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ABSTRACT

Context. The formation of planets is expected to be enhanced around snowlines in protoplanetary disks, in particular around the water
snowline. Moreover, freeze-out of abundant volatile species in disks alters the chemical composition of the planet-forming material.
However, the close proximity of the water snowline to the host star combined with the difficulty of observing water from Earth makes a
direct detection of the water snowline in protoplanetary disks challenging. HCO+ is a promising alternative tracer of the water snowline.
The destruction of HCO+ is dominated by gas-phase water, leading to an enhancement in the HCO+ abundance once water is frozen
out.
Aims. Following earlier observed correlations between water and H13CO+ emission in a protostellar envelope, the aim of this research
is to investigate the validity of HCO+ and the optically thin isotopologue H13CO+ as tracers of the water snowline in protoplanetary
disks and the required sensitivity and resolution to observationally confirm this.
Methods. A typical Herbig Ae disk structure is assumed, and its temperature structure is modelled with the thermochemical code
DALI. Two small chemical networks are then used and compared to predict the HCO+ abundance in the disk: one without water and
one including water. Subsequently, the corresponding emission profiles are modelled for the J = 2−1 transition of H13CO+ and HCO+,
which provides the best balance between brightness and the optical depth effects of the continuum emission and is less affected by
blending with complex molecules. Models are then compared with archival ALMA data.
Results. The HCO+ abundance jumps by two orders of magnitude over a radial range of 2 AU outside the water snowline, which
in our model is located at 4.5 AU. We find that the emission of H13CO+ and HCO+ is ring-shaped due to three effects: destruction
of HCO+ by gas-phase water, continuum optical depth, and molecular excitation effects. Comparing the radial emission profiles for
J = 2−1 convolved with a 0.′′05 beam reveals that the presence of gas-phase water causes an additional drop of only ∼13 and 24% in the
centre of the disk for H13CO+ and HCO+, respectively. For the much more luminous outbursting source V883 Ori, our models predict
that the effects of dust and molecular excitation do not limit HCO+ as a snowline tracer if the snowline is located at radii larger than
∼40 AU. Our analysis of recent archival ALMA band 6 observations of the J = 3−2 transition of HCO+ is consistent with the water
snowline being located around 100 AU, further out than was previously estimated from an intensity break in the continuum emission.
Conclusions. The HCO+ abundance drops steeply around the water snowline, when water desorbs in the inner disk, but continuum
optical depth and molecular excitation effects conceal the drop in HCO+ emission due to the water snowline. Therefore, locating the
water snowline with HCO+ observations in disks around Herbig Ae stars is very difficult, but it is possible for disks around outbursting
stars such as V883 Ori, where the snowline has moved outwards.
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1. Introduction

High resolution observations of protoplanetary disks show that
many of them have rings, gaps, and other substructures (e.g.
Andrews et al. 2010; van der Marel et al. 2015; Fedele et al.
2017; Huang et al. 2018; Long et al. 2018; and Andrews 2020 for
a review). Different explanations have been proposed for these
substructures, such as planets (e.g. Bryden et al. 1999; Zhu et al.
2014; Dong et al. 2018) and snowlines (e.g. Banzatti et al. 2015;
Zhang et al. 2015; Okuzumi et al. 2016). A snowline is the mid-
plane radius in a protoplanetary disk where 50% of a volatile is in
the gas phase and 50% is frozen out onto the dust grains. These
snowlines are related to planet formation because dust properties

change around the snowlines of the major volatiles: H2O, CO,
and CO2 (Pinilla et al. 2017). Even though water ice mantles
may not always aid dust coagulation by collisions (Kimura et al.
2020), the sublimation, condensation, and diffusion of gas-phase
water enhances the surface density around the water snowline,
aiding planet formation and potentially triggering the stream-
ing instability (e.g. Stevenson & Lunine 1988; Drążkowska &
Alibert 2017; Schoonenberg & Ormel 2017).

Snowlines do not only influence the formation of planets.
They are also key in setting their chemical composition. The
sequential freeze-out of the major volatile species changes the
bulk chemical composition, often measured as the C/O ratio,
of the planet-forming material, with the ice becoming more
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oxygen-rich than the gas (Öberg et al. 2011; Eistrup et al. 2016,
2018). The water snowline is of particular importance as water is
crucial for the development of life.

Knowledge of the water snowline location is thus essential
for the understanding of planet formation and composition. Yet
observing water snowlines is challenging because their expected
location is only a few AU from the host star for T Tauri disks
(Harsono et al. 2015) and ∼10 AU for disks around more lumi-
nous Herbig Ae stars. Therefore, observations with very high
spatial resolution are necessary. On top of that, observing water
snowlines directly from the ground by observing gas-phase water
in protoplanetary disks is challenging because of the absorption
of water in the Earth’s atmosphere. The only detections of water
in protoplanetary disks probe either the innermost hot regions
of the disk (.5 AU; e.g. Carr & Najita 2008; Salyk et al. 2008;
Mandell et al. 2012) or the cold outer disk with space-based tele-
scopes, analysing multiple water lines (Hogerheijde et al. 2011;
Zhang et al. 2013; Blevins et al. 2016; Salinas et al. 2016; Du
et al. 2017) or have used both ground-based and space-based
telescopes (Banzatti et al. 2017; Salyk et al. 2019). Targeting less
abundant isotopologues of water, for example H18

2 O, reduces the
atmospheric absorption, but detecting these molecules at a sig-
nificant signal-to-noise ratio (S/N) greatly increases the required
observing time (e.g. Notsu et al. 2019). Space-based telescopes
circumvent this problem but for now lack the spatial resolution
to resolve the water snowline.

Chemical tracers provide an alternative way of locating
snowlines. Some detections of molecules in disks show ring-
shaped emission even if the density of the disk is smooth. One
example of such a molecule is CN, which is enhanced if a strong
UV field is present (e.g. van Zadelhoff et al. 2003; Teague et al.
2016; Cazzoletti et al. 2018). Other examples are molecules that
trace snowlines. Chemical imaging has been used to locate the
CO snowline in the disks around TW Hya and HD 163296
using N2H+ and DCO+ (Mathews et al. 2013; Qi et al. 2013,
2015, 2019). Both tracers show ring-shaped emission but detailed
chemical modelling is needed to infer the location of the CO
snowline from these observations (Aikawa et al. 2015; van ’t
Hoff et al. 2017; Carney et al. 2018).

Water can be traced chemically using the HCO+ ion, which
is destroyed by gas-phase water (Phillips et al. 1992; Bergin et al.
1998):

HCO+ + H2O→ CO + H3O+. (1)

Based on this reaction, HCO+ is expected to be abundant when
water is frozen out onto the grains, and HCO+ is expected to be
depleted when water is in the gas phase. This anti-correlation
between water and HCO+ has been verified observationally by
the optically thin isotopologue H13CO+ and an isotopologue of
water H18

2 O in a protostellar envelope (van ’t Hoff et al. 2018a).
Due to the high luminosity of young stellar objects at this early
stage, the snowline is located further away from the star than
in protoplanetary disks (Visser & Bergin 2012; Jørgensen et al.
2013; Vorobyov et al. 2013; Visser et al. 2015; Cieza et al. 2016;
Hsieh et al. 2019). Similarly, the higher luminosity of Herbig
Ae stars compared to T Tauri stars increases the temperature in
the protoplanetary disks around them, which locates the water
snowline further out in disks around the former type. Therefore,
we focus on protoplanetary disks around Herbig Ae stars in this
work.

The aim of this paper is to investigate HCO+ as a tracer of the
water snowline in protoplanetary disks. Compared to protostel-
lar envelopes, the 2D temperature and density structure of disks

complicates matters. First, the location of the water snowline in
protoplanetary disks around Herbig Ae stars is expected around
10 AU, in contrast to &100 AU in protostellar envelopes. Second,
the higher column density in disks increases the optical depth
of the continuum and line emission. This complicates locating
the water snowline as emission from HCO+ can be absorbed by
dust particles, mimicking the effect of depletion due to gas-phase
water on the HCO+ emission. Finally, the HCO+ emission can
also be ring-shaped when the J-level population of the low lev-
els, which can be observed with ALMA, decreases towards the
centre of the star due to the increase in temperature and density
in the inner disk. This also mimics the effect of gas-phase water
on the HCO+ emission.

The validity of HCO+ as a tracer of the water snowline in
protoplanetary disks is investigated by modelling the physical
and chemical structure of a disk around a typical Herbig Ae star
with a luminosity of 36 L� as described in Sect. 2. The pre-
dicted abundance structure of HCO+ is presented in Sect. 3.1,
and the corresponding emission profiles of HCO+ and H13CO+

are described in Sects. 3.2 and 3.3. Archival ALMA observa-
tions of H13CO+ and HCO+ in the outbursting source V883 Ori
are discussed in Sect. 4. Finally, we conclude in Sect. 5 that it is
difficult to use HCO+ as a tracer of the water snowline in disks
around Herbig Ae stars, but that it is possible for outbursting
sources such as V883 Ori.

2. Protoplanetary disk model

The HCO+ and H13CO+ radial emission profiles were modelled
in several steps. First, a density structure for a typical disk around
a Herbig Ae star was assumed. Second, the gas temperature was
calculated using the thermochemical code DALI (Bruderer et al.
2009, 2012; Bruderer 2013). The gas density and gas temperature
were then used as input for two chemical models, one with-
out water and one with water, that predict the HCO+ abundance
in the disk. These abundance profiles together with the density
and temperature structure of the disk were used to compute the
HCO+ and H13CO+ emission profiles with DALI.

2.1. Disk structure

The density structure of the disk was modelled with the thermo-
chemical code DALI following the approach of Andrews et al.
(2011). This approach is based on the self-similar solution for a
viscously evolving disk, where the gas surface density of the disk
outside the dust sublimation radius follows a power law with an
exponential taper (Lynden-Bell & Pringle 1974; Hartmann et al.
1998):

Σgas(R) = Σc

(
R
Rc

)−γ
exp

− (
R
Rc

)2−γ , (2)

with Σc the gas surface density at the characteristic radius Rc, and
γ the power law index. A sublimation radius of Rsubl = 0.05 AU
was assumed. Inside this radius, the number density was set to
7× 102 cm−3. An overview of all parameters used for the density
and temperature structure can be found in Table 1.

The gas follows a Gaussian distribution in the vertical direc-
tion, where the temperature was calculated explicitly at each
location in the disk. The scale height of the gas was set by the
flaring index ψ and the characteristic scale height hc at Rc,

h = hc

(
R
Rc

)ψ
. (3)
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Table 1. DALI model parameters for the disk around a typical Herbig
Ae star.

Model parameter Value

Physical structure
Rsubl 0.05 AU
Rc 50 AU
Σc 5.8 g cm−2

Mdisk 0.01 M�
γ 1
hc 0.1
ψ 0.25

Dust properties
χ 0.2
fls 0.85
∆gas/dust 100

Stellar spectrum (1)

Type Herbig
L? 36 L�
LX 8(28) erg s−1

Teff 1(4) K
TX 7(7) K
ζcr 5(−17) s−1

Stellar properties
M? 2.3 M�

Observational geometry
i 38◦
d 100 pc

Notes. a(b) represents a× 10b. (1)Spectrum of HD 100546 (Kama et al.
2016), which is well approximated by a 104 K black body spectrum.

The resulting gas density of our model is shown in the top panel
of Fig. 1.

The dust surface density was modelled with DALI by scaling
the gas surface density with the disk-averaged gas-to-dust mass
ratio, ∆gas/dust, which was set to the ISM value of 100. The ver-
tical structure of the dust was modelled using two populations
of dust grains following the approach of D’Alessio et al. (2006).
Small grains with sizes between 5 nm and 1 µm are well mixed
with the gas and therefore both follow the same vertical structure.
Large grains with sizes from 5 nm to 1 mm are settled to the disk
midplane. This was modelled by reducing the scale height of the
large grains with a factor of χ < 1. The fraction of the dust mass
in large grains was controlled by fls and the size distribution of
both grain populations was assumed to be proportional to a−3.5,
with a the size of the grains (MRN distribution, Mathis et al.
1977).

The gas temperature needed to be computed separately as
the abundances of the molecules that act as coolants of the gas
in the disk affected the gas temperature, which in turn affected
the chemistry. Therefore, DALI solves for the gas temperature
by iterating over the chemistry and heating by the photoelectric
effect and the cooling by molecules in the gas. The dust tem-
perature was computed using Monte Carlo continuum radiative
transfer. The gas and dust temperature calculated by DALI are
shown in the middle and bottom panel of Fig. 1. The gas tem-
perature exceeds the dust temperature in the surface layers only,

Fig. 1. Assumed gas density (top) and computed gas and dust temper-
ature (middle and bottom panels) in the DALI model for a typical disk
around a Herbig Ae star with a luminosity of 36 L�. Only the region
where n(gas) > 106 cm−3 is shown. The position of the star is indicated
with the symbol of a black star and the Tdust = 150 K line, approximating
the water snow surface, is indicated with the solid grey line.

whereas the gas and dust temperatures are equal in deeper layers
of the disk.

2.2. Chemical models

The HCO+ abundance with respect to the total number of hydro-
gen atoms in the disk was modelled with a small chemical
network, which was solved time-dependently up to 1 Myr with
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Table 2. Reaction coefficients of the reactions used in this paper.

Reaction α β γ k(100 K) k(150 K) Units Ref. NW W

ζcr H2 + cr→ H+
2 + e− 1(−17) 0 0 1(−17) 1(−17) s−1 X X

k2 H+
2 + H2 → H+

3 + H 2.1(−9) 0 0 2.1(−9) 2.1(−9) cm3 s−1 (a) X X
k3 H+

3 + e− → H2 + H 2.3(−8) −0.5 0 4.1(−8) 3.4(−8) cm3 s−1 (b) X X
k4 CO + H+

3 → HCO+ + H2 1.4(−9) −0.1 −3.4 1.6(−9) 1.5(−9) cm3 s−1 (c) X X
ke− HCO+ + e− → CO + H 2.4(−7) −0.7 0 5.1(−7) 3.9(−7) cm3 s−1 (d) X X
kH2O HCO+ + H2O→ CO + H3O+ 2.5(−9) −0.5 0 4.3(−9) 3.5(−9) cm3 s−1 (e) X
k7 H3O+ + e− → H2O + H 7.1(−8) −0.5 0 1.2(−7) 1.0(−7) cm3 s−1 (f) X
k8 H2O + H+

3 → H3O+ + H2 5.9(−9) −0.5 0 1.0(−8) 8.3(−9) cm3 s−1 (g, h) X

kf H2O→ H2O (ice)
1.2(−5)n(H2)
10(12) cm−3 0.5 0

6.7(−6)n(H2)
10(12)cm−3

8.3(−6)n(H2)
10(12)cm−3 s−1 (i) X

kd H2O (ice)→ H2O 2.8(12) 0 5.8(3) 2.4(−13) 5.4(−5) s−1 (i) X

Notes. The last two columns indicate in which chemical networks the reactions are used. a(b) represents a× 10b. NW is the chemical network
without water, whereas W includes water. All reactions are given in the form k = α (Tgas/300 K)β exp(−γ/Tgas), where the values of α, β, and γ for
k2, k3, k4, ke− , kH2O, k7, and k8 are taken from the rate12 UMIST database (McElroy et al. 2013) and kd uses Tdust instead of Tgas.
References. (a) Theard & Huntress (1974), (b) McCall et al. (2004), (c) Klippenstein et al. (2010), (d) Mitchell (1990), (e) Adams et al. (1978),
(f) Novotný et al. (2010), (g) Kim et al. (1974), (h) Anicich et al. (1975), and (i) Appendix A and references therein.

the python function odeint1. This allowed us to more easily
study the effect of different parameters than with a computation-
ally more expensive full chemical model. The HCO+ abundance
in protoplanetary disks is mainly controlled by three reactions.
The main formation route of HCO+ involves gas-phase CO:

CO + H+
3 → HCO+ + H2. (4)

Here, H+
3 is produced by cosmic ray ionisation of molecular

hydrogen at a rate of ζcr. On the other hand, HCO+ is destroyed
by gas-phase water (Eq. (1)) and by dissociative recombination
with an electron:

HCO+ + e− → CO + H. (5)

Therefore, a jump in the HCO+ abundance around the water
snowline is expected if electrons are not the dominant destruction
mechanism of HCO+.

To investigate the relationship between HCO+ and H2O, two
small chemical networks were used. The first network, network
no water (NW), is shown in the dashed box in Fig. 2. This net-
work includes three reactions to model the ionisation in the disk
(reactions ζcr, k2, and k3 in Table 2), and two reactions to model
the HCO+ abundance in the absence of gas-phase water (reac-
tions k4 and ke− (Eqs. (4) and (5)) in Table 2). As reaction kH2O
(Eq. (1)) is not included in this network, HCO+ is not expected
to trace the water snowline in network NW. Therefore, this net-
work serves as a baseline to quantify the effect of the gas-phase
water on the HCO+ abundance. The second network, network
water (W), is shown in the solid box in Fig. 2 and contains all
reactions present in Table 2. Network W includes those in net-
work NW together with reactions to model the effect of water
on the HCO+ abundance. The most important reaction for our
study is indicated in red in Fig. 2 and is the destruction of HCO+

by gas-phase water (reaction kH2O or Eq. (1)). Therefore, HCO+

is expected to trace the water snowline in network W. The other
reactions present in network W include the freeze-out and des-
orption of water (reactions kf and kd), and the formation and

1 The odeint function is part of the Scipy package in python and uses
the LSODA routine from the ODEPACK library in FORTRAN.

H2 H+
2

H+
3

H2OH2O (ice) H3O+

HCO+ CO

W NW

ζcr.

e− H2

e−

H+
3

e−

H+
3

H2O

Fig. 2. Schematic view of chemical networks NW (no water) and W
(water) used to predict the abundance of HCO+. The first network, net-
work NW, only includes the reactions enclosed in the dashed box. The
second network, network W, includes all reactions present in the figure.
The destruction of HCO+ by gas-phase water is indicated with the thick
red arrow.

destruction of gas-phase water from and to H3O+ (reactions k7
and k8). The equations for the freeze-out and desorption rates of
water can be found in Appendix A.

Initially, the abundance of all gas- and ice-phase species were
set to 0 except for the abundance of gas-phase CO, which was
set to 10−4 both in network NW and W, and the abundance
of gas-phase water in network W, which was set to 3.8× 10−7,
appropriate for a dark cold cloud (McElroy et al. 2013), see
also Table B.1. The rate coefficient for the freeze-out of water
depends on multiple parameters, including the number density
and size of the grains. Therefore, we assumed in chemical net-
work NW and W a typical grain number density of 10−12 × n(H2)
and a grain size of 0.1 µm, which set the surface area available
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for chemistry on grains. Assuming a single grains size for the
chemistry is an approximation, but the effect of grain growth in
disks, which decreases this area, is cancelled by the dust settling
in disks, which increases this area as there is more dust available
for chemistry in the midplane (Eistrup et al. 2016). Finally, the
H13CO+ abundance was taken to be a factor of 70 smaller than
the abundance of HCO+, corresponding to the typical 12C/13C
isotope ratio (Milam et al. 2005).

2.3. Radiative transfer

Predictions for multiple transitions of HCO+ and H13CO+ were
made using the ray tracer in DALI, where the outputs of the
chemical networks discussed in Sect. 2.2 were used to set
the abundance, and both line and continuum optical depth are
included. The line radiative transfer did not assume LTE. Instead,
the excitation was calculated explicitly, where we used the col-
lisional rate coefficients in the LAMDA database (Botschwina
et al. 1993; Flower 1999; Schöier et al. 2005).

Furthermore, the disk was assumed to be located at a distance
of 100 pc and the inclination was taken to be 38◦. Changing the
inclination did not significantly change our results. The radial
emission profiles were taken to be along the semi-major axis of
the disk. The focus in the paper is on the J = 2−1 transition at
178.375 and 173.507 GHz for HCO+ and H13CO+, respectively,
because this transition provided the best balance between the
brightness of the line and the effects of the continuum optical
depth. Moreover, the higher transitions could be blended with
emission from complex organic molecules. Predictions for the
weaker J = 1−0 transition, as well as the brighter J = 3−2 and
J = 4−3 transitions, that are more affected by the optical depth
of the continuum emission and emission from complex organic
molecules, can be found in Appendix C. To mimic high reso-
lution ALMA observations, the emission was convolved with a
0.′′05 beam, unless denoted otherwise.

3. Modelling results

3.1. Chemistry

The predicted abundances of HCO+ by chemical networks NW
and W are presented in Fig. 3. The water snow surface in network
W is computed as the surface where 50% of the total water abun-
dance is in the gas-phase and 50% is frozen-out onto the grains,
and is indicated by the black line. In this model, the water snow-
line, the midplane location where water freezes-out, is located
at 4.5 AU. The two networks predict very similar HCO+ abun-
dances outside and below the water snow surface. This is due to
the fact that water is frozen out outside the water snow surface
in network W, hence there is very little gas-phase water available
for the destruction of HCO+. In network W, the HCO+ abun-
dance drops inside the snowline, and is in general at least two
orders of magnitude lower than in network NW. Up to 2 AU out-
side the water snowline HCO+ is still efficiently destroyed by
the small amount of water that is present in the gas-phase. Sim-
ilar effects were found for N2H+ and CO (Aikawa et al. 2015;
van ’t Hoff et al. 2017). Therefore, HCO+ is efficiently destroyed
by gas-phase water, and is thus a good chemical tracer of the
water snowline.

The morphology of the HCO+ distribution predicted by
chemical network W is similar to the morphology predicted by
full chemical networks (Walsh et al. 2012, 2013; Agúndez et al.
2018). Chemical network W agrees with the full chemical net-
works quantitatively inside the water snowline, where all studies

Fig. 3. HCO+ abundance calculated using chemical network NW (top)
and network W (bottom). The water snow surface is marked with the
black line in the bottom panel. The position of the star in indicated with
the symbol of a black star.

predict a low HCO+ abundance of .10−14. Moreover, the full
networks and network W all show a jump of at least one order of
magnitude in the HCO+ abundance over a radial range of 5 AU
outside the water snowline. In addition, these models predict a
layer starting at z/r ∼ 0.1 where the HCO+ abundance reaches
a high abundance of 10−6−10−7 (Walsh et al. 2012, 2013, and
Agúndez et al. 2018). Yet, this layer is not expected to contribute
much to the column density and emission of HCO+ because the
gas densities are low in this layer of the disk. The midplane
abundances at 10 AU are ∼10−12 in the full networks and 10−11

in network W, though the gradient in the HCO+ abundance is
very steep between the water snowline at 4.5 AU and a radius
of 10 AU in network W complicating comparison. An HCO+

abundance of 10−12 is reached at 7 AU. The HCO+ abundance
at 100 AU lies within the range of HCO+ abundances predicted
by the full chemical models. Our small network is thus suited to
study HCO+ as a tracer of the water snowline.

3.1.1. Water versus electrons

HCO+ only acts as a tracer of the water snowline if the destruc-
tion of HCO+ by electrons is not dominant over the destruction
by gas-phase water. The dissociative recombination of HCO+

with an electron is included in both chemical networks. The rates
of the reactions in Eq. (1) and Eq. (5), RH2O and Re− , respectively,
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Fig. 4. Relative reaction rates of HCO+ destruction by electrons (Re− )
and water (RH2O). Gas-phase water is the dominant destruction mech-
anism of HCO+ in the blue regions and electrons are the dominant
destruction mechanism in the red regions. The water snow surface is
indicated by the black line.

are given by:

RH2O = kH2On(HCO+)n(H2O) and (6)
Re− = ke−n(HCO+)n(e−). (7)

Using Table 2, the ratio of these reaction rates is given by:

Re−

RH2O
= 96

(
Tgas

300 K

)−0.19 n(e−)
n(H2O)

. (8)

Therefore, gas-phase water is the dominant destruction mech-
anism of HCO+ if the number density of gas-phase water is
about two orders of magnitude larger than the number density
of electrons.

Figure 4 shows this ratio for chemical network W. The region
where electrons are the dominant destruction mechanism (Re− >
RH2O) is indicated in red and the region where water is dom-
inant (Re− < RH2O) is indicated in blue. The first region exists
mostly outside the water snow surface as water is frozen out.
The latter region exists mostly inside and above the water snow
surface because there is plenty of water to destroy HCO+ in these
regions. Therefore, HCO+ is a good chemical tracer of the water
snowline even though electrons are its dominant destruction
mechanism in most of the disk.

3.1.2. Effect of the CO, H2O abundance, and cosmic ray
ionisation rate on the HCO+ abundance

In this section we investigate the choice of initial conditions for
chemical network W listed in Table B.1. The HCO+ abundance
outside the water snow surface in chemical network W can be
approximated analytically (for details see Appendix B.1):

x(HCO+) =

√
ζcr

ke−n(H2)
. (9)

Based on this equation, it is expected that the abundance of
HCO+ scales as the square root of the cosmic ray ionisation
rate in the disk region outside the water snowline. This analytical
prediction is consistent with the predictions made by the numer-
ical solution to chemical network W (top left panel in Fig. B.1),

where the HCO+ column density decreases by one order of mag-
nitude if the cosmic ray ionisation rate decreases by two orders
of magnitude.

Furthermore, the HCO+ abundance is expected to be inde-
pendent of the initial CO and H2O abundance outside the water
snow surface based on the analytical approximation. This is in
line with the predictions by the numerical solution to chemical
network W (see HCO+ column density in Fig. B.1). The only
major difference between the analytical approximation and the
numerical solution occurs inside the water snowline. If the ini-
tial abundance of gas-phase water increases up to ∼5× 10−5,
as expected for water ice in cold clouds, the column density
of HCO+ inside the water snowline decreases. This is because
the higher abundance of gas-phase water destroys more HCO+.
There is no significant effect on the HCO+ column density out-
side the water snowline as all water is frozen out in that region
of the disk. In summary, HCO+ shows a steep jump in its col-
umn density around the water snowline for all initial conditions
discussed in this section. Therefore, the results in the following
sections do not depend critically on the choice of initial condi-
tions. Further details on the initial conditions can be found in
Appendix B.2.

3.2. HCO+ and H13CO+ emission

Observations of gas in disks do not directly trace the local
abundances, only the line emission that is closely related to
the column densities if the line emission is optically thin. The
column densities of HCO+ and the predicted radial emission pro-
files of HCO+ and H13CO+ in network NW and W are shown in
Fig. 5. Similar to the abundance plots of HCO+, the total HCO+

column density jumps by a factor of ∼230 over a radial range
of 3 AU outside the water snowline in network W (solid blue
line, top panel). Therefore, the HCO+ column density shows a
clear dependence on the presence of gas-phase water, and the
high HCO+ abundance in the surface layers of the disk does not
contribute much to the column density.

On the other hand, the shapes of the radial emission profiles
of the HCO+ J = 2−1 transition are very similar for networks
NW and W, and the profiles peak at the same radius outside the
water snowline (solid lines, middle panel). This is different from
the HCO+ column densities, where only network W predicts the
HCO+ column density to peak outside the water snowline. The
drop in the column density around the water snowline trans-
lates into a relative maximum difference of only 24% between
the radial emission profiles of the J = 2−1 transition of HCO+.
This maximum relative difference is defined as the maximum
difference between the flux predicted by network NW and W
compared to the maximum flux predicted by network W, and is
typically located at the water snowline.

HCO+ is more abundant than H13CO+, hence H13CO+ emis-
sion is expected to be optically thin, whereas the HCO+ emission
is optically thick. To test if this affects the ability to trace the
water snowline, we predict emission from the less abundant iso-
topologue H13CO+. The radial emission profiles of H13CO+ for
both chemical networks are shown in the bottom panel of Fig. 5.
Qualitatively the profiles are similar to the predicted emission
for HCO+. Though the expected flux is about 39 times lower for
H13CO+ than for HCO+. This difference in flux is less than a
factor of 70, which indicates that the HCO+ emission is indeed
at least partially optically thick. The relative maximum differ-
ence between chemical network NW and W is 13% for H13CO+,
which is almost half of the corresponding number for HCO+. So
the effect of the water snowline is also seen in the emission of the
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Fig. 5. HCO+ column density and emission in a disk around a typi-
cal Herbig Ae star. Top panel: total HCO+ column densities. Middle
and bottom panels: HCO+ J = 2−1 radial emission profiles and H13CO+

J = 2−1 radial emission profiles along the major axis predicted for
chemical network NW (red) and chemical network W (light blue). The
dotted lines refer to a model with very low dust opacities to lower the
effects of continuum optical depth (see Sect. 3.2.1). The water snowline
is indicated with the dashed black line. The radial emission profiles are
convolved with a 0.′′05 beam.

Fig. 6. τdust = 1 surface at the wavelength of the HCO+ J = 1−0 tran-
sition (3.4 mm, brown), J = 2−1 (1.7 mm, orange), J = 3−2 (1.2 mm,
green), and J = 4−3 (0.84 mm, purple). The radial range where the water
snowline is expected for various types of sources is highlighted with the
blue background. The water snowline in the model for a typical Herbig
Ae disk is indicated with the dashed black line.

optically thin H13CO+, but even less prominently than in HCO+.
This is because H13CO+ emits from a lower layer in the disk due
to its lower optical depth. Therefore, more dust is present above
the layer where H13CO+ emits, hence the effect of dust is larger
for H13CO+ than for HCO+.

These models show very similar radial emission profiles pre-
dicted for network NW and W with only a small difference in
flux. Both networks predict ring shaped emission, regardless of
the presence of the water snowline. This decrease in line flux
towards the centre of the disk can have different origins. The
first one is a decrease in the abundance of the observed molecule,
discussed in the previous section, which is the effect we aim to
observe. However, the optical depth of the continuum emission
and molecular excitation effects can change the emission as well,
potentially obscuring the effect we aim to trace.

3.2.1. Continuum optical depth

The continuum affects the line intensity when the optical depth
of the continuum emission is larger than the optical depth of
the line or when both are optically thick (Isella et al. 2016).
To investigate the effect of the continuum emission, the J = 2−1
transition of HCO+ and H13CO+ was ray traced in a disk model
where the dust opacities (dust mass absorption coefficients κν)
were divided by a factor of 1010, to cancel the effect of dust
on the HCO+ emission compared to the typical Herbig Ae disk
model. The results are shown as the dotted lines in Fig. 5. Com-
paring these radial emission profiles with the fiducial model
shows that the effect of dust is small for network W in the inner
∼5 AU (solid versus dotted blue lines) even though the dust in the
typical Herbig Ae disk model is optically thick out to ∼14 AU
(see the orange line in Fig. 6). The reason for this is that the
HCO+ abundance is low in the inner disk for network W. There-
fore, little emission is expected, hence there is also little emission
that can be affected by the dust.

However, the dust can mimic the effect of HCO+ destruc-
tion by gas-phase water, which greatly complicates matters. That
the effect of the dust is significant, can be seen when the radial
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emission profiles predicted by network NW in the fiducial disk
model and in the model with very low dust opacities (solid versus
dotted red lines) are compared. This shows that the dust opti-
cal depth is largely responsible for the drop in emission in the
centre in network NW and for the fact that the radial emission
profiles for network NW and W look very similar in the fidu-
cial disk model. Therefore, to locate the water snowline using
HCO+, a disk with a high gas-to-dust mass ratio would be most
suitable. However, recent work by Kama et al. (2020) has shown
that disks with high gas-to-dust mass ratios around Herbig Ae
stars are rare. Another option is to target HCO+ in even warmer
sources than Herbig Ae stars. Figure 6 shows that in more lumi-
nous sources, such as outbursting Herbig sources, the snowline
is expected to shift to radii where the dust is optically thin at the
wavelengths of the J = 1−0 to J = 4−3 transitions of HCO+. We
note, however, that the τdust = 1 surfaces not only depend on the
frequency but also on the mass of the disk. Nonetheless, typical
disk masses are not expected to be more than an order of mag-
nitude higher as that would make them gravitationally unstable
(Booth et al. 2019; Booth & Ilee 2020; Kama et al. 2020).

3.2.2. Molecular excitation

Decreasing the dust opacities by a factor of 1010 cannot fully
explain the unexpected ring-shaped emission found by network
NW. A second effect that contributes to the decrease in flux in
the centre is the temperature dependence of the J-level popula-
tions of HCO+. The column densities and midplane populations
of several J-levels of HCO+ in chemical network NW are shown
in Fig. 7. The column density of the J = 2 level of HCO+ in
chemical network NW peaks at a radius of ∼30 AU, while the
total HCO+ column density, Ntot, peaks on-source (red line in
top panel of Fig. 5).

The radius where the column density of the J = 2 level peaks
roughly coincides with the radius where the emission of the
J = 2−1 transition of HCO+ associated with network NW with
low dust opacities starts to drop. Therefore, both the optical
depth of the continuum emission, as well as the temperature
dependence of the J-level population contribute to the drop in
emission seen in the centre.

3.2.3. Chemistry

Finally, there could also be a chemical effect in network NW as
the midplane abundance of HCO+ decreases towards the centre
of the disk. Yet, the total column density of HCO+ keeps increas-
ing up to a radius of 0.07 AU, which is too small to explain the
decrease in flux out to ∼50 AU seen in the radial emission profile
associated with network NW in the fiducial model or to ∼10–
25 AU in the model with the low dust opacities. Still, the drop in
the emission associated with network W is for a small part due
to a decrease in the total HCO+ column density.

3.2.4. What causes HCO+ rings?

In summary, all three of the above discussed effects contribute to
the decrease in HCO+ flux in the inner regions of the disk model.
Observing different transitions of HCO+ and H13CO+ will give a
different balance of these effects. Figure 7 shows that the higher
J-levels are more populated in the inner disk because the inner
disk is too warm and dense to highly populate the J = 2 level
of HCO+. However, the emitting frequency of HCO+ increases
as higher transitions are observed, so also the continuum optical
depth increases.

Fig. 7. HCO+ column density (top) and midplane populations (bottom)
for the J = 1 (brown), J = 2 (orange), J = 3 (green), and J = 4 (purple)
levels as a function of radius for chemical network NW in the typical
Herbig disk model.

Therefore, it is difficult, though crucial, to disentangle the
effects of the water snowline and of the population of HCO+, and
the optical depth of the continuum emission. The effect of the
continuum optical depth can be quantified by observing another
molecule that emits from the same region as HCO+ or H13CO+

but does not decrease in column density towards the star, such as
a CO isotopologue. The excitation and column density of HCO+

need to be inferred from detailed modelling. In conclusion, the
results in this section show that even though the HCO+ abun-
dance changes by at least two orders of magnitude around the
water snow surface, it is observationally complicated to verify.

3.3. Line profiles

The discussion above has shown that locating the water snowline
using the HCO+ radial emission profile is difficult. The velocity
resolved line profile may provide an alternative method as the
removal of HCO+ in the inner disk is expected to remove flux at
the highest Keplerian velocities. Therefore, the line profile pre-
dicted by chemical network W is expected to be narrower than
the line profile predicted by network NW.

The line profiles predicted by the two chemical networks for
the J = 2−1 transition of HCO+ and H13CO+ are shown in left
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Fig. 8. Predicted HCO+ and H13CO+ line profiles in a typical Herