and pho-
toionisation, depend on the extinction experienced by UV
radiation throughout the outflow. For interstellar UV pho-
tons, the visual extinction, AV , is determined by the column
density of dust radially from a point in the outflow to in-
finity. Internal UV photons, either from the star or from a
stellar companion, are both extinguished by dust and diluted
geometrically. The dust extinction experienced by internal
photons, ∆AV , is determined by the outflow density set by
Ṁ/v∞, and the onset of dust extinction, Rdust. Since we do
not treat dust condensation in our model, our choice of Rdust

is meant to simulate a range of dust condensation radii. Here,
we choose Rdust = 2 and 5 R∗, which corresponds to gas tem-
peratures of 1400 and 750 K, respectively, in our model. These
temperatures cover the range of possible dust condensation
temperatures, from aluminium oxides and C-bearing dust at
the higher end to silicates at the lower end (Gail & Sedlmayr
2013). The model assumes that dust is already present and
does not take its formation into account. The companion is

1 http://www.udfa.net

Table 1. Physical parameters of the grid of chemical models.

Outflow density, Ṁ - v∞ 10−5 M⊙ yr−1 - 15 km s−1

10−6 M⊙ yr−1 - 5 km s−1

10−7 M⊙ yr−1 - 5 km s−1

Density structures Smooth outflow
Two-component clumpy outflow

fic= 0.3, fvol= 0.3, l∗ = 4× 1012 cm
One-component clumpy outflow

fic= 0.0, fvol= 0.3, l∗ = 4× 1012 cm

Stellar radius, R∗ 2 ×1013 cm
Stellar temperature, T∗ 2330 K
Exponent T (r), ǫ 0.7
Onset of dust extinction, Rdust 2, 5 R∗

Companion temp., Tcomp, 4000 K - 1.53× 1010 cm - 0.041
and radius, Rcomp, 6000 K - 8.14× 1010 cm - 633.8
scaling factor for photorates 10 000 K - 6.96× 108 cm - 9.291

Start of the model 1.025×Rdust

assumed to be close to the AGB star and lie within the dust-
free region before the onset of dust extinction, Rdust (see also
Sect. 2.3). Our models start at 1.025 × Rdust. Table 1 lists
the physical parameters of the grid of models.

The porosity formalism is used to approximate the effects
of an inhomogeneous outflow. This mathematical framework
enables us to include the effects of local overdensities together
with the influence of a clumpy outflow on the penetration of
UV photons by modifying the optical depth, without making
any assumptions on the locations of the clumps. The out-
flow is divided into a stochastic two-component medium com-
posed of an overdense clumped component and a rarified in-
terclump medium. The specific clumpiness of the outflow and
its influence on the density and optical depth is described by
three parameters: the clump volume filling factor, fvol, setting
the fraction of the total volume of the outflow occupied by
clumps; the interclump density contrast, fic, setting the dis-
tribution of material between the components; and the clump
size at the stellar surface, l∗.

Besides a smooth outflow, we model a two-component out-
flow, characterised by fic= 0.3, fvol= 0.3, l∗ = 4×1012 cm =
0.2 R∗, and a one-component outflow, characterised by fic=
0.0, fvol= 0.3, l∗ = 4×1012 cm = 0.2 R∗. These three density
structures allow us to vary over different behaviours of extinc-
tion experienced by interstellar and internal UV photons. Al-
though the one-component outflow with a void interclump
medium is likely not realistic, it provides us with valuable
insights in the heavily radiation-driven chemistry it induces.
Figure 1 shows the extinction experienced by interstellar and
internal UV photons for different outflow densities, density
structures, and values of Rdust.

2.2 Chemistry

The parent species, i.e. species present at the start of the
model, and their initial abundances are listed in Table 2 for
the O-rich and C-rich outflow. They are taken from Agúndez
et al. (2020), who compiled (ranges of) observed abundances
in the inner regions of AGB outflows.

The companion’s UV photon flux is approximated by
blackbody radiation. While stellar atmosphere models can
be used, we use this first-order approximation to describe
the effect of a stellar companion in a more general way. The
blackbody temperature of the stellar companion, Tcomp, and
its radius, Rcomp, are listed in Table 1 and range from a red

MNRAS 000, 1–15 (2021)
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Figure 1. Visual extinction experienced by interstellar and internal UV photons for different outflow densities, density structures, and
values of Rdust. Different line styles show the extinction experienced by different UV photons. Solid lines: AV experienced by interstellar
UV photons. Dashed/dotted lines: ∆AV experienced by internal UV photons for Rdust = 2 R∗/5 R∗. Different colours show the extinction
experienced by different density structures. Black: smooth outflow. Blue: two-component outflow (fic= 0.3, fvol= 0.3, l∗ = 4 × 1012 cm
= 0.2 R∗). Orange: one-component outflow (fic= 0.0, fvol= 0.3, l∗ = 4× 1012 cm = 0.2 R∗).

Table 2. Parent species for the C-rich and O-rich outflows, derived
from observations as compiled by Agúndez et al. (2020). The initial
abundances relative to H2 are the mean of the observed ranges.

Carbon-rich Oxygen-rich

Species Abun. Species Abun.

He 0.17 He 0.17
CO 8.00× 10−4 CO 3.00× 10−4

N2 4.00× 10−5 H2O 2.15× 10−4

CH4 3.50× 10−6 N2 4.00× 10−5

H2O 2.55× 10−6 SiO 2.71× 10−5

SiC2 1.87× 10−5 H2S 1.75× 10−5

CS 1.06× 10−5 SO2 3.72× 10−6

C2H2 4.38× 10−5 SO 3.06× 10−6

HCN 4.09× 10−5 SiS 9.53× 10−7

SiS 5.98× 10−6 NH3 6.25× 10−7

SiO 5.02× 10−6 CO2 3.00× 10−7

HCl 3.25× 10−7 HCN 2.59× 10−7

C2H4 6.85× 10−8 PO 7.75× 10−8

NH3 6.00× 10−8 CS 5.57× 10−8

HCP 2.50× 10−8 PN 1.50× 10−8

HF 1.70× 10−8 HCl 1.00× 10−8

H2S 4.00× 10−9 HF 1.00× 10−8

dwarf (Tcomp = 4000 K, Rdust =1.53 × 1010 cm), to a solar-
like star (Tcomp = 6000 K, Rdust = 8.14×1010 cm), to a white
dwarf (Tcomp = 10 000 K and Rdust = 6.96 × 108 cm). For
simplicity, we assume the same power-law gas temperature
profile for all models.

The same methods of Van de Sande & Millar (2019) were
used to expand the gas-phase reaction network, based on the
UDfA Rate12 network (McElroy et al. 2013), to include pho-
todissociation and photoionisation reactions induced by com-
panion UV photons. Cross sections are used to calculate the
unshielded photorate coefficients and were taken in the main
from the Leiden Observatory Database2 (Heays et al. 2017)

2 https://home.strw.leidenuniv.nl/~ewine/photo/

or from other sources when available. If cross sections are
not available we follow the approach taken in many studies
of interstellar or protoplanetary disk chemistry, estimating
the rate coefficient through scaling the unshielded interstel-
lar rate by the ratio of the integrated fluxes of companion
photons to interstellar photons over the 912− 2150 Å range.
The scaling factors calculated in this manner using compan-
ion fluxes at 50 R∗ are listed in Table 1. This approach can,
however, lead to large errors in the estimated rate coefficients,
particularly at low blackbody temperatures which provide
very few photons at energies typical of bond dissociation or
ionisation. To gain an understanding of these uncertainties,
we compared the photorates of species with known cross sec-
tions to their rates calculated via the scaling approximation
for each of our blackbody fields. For photodissociation, we
find that the exact and scaled values are close, mostly to
within a factor of a few for Tcomp = 10 000 K and 6000
K albeit with some divergence, factors of 10 − 100, in the
latter case. As expected, the scaling is poorest for Tcomp =
4000 K, where rates are overestimated with some differences
of around 104 although many are in reasonable agreement,
within a factor of 10−100. For photoionisation, scaling over-
estimates the exact rates by large factors, ∼ 104 − 106 for
4000 K, about 100 − 1000 for 6000 K, and is close to the
exact values for 10 000 K. These comparisons allow us to
make specific scalings for the photorates of species with un-
known cross sections, allowing for the fact that their adopted
interstellar unshielded rates are essentially guesses. For pho-
todissociation by all companions and for photoionisation by
the 10 000 K UV field, we adopt the scaling approximation.
For photoionisation in the 6000 K and 4000 K cases, we adopt
the interstellar rates in the former case (scaling = 1) and a
scaling of (Rcomp/R∗)2 in the latter. For more details, we
refer to Van de Sande & Millar (2019).

Figure 2 shows the photodissociation rate of SO caused by
interstellar, stellar, and companion UV photons in a smooth
outflow for different outflow densities, companions, and val-
ues of Rdust. The outflow density and Rdust influence the
onset of photodissociation, as they determine the extinction

MNRAS 000, 1–15 (2021)
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Figure 2. Photodissociation rates of SO in different outflow densities. Black solid line: rate due to interstellar UV photons. Different
colours and line styles show the rate due to stellar or companion UV photons, with different values of Rdust. Line styles: location of Rdust

(dashed 2 R∗, dotted: 5 R∗). Grey: stellar UV photons (T∗ = 2330 K), red: red dwarf companion UV photons (Tcomp= 4000 K, Rcomp=
1.53 × 1010 cm), green: solar-like companion UV photons (Tcomp= 6000 K, Rcomp= 8.14 × 1010 cm). blue: white dwarf companion UV
photons (Tcomp= 10 000 K, Rcomp= 6.96× 108 cm).

experienced by internal UV radiation. The rate is determined
by the intensity of the radiation, set by the blackbody tem-
perature and radius adopted for the stellar companion. The
rate due to a red dwarf companion is similar to that of stel-
lar UV photons. A solar-like companion shows the largest in-
crease in photodissociation rate, about three orders of magni-
tude larger than that caused by stellar UV photons. A white
dwarf companion leads to an increase of more than an or-
der of magnitude relative to stellar photons. The increase in
rate is smaller than for a solar-like companion because of the
compact nature of the white dwarf.

2.3 Limitations of the model

Using the methods of Van de Sande & Millar (2019) implies
that the stellar companion is located at the centre of the
star. However, the effect of misplacing the companion on the
emitted UV radiation field by up to 5 R∗, the largest possible
value of Rdust, is negligible compared to the scale of the out-
flow, especially when considering the variations in extinction
with outflow density and Rdust (shown in Fig. 1).

The lack of orbital motion in the model implies that the
companion’s radiation field is always present. The fraction of
the orbital period during which the companion can be hid-
den behind the star is largest in the orbital plane. It ranges
from 20% of the outflow at 10 R∗ to 17% at infinity for a
companion at 2 R∗, and from 10% at 10 R∗ to 6% at infinity
for a companion at 5 R∗. The fraction decreases as the angle
with respect to the orbital plan increases. Considering the
solid angle cast by the AGB star, the majority of the sphere
is constantly irradiated by the companion (Appendix A). Or-
bital parameters are generally not known for close AGB bina-
ries. In symbiotic systems, composed of a white dwarf with a
red giant companion, most orbital periods lie within 2− 4 yr
(Mikołajewska 2012). Looking to the next evolutionary steps,
carbon-enhanced metal-poor stars enriched in s-process ele-
ments (CEMP-s stars) have orbital periods between 1 and
10 years (e.g., Jorissen et al. 1998; Hansen et al. 2016) and
post-AGB binaries have periods between 100 and 3000 days

(Oomen et al. 2018). Considering the limited fraction of the
period during which the companion can be occulted, the ma-
jority of these periods might be too short for the chemistry
to reset during the companion occultation. At a particular
radial distance, various parameters might influence this as-
sumption, including the expansion velocity, the orbital sep-
aration between the AGB star and its companion, and the
molecule under consideration. Additionally, the companion’s
radiation is diluted geometrically and extinguished by dust
(Fig. 1). The region in which the companion can influence
the chemistry is therefore confined to the inner regions of
the outflow, where the effects of companion occultation on
the chemistry are limited. Therefore, a constantly present
companion radiation field is a reasonable first-order approx-
imation for a close-by companion within the dust formation
region.

Additionally, the chemical model does not include any
hydrodynamics. Binary interactions can lead to local den-
sity and temperature enhancements and complex kinematics,
which will locally affect the chemistry (e.g., Mastrodemos &
Morris 1999; Kim & Taam 2012; Chen et al. 2017; El Mel-
lah et al. 2020; Maes et al. 2021; Malfait et al. 2021). A
comprehensive chemical model including such complex and
three-dimensional structures is not yet possible. By using the
porosity formalism, we are able to approximate the effects
of an inhomogeneous outflow on the chemistry. The different
density structures considered (Table 1) allow us to test the
effects of different levels of extinction on the chemistry, a first
step in studying the effects of binary interactions.

Here, we present the first analysis of any effect a stellar
companion might have on the chemistry, with the aim to
guide future chemical and hydrodynamical model develop-
ment. We calculate a grid of O-rich and C-rich models, vary-
ing the outflow density, density structure, companion tem-
perature, and location of the onset of dust extinction.

MNRAS 000, 1–15 (2021)



Impact of companion UV photons on AGB outflows 5

Figure 3. Abundance of SO relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

3 RESULTS

The presence of a stellar companion in the inner wind can
strongly influence the chemistry within the entire outflow.
Companion photons start a rich photon-driven chemistry,
typical for the outermost regions, already in the inner parts
of the outflow. The outcome of the inner photochemistry de-
pends mainly on the extinction experienced by the internal
UV photons, determined by the outflow density (Ṁ/v∞), the
density structure, and Rdust, as well as on the intensity of the
radiation, set by Tcomp and Rcomp.

Based on the extinction experienced by internal photons,
we can differentiate between low UV outflows (10 < ∆AV <
100 mag) and high UV outflows (∆AV < 10 mag), where
∆AV is the maximum value of internal extinction at large
radial distances. Outflows with ∆AV > 100 mag experience
very little impact. In our grid, this is the smooth outflow with
Ṁ = 10−5 M⊙ yr−1 and Rdust= 2 R∗. Low UV outflows are
all porous outflows with Ṁ = 10−5 M⊙ yr−1, and the smooth
and two-component outflow with Ṁ = 10−6 M⊙ yr−1. High
UV outflows are the one-component outflow with Ṁ = 10−6

M⊙ yr−1 and all outflows with Ṁ = 10−7 M⊙ yr−1.
In high UV outflows, photodissociation and photoionisa-

tion are faster than two-body reactions, inhibiting reforma-

tion of parents and chemistry among newly formed daughters.
This can reduce the outflow to a mostly atomic and ionised
state, which in smooth outflows is otherwise expected in the
outermost regions where the outflow merges with the ISM. In
low UV outflows, chemical complexity increases as two-body
reactions can occur before further photodissociation and pho-
toionisation. Species that are otherwise produced only in the
outer wind can have abundance profiles more similar to those
of parent species, with a larger abundance in the inner region
followed by a gaussian decline.

Red dwarf companions do not significantly influence the
chemistry, with only low extinction outflows (low outflow den-
sity and porous density structure) showing an impact, at the
same level as that of stellar UV photons (see Fig. 2). We note
that CO self-shielding was not properly taken into account in
Van de Sande & Millar (2019), as discussed in Van de Sande
et al. (2020). The largest impact, for all outflow densities and
structures, is seen for solar-like companions. A white dwarf
companion has a smaller effect. The specific outcome of the
photochemistry in the inner wind is difficult to predict, as
it not only depends on the intensity of UV radiation and
the extinction it experiences, but also on the parent species

MNRAS 000, 1–15 (2021)



6 Van de Sande & Millar

Figure 4. Abundance of NS relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

and their assumed abundances. However, general trends are
present.

The results for the O-rich and C-rich outflows are presented
in Sects. 3.1 and 3.2, respectively. Abundance profiles of the
more relevant species discussed in the text are included in
the supplementary material, along with their calculated col-
umn densities. In order to compare outflows with different
Rdust, and hence different starting radius, column densities
are calculated from 8× 1014 cm (40 R∗) onwards. At this lo-
cation, the chemistry has adapted to the governing physical
conditions.

3.1 O-rich outflows

The column densities of selected parent and daughter species
compared to those obtained with interstellar UV photons
only are listed in Table B.1. Figure 3 shows the abundance
of the parent SO in the O-rich grid of outflows. While a red
dwarf companion only influences the chemistry in high UV
outflows, a solar-like or white dwarf companion destroys SO
in the inner wind for both low and high UV outflows. SO can
be reformed via S + OH, with the latter formed by interstellar
photodissociation of the parent H2O. In high UV outflows,

OH itself is photodissociated, inhibiting the reformation of
SO. The difference in UV radiation between the solar-like
and white dwarf companion leads to a different radial be-
haviour of OH and subsequently SO: OH is more abundant
in the presence of the white dwarf, leading to a larger radial
extent of the increase in SO abundance. The abundances of
SO and H2O are therefore closely linked, together with that
of SO2, as it is reformed via SO + OH. In high UV outflows,
SO is efficiently photodissociated for the solar-like companion
and white dwarf companion, significantly reducing its enve-
lope size. While a red dwarf companion influences the shape
of the SO abundance profile, its envelope size remains unaf-
fected.

S is one of the final photodissociation products of S-
bearing parents. In low UV outflows, it is rapidly hydro-
genated to HS and subsequently H2S. Its hydrogenation chain
is disturbed in high UV outflows, halting at the forma-
tion of HS. The (re)formation of all hydrogenated parents
(H2S, NH3, H2O, HCN) and their daughters is sensitive to
the balance between two-body reactions and photoreactions.
While the ambient UV radiation field has the largest influ-
ence, the outflow density and temperature also play a role due
to energy barriers within their hydrogenation chains. These
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Figure 5. Abundance of CH4 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

radical-H2 reactions have rates (s−1) that increase with gas
density and temperature. Thus for a specific gas temperature,
higher densities can drive hydrogenation faster than UV pho-
tons can dehydrogenate.

Figure 4 shows the abundance of NS. Although the column
density of the parent N2 is relatively unaffected in low UV
and most high UV outflows, its destruction at the level of a
few percent is the main source of N in the inner wind. NS is
produced by N + HS, formed mostly by photodissociation of
the parent H2S, along with the hydrogenation of S, liberated
from the photodissociation of S-bearing parents. In low UV
outflows, the abundance profile of the daughter NS is altered
from its typical shell-like form to a more parent-like shape,
with a larger inner wind abundance. Note that this is also
the case in high UV outflows with a red dwarf companion,
as its radiation field is not strong enough to photodissociate
newly formed daughters.

3.2 C-rich outflows

The column densities of selected parent and daughter species
compared to those obtained with interstellar UV photons
only are listed in Table B.2. Figure 5 shows the abundance

of the parent CH4 in the C-rich grid of outflows. Efficient hy-
drogenation of C, released by the photodissociation of other
parents, can lead to an increase in its abundance. As for the
O-rich outflows, the hydrogenation chain is highly sensitive
to the balance between two-body reactions and photoreac-
tions. The column density of the parents HCN, H2S, NH3,
and H2O can also increase under favourable conditions. The
increase in photodissociation of the parent N2 liberates N,
which can react with CH2 to form CN, followed by hydro-
genation to HCN. The liberated N can also be hydrogenated
to NH3. Similarly, H2S is formed via successive hydrogena-
tion of S, liberated from the photodissociation of the parent
CS, and H2O via successive hydrogenation of O, liberated
mostly from the photodissociation of the parent SiO.

Figure 6 shows the abundance of CH3CN. In low UV out-
flows, this complex species can show a parent-like abundance
profile, with larger abundances close to the star. CH3CN is
formed by reaction of the parent HCN with CH3

+, formed
by the photoionisation of CH3, a photodissociation prod-
uct of the parent CH4. The balance between photoreactions
and two-body reactions is hence crucial for the formation of
CH3, as it should not be photodissociated itself nor should
its (re)formation via hydrogenation of CH2 be impeded. In
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8 Van de Sande & Millar

Figure 6. Abundance of CH3CN relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

high UV outflows, the increase in its inner wind abundance
rapidly declines due to efficient photodissociation. Note that
for a red dwarf companion, the radiation field is not strong
enough to efficiently photoionise CH3.

Figure 7 shows the abundance of C6H– . Unlike for CH3CN,
a solar-like and white dwarf companion both yield approxi-
mately the same inner wind abundance, which is moreover
relatively independent of outflow density and structure. This
is due to similar radiative electron attachment and photode-
tachment rates for C6H– . Other species, such as C8H– and
C3N– , also show such a balance in radiative electron attach-
ment and photodetachment rates and hence a large and out-
flow independent inner wind abundance.

4 DISCUSSION

The internal UV radiation of a stellar companion can have a
large impact on the chemistry throughout the outflow. The
effect depends mainly on the extinction experienced by the
internal UV photons, ∆AV , and the density structure of the
outflow. The intensity of the radiation, set by Tcomp and
Rcomp, plays a secondary role since the intensity is expo-
nentially dependent on extinction. We find that a red dwarf

companion does not significantly influence the chemistry in
low UV outflows, with an effect similar to that of stellar UV
photons.

Outflows with ∆AV > 100 at large radial distances are not
significantly affected. In low UV outflows, with 10 < ∆AV <
100 mag, the outcome of the chemistry critically depends on
the balance between photodissociation and two-body reac-
tions. Parents are only partly photodissociated, so that atoms
and radicals are liberated while the parents themselves are
still present and can participate in the rich photochemistry
of the inner wind. The subsequent two-body reactions deter-
mine the reformation of parents and production of daughters
in the inner region. This transforms the shell-like abundance
profile of some daughter species to a more parent-like pro-
file, with an increased abundance in the inner wind. Energy
barriers of certain reactions, most notably hydrogenation re-
actions, play an important role in (re)production pathways.

High UV outflows, with ∆AV < 10 at large radial dis-
tances, are most affected by internal UV radiation. The low
extinction experienced by internal photons leads to a strong
decline in the abundance of parent species. Photoreactions
are faster than two-body reactions in high UV outflows, re-
ducing the chemistry to a mostly atomic and ionised state
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Figure 7. Abundance of C6H– relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

from the inner region onwards. As a result, the outflow ap-
pears to be molecule-poor: both parents and daughters are
readily photodissociated and photoionised. Because of the
limited impact of a red dwarf companion, these outflows do
not appear molecule-poor.

The origin of chemical complexity in the inner wind is dis-
cussed in Sect. 4.1. Whether chemistry can be used as a tool
to detect stellar companions is discussed in Sect. 4.2. We ad-
dress the formation of unexpected C-bearing species in O-rich
outflows, and vice versa, in Sect. 4.3. The modelling results
are compared to observations in Sect. 4.4.

4.1 Inner wind chemical complexity

Chemical complexity can increase in the inner wind of low UV
outflows, as two-body reactions among newly formed daugh-
ter species are faster than photoreactions. This can lead to
daughter species showing abundance profiles typical of par-
ent species, with a large inner wind abundance followed by
a gaussian decline. Although photodissociation of the parent
N2 does not significantly impact its column density, it leads
to the formation of NS in O-rich and C-rich outflows. Other
N-bearing species can also be abundantly produced, such as

SiN. Its main formation pathway is via the parent NH3 re-
acting with Si+ to form SiNH2

+, which can dissociatively
recombine with electrons to form SiN. In both O-rich and C-
rich outflows, the photodissociation of SiS is the main source
of Si and consecutively of Si+.

The increase in chemical complexity and diversity in the in-
ner wind is larger for C-rich outflows thanks to the reactivity
of carbon. Photodissociation of the parent C2H2 leads to the
formation of the radicals C2H and C2. The continued pres-
ence of C2H2 in low UV outflows allows it to participate in
the chemistry, starting off the reaction chains forming C2nH2

and C2nH (n = 1, 2, ...), respectively, aiding to the formation
of HC2n+1N (n = 1, 2, ..., (supplementary material)). Reac-
tions of C2H2 with photodissociation products Si and Si+

form SiC2, SiC2H and SiC2H+, starting off a Si-C chemistry.
The formation of CH3CN (Fig. 6) requires the presence of
the parent HCN. It is therefore necessary that parents C2H2,
CH4, and HCN are only partly photodissociated for com-
plexity to increase, highlighting again the balance between
two-body reactions and photoreactions.

CH3 is a gateway species to the inclusion of atoms other
than C in daughter species. In O-rich outflows, it is mainly
formed via the hydrogenation of C, mostly liberated from CS.
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Reactions of CH3 with Si or S leads to SiCH2 or H2CS, respec-
tively. SiCH2 can be photodissociated into HCSi, followed by
SiC. In C-rich outflows, CH3 is more abundant thanks to the
presence of the parent CH4 and its reactions with Si, Si+, S
and N lead to SiCH2, SiCH2

+, H2CS and H2CN, respectively.
Because of the high H2 + S and H2 + Si reaction barriers,
H2CS, SiCH2 and SiCH2

+ are more efficiently formed.

4.2 Chemistry as a tool to detect stellar companions

Observations and non-observations of specific molecules could
help identify a stellar companion. However, the model predic-
tions are highly dependent on the extinction experienced by
internal UV photons (determined by the outflow density and
structure), the temperature and radius of the companion, as
well as the assumed parent species and their relative abun-
dances. Certain trends can be distinguished, keeping in mind
that specific outflows will require specific chemical models.

In general, a red dwarf companion does not significantly
impact the chemistry throughout the outflow, with an effect
comparable to that of stellar UV photons (Fig. 2). A solar-like
companion has a larger influence than a 10 000 K white dwarf
due to their difference in size. High UV outflows (low outflow
density and/or highly porous density structure) with a solar-
like or white dwarf companion are likely to appear molecule-
poor. CO is often the only detectable molecule. The envelope
size of the other parents and of daughters is severely reduced.
The presence of atoms and atomic ions, especially combined
with a lack of molecules, appears to be a clear indicator of
the presence of a (hot) stellar companion.

In low UV, O-rich outflows, the presence in the inner wind
of N-bearing species such as NS and SiN, as well as SiC,
point towards the presence of a solar-like or white dwarf
companion. Retrieving the abundance profile can also indi-
cate its presence: while the SO column density remains large,
its abundance profile shows a clear shell-like shape. SO2 be-
haves similarly. In low UV, C-rich outflows, a large inner wind
abundance of various complex species (e.g., CH3CN, HC3N,
C6H– ) can indicate the presence of a solar-like or white dwarf
companion. The parents SiO, SiS, and NH3 are severely re-
duced in abundance. The behaviour of the other parents and
daughters, in particular of hydrogenated species, is however
highly dependent on the exact input parameters.

4.3 Formation of unexpected species

Several so-called unexpected species have been detected in
the inner winds of AGB stars. Under the assumption of ther-
modynamic equilibrium (TE) in the inner wind, these species
are expected to have a smaller abundance than observed or
be absent. In O-rich outflows, the unexpected species are C-
bearing species, such as HCN, CS, and CN (Omont et al.
1993; Bujarrabal et al. 1994; Justtanont et al. 1996). In C-
rich outflows, they are O-bearing species, such as H2O (Decin
et al. 2010b; Neufeld et al. 2011), but also complex species
such as CH3CN (Agúndez et al. 2015). Non-TE inner wind
chemical models that take the effect of shocks, caused by stel-
lar pulsations, into account are relatively successful in repro-
ducing the abundances of the unexpected species (e.g., Cher-
chneff 2006). However, they fail to reproduce certain species,
such as NH3 in the high density O-rich outflow of IK Tau

(Gobrecht et al. 2016). A clumpy density distribution could
help explain the presence of these unexpected species. Non-
TE models do not include photodissociation, while a porous
outflow can allow interstellar UV photons to reach the inner
wind. This allows C to be liberated in the inner wind in O-
rich outflows, and similarly O in C-rich outflows. Agúndez
et al. (2010) included clumpiness by allowing a certain frac-
tion of UV photons to reach the inner winds. Van de Sande
et al. (2018b) introduced the statistical porosity formalism
for a more general approach. However, while both models
find that the abundance of NH3 can increase in both O-rich
and C-rich outflows, it does not reach the observed values,
and the effects on the other unexpected species remains lim-
ited (Agúndez et al. 2010; Van de Sande et al. 2020).

To investigate whether the presence of a stellar companion
can yield enough UV radiation in the inner wind to produce
unexpected species, we recalculated our grid of models with
adapted sets of parent species. H2O and NH3 are omitted
from the C-rich parent species; and HCN, CS, and NH3 from
the O-rich parent species.

Figure 8 shows the abundance of H2O in the grid of C-rich
outflows obtained using the adapted set of parent species.
H2O can be abundantly formed in the inner winds of most
C-rich outflows. O is released from the photodissociation of
mostly the parent SiO, which is then successively hydro-
genated to H2O. Solar-like or white dwarf companions yield
the largest inner wind abundances. A maximum abundance of
roughly 5×10−6 relative to H2 is achieved in smooth and two-
component outflows. For one-component outflows, the large
inner wind abundance rapidly decreases. A red dwarf com-
panion does not result in a larger inner wind abundance, ex-
cept for in the one-component outflows where a maximum
abundance of about 10−7 relative to H2 can be reached. The
abundances obtained in low UV outflows are in agreement
with observations, which lie around 10−7

− 10−5 relative to
H2 (Decin et al. 2010b; Lombaert et al. 2016).

The abundance of NH3 is shown in the supplementary ma-
terial. A red dwarf companion does not lead to an increase in
the inner wind abundance of NH3 in any of the outflows. A
solar-like companion can increase its inner wind abundance
up to some 10−9 relative to H2, a white dwarf companion up
to a few times 10−6 relative to H2. NH3 has been observed in
the high density outflow of IRC+10216 with an abundance
of 1.7 × 10−7 relative to H2. Our high density models reach
an inner wind abundance of only 10−9 in the two-component
case, suggesting that non-TE effects play a large role in the
formation of NH3.

Figure 9 shows the abundance of HCN in the grid of O-rich
outflows obtained using the adapted set of parent species. A
red dwarf companion does not result in a larger inner wind
abundance in any of the outflows. The presence of a solar-
like or white dwarf companion can dramatically increase the
inner HCN abundance, with lower outflow densities and more
porous density structures yielding larger abundances. C is
liberated from photodissociation of CO. This does not impact
the CO abundance because of its large abundance and its
(re)formation via photodissociation of CO2. The abundances
obtained are consistent with observations of R Dor, which
has an inner wind abundance of 5 × 10−7 relative to H2 in
an outflow with Ṁ ≈ 10−7 M⊙ yr−1(Van de Sande et al.
2018a). They are an order of magnitude too low for IK Tau,
with Ṁ = 5 × 10−6 M⊙ yr−1(Decin et al. 2010a), and two
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Figure 8. Abundance of H2O relative to H2 in C-rich outflows with different density structures. The unexpected species H2O and NH3

are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow. Black,
solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green:
stellar + solar-like companion, blue: stellar + white dwarf companion.

orders of magnitude too low for TX Cam, with Ṁ = 3 ×

10−6 M⊙ yr−1(Bujarrabal et al. 1994). Similarly, our results
are consistent with the HCN abundances derived by Schöier
et al. (2013) for lower density outflows and not for higher
density outflows. These differences could be mitigated by a
more porous outflow or with some HCN as a parent, produced
by non-TE chemistry.

The abundances of NH3 and CS are shown in the supple-
mentary material. The results obtained for NH3 are similar
to those obtained in the C-rich outflows. It has been observed
in the outflow of IK Tau with an abundance of 6×10−7 rela-
tive to H2 (Decin et al. 2010a), with other outflows showing
a similar abundance of about 10−6 (Wong et al. 2018). Such
abundances are again only achieved in the two-component
case for a solar-like or white dwarf companion. CS is not effi-
ciently producetd in the inner wind, with an increase in inner
wind abundance of only an order of magnitude, reaching up
to 10−9 relative to H2. This is far below the observed abun-
dances around IK Tau and TX Cam of approximately 10−7

and 10−6, respectively (Bujarrabal et al. 1994; Decin et al.
2010a; Kim et al. 2010; Lindqvist et al. 1988; Olofsson et al.
1991). A combination of non-TE chemistry producing (some)
CS in the inner wind appears to be necessary. Including CS

as a parent with its original abundance (Table 2) increases
the inner HCN abundance by an order of magnitude.

4.4 Comparison to observations

CI emission has been detected in a shell-like structure around
C-rich AGB stars, where it appears to be formed by inter-
stellar UV photodissociation of CO (Keene et al. 1993; van
der Veen et al. 1998; Olofsson et al. 2015; Knapp et al. 2000).
Saberi et al. (2018) detected CI emission in the Mira AB
system, where the primary Mira A (omi Cet) is an O-rich
AGB star and the secondary Mira B is likely to be a white
dwarf with a temperature around 20 000 K (Sokoloski & Bild-
sten 2010). The outflow of Mira A has a mass-loss rate of a
few times 10−7 M⊙ yr−1 and contains a bubble-like struc-
ture, formed by material blowing from the primary to the
secondary (Ramstedt et al. 2014). Saberi et al. (2018) sug-
gest that the CI emission arises from a more compact region
near Mira B and find a CI column density of 1.1×1019 cm−2.
We do not find such large column densities for C in our O-rich
models with Ṁ = 10−7 M⊙ yr−1and a white dwarf compan-
ion (Table B.1). The Mira AB system has a large separation
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Figure 9. Abundance of HCN relative to H2 in O-rich outflows with different density structures. The unexpected species CS, HCN,
and NH3 are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow.
Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion,
green: stellar + solar-like companion, blue: stellar + white dwarf companion.

of approximately 6.9×1014 cm (Ramstedt et al. 2014), which
corresponds to ∼ 35 R∗ in our model. Our models assume
a close-by companion within the dust formation zone of the
AGB star. The influence of the orbital motion and differences
in dust extinction may underlie the discrepancy with the CI
observations.

Bujarrabal et al. (2021) investigated the intricate structure
within inner wind of the symbiotic system R Aqr, composed
of an AGB star and a 80 000 K white dwarf. They found that
photodissociation caused by the white dwarf destroys most
molecules, including CO, except for in the densest regions.
They also found evidence for time-dependence effects associ-
ated with the white dwarf’s orbital motion. The separation
between the two stars (1.6 × 1014 cm = 8 R∗ in our model)
reasonably lies within our model assumption of a close-by
companion. However, R Aqr’s orbit is relatively long (about
42 years) and has a large eccentricity. These factors make
our model not representative, as orbital motion is not in-
cluded. Nevertheless, we do not find that CO is destroyed
in the outflows assumed in this paper. When increasing the
temperature of the white dwarf to 80 000 K, CO is efficiently
destroyed in low mass-loss rate outflows, with larger decreases
in abundance seen for higher porosities. This is shown Figure

10. Outflows with Ṁ = 10−6 M⊙ yr−1only show a signif-
icant destruction for outflows with a highly porous density
structure. As noted by Bujarrabal et al. (2021), modelling
the complex system of R Aqr - and by extension all binary
models - requires a tailored and hydrochemical approach.

The shape of the SO abundance profile in O-rich outflows
has been observed to depend on the mass-loss rate, with
higher density outflows showing a shell-like shape with a
lower initial abundance, while lower density outflows show
the typical gaussian profile expected from parent species
(Danilovich et al. 2016, 2020). The SO2 abundance profile
might follow this behaviour (Danilovich et al. 2020). Higher
density outflows are observed to have H2S present within
their outflows, showing a gaussian-like profile (Danilovich
et al. 2017). Our O-rich results show that the presence of
a companion changes the abundance profile of the parents
SO and SO2 to a shell-like shape in higher density outflows
(Figs 3 and supplementary material). In lower density out-
flows, both species are efficiently photodissociated. H2S re-
tains its gaussian profile for higher density outflows with a
slightly porous density structure and is efficiently destroyed
in lower density outflows (supplementary material). In the
case of IK Tau, which has a mass-loss rate of 5 × 10−6 M⊙
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Figure 10. Abundance of CO relative to H2 in O-rich outflows with different density structures and a 80 000 K white dwarf companion.
Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Purple: stellar + white dwarf
companion with Tcomp = 80 000 K.

yr−1 (Danilovich et al. 2016), the shell-like shape of SO com-
bined with the presence of H2S indicates against the presence
of a stellar companion. Therefore, a broad overview of the
molecular content of the outflow is crucial.

Velilla Prieto et al. (2017) detected NS in the outflow of
the O-rich IK Tau, characterised by Ṁ ∼ 6× 10−6 M⊙ yr−1

(Decin et al. 2010b). They retrieved an abundance of about
10−8 relative to H2. This corresponds to the results of our
higher density outflow models (Fig. 4). Decin et al. (2018)
detected NS in IK Tau, but not in the low mass-loss rate
outflow of R Dor, which is thought to harbour an equatorial
density enhancement caused by binary interaction (Homan
et al. 2018). We find that NS is rapidly destroyed in low
density outflows with a higher porosity and a solar-like or
white dwarf companion. However, Velilla Prieto et al. (2017)
also detected H2CO around IK Tau with an abundance of
∼ 10−7

− 10−8 relative to H2. Our models do not predict
an increase in inner wind abundance of formaldehyde (sup-
plementary material), suggesting non-TE effects might be at
play.

SiN has been detected in the inner winds of the C-rich
IRC+10216 (Turner 1992) and the S-type star W Aql (De
Beck & Olofsson 2020), which has a mass-loss rate of 3×10−6

M⊙ yr−1 and shows evidence of eccentric binary interaction
(Ramstedt et al. 2017). The SiN abundance in W Aql is some
4×10−8 relative to H2, about five times larger than its abun-
dance in IRC+10216 (De Beck & Olofsson 2020). In both the
O-rich and C-rich model results, we find that the presence of
a companion leads to the efficient production of SiN in higher
density outflows, in agreement with the observed abundances
(supplementary material).

Agúndez et al. (2015) retrieved the spatial distribution
of CH3CN in the high mass-loss rate outflow of the C-rich
star IRC+10216. The outflow of IRC+10216 contains a spi-
ral structure, thought to be induced by binary interaction
(Mauron & Huggins 2000; Leão et al. 2006; Decin et al. 2015).
This complex species shows a profile different to other daugh-
ter species. They found that methyl cyanide is formed close
to the star, within 2′′or ∼ 3.5×1015 cm at 120 pc (Groenewe-
gen et al. 2012). This is not predicted by standard chemical
models nor their model with a lower extinction throughout
the entire outflow. We find that the presence of a solar-like
or white dwarf companion in a porous, high density outflow
can increase the inner wind abundance of CH3CN. As with
the formation of unexpected species (Sect. 4.3), an internal
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source of UV radiation is necessary to initiate complex chem-
istry close to the star.

The anions C4H– , C6H– and C8H– have been observed
in the outflow of IRC+10216 (McCarthy et al. 2006; Cer-
nicharo et al. 2007; Remijan et al. 2007). Their column den-
sities have been retrieved, along with those of their neutral
counterparts. The ratio of the C4H– and C4H column density
is 2.4×10−5 (Cernicharo et al. 2007), that of C6H– and C6H is
0.17 (McCarthy et al. 2006; Cernicharo et al. 2007), and that
of C8H– and C8H is 0.32 (Remijan et al. 2007). In outflows
with Ṁ = 10−5 M⊙ yr−1, the presence of a stellar companion
can increase the inner wind abundance of C6H– and C8H–

and decrease that of C4H– (Fig. 7 and supplementary mate-
rial). The inner wind abundances of C4H, C6H and C8H can
be larger, showing a more parent-like abundance profile. The
column density of these molecules increases for most outflow
densities and structures, except for C4H– . Therefore, the ra-
tios are relatively stable for higher density outflows and corre-
spond well to those retrieved for IRC+10216. Consequently,
the abundance profiles shapes are crucial to determine and
quantify the presence of a stellar companion.

5 CONCLUSIONS

We presented the first calculations of the impact of stellar
companion UV photons on the chemistry throughout an AGB
outflow. The chemical model is a one-dimensional approxima-
tion based on our previous work on stellar UV photons. We
find that the effect of a stellar companion depends mainly
on the extinction experienced by its UV radiation, ∆AV , set
by the outflow density, the onset of dust extinction, and the
density structure of the outflow, as well as on the intensity
of its radiation, set by the stellar radius and blackbody tem-
perature.

Outflows with ∆AV > 100 mag at large radial distances
experience very little impact. In low UV outflows, with 10 <
∆AV < 100 mag, chemical complexity increases. Parents are
only partly photodissociated, which initiates a rich photo-
chemistry of the inner wind. Two-body reactions can occur
before further photodissociation and photoionisation, leading
to the reformation of parents and production of daughters in
the inner region. Daughter species can now show abundance
profiles with a larger abundance in the inner region followed
by a gaussian decline, i.e. more similar to those of parent
species. In high UV outflows, with ∆AV < 10 mag, pho-
todissociation and photoionisation are faster than two-body
reactions. This reduces the outflow to a mostly atomic and
ionised state and makes them apparently molecule-poor.

The chemical composition of the outflow can be used as a
tool to detect stellar companions. However, the model is not
only highly dependent on the extinction experienced by inter-
nal UV photons and the size and temperature of the compan-
ion, but also on the specific parent species and their initial
abundances. Generally, we find that red dwarf companions do
not significantly influence the chemistry, with an effect simi-
lar to that of stellar UV photons. Solar-like companions have
a larger impact on the chemistry than the white dwarf com-
panion considered here, because of the latter’s compact size.
In low UV outflows, more complex or uncommon species can
be formed in the inner wind, such as CH3CN and C6H– in
C-rich outflows and NS in O-rich outflows. The shape of the

abundance profile of daughter species is another powerful in-
dicator. The apparent lack of molecules in high UV outflows
can point to the presence of a solar-like or white dwarf com-
panion, especially when atoms and their ions are detected
close to the star.

The additional source of UV radiation in the inner wind can
lead to the formation of unexpected species in O-rich and C-
rich outflows. While our models can reproduce the observed
abundances of H2O in C-rich outflows and HCN in O-rich
outflows, non-thermodynamical equilibrium effects appear to
play a role in the formation of CS in O-rich outflows and NH3

in both C-rich and O-rich outflows.
Several approximations go into the chemical model. Our

results are the first to quantify the impact of a stellar com-
panion’s UV field and show that further model development
is necessary when modelling specific, asymmetric outflows.
Future (three-dimensional) chemical models should take the
orbital motion of the companion and its impact on the mor-
phology into account. Moreover, modelling the outflows of
specific binary systems will require specific chemical models.
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APPENDIX A: OCCULTED REGION WITHIN

THE OUTFLOW

The fraction of the period during which the companion can be
occulted by the star is largest in the orbital plane. Following
Fig. A1, we have that sin(φ) = R∗/Rcomp and sin(θ) = R∗/R.
The angle α with respect to the orbital plane is given by

α = arcsin
R∗

R
+ arcsin

R∗

Rcomp

. (A1)

The hidden fraction of the period is then 2α/2π. The ap-
proximation of the companion by a point source is reason-
able since an AGB star is ∼ 300 times larger than a solar-like
star (Tcomp = 6000 K) and ∼ 3000 times larger than a red
dwarf (Tcomp = 4000 K). The variation of the fraction α/π
throughout the outflow is shown in Fig. A2 for a companion
at 2 R∗ and at 5 R∗.

The majority of the sphere is constantly irradiated by the
companion. For a companion at Rcomp, the solid angle cast
by the AGB star is equal to π(R∗/Rcomp)

2. The fraction of
the total sphere in which the companion is hidden by the star
is then (R∗/2Rcomp)

2. For a companion at 2 R∗, only 6% of
the outflow is occulted by the stellar companion, decreasing
to 1% for a companion at 5 R∗.

MNRAS 000, 1–15 (2021)
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Figure A1. Illustration of the AGB star, centred on O, and the
companion, centred on C, as seen from point P above the orbital
plane at an angle α.
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Figure A2. Occulted fraction of the orbit within the orbital plane
as a function of distance to the star for a companion at 2 R∗ (blue)
and at 5 R∗ (orange).

APPENDIX B: COLUMN DENSITIES OF ALL

PARENT SPECIES

Tables B.1 and B.2 list the column densities for selected par-
ent and daughter species obtained in the grid of O-rich and
C-rich outflows, respectively. Column densities are calculated
from 8 × 1014 cm = 40 R∗ onwards to enable a comparison
between models with a different Rdust.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table B.1. Column densities of selected parents and daughters in O-rich outflows. For each outflow density, the column density [cm−2]

obtained including interstellar UV photons only (IS) is listed, followed by the ratios of the column density obtained including stellar
and companion UV photons over that obtained including interstellar UV photons only, rounded to two significant figures. RD: red dwarf
companion (Tcomp = 4000 K, Rcomp = 1.53×1010 cm), SL: solar-like companion (Tcomp = 6000 K, Rcomp = 8.14×1010 cm), WD: white
dwarf companion (Tcomp = 10 000 K, Rcomp = 6.96× 108 cm). The different rows per molecule correspond to the smooth outflow (Sm.),
two-component outflow (2C; fic= 0.3, fvol= 0.3, l∗ = 4 × 1012 cm) and one-component outflow (1C; fvol= 0.3, l∗ = 4 × 1012 cm) for
different onsets of dust extinction, Rdust. Increases/decreases larger than 10% are marked in blue/red. Changes larger than a factor five
are marked in bold.

Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

IS RD SL WD IS RD SL WD IS RD SL WD

Sm. 2 R∗ 3.64e+17 1.0 1.0 1.0 1.05e+17 1.0 1.0 1.0 8.94e+15 1.0 0.88 0.9
5 R∗ 3.64e+17 1.01 1.01 1.01 1.05e+17 1.01 1.01 1.01 8.94e+15 1.01 0.82 0.8

N2 2C 2 R∗ 3.64e+17 1.0 1.0 1.0 1.05e+17 1.0 0.99 0.98 8.92e+15 1.0 0.79 0.75
5 R∗ 3.64e+17 1.01 1.01 1.01 1.05e+17 1.01 0.97 0.99 8.92e+15 1.01 0.63 0.72

1C 2 R∗ 3.64e+17 1.0 0.97 0.97 1.05e+17 1.0 0.93 0.97 8.90e+15 1.0 0.33 0.77
5 R∗ 3.64e+17 1.01 0.95 0.97 1.05e+17 1.01 0.84 0.97 8.90e+15 1.01 0.42 0.54

Sm. 2 R∗ 1.92e+18 1.0 1.0 1.0 5.34e+17 1.0 1.08 1.01 3.32e+16 1.04 1.06 1.07
5 R∗ 1.92e+18 1.01 1.04 1.01 5.34e+17 1.02 1.09 1.09 3.32e+16 1.06 0.0 0.75

H2O 2C 2 R∗ 1.92e+18 1.0 1.06 1.01 5.32e+17 1.03 1.08 1.1 3.26e+16 1.04 0.17 1.01
5 R∗ 1.92e+18 1.01 1.09 1.06 5.32e+17 1.04 1.08 1.1 3.26e+16 1.05 0.0 0.02

1C 2 R∗ 1.92e+18 1.05 0.0 0.95 5.29e+17 1.05 0.0 0.68 3.22e+16 1.03 0.0 0.02

5 R∗ 1.92e+18 1.06 0.0 0.73 5.29e+17 1.06 0.0 0.2 3.22e+16 1.04 0.0 0.0

Sm. 2 R∗ 2.43e+17 1.0 1.0 1.0 6.81e+16 1.0 0.79 0.95 4.38e+15 1.02 0.95 0.86
5 R∗ 2.43e+17 1.01 0.97 1.01 6.81e+16 1.01 0.81 0.72 4.38e+15 1.03 0.01 0.98

SiO 2C 2 R∗ 2.43e+17 1.0 0.87 0.99 6.81e+16 1.0 0.8 0.67 4.51e+15 1.01 0.88 0.96
5 R∗ 2.43e+17 1.01 0.77 0.83 6.81e+16 1.01 0.82 0.7 4.51e+15 1.03 0.0 0.54

1C 2 R∗ 2.43e+17 1.0 0.54 0.9 6.82e+16 0.99 0.01 1.0 4.73e+15 1.01 0.0 0.6
5 R∗ 2.43e+17 1.01 0.02 1.01 6.82e+16 1.01 0.0 0.99 4.73e+15 1.03 0.0 0.0

Sm. 2 R∗ 1.54e+17 1.0 1.0 1.0 4.10e+16 1.0 1.11 1.06 1.32e+15 0.0 0.0 0.0

5 R∗ 1.54e+17 1.01 0.0 0.94 4.10e+16 0.18 0.0 0.0 1.32e+15 0.0 0.0 0.0

H2S 2C 2 R∗ 1.54e+17 1.0 1.09 1.01 4.05e+16 0.98 1.11 1.08 1.19e+15 0.0 0.0 0.0

5 R∗ 1.54e+17 0.45 0.0 0.01 4.05e+16 0.01 0.0 0.0 1.19e+15 0.0 0.0 0.0

1C 2 R∗ 1.53e+17 0.0 0.0 0.0 3.99e+16 0.0 0.0 0.0 1.06e+15 0.0 0.0 0.0

5 R∗ 1.53e+17 0.0 0.0 0.0 3.99e+16 0.0 0.0 0.0 1.06e+15 0.0 0.0 0.0

Sm. 2 R∗ 3.31e+16 1.0 1.0 1.0 9.41e+15 0.99 0.02 0.89 5.48e+14 0.24 0.2 0.21
5 R∗ 3.31e+16 1.01 0.53 1.0 9.41e+15 0.88 0.04 0.17 5.48e+14 0.22 0.0 0.37

SO2 2C 2 R∗ 3.33e+16 1.0 0.06 0.96 9.89e+15 0.62 0.06 0.05 7.04e+14 0.41 0.03 0.4
5 R∗ 3.33e+16 0.97 0.01 0.54 9.89e+15 0.41 0.07 0.07 7.04e+14 0.37 0.0 0.01

1C 2 R∗ 3.36e+16 0.02 0.0 0.51 1.05e+16 0.12 0.0 0.77 8.69e+14 0.46 0.0 0.01

5 R∗ 3.36e+16 0.04 0.0 0.75 1.05e+16 0.12 0.0 0.11 8.69e+14 0.38 0.0 0.0

Sm. 2 R∗ 2.74e+16 1.0 1.0 1.0 7.87e+15 0.98 0.08 0.79 5.87e+14 0.93 0.92 0.9
5 R∗ 2.74e+16 1.01 0.35 0.99 7.87e+15 0.8 0.2 0.25 5.87e+14 0.93 0.0 1.03

SO 2C 2 R∗ 2.75e+16 0.99 0.04 0.92 7.89e+15 0.22 0.14 0.12 6.87e+14 1.08 0.17 1.1
5 R∗ 2.75e+16 0.93 0.05 0.41 7.89e+15 0.45 0.3 0.29 6.87e+14 1.03 0.0 0.06

1C 2 R∗ 2.76e+16 0.09 0.0 1.6 7.88e+15 0.43 0.0 1.72 8.05e+14 1.11 0.0 0.06

5 R∗ 2.76e+16 0.12 0.0 1.77 7.88e+15 0.46 0.0 0.67 8.05e+14 1.0 0.0 0.0

Sm. 2 R∗ 8.55e+15 1.0 1.0 1.0 2.38e+15 1.0 0.61 0.99 1.56e+14 0.46 0.0 0.03

5 R∗ 8.55e+15 1.01 0.97 1.01 2.38e+15 1.0 0.0 0.76 1.56e+14 0.46 0.0 0.0

SiS 2C 2 R∗ 8.54e+15 1.0 0.85 1.0 2.37e+15 0.99 0.0 0.76 1.49e+14 0.34 0.0 0.0

5 R∗ 8.54e+15 1.01 0.17 0.94 2.37e+15 0.92 0.0 0.06 1.49e+14 0.36 0.0 0.0

1C 2 R∗ 8.52e+15 0.86 0.0 0.0 2.35e+15 0.61 0.0 0.0 1.38e+14 0.17 0.0 0.0

5 R∗ 8.52e+15 0.94 0.0 0.0 2.35e+15 0.79 0.0 0.0 1.38e+14 0.22 0.0 0.0

Sm. 2 R∗ 5.53e+15 1.0 1.0 1.0 1.50e+15 1.0 0.81 1.01 7.11e+13 0.67 0.0 0.85
5 R∗ 5.53e+15 1.01 0.7 1.01 1.50e+15 1.01 0.0 0.42 7.11e+13 0.52 0.0 0.0

NH3 2C 2 R∗ 5.52e+15 1.0 0.97 1.0 1.49e+15 0.99 0.95 1.7 6.77e+13 0.22 0.0 0.0

5 R∗ 5.52e+15 1.01 0.0 0.84 1.49e+15 0.98 0.0 0.0 6.77e+13 0.21 0.0 0.0

1C 2 R∗ 5.51e+15 0.48 0.0 0.0 1.47e+15 0.05 0.0 0.0 6.43e+13 0.0 0.0 0.0

5 R∗ 5.51e+15 0.78 0.0 0.0 1.47e+15 0.43 0.0 0.0 6.43e+13 0.07 0.0 0.0

Sm. 2 R∗ 2.70e+15 1.0 1.0 1.0 7.63e+14 1.0 0.02 0.07 7.33e+13 0.87 0.44 0.36
5 R∗ 2.70e+15 1.01 0.49 0.94 7.63e+14 1.01 0.05 0.02 7.33e+13 0.98 1.34 1.55

CO2 2C 2 R∗ 2.69e+15 1.0 0.02 0.25 7.73e+14 0.65 0.03 0.03 9.24e+13 0.68 3.32 0.53
5 R∗ 2.69e+15 1.01 0.07 0.08 7.73e+14 0.98 0.37 0.05 9.24e+13 0.91 0.06 1.23

1C 2 R∗ 2.69e+15 0.04 3.03 0.52 7.97e+14 0.06 1.23 2.1 1.12e+14 0.57 0.09 1.18
5 R∗ 2.69e+15 0.95 0.78 1.98 7.97e+14 0.83 0.43 2.88 1.12e+14 0.87 0.0 0.33
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Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

IS RD SL WD IS RD SL WD IS RD SL WD

Sm. 2 R∗ 2.30e+15 1.0 1.0 1.0 6.29e+14 1.0 1.0 1.0 3.33e+13 1.02 1.02 1.52
5 R∗ 2.30e+15 1.01 1.01 1.01 6.29e+14 1.02 1.03 1.04 3.33e+13 1.04 0.4 1.06

HCN 2C 2 R∗ 2.30e+15 1.0 1.0 1.0 6.24e+14 1.0 1.09 1.01 3.27e+13 1.04 0.83 2.12
5 R∗ 2.30e+15 1.01 1.04 1.02 6.24e+14 1.02 1.01 1.14 3.27e+13 1.05 0.01 0.69

1C 2 R∗ 2.29e+15 1.01 0.84 1.23 6.19e+14 1.02 0.19 1.28 3.23e+13 1.06 0.0 1.49
5 R∗ 2.29e+15 1.01 0.21 1.12 6.19e+14 1.02 0.01 0.85 3.23e+13 1.06 0.0 0.19

Sm. 2 R∗ 4.95e+14 1.0 1.0 1.0 1.28e+14 1.0 0.83 0.98 4.42e+12 1.01 0.05 0.43
5 R∗ 4.95e+14 1.01 0.99 1.01 1.28e+14 1.02 0.15 0.78 4.42e+12 1.02 0.0 0.08

CS 2C 2 R∗ 4.89e+14 1.0 0.93 0.99 1.21e+14 0.97 0.29 0.44 3.10e+12 1.03 0.02 0.16

5 R∗ 4.89e+14 1.01 0.43 0.93 1.21e+14 1.03 0.01 0.09 3.10e+12 1.06 0.0 0.02

1C 2 R∗ 4.82e+14 0.85 0.0 0.0 1.10e+14 0.72 0.01 0.01 1.43e+12 1.12 0.01 0.07

5 R∗ 4.82e+14 0.95 0.0 0.0 1.10e+14 0.97 0.01 0.01 1.43e+12 1.25 0.01 0.02

Sm. 2 R∗ 1.42e+13 1.0 1.0 1.0 1.69e+13 1.01 9.7 1.11 1.54e+13 0.83 0.07 22.32

5 R∗ 1.42e+13 1.01 105.06 1.28 1.69e+13 0.47 1.67 49.95 1.54e+13 0.9 0.0 0.0

NS 2C 2 R∗ 1.57e+13 1.0 4.48 1.04 1.63e+13 1.58 104.52 73.2 1.54e+13 1.63 0.0 0.04

5 R∗ 1.57e+13 0.59 114.64 113.7 1.63e+13 2.48 0.02 4.84 1.54e+13 0.97 0.0 0.0

1C 2 R∗ 1.86e+13 137.22 0.0 0.0 1.73e+13 55.68 0.0 0.0 1.66e+13 0.75 0.0 0.0

5 R∗ 1.86e+13 21.93 0.0 0.0 1.73e+13 14.07 0.0 0.0 1.66e+13 0.61 0.0 0.0

Sm. 2 R∗ 4.97e+12 1.0 1.0 1.0 4.12e+12 1.0 32.91 1.58 2.51e+12 0.82 0.0 73.39

5 R∗ 4.97e+12 1.0 1.57 1.02 4.12e+12 1.0 0.03 24.09 2.51e+12 0.61 0.0 0.0

SiN 2C 2 R∗ 4.56e+12 1.0 23.57 1.19 3.31e+12 0.98 66.67 352.37 2.19e+12 0.29 0.0 0.19

5 R∗ 4.56e+12 1.0 0.82 20.14 3.31e+12 1.01 0.01 13.13 2.19e+12 0.27 0.0 0.0

1C 2 R∗ 4.34e+12 0.48 0.01 0.0 2.54e+12 0.07 0.02 0.01 2.01e+12 0.0 0.0 0.0

5 R∗ 4.34e+12 0.75 0.02 0.0 2.54e+12 0.53 0.02 0.01 2.01e+12 0.09 0.0 0.0

Sm. 2 R∗ 1.62e+16 1.0 1.0 1.0 1.19e+16 1.0 1.11 1.02 7.72e+15 0.92 0.88 0.94
5 R∗ 1.62e+16 1.0 1.03 1.0 1.19e+16 0.99 0.87 0.94 7.72e+15 0.92 0.0 0.59

OH 2C 2 R∗ 1.48e+16 1.0 1.09 1.01 1.02e+16 1.08 1.05 1.08 6.39e+15 0.89 0.1 0.78
5 R∗ 1.48e+16 1.01 0.98 1.04 1.02e+16 0.82 0.8 0.82 6.39e+15 0.88 0.0 0.02

1C 2 R∗ 1.29e+16 0.84 0.0 0.69 7.65e+15 0.71 0.0 0.3 4.66e+15 0.81 0.0 0.02

5 R∗ 1.29e+16 0.84 0.0 0.44 7.65e+15 0.71 0.0 0.06 4.66e+15 0.78 0.0 0.0

Sm. 2 R∗ 1.15e+15 1.0 1.0 1.0 8.54e+14 1.01 2.44 1.13 4.94e+14 0.01 0.0 0.0

5 R∗ 1.15e+15 1.37 0.01 4.51 8.54e+14 0.21 0.0 0.02 4.94e+14 0.01 0.0 0.0

HS 2C 2 R∗ 1.06e+15 1.04 1.05 1.96 7.84e+14 0.89 0.98 0.96 3.74e+14 0.01 0.0 0.0

5 R∗ 1.06e+15 2.4 0.0 0.02 7.84e+14 0.03 0.0 0.0 3.74e+14 0.0 0.0 0.0

1C 2 R∗ 9.46e+14 0.02 0.0 0.0 6.62e+14 0.02 0.0 0.0 2.29e+14 0.0 0.0 0.0

5 R∗ 9.46e+14 0.02 0.0 0.0 6.62e+14 0.03 0.0 0.0 2.29e+14 0.0 0.0 0.0

Sm. 2 R∗ 3.13e+13 1.0 1.0 1.0 2.64e+13 1.0 1.06 1.01 1.58e+13 1.09 1.03 1.62
5 R∗ 3.13e+13 1.0 1.0 1.0 2.64e+13 0.98 1.09 1.06 1.58e+13 1.01 0.25 0.92

CN 2C 2 R∗ 2.92e+13 1.0 1.05 1.0 2.42e+13 1.02 1.2 1.1 1.41e+13 1.08 0.46 1.97
5 R∗ 2.92e+13 0.99 1.11 1.02 2.42e+13 0.98 0.97 1.14 1.41e+13 1.0 0.01 0.36

1C 2 R∗ 2.66e+13 1.04 0.5 1.12 2.13e+13 1.06 0.09 0.63 1.21e+13 1.07 0.0 0.54
5 R∗ 2.66e+13 1.01 0.16 0.8 2.13e+13 1.0 0.03 0.27 1.21e+13 0.97 0.0 0.07

Sm. 2 R∗ 2.51e+13 1.0 1.0 1.0 1.78e+13 1.0 0.84 1.01 1.22e+13 0.87 0.0 0.99
5 R∗ 2.51e+13 1.0 0.73 1.0 1.78e+13 1.01 0.0 0.43 1.22e+13 0.98 0.0 0.0

NH 2C 2 R∗ 2.24e+13 1.0 1.0 1.0 1.54e+13 1.03 0.8 1.76 1.00e+13 0.43 0.0 0.0

5 R∗ 2.24e+13 1.01 0.0 0.87 1.54e+13 0.94 0.0 0.0 1.00e+13 0.85 0.0 0.0

1C 2 R∗ 1.83e+13 0.53 0.0 0.0 1.13e+13 0.05 0.0 0.0 6.83e+12 0.01 0.0 0.0

5 R∗ 1.83e+13 0.92 0.0 0.0 1.13e+13 0.52 0.0 0.0 6.83e+12 0.42 0.0 0.0

Sm. 2 R∗ 2.76e+18 1.0 1.0 1.0 8.24e+17 1.0 1.0 1.0 8.01e+16 1.0 1.0 1.0
5 R∗ 2.76e+18 1.01 1.01 1.01 8.24e+17 1.01 1.01 1.01 8.01e+16 1.01 1.01 1.01

CO 2C 2 R∗ 2.76e+18 1.0 1.0 1.0 8.25e+17 1.0 1.0 1.0 8.05e+16 1.0 1.0 1.0
5 R∗ 2.76e+18 1.01 1.01 1.01 8.25e+17 1.01 1.01 1.01 8.05e+16 1.01 1.01 1.01

1C 2 R∗ 2.77e+18 1.0 1.0 1.0 8.27e+17 1.0 1.0 1.0 8.14e+16 1.0 1.0 1.0
5 R∗ 2.77e+18 1.01 1.01 1.01 8.27e+17 1.01 1.01 1.01 8.14e+16 1.01 1.01 1.01

Sm. 2 R∗ 8.72e+14 1.0 1.0 1.0 3.88e+14 1.0 1.0 1.0 3.20e+14 1.01 1.01 1.01
5 R∗ 8.72e+14 1.0 1.0 1.0 3.88e+14 1.0 1.08 1.0 3.20e+14 1.0 1.05 1.02

C 2C 2 R∗ 7.81e+14 1.0 1.0 1.0 3.54e+14 1.0 1.0 1.0 2.88e+14 1.01 1.03 1.07
5 R∗ 7.81e+14 1.0 1.05 1.0 3.54e+14 1.01 1.02 1.08 2.88e+14 1.0 1.27 1.07

1C 2 R∗ 3.61e+14 1.01 1.14 1.01 1.68e+14 1.01 1.24 1.02 1.27e+14 1.01 1.06 1.13
5 R∗ 3.61e+14 1.01 1.29 1.02 1.68e+14 1.02 1.2 1.06 1.27e+14 1.01 1.07 1.15
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Table B.2. Column densities of selected parents and daughters in C-rich outflows. For each outflow density, the column density [cm−2]

obtained including interstellar UV photons only (IS) is listed, followed by the ratios of the column density obtained including stellar
and companion UV photons over that obtained including interstellar UV photons only, rounded to two significant figures. RD: red dwarf
companion (Tcomp = 4000 K, Rcomp = 1.53×1010 cm), SL: solar-like companion (Tcomp = 6000 K, Rcomp = 8.14×1010 cm), WD: white
dwarf companion (Tcomp = 10 000 K, Rcomp = 6.96× 108 cm). The different rows per molecule correspond to the smooth outflow (Sm.),
two-component outflow (2C; fic= 0.3, fvol= 0.3, l∗ = 4 × 1012 cm) and one-component outflow (1C; fvol= 0.3, l∗ = 4 × 1012 cm) for
different onsets of dust extinction, Rdust. Increases/decreases larger than 10% are marked in blue/red. Changes larger than a factor five
are marked in bold.

Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

IS RD SL WD IS RD SL WD IS RD SL WD

Sm. 2 R∗ 3.64e+17 1.0 1.0 1.0 1.06e+17 1.0 1.0 1.0 9.19e+15 1.0 0.89 0.81
5 R∗ 3.64e+17 1.01 1.01 1.01 1.06e+17 1.01 1.01 1.0 9.19e+15 1.01 1.04 0.83

N2 2C 2 R∗ 3.64e+17 1.0 1.0 1.0 1.06e+17 1.0 0.99 0.98 9.33e+15 1.0 0.71 0.49
5 R∗ 3.64e+17 1.01 1.01 1.01 1.06e+17 1.01 0.97 0.94 9.33e+15 1.01 1.09 0.82

1C 2 R∗ 3.65e+17 1.0 0.49 0.34 1.07e+17 1.0 0.16 0.08 9.49e+15 1.0 1.24 0.29
5 R∗ 3.65e+17 1.01 0.81 0.69 1.07e+17 1.01 0.59 0.35 9.49e+15 1.01 0.74 1.02

Sm. 2 R∗ 3.12e+16 1.0 1.0 1.0 8.58e+15 1.0 3.54 1.06 4.55e+14 1.01 0.0 11.98

5 R∗ 3.12e+16 1.01 1.01 1.01 8.58e+15 1.01 0.17 0.87 4.55e+14 1.01 0.0 0.0

CH4 2C 2 R∗ 3.12e+16 1.0 1.48 1.02 8.53e+15 1.0 23.87 4.2 4.40e+14 1.05 0.0 1.24
5 R∗ 3.12e+16 1.01 0.23 0.98 8.53e+15 1.01 0.0 0.19 4.40e+14 1.01 0.0 0.0

1C 2 R∗ 3.11e+16 0.99 0.0 0.03 8.46e+15 0.98 0.0 0.0 4.25e+14 1.14 0.0 0.0

5 R∗ 3.11e+16 1.01 0.0 0.0 8.46e+15 1.0 0.0 0.0 4.25e+14 1.0 0.0 0.0

Sm. 2 R∗ 2.28e+16 1.0 1.0 1.0 6.34e+15 1.0 1.86 1.13 3.95e+14 1.0 0.04 2.84
5 R∗ 2.28e+16 1.01 1.1 1.02 6.34e+15 1.01 0.28 2.12 3.95e+14 1.02 0.0 0.0

H2O 2C 2 R∗ 2.28e+16 1.0 1.37 1.04 6.31e+15 1.0 2.52 2.84 3.90e+14 1.01 0.0 1.05
5 R∗ 2.28e+16 1.01 0.84 1.48 6.31e+15 1.01 0.01 1.85 3.90e+14 1.01 0.0 0.0

1C 2 R∗ 2.28e+16 1.01 0.0 0.05 6.28e+15 1.02 0.0 0.0 3.87e+14 0.99 0.0 0.0

5 R∗ 2.28e+16 1.01 0.0 0.03 6.28e+15 1.01 0.0 0.0 3.87e+14 1.0 0.0 0.0

Sm. 2 R∗ 1.69e+17 1.0 1.0 1.0 4.85e+16 1.0 1.12 1.0 4.04e+15 0.98 0.31 0.29
5 R∗ 1.69e+17 1.01 0.99 1.01 4.85e+16 1.01 0.15 1.07 4.04e+15 0.98 0.0 0.03

SiC2 2C 2 R∗ 1.69e+17 1.0 1.04 1.0 4.84e+16 0.99 0.04 1.2 4.07e+15 0.97 0.34 0.14

5 R∗ 1.69e+17 1.01 0.5 1.01 4.84e+16 0.99 0.86 0.93 4.07e+15 0.97 0.0 0.08

1C 2 R∗ 1.69e+17 0.93 0.07 0.56 4.83e+16 0.97 0.11 0.59 4.12e+15 0.94 0.0 0.37
5 R∗ 1.69e+17 0.96 0.09 1.15 4.83e+16 0.94 0.18 1.12 4.12e+15 0.96 0.0 0.09

Sm. 2 R∗ 9.56e+16 1.0 1.0 1.0 2.71e+16 1.0 0.88 0.98 2.04e+15 1.0 1.53 1.22
5 R∗ 9.56e+16 1.01 1.0 1.01 2.71e+16 1.01 1.57 0.82 2.04e+15 1.01 0.01 0.23

CS 2C 2 R∗ 9.55e+16 1.0 0.94 0.99 2.69e+16 1.0 1.37 0.39 2.02e+15 1.01 0.56 0.87
5 R∗ 9.55e+16 1.01 1.46 0.9 2.69e+16 1.01 1.32 1.12 2.02e+15 1.02 0.0 0.31

1C 2 R∗ 9.54e+16 1.0 0.5 0.22 2.68e+16 1.06 0.36 0.15 2.00e+15 1.08 0.01 0.29
5 R∗ 9.54e+16 1.01 0.51 0.45 2.68e+16 1.02 0.54 0.24 2.00e+15 1.03 0.0 0.44

Sm. 2 R∗ 3.85e+17 1.0 1.0 1.0 1.01e+17 1.0 0.04 0.97 4.82e+15 0.89 0.13 0.04

5 R∗ 3.85e+17 1.01 0.89 1.01 1.01e+17 1.01 0.0 0.23 4.82e+15 0.87 0.0 0.0

C2H2 2C 2 R∗ 3.83e+17 1.0 0.55 0.99 9.96e+16 0.98 0.01 0.23 4.49e+15 0.62 0.03 0.02

5 R∗ 3.83e+17 1.01 0.0 0.83 9.96e+16 0.98 0.0 0.0 4.49e+15 0.72 0.0 0.0

1C 2 R∗ 3.81e+17 0.69 0.0 0.0 9.78e+16 0.12 0.0 0.0 4.17e+15 0.05 0.0 0.01

5 R∗ 3.81e+17 0.9 0.0 0.0 9.78e+16 0.67 0.0 0.0 4.17e+15 0.53 0.0 0.0

Sm. 2 R∗ 3.64e+17 1.0 1.0 1.0 9.93e+16 1.0 0.62 1.0 5.07e+15 0.98 0.83 1.09
5 R∗ 3.64e+17 1.01 0.99 1.01 9.93e+16 1.01 0.39 0.84 5.07e+15 1.0 0.44 1.09

HCN 2C 2 R∗ 3.63e+17 1.0 0.93 1.0 9.85e+16 1.0 0.95 0.83 4.90e+15 0.95 1.06 1.91
5 R∗ 3.63e+17 1.01 0.11 0.99 9.85e+16 1.01 0.72 0.54 4.90e+15 0.98 0.01 0.93

1C 2 R∗ 3.62e+17 0.96 1.89 2.24 9.77e+16 0.85 2.47 2.84 4.76e+15 0.81 0.1 2.41
5 R∗ 3.62e+17 0.99 1.24 1.45 9.77e+16 0.97 1.24 2.22 4.76e+15 0.96 0.0 0.49

Sm. 2 R∗ 5.40e+16 1.0 1.0 1.0 1.53e+16 1.0 0.61 0.99 1.17e+15 0.96 0.0 0.16

5 R∗ 5.40e+16 1.01 0.97 1.01 1.53e+16 1.01 0.01 0.94 1.17e+15 0.96 0.0 0.0

SiS 2C 2 R∗ 5.40e+16 1.0 0.85 1.0 1.53e+16 0.99 0.0 0.77 1.16e+15 0.87 0.0 0.0

5 R∗ 5.40e+16 1.01 0.21 0.99 1.53e+16 1.0 0.0 0.52 1.16e+15 0.91 0.0 0.0

1C 2 R∗ 5.40e+16 0.89 0.0 0.0 1.53e+16 0.69 0.0 0.0 1.15e+15 0.66 0.0 0.0

5 R∗ 5.40e+16 0.97 0.0 0.0 1.53e+16 0.89 0.0 0.0 1.15e+15 0.85 0.0 0.0

Sm. 2 R∗ 4.46e+16 1.0 1.0 1.0 1.22e+16 1.0 0.57 0.93 6.09e+14 1.0 0.58 0.08

5 R∗ 4.46e+16 1.01 0.96 1.0 1.22e+16 1.01 0.84 0.43 6.09e+14 1.02 0.0 0.15

SiO 2C 2 R∗ 4.46e+16 1.0 0.81 0.98 1.21e+16 1.0 0.17 0.07 5.87e+14 1.0 0.0 0.71
5 R∗ 4.46e+16 1.01 0.89 0.77 1.21e+16 1.01 0.05 0.4 5.87e+14 1.02 0.0 0.0

1C 2 R∗ 4.45e+16 1.0 0.0 0.54 1.20e+16 0.99 0.0 0.06 5.68e+14 1.02 0.0 0.0

5 R∗ 4.45e+16 1.01 0.0 0.08 1.20e+16 1.01 0.0 0.0 5.68e+14 1.02 0.0 0.0
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Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

Sm. 2 R∗ 5.27e+14 1.0 1.0 1.0 1.42e+14 1.0 0.81 1.1 6.78e+12 1.0 0.0 10.39

5 R∗ 5.27e+14 1.01 0.97 1.01 1.42e+14 1.01 0.0 0.71 6.78e+12 0.64 0.0 0.0

NH3 2C 2 R∗ 5.25e+14 1.0 1.0 1.03 1.40e+14 1.0 0.03 22.27 6.32e+12 0.94 0.0 0.0

5 R∗ 5.25e+14 1.01 0.0 0.97 1.40e+14 1.01 0.0 0.0 6.32e+12 0.29 0.0 0.0

1C 2 R∗ 5.22e+14 0.93 0.0 0.0 1.37e+14 0.75 0.0 0.0 5.88e+12 0.3 0.0 0.0

5 R∗ 5.22e+14 0.83 0.0 0.0 1.37e+14 0.53 0.0 0.0 5.88e+12 0.12 0.0 0.0

Sm. 2 R∗ 3.69e+13 1.0 1.03 1.0 1.04e+13 1.27 815.58 61.54 3.29e+11 19.46 0.0 0.03

5 R∗ 3.69e+13 1.01 10.17 2.77 1.04e+13 1.2 0.0 0.33 3.29e+11 0.03 0.0 0.0

H2S 2C 2 R∗ 3.68e+13 1.09 340.9 21.63 1.03e+13 10.14 491.33 1453.88 3.09e+11 0.1 0.0 0.0

5 R∗ 3.68e+13 1.43 0.04 38.7 1.03e+13 0.66 0.0 0.21 3.09e+11 0.04 0.0 0.0

1C 2 R∗ 3.68e+13 1.21 0.0 0.01 1.02e+13 0.09 0.0 0.0 3.18e+11 0.06 0.0 0.0

5 R∗ 3.68e+13 0.04 0.0 0.01 1.02e+13 0.07 0.0 0.01 3.18e+11 0.03 0.0 0.0

Sm. 2 R∗ 6.74e+13 1.0 1.0 1.0 6.02e+13 1.0 3.44 1.05 3.31e+13 1.02 0.03 19.57

5 R∗ 6.74e+13 1.0 1.1 1.0 6.02e+13 1.0 0.22 1.05 3.31e+13 0.94 0.0 0.0

CH3 2C 2 R∗ 7.35e+13 1.0 1.58 1.02 5.92e+13 1.0 35.0 3.54 3.14e+13 0.98 0.01 0.39
5 R∗ 7.35e+13 1.0 0.29 1.11 5.92e+13 1.01 0.15 0.35 3.14e+13 0.85 0.0 0.0

1C 2 R∗ 7.78e+13 1.08 0.08 0.14 5.75e+13 0.86 0.08 0.11 2.88e+13 0.77 0.0 0.01

5 R∗ 7.78e+13 1.05 0.09 0.15 5.75e+13 0.91 0.04 0.12 2.88e+13 0.72 0.0 0.0

Sm. 2 R∗ 4.99e+15 1.0 1.0 1.0 4.42e+15 1.0 1.09 1.0 2.52e+15 1.0 1.73 1.52
5 R∗ 4.99e+15 1.0 1.0 1.0 4.42e+15 1.0 1.55 1.08 2.52e+15 1.0 0.93 1.69

CN 2C 2 R∗ 4.97e+15 1.0 1.02 1.0 4.44e+15 1.0 1.39 1.09 2.35e+15 1.01 2.44 2.77
5 R∗ 4.97e+15 1.0 1.42 1.01 4.44e+15 1.0 1.6 1.55 2.35e+15 1.01 0.08 2.04

1C 2 R∗ 4.85e+15 1.02 4.05 2.83 4.31e+15 1.24 7.88 4.37 2.12e+15 1.19 0.8 4.51
5 R∗ 4.85e+15 1.0 6.12 2.3 4.31e+15 1.04 13.51 4.35 2.12e+15 1.07 0.0 2.3

Sm. 2 R∗ 4.03e+15 1.0 1.0 1.0 2.83e+15 1.0 0.19 0.98 1.10e+15 0.91 0.42 0.18

5 R∗ 4.03e+15 1.0 0.9 1.0 2.83e+15 1.0 0.47 0.34 1.10e+15 0.86 0.0 0.02

C2H 2C 2 R∗ 3.49e+15 1.0 0.65 0.99 2.36e+15 0.99 0.28 0.41 8.93e+14 0.69 0.19 0.15

5 R∗ 3.49e+15 1.0 0.63 0.87 2.36e+15 0.98 0.38 0.3 8.93e+14 0.75 0.0 0.05

1C 2 R∗ 2.80e+15 0.8 0.07 0.09 1.63e+15 0.31 0.14 0.14 5.80e+14 0.21 0.0 0.15

5 R∗ 2.80e+15 0.93 0.09 0.18 1.63e+15 0.83 0.22 0.24 5.80e+14 0.61 0.0 0.08

Sm. 2 R∗ 1.42e+13 1.0 1.0 1.0 2.55e+13 1.0 12.8 1.65 1.42e+13 1.34 0.0 0.19

5 R∗ 1.42e+13 1.03 19.39 7.95 2.55e+13 1.67 0.12 1.81 1.42e+13 0.69 0.0 0.0

HS 2C 2 R∗ 2.31e+13 1.0 21.38 1.4 2.99e+13 1.08 4.71 13.8 1.67e+13 0.98 0.0 0.04

5 R∗ 2.31e+13 1.57 0.43 21.75 2.99e+13 1.45 0.01 1.01 1.67e+13 0.28 0.0 0.0

1C 2 R∗ 3.21e+13 1.07 0.0 0.05 3.59e+13 1.02 0.0 0.0 1.98e+13 0.2 0.0 0.0

5 R∗ 3.21e+13 1.02 0.0 0.05 3.59e+13 1.02 0.0 0.0 1.98e+13 0.13 0.0 0.0

Sm. 2 R∗ 4.93e+11 1.0 1.0 1.0 1.91e+12 1.0 5.5 1.35 1.02e+12 1.26 0.0 29.09

5 R∗ 4.93e+11 1.0 13.23 1.21 1.91e+12 1.03 0.05 14.73 1.02e+12 0.82 0.0 0.0

NS 2C 2 R∗ 1.40e+12 1.0 3.32 1.13 3.20e+12 1.03 1.57 56.81 2.00e+12 0.97 0.0 0.03

5 R∗ 1.40e+12 1.01 0.28 80.8 3.20e+12 1.05 0.01 0.89 2.00e+12 0.5 0.0 0.0

1C 2 R∗ 2.31e+12 5.81 0.03 88.83 4.53e+12 3.11 0.01 0.07 2.94e+12 0.44 0.0 0.0

5 R∗ 2.31e+12 8.65 0.04 1.13 4.53e+12 4.9 0.01 0.01 2.94e+12 0.45 0.0 0.0

Sm. 2 R∗ 4.81e+12 1.0 1.0 1.0 5.11e+12 1.0 4.78 1.05 2.28e+12 1.04 0.5 12.89

5 R∗ 4.81e+12 0.97 1.09 0.98 5.11e+12 0.98 2.54 7.35 2.28e+12 0.69 0.01 0.26
CH3CN 2C 2 R∗ 5.49e+12 1.0 1.65 1.02 4.69e+12 1.01 53.97 6.51 1.96e+12 0.82 0.09 7.01

5 R∗ 5.49e+12 0.98 3.09 3.01 4.69e+12 0.99 1.12 13.72 1.96e+12 0.63 0.0 0.03

1C 2 R∗ 5.92e+12 1.1 0.12 2.42 4.25e+12 1.22 0.06 0.54 1.55e+12 0.74 0.0 0.02

5 R∗ 5.92e+12 1.01 0.07 2.93 4.25e+12 0.89 0.02 0.25 1.55e+12 0.6 0.0 0.02

Sm. 2 R∗ 3.64e+13 1.0 1.0 1.0 6.46e+13 1.0 2.27 1.09 1.47e+13 1.64 0.26 0.16

5 R∗ 3.64e+13 1.0 3.42 1.02 6.46e+13 1.02 0.79 1.2 1.47e+13 1.66 0.0 0.03

C6H– 2C 2 R∗ 5.32e+13 1.0 4.27 1.09 6.75e+13 1.1 0.79 1.8 2.09e+13 1.78 0.26 0.09

5 R∗ 5.32e+13 1.01 0.94 1.72 6.75e+13 1.2 1.07 0.71 2.09e+13 1.22 0.0 0.04

1C 2 R∗ 7.06e+13 2.29 2.78 1.32 7.20e+13 1.55 1.5 0.98 2.68e+13 1.28 0.0 0.02

5 R∗ 7.06e+13 1.75 3.26 1.09 7.20e+13 1.44 1.69 0.93 2.68e+13 0.83 0.0 0.04
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Supplementary Material
The impact of stellar companion UV photons on the
chemistry of the circumstellar environments of AGB stars
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The supplementary material to the main text contains additional column densities and abundance profiles for all relevant
parent and daughter species not shown or listed in the main text. The additional column densities are listed in Section 1. The
additional abundance profiles from the main grid of chemical models are shown in Section 2. The additional profiles obtained
when altering the list of parent species, to investigate whether unexpected species can be formed in the inner wind, are shown
in Section 3.

1 ADDITIONAL COLUMN DENSITIES

The tables below list the column densities of all remaining parents and the more relevant species mentioned in the main text
for the O-rich and C-rich outflows. In order to compare outflows with different Rdust, and hence different starting radius,
column densities are calculated from 8×1014 cm (40 R∗) onwards. At this location, the chemistry has adapted to the governing
physical conditions.

⋆ E-mail: m.vandesande@leeds.ac.uk

© 2021 The Authors
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2 Van de Sande & Millar

Table 1. Column densities of selected parents and daughters in O-rich outflows. For each outflow density, the column density [cm−2]

obtained including interstellar UV photons only (IS) is listed, followed by the ratios of the column density obtained including stellar
and companion UV photons over that obtained including interstellar UV photons only, rounded to two significant figures. RD: red dwarf
companion (Tcomp = 4000 K, Rcomp = 1.53×1010 cm), SL: solar-like companion (Tcomp = 6000 K, Rcomp = 8.14×1010 cm), WD: white
dwarf companion (Tcomp = 10 000 K, Rcomp = 6.96× 108 cm). The different rows per molecule correspond to the smooth outflow (Sm.),
two-component outflow (2C; fic= 0.3, fvol= 0.3, l∗ = 4 × 1012 cm) and one-component outflow (1C; fvol= 0.3, l∗ = 4 × 1012 cm) for
different onsets of dust extinction, Rdust. Increases/decreases larger than 10% are marked in blue/red. Changes larger than a factor five
are marked in bold.

Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

IS RD SL WD IS RD SL WD IS RD SL WD

Sm. 2 R∗ 1.89e+11 1.0 1.0 1.0 2.75e+11 1.0 7.31 1.03 7.72e+10 0.84 0.37 3.67
5 R∗ 1.89e+11 1.0 0.95 0.99 2.75e+11 0.98 1.09 1.39 7.72e+10 0.68 0.41 0.6

SiC 2C 2 R∗ 2.32e+11 1.0 2.45 1.01 2.68e+11 0.99 33.01 87.02 9.75e+10 0.77 0.33 0.69
5 R∗ 2.32e+11 0.98 4.23 1.18 2.68e+11 0.97 0.95 1.05 9.75e+10 0.42 0.19 0.37

1C 2 R∗ 2.41e+11 0.97 1.22 0.97 2.71e+11 1.0 1.14 1.01 9.72e+10 0.44 0.15 0.43
5 R∗ 2.41e+11 0.97 1.26 1.0 2.71e+11 0.98 1.12 1.06 9.72e+10 0.3 0.13 0.29

Sm. 2 R∗ 1.87e+09 1.0 1.0 1.0 4.11e+09 1.0 6.06 1.89 2.77e+09 0.11 0.02 0.73
5 R∗ 1.87e+09 0.81 0.64 0.77 4.11e+09 0.39 0.3 0.59 2.77e+09 0.12 0.0 0.0

H2CO 2C 2 R∗ 2.35e+09 1.0 5.41 1.51 4.97e+09 1.26 2.0 8.79 3.33e+09 0.1 0.01 0.0

5 R∗ 2.35e+09 0.66 1.37 0.85 4.97e+09 0.29 0.25 0.53 3.33e+09 0.07 0.0 0.0

1C 2 R∗ 2.88e+09 0.42 0.96 0.3 6.17e+09 0.27 0.26 0.03 3.73e+09 0.05 0.0 0.0

5 R∗ 2.88e+09 0.41 0.8 0.26 6.17e+09 0.25 0.18 0.01 3.73e+09 0.04 0.0 0.0

Sm. 2 R∗ 6.65e+16 1.0 1.0 1.0 6.24e+16 1.0 0.96 0.99 2.40e+16 1.01 1.0 0.98
5 R∗ 6.65e+16 1.0 0.99 1.0 6.24e+16 1.0 1.0 0.99 2.40e+16 1.01 3.07 1.42

O 2C 2 R∗ 6.61e+16 1.0 0.97 1.0 6.32e+16 0.98 0.97 0.96 2.42e+16 1.02 2.33 1.07
5 R∗ 6.61e+16 1.0 0.98 0.98 6.32e+16 1.02 1.01 1.01 2.42e+16 1.03 3.04 2.82

1C 2 R∗ 6.45e+16 1.01 34.14 2.95 6.29e+16 1.03 11.18 3.29 2.39e+16 1.04 3.0 2.76
5 R∗ 6.45e+16 1.02 36.53 8.19 6.29e+16 1.03 11.3 8.01 2.39e+16 1.06 3.03 3.03

Sm. 2 R∗ 1.14e+16 1.0 1.0 1.0 1.11e+16 1.0 1.0 1.0 4.17e+15 1.01 1.47 1.23
5 R∗ 1.14e+16 1.0 1.0 1.0 1.11e+16 1.0 1.19 1.05 4.17e+15 1.01 1.93 1.75

N 2C 2 R∗ 1.14e+16 1.0 1.0 1.0 1.13e+16 1.0 1.01 1.01 4.17e+15 1.02 1.92 1.91
5 R∗ 1.14e+16 1.0 1.17 1.02 1.13e+16 1.01 1.82 1.53 4.17e+15 1.01 2.72 2.32

1C 2 R∗ 1.15e+16 1.01 3.23 2.96 1.14e+16 1.02 2.43 1.61 4.15e+15 1.03 3.96 2.06
5 R∗ 1.15e+16 1.01 5.47 3.62 1.14e+16 1.02 4.41 1.89 4.15e+15 1.02 3.63 3.13

Sm. 2 R∗ 4.74e+15 1.0 1.0 1.0 4.44e+15 1.0 1.08 1.0 2.36e+15 1.97 2.02 1.89
5 R∗ 4.74e+15 1.0 11.91 1.39 4.44e+15 3.23 14.47 10.53 2.36e+15 2.01 1.67 1.92

S 2C 2 R∗ 4.85e+15 1.0 2.68 1.03 4.54e+15 1.51 3.15 1.75 2.35e+15 1.85 1.99 1.87
5 R∗ 4.85e+15 1.94 30.68 11.39 4.54e+15 12.3 14.03 13.92 2.35e+15 1.9 1.19 1.91

1C 2 R∗ 5.04e+15 42.93 45.19 33.39 4.70e+15 12.59 13.83 9.44 2.40e+15 1.78 1.43 1.95
5 R∗ 5.04e+15 43.35 45.63 31.21 4.70e+15 12.74 13.97 12.68 2.40e+15 1.86 0.98 1.6

Sm. 2 R∗ 2.83e+15 1.0 1.0 1.0 2.41e+15 1.0 7.2 2.32 1.31e+15 1.0 1.27 1.38
5 R∗ 2.83e+15 1.0 4.42 1.35 2.41e+15 1.01 7.78 9.47 1.31e+15 1.02 0.07 1.04

Si 2C 2 R∗ 2.79e+15 1.0 12.72 2.05 2.23e+15 1.0 7.99 10.55 1.18e+15 1.03 0.61 1.24
5 R∗ 2.79e+15 1.0 24.35 16.73 2.23e+15 1.1 7.78 11.45 1.18e+15 1.04 0.04 0.59

1C 2 R∗ 2.79e+15 1.69 29.6 10.93 2.04e+15 1.74 14.86 0.86 1.08e+15 1.06 0.05 0.7
5 R∗ 2.79e+15 1.23 53.08 1.1 2.04e+15 1.32 9.97 1.16 1.08e+15 1.06 0.03 0.11

Sm. 2 R∗ 4.85e+15 1.0 1.0 1.0 4.65e+15 1.0 0.99 1.0 1.84e+15 1.01 1.03 1.02
5 R∗ 4.85e+15 1.0 0.99 1.0 4.65e+15 1.0 1.01 1.0 1.84e+15 1.01 4.21 1.14

Si+ 2C 2 R∗ 4.85e+15 1.0 0.99 1.0 4.68e+15 0.99 1.0 0.99 1.80e+15 1.01 1.69 1.04
5 R∗ 4.85e+15 1.0 1.0 1.0 4.68e+15 1.01 1.01 1.01 1.80e+15 1.01 4.34 2.61

1C 2 R∗ 4.63e+15 1.0 9.65 1.03 4.57e+15 1.01 10.18 1.09 1.65e+15 1.02 4.69 2.5
5 R∗ 4.63e+15 1.0 23.48 1.09 4.57e+15 1.01 12.7 1.39 1.65e+15 1.02 4.75 4.7

Sm. 2 R∗ 1.06e+16 1.0 1.0 1.0 7.50e+15 1.0 1.0 1.0 2.74e+15 1.0 1.0 1.0
5 R∗ 1.06e+16 1.0 1.0 1.0 7.50e+15 1.0 1.0 1.0 2.74e+15 1.0 1.03 1.01

C+ 2C 2 R∗ 8.83e+15 1.0 1.0 1.0 6.38e+15 1.0 1.0 1.0 2.35e+15 1.0 1.02 1.0
5 R∗ 8.83e+15 1.0 1.0 1.0 6.38e+15 1.0 1.0 1.0 2.35e+15 1.0 1.04 1.03

1C 2 R∗ 6.00e+15 1.0 1.01 1.0 4.35e+15 1.0 1.0 1.0 1.64e+15 1.0 1.02 1.02
5 R∗ 6.00e+15 1.0 1.01 1.0 4.35e+15 1.0 1.0 1.0 1.64e+15 1.0 1.02 1.02
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Table 2. Column densities of selected parents and daughters in C-rich outflows. For each outflow density, the column density [cm−2]

obtained including interstellar UV photons only (IS) is listed, followed by the ratios of the column density obtained including stellar
and companion UV photons over that obtained including interstellar UV photons only, rounded to two significant figures. RD: red dwarf
companion (Tcomp = 4000 K, Rcomp = 1.53×1010 cm), SL: solar-like companion (Tcomp = 6000 K, Rcomp = 8.14×1010 cm), WD: white
dwarf companion (Tcomp = 10 000 K, Rcomp = 6.96× 108 cm). The different rows per molecule correspond to the smooth outflow (Sm.),
two-component outflow (2C; fic= 0.3, fvol= 0.3, l∗ = 4 × 1012 cm) and one-component outflow (1C; fvol= 0.3, l∗ = 4 × 1012 cm) for
different onsets of dust extinction, Rdust. Increases/decreases larger than 10% are marked in blue/red. Changes larger than a factor five
are marked in bold.

Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

IS RD SL WD IS RD SL WD IS RD SL WD

Sm. 2 R∗ 6.05e+14 1.0 1.0 1.0 1.63e+14 1.0 0.32 0.72 5.89e+12 0.8 0.01 4.05
5 R∗ 6.05e+14 1.01 0.39 0.98 1.63e+14 1.0 0.01 0.03 5.89e+12 0.68 0.0 0.0

C2H4 2C 2 R∗ 6.04e+14 1.0 0.02 0.9 1.62e+14 0.96 6.89 0.48 5.32e+12 0.41 0.01 0.06

5 R∗ 6.04e+14 1.01 0.0 0.26 1.62e+14 0.94 0.0 0.01 5.32e+12 0.48 0.0 0.0

1C 2 R∗ 6.03e+14 0.41 0.0 0.0 1.61e+14 0.08 0.0 0.0 4.83e+12 0.04 0.0 0.01

5 R∗ 6.03e+14 0.78 0.0 0.0 1.61e+14 0.45 0.0 0.0 4.83e+12 0.3 0.0 0.0

Sm. 2 R∗ 2.32e+14 1.0 1.0 1.0 1.69e+14 1.0 1.49 1.1 1.10e+14 1.0 0.12 1.91
5 R∗ 2.32e+14 1.0 1.05 1.01 1.69e+14 1.0 0.25 1.69 1.10e+14 0.98 0.0 0.01

OH 2C 2 R∗ 2.05e+14 1.0 1.19 1.03 1.38e+14 1.0 1.87 2.79 9.15e+13 0.97 0.0 0.67
5 R∗ 2.05e+14 1.0 0.66 1.32 1.38e+14 0.99 0.01 1.11 9.15e+13 0.96 0.0 0.0

1C 2 R∗ 1.70e+14 0.87 0.0 0.12 9.48e+13 0.7 0.0 0.01 6.84e+13 0.82 0.0 0.0

5 R∗ 1.70e+14 0.94 0.0 0.04 9.48e+13 0.85 0.0 0.0 6.84e+13 0.91 0.0 0.0

Sm. 2 R∗ 4.03e+15 1.0 1.0 1.0 2.83e+15 1.0 0.19 0.98 1.10e+15 0.91 0.42 0.18

5 R∗ 4.03e+15 1.0 0.9 1.0 2.83e+15 1.0 0.47 0.34 1.10e+15 0.86 0.0 0.02

C2H 2C 2 R∗ 3.49e+15 1.0 0.65 0.99 2.36e+15 0.99 0.28 0.41 8.93e+14 0.69 0.19 0.15

5 R∗ 3.49e+15 1.0 0.63 0.87 2.36e+15 0.98 0.38 0.3 8.93e+14 0.75 0.0 0.05

1C 2 R∗ 2.80e+15 0.8 0.07 0.09 1.63e+15 0.31 0.14 0.14 5.80e+14 0.21 0.0 0.15

5 R∗ 2.80e+15 0.93 0.09 0.18 1.63e+15 0.83 0.22 0.24 5.80e+14 0.61 0.0 0.08

Sm. 2 R∗ 4.12e+15 1.0 1.0 1.0 2.96e+15 1.0 0.91 1.0 1.59e+15 0.96 0.73 0.68
5 R∗ 4.12e+15 1.0 0.95 1.0 2.96e+15 1.0 1.38 0.86 1.59e+15 0.96 0.03 0.15

C2 2C 2 R∗ 3.57e+15 1.0 0.82 1.0 2.59e+15 0.99 0.81 0.87 1.38e+15 0.92 0.66 0.47
5 R∗ 3.57e+15 1.0 1.41 0.97 2.59e+15 0.99 0.94 1.18 1.38e+15 0.96 0.01 0.31

1C 2 R∗ 2.91e+15 0.88 0.27 0.33 1.98e+15 0.9 0.41 0.52 1.09e+15 0.83 0.02 0.35
5 R∗ 2.91e+15 0.96 0.34 0.57 1.98e+15 1.04 0.57 0.68 1.09e+15 0.96 0.01 0.77

Sm. 2 R∗ 3.22e+12 1.0 1.0 1.0 2.94e+12 1.0 0.83 1.1 1.75e+12 1.01 0.02 8.24

5 R∗ 3.22e+12 1.0 1.01 1.0 2.94e+12 1.0 0.02 0.76 1.75e+12 1.48 0.0 0.0

NH 2C 2 R∗ 3.32e+12 1.0 1.06 1.03 2.93e+12 1.0 0.17 19.43 1.71e+12 1.02 0.0 0.11

5 R∗ 3.32e+12 1.01 0.03 1.15 2.93e+12 1.09 0.08 0.07 1.71e+12 1.65 0.0 0.0

1C 2 R∗ 3.30e+12 1.12 0.03 0.03 2.86e+12 0.99 0.04 0.05 1.61e+12 1.1 0.0 0.0

5 R∗ 3.30e+12 2.37 0.04 0.04 2.86e+12 1.28 0.01 0.05 1.61e+12 1.52 0.0 0.0

Sm. 2 R∗ 1.16e+14 1.0 1.0 1.0 6.00e+13 1.0 5.62 1.04 4.30e+13 0.96 0.02 0.85
5 R∗ 1.16e+14 1.0 0.96 1.0 6.00e+13 1.0 1.1 1.23 4.30e+13 0.84 0.04 0.09

CH2 2C 2 R∗ 8.84e+13 1.0 1.38 1.01 5.00e+13 1.0 18.69 3.88 3.33e+13 0.88 0.02 0.21
5 R∗ 8.84e+13 1.0 0.92 0.98 5.00e+13 1.0 0.34 0.89 3.33e+13 0.83 0.05 0.07

1C 2 R∗ 5.52e+13 1.07 0.19 0.65 2.37e+13 1.9 0.27 0.63 1.44e+13 1.18 0.05 0.08

5 R∗ 5.52e+13 1.01 0.17 0.52 2.37e+13 1.15 0.17 0.43 1.44e+13 0.93 0.1 0.13

Sm. 2 R∗ 3.75e+14 1.0 1.0 1.0 2.38e+14 1.0 1.76 1.01 1.59e+14 0.95 0.19 1.24
5 R∗ 3.75e+14 1.0 0.92 1.0 2.38e+14 1.0 0.95 0.77 1.59e+14 0.29 0.07 0.13

CH 2C 2 R∗ 3.09e+14 1.0 0.93 1.0 1.99e+14 0.99 4.71 1.87 1.21e+14 0.53 0.16 0.36
5 R∗ 3.09e+14 1.0 0.83 0.92 1.99e+14 0.99 0.53 0.82 1.21e+14 0.1 0.05 0.08

1C 2 R∗ 2.28e+14 0.9 0.22 0.37 1.26e+14 0.92 0.31 0.47 6.73e+13 0.13 0.1 0.16

5 R∗ 2.28e+14 0.96 0.21 0.42 1.26e+14 0.87 0.28 0.47 6.73e+13 0.08 0.07 0.1

Sm. 2 R∗ 2.20e+12 1.0 1.0 1.0 1.51e+12 1.02 3.0 1.39 4.48e+11 1.22 0.18 1.57
5 R∗ 2.20e+12 1.0 1.52 1.11 1.51e+12 1.14 16.1 1.26 4.48e+11 0.93 0.01 0.78

C3N– 2C 2 R∗ 1.73e+12 1.02 1.25 1.51 1.26e+12 1.29 3.95 1.92 4.34e+11 1.26 0.62 2.73
5 R∗ 1.73e+12 1.16 38.01 1.68 1.26e+12 1.25 8.26 8.95 4.34e+11 0.66 0.0 1.56

1C 2 R∗ 1.63e+12 0.77 7.26 9.93 1.13e+12 0.64 3.73 5.02 4.64e+11 0.87 0.0 0.95
5 R∗ 1.63e+12 1.08 7.3 17.58 1.13e+12 0.83 4.45 7.68 4.64e+11 0.49 0.0 1.18

Sm. 2 R∗ 2.29e+12 1.0 1.0 1.0 6.87e+12 1.0 4.76 0.98 2.25e+12 0.96 21.13 124.0

5 R∗ 2.29e+12 1.0 1.24 1.0 6.87e+12 1.0 44.69 1.86 2.25e+12 0.71 0.07 6.95

SiN 2C 2 R∗ 5.66e+12 1.0 2.07 0.99 1.56e+13 0.99 17.04 12.02 6.12e+12 0.76 0.63 18.92

5 R∗ 5.66e+12 1.0 23.55 1.83 1.56e+13 0.99 15.2 11.69 6.12e+12 0.71 0.0 0.81
1C 2 R∗ 9.52e+12 0.9 3.43 233.15 2.60e+13 0.69 1.34 10.52 1.06e+13 0.57 0.0 0.53

5 R∗ 9.52e+12 0.95 2.91 93.85 2.60e+13 0.81 0.74 3.19 1.06e+13 0.69 0.0 0.15
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Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

Sm. 2 R∗ 1.48e+14 1.0 1.0 1.0 1.88e+14 1.0 4.03 0.97 7.86e+13 0.97 29.12 45.89

5 R∗ 1.48e+14 1.0 1.17 1.01 1.88e+14 1.0 76.91 1.55 7.86e+13 0.79 0.01 0.15

SiC 2C 2 R∗ 1.90e+14 1.0 1.19 0.99 2.52e+14 0.99 259.6 2.17 1.10e+14 0.82 0.33 25.82

5 R∗ 1.90e+14 1.0 147.1 1.61 2.52e+14 0.99 13.93 23.3 1.10e+14 0.78 0.0 0.07

1C 2 R∗ 2.45e+14 0.92 0.53 84.63 3.40e+14 0.77 0.17 10.18 1.43e+14 0.67 0.0 0.16

5 R∗ 2.45e+14 1.0 0.44 34.11 3.40e+14 0.89 0.28 0.9 1.43e+14 0.76 0.0 0.05

Sm. 2 R∗ 1.00e+12 1.0 1.0 1.0 2.35e+12 1.0 10.7 1.11 1.04e+12 1.19 0.1 370.1

5 R∗ 1.00e+12 1.0 16.61 1.04 2.35e+12 1.01 9.5 151.0 1.04e+12 1.26 0.0 0.04

H2CS 2C 2 R∗ 2.14e+12 1.0 2.5 1.04 4.62e+12 1.01 31.32 106.8 1.99e+12 2.47 0.01 7.03

5 R∗ 2.14e+12 1.0 6.56 97.97 4.62e+12 1.12 0.41 32.48 1.99e+12 1.37 0.0 0.01

1C 2 R∗ 3.47e+12 15.21 0.14 35.81 7.33e+12 17.66 0.06 1.02 3.14e+12 2.97 0.0 0.01

5 R∗ 3.47e+12 4.59 0.12 39.26 7.33e+12 2.78 0.03 0.36 3.14e+12 1.39 0.0 0.01

Sm. 2 R∗ 2.51e+11 1.0 1.0 1.0 5.88e+11 1.0 4.3 1.06 4.37e+11 1.01 0.0 1.12
5 R∗ 2.51e+11 1.0 1.13 1.0 5.88e+11 1.0 0.26 1.43 4.37e+11 0.93 0.0 0.0

H2CN 2C 2 R∗ 3.60e+11 1.0 1.91 1.02 5.59e+11 1.01 8.48 3.61 4.03e+11 0.9 0.0 0.03

5 R∗ 3.60e+11 1.0 0.4 1.11 5.59e+11 1.02 0.36 0.53 4.03e+11 0.85 0.0 0.0

1C 2 R∗ 4.74e+11 1.26 0.17 0.29 5.74e+11 1.34 0.16 0.25 4.12e+11 0.83 0.0 0.0

5 R∗ 4.74e+11 1.09 0.17 0.29 5.74e+11 1.01 0.05 0.24 4.12e+11 0.74 0.0 0.0

Sm. 2 R∗ 6.78e+14 1.0 1.0 1.0 9.79e+14 1.0 0.58 0.98 5.93e+14 0.91 1.9 0.13

5 R∗ 6.78e+14 1.0 0.93 1.0 9.79e+14 1.0 22.26 0.52 5.93e+14 0.88 0.0 0.08

HC3N 2C 2 R∗ 9.05e+14 1.0 0.78 0.99 1.23e+15 0.99 0.37 0.58 7.95e+14 0.7 0.77 0.4
5 R∗ 9.05e+14 1.0 97.42 1.04 1.23e+15 0.98 12.85 6.08 7.95e+14 0.78 0.0 0.15

1C 2 R∗ 1.20e+15 0.87 2.74 4.77 1.61e+15 0.41 0.9 1.19 1.03e+15 0.1 0.0 0.26
5 R∗ 1.20e+15 0.97 3.57 10.45 1.61e+15 0.9 1.61 2.29 1.03e+15 0.66 0.0 0.09

Sm. 2 R∗ 9.35e+13 1.0 1.0 1.0 2.33e+14 1.0 0.37 0.97 3.44e+13 0.83 0.11 0.12

5 R∗ 9.35e+13 1.0 0.82 1.0 2.33e+14 0.99 0.02 0.28 3.44e+13 0.73 0.0 0.0

HC5N 2C 2 R∗ 2.22e+14 1.0 0.44 0.99 3.82e+14 0.98 0.12 0.17 5.87e+13 0.45 0.02 0.01

5 R∗ 2.22e+14 1.0 0.07 0.87 3.82e+14 0.96 0.06 0.05 5.87e+13 0.52 0.0 0.0

1C 2 R∗ 3.58e+14 0.63 0.02 0.03 5.54e+14 0.07 0.04 0.03 8.23e+13 0.08 0.0 0.0

5 R∗ 3.58e+14 0.86 0.02 0.04 5.54e+14 0.61 0.05 0.03 8.23e+13 0.35 0.0 0.0

Sm. 2 R∗ 2.02e+13 1.0 1.0 1.0 1.25e+14 1.0 2.83 1.06 2.58e+13 2.38 4.52 0.36
5 R∗ 2.02e+13 1.0 2.86 1.03 1.25e+14 1.02 0.11 2.36 2.58e+13 2.51 0.0 0.03

HC7N 2C 2 R∗ 8.15e+13 1.0 2.39 1.03 2.57e+14 1.03 0.16 2.48 6.25e+13 3.28 2.21 0.09

5 R∗ 8.15e+13 1.01 0.86 1.59 2.57e+14 1.07 1.08 0.44 6.25e+13 2.21 0.0 0.1

1C 2 R∗ 1.51e+14 1.77 63.13 16.07 4.05e+14 1.58 7.05 3.2 1.00e+14 3.02 0.0 0.27
5 R∗ 1.51e+14 1.37 99.61 29.54 4.05e+14 1.41 14.61 4.12 1.00e+14 2.18 0.0 0.09

Sm. 2 R∗ 2.27e+14 1.0 1.0 1.0 2.32e+14 1.0 0.42 0.98 1.19e+14 0.91 0.27 0.17

5 R∗ 2.27e+14 1.0 0.85 1.0 2.32e+14 0.99 0.08 0.48 1.19e+14 0.94 0.0 0.01

C4H 2C 2 R∗ 2.53e+14 1.0 0.48 0.99 2.02e+14 0.98 0.23 0.39 1.08e+14 0.81 0.07 0.05

5 R∗ 2.53e+14 1.0 6.31 0.81 2.02e+14 0.97 0.39 0.76 1.08e+14 0.92 0.0 0.01

1C 2 R∗ 2.90e+14 0.63 0.01 0.01 1.78e+14 0.2 0.02 0.02 1.05e+14 0.28 0.0 0.01

5 R∗ 2.90e+14 0.86 0.01 0.03 1.78e+14 0.7 0.03 0.03 1.05e+14 0.78 0.0 0.01

Sm. 2 R∗ 8.09e+09 1.0 1.0 1.0 1.29e+10 1.0 0.53 0.94 3.73e+09 0.69 0.03 0.02

5 R∗ 8.09e+09 1.0 0.97 1.0 1.29e+10 1.0 0.5 0.49 3.73e+09 0.01 0.0 0.0

C4H– 2C 2 R∗ 1.15e+10 1.0 0.59 0.98 1.01e+10 1.0 0.32 0.41 3.71e+09 0.09 0.03 0.01

5 R∗ 1.15e+10 1.0 0.77 0.88 1.01e+10 0.99 0.28 0.63 3.71e+09 0.0 0.0 0.0

1C 2 R∗ 1.45e+10 0.66 0.19 0.85 9.18e+09 0.25 0.19 0.24 3.97e+09 0.0 0.0 0.0

5 R∗ 1.45e+10 0.78 0.18 0.26 9.18e+09 0.28 0.12 0.2 3.97e+09 0.0 0.0 0.0

Sm. 2 R∗ 5.99e+13 1.0 1.0 1.0 1.46e+14 1.0 22.99 1.12 2.60e+13 2.0 0.44 0.24
5 R∗ 5.99e+13 1.0 18.38 1.02 1.46e+14 1.02 0.58 6.95 2.60e+13 3.89 0.0 0.02

C6H 2C 2 R∗ 1.24e+14 1.0 156.8 1.08 2.27e+14 1.1 0.59 13.11 4.06e+13 3.55 0.31 0.07

5 R∗ 1.24e+14 1.01 1.7 4.85 2.27e+14 1.33 1.15 1.07 4.06e+13 5.73 0.0 0.03

1C 2 R∗ 1.96e+14 77.85 4.26 1.41 2.99e+14 60.87 1.0 0.64 5.65e+13 11.63 0.0 0.02

5 R∗ 1.96e+14 14.16 4.51 1.33 2.99e+14 16.64 0.96 0.56 5.65e+13 7.3 0.0 0.03
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Rdust Ṁ = 10−5 M⊙/yr, v∞ = 15 km/s Ṁ = 10−6 M⊙/yr, v∞ = 5 km/s Ṁ = 10−7 M⊙/yr, v∞ = 5 km/s

Sm. 2 R∗ 1.02e+13 1.0 1.0 1.0 4.68e+13 1.0 1.39 1.03 6.51e+12 1.56 1.73 1.04
5 R∗ 1.02e+13 1.0 2.19 1.02 4.68e+13 1.01 0.9 7.51 6.51e+12 1.24 0.0 0.06

C8H 2C 2 R∗ 3.73e+13 1.0 1.99 1.01 9.38e+13 1.01 0.6 1.35 1.47e+13 1.35 0.73 0.13

5 R∗ 3.73e+13 1.01 4.23 1.51 9.38e+13 1.03 1.49 1.72 1.47e+13 0.87 0.0 0.07

1C 2 R∗ 6.66e+13 1.57 6.88 2.09 1.36e+14 1.02 1.16 0.77 2.31e+13 1.67 0.0 0.04

5 R∗ 6.66e+13 1.23 6.68 2.07 1.36e+14 1.1 0.99 0.67 2.31e+13 0.85 0.0 0.06

Sm. 2 R∗ 6.93e+12 1.0 1.0 1.0 2.30e+13 1.0 0.99 1.01 4.12e+12 1.44 0.69 0.3
5 R∗ 6.93e+12 1.0 1.8 1.01 2.30e+13 1.01 1.04 1.26 4.12e+12 1.11 0.0 0.06

C8H– 2C 2 R∗ 1.75e+13 1.0 1.16 1.01 2.57e+13 1.01 0.88 1.0 7.58e+12 1.13 0.46 0.15

5 R∗ 1.75e+13 1.0 1.42 1.15 2.57e+13 1.02 1.26 0.91 7.58e+12 0.71 0.0 0.07

1C 2 R∗ 2.60e+13 1.0 3.07 1.61 3.04e+13 0.76 1.53 1.09 1.07e+13 0.86 0.0 0.04

5 R∗ 2.60e+13 1.04 3.41 1.32 3.04e+13 0.98 1.51 1.04 1.07e+13 0.61 0.0 0.07

Sm. 2 R∗ 2.03e+16 1.0 1.0 1.0 1.40e+16 1.0 0.99 1.0 5.75e+15 1.0 0.96 0.95
5 R∗ 2.03e+16 1.0 1.0 1.0 1.40e+16 1.0 0.98 0.99 5.75e+15 1.0 0.94 0.99

O 2C 2 R∗ 1.66e+16 1.0 1.0 1.0 1.18e+16 1.0 0.97 0.98 4.89e+15 1.0 0.93 1.0
5 R∗ 1.66e+16 1.0 0.98 0.99 1.18e+16 1.0 0.95 0.98 4.89e+15 1.0 1.01 0.95

1C 2 R∗ 9.80e+15 1.0 0.94 0.98 7.34e+15 1.0 0.95 0.96 3.15e+15 1.0 0.95 0.94
5 R∗ 9.80e+15 1.0 0.93 0.94 7.34e+15 1.0 0.95 0.95 3.15e+15 1.01 0.95 0.94

Sm. 2 R∗ 1.81e+16 1.0 1.0 1.0 1.70e+16 1.0 0.99 1.0 6.57e+15 1.0 1.03 1.01
5 R∗ 1.81e+16 1.0 1.0 1.0 1.70e+16 1.0 1.0 1.0 6.57e+15 1.0 1.56 1.31

N 2C 2 R∗ 1.78e+16 1.0 1.0 1.0 1.62e+16 1.0 0.97 0.99 6.28e+15 1.0 1.28 1.06
5 R∗ 1.78e+16 1.0 0.99 1.0 1.62e+16 1.0 1.0 0.99 6.28e+15 1.0 2.11 1.39

1C 2 R∗ 1.73e+16 1.0 1.06 1.07 1.53e+16 0.99 1.03 1.02 5.93e+15 0.98 1.3 1.07
5 R∗ 1.73e+16 1.0 1.04 1.04 1.53e+16 1.0 1.06 1.02 5.93e+15 1.0 3.35 1.14

Sm. 2 R∗ 1.86e+15 1.0 1.0 1.0 2.36e+15 1.0 1.2 1.02 7.98e+14 1.09 0.99 0.9
5 R∗ 1.86e+15 1.0 2.29 1.01 2.36e+15 1.0 1.15 3.36 7.98e+14 1.11 2.56 3.34

S 2C 2 R∗ 2.24e+15 1.0 1.41 1.01 2.43e+15 1.01 1.07 1.96 9.35e+14 1.17 2.51 2.17
5 R∗ 2.24e+15 1.0 1.12 2.85 2.43e+15 1.08 3.98 2.63 9.35e+14 1.12 1.79 2.72

1C 2 R∗ 2.65e+15 3.27 39.61 49.23 2.71e+15 2.19 13.19 15.17 1.09e+15 1.25 2.03 2.72
5 R∗ 2.65e+15 1.85 39.66 40.39 2.71e+15 1.65 11.45 13.91 1.09e+15 1.14 1.04 2.64

Sm. 2 R∗ 1.77e+15 1.0 1.0 1.0 2.93e+15 1.0 1.15 1.0 6.08e+14 1.14 1.45 0.66
5 R∗ 1.77e+15 1.0 1.2 1.0 2.93e+15 1.0 13.0 1.1 6.08e+14 1.15 0.16 1.59

Si 2C 2 R∗ 2.76e+15 1.0 1.14 1.0 3.35e+15 1.0 2.19 1.0 8.71e+14 1.14 1.78 1.04
5 R∗ 2.76e+15 1.0 32.86 1.04 3.35e+15 1.01 9.24 2.88 8.71e+14 1.04 0.06 1.49

1C 2 R∗ 3.61e+15 1.03 71.43 33.05 4.06e+15 1.15 17.49 10.8 1.09e+15 1.51 0.06 0.87
5 R∗ 3.61e+15 1.01 70.74 12.06 4.06e+15 1.03 15.81 5.19 1.09e+15 1.05 0.03 1.12

Sm. 2 R∗ 4.32e+15 1.0 1.0 1.0 2.71e+15 1.0 0.95 1.0 1.46e+15 0.94 2.01 1.37
5 R∗ 4.32e+15 1.0 0.91 1.0 2.71e+15 1.0 1.22 0.91 1.46e+15 0.97 5.64 4.86

Si+ 2C 2 R∗ 3.29e+15 1.0 0.87 1.0 2.33e+15 0.99 1.07 0.93 1.11e+15 0.98 4.62 2.82
5 R∗ 3.29e+15 1.0 1.18 0.94 2.33e+15 0.99 1.34 1.23 1.11e+15 1.07 7.43 5.96

1C 2 R∗ 2.31e+15 0.97 1.72 1.17 1.58e+15 1.02 3.58 1.88 7.69e+14 1.09 10.62 7.32

5 R∗ 2.31e+15 0.98 2.63 1.13 1.58e+15 1.01 6.03 1.83 7.69e+14 1.19 10.76 8.72

Sm. 2 R∗ 1.63e+16 1.0 1.0 1.0 1.60e+16 1.0 0.98 1.0 6.30e+15 1.01 0.95 1.44
5 R∗ 1.63e+16 1.0 1.04 1.0 1.60e+16 1.0 2.29 0.96 6.30e+15 1.03 5.38 4.59

C 2C 2 R∗ 1.63e+16 1.0 1.0 1.0 1.24e+16 1.0 1.12 1.03 5.69e+15 1.05 2.09 2.46
5 R∗ 1.63e+16 1.0 1.5 1.02 1.24e+16 1.01 1.22 2.18 5.69e+15 1.1 6.41 4.95

1C 2 R∗ 1.62e+16 0.96 0.94 1.06 1.05e+16 1.19 1.0 1.39 5.16e+15 1.06 6.94 2.79
5 R∗ 1.62e+16 0.98 0.8 1.03 1.05e+16 1.1 0.69 1.36 5.16e+15 1.15 6.93 5.83

Sm. 2 R∗ 2.91e+16 1.0 1.0 1.0 1.86e+16 1.0 1.0 1.0 7.59e+15 0.95 0.9 1.18
5 R∗ 2.91e+16 1.0 0.94 1.0 1.86e+16 1.0 1.01 0.99 7.59e+15 0.99 1.99 1.69

C+ 2C 2 R∗ 2.29e+16 1.0 0.92 1.0 1.63e+16 1.0 1.04 0.97 6.07e+15 0.97 1.14 1.35
5 R∗ 2.29e+16 1.0 0.97 0.96 1.63e+16 0.99 0.93 1.05 6.07e+15 1.04 2.72 1.73

1C 2 R∗ 1.35e+16 1.0 0.99 1.01 1.03e+16 1.01 0.99 1.01 3.61e+15 1.12 3.53 1.99
5 R∗ 1.35e+16 0.99 0.97 1.01 1.03e+16 1.0 0.96 1.0 3.61e+15 1.18 4.29 2.15
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2 ADDITIONAL FIGURES - MAIN GRID

The abundance profiles obtained with our main grid of chemical models for the more relevant remaining parents and species
mentioned in the main text are shown below. First, the remaining parents are shown, followed by their direct daughter products,
complex species formed, and finally atoms and atomic ions.

2.1 O-rich outflows

Figure 1. Abundance of H2O relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 2. Abundance of SiO relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 3. Abundance of H2S relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 4. Abundance of SO2 relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 5. Abundance of SiS relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 6. Abundance of NH3 relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 7. Abundance of CO2 relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 8. Abundance of HCN relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 9. Abundance of CS relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

MNRAS 000, 1–41 (2021)



Impact of companion UV photons on AGB outflows 11

Figure 10. Abundance of OH relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 11. Abundance of HS relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 12. Abundance of NH relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 13. Abundance of CN relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 14. Abundance of SiN relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 15. Abundance of SiC relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 16. Abundance of H2CO relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 17. Abundance of O relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 18. Abundance of N relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 19. Abundance of S relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 20. Abundance of Si relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 21. Abundance of Si+ relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 22. Abundance of C relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 23. Abundance of C+ relative to H2 in O-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 24. Abundance of N2 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

2.2 C-rich outflows
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Figure 25. Abundance of H2O relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 26. Abundance of SiC2 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 27. Abundance of CS relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 28. Abundance of C2H2 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 29. Abundance of HCN relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 30. Abundance of SiS relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 31. Abundance of SiO relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 32. Abundance of C2H4 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 33. Abundance of NH3 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 34. Abundance of H2S relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 35. Abundance of OH relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 36. Abundance of C2H relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 37. Abundance of C2 relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 38. Abundance of CN relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 39. Abundance of NH relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 40. Abundance of HS relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 41. Abundance of C3N– relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 42. Abundance of NS relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 43. Abundance of SiN relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 44. Abundance of SiC relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 45. Abundance of HC3N relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 46. Abundance of HC5N relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 47. Abundance of HC7N relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 48. Abundance of H2CS relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

MNRAS 000, 1–41 (2021)



Impact of companion UV photons on AGB outflows 31

Figure 49. Abundance of C4H relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 50. Abundance of C4H– relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 51. Abundance of C6H relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 52. Abundance of C6H– relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 53. Abundance of C8H relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 54. Abundance of C8H– relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 55. Abundance of O relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 56. Abundance of N relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 57. Abundance of S relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 58. Abundance of Si relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 59. Abundance of Si+ relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth
outflow, two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed
2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.

Figure 60. Abundance of C relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 61. Abundance of C+ relative to H2 in C-rich outflows with different density structures. Rows, from top to bottom: smooth outflow,
two-component outflow, one-component outflow. Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗,
dotted: 5 R∗). Red: stellar + red dwarf companion, green: stellar + solar-like companion, blue: stellar + white dwarf companion.
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3 ADDITIONAL ABUNDANCE PROFILES - UNEXPECTED SPECIES

The additional abundance profiles obtained by using an adapted set of parent species are shown below (Sect. 4.3). For the
O-rich outflow, the altered parent species exclude HCN, NH3 and CS. For the C-rich outflow, they exclude H2O and NH3.

3.1 C-rich outflows

Figure 62. Abundance of NH3 relative to H2 in C-rich outflows with different density structures. The unexpected species H2O and NH3

are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow. Black,
solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green:
stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 63. Abundance of NH3 relative to H2 in O-rich outflows with different density structures. The unexpected species HCN, NH3

and CS are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow.
Black, solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion,
green: stellar + solar-like companion, blue: stellar + white dwarf companion.

3.2 O-rich outflows - without CS as a parent
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Figure 64. Abundance of CS relative to H2 in O-rich outflows with different density structures. The unexpected species HCN, NH3 and
CS are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow. Black,
solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green:
stellar + solar-like companion, blue: stellar + white dwarf companion.
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Figure 65. Abundance of NH3 relative to H2 in O-rich outflows with different density structures. The unexpected species HCN and NH3

are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow. Black,
solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green:
stellar + solar-like companion, blue: stellar + white dwarf companion.

3.3 O-rich outflows - with CS as a parent

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure 66. Abundance of CS relative to H2 in O-rich outflows with different density structures. The unexpected species HCN and NH3

are not included as parent species. Rows, from top to bottom: smooth outflow, two-component outflow, one-component outflow. Black,
solid lines: interstellar photons only. Line styles: location of Rdust (dashed 2 R∗, dotted: 5 R∗). Red: stellar + red dwarf companion, green:
stellar + solar-like companion, blue: stellar + white dwarf companion.
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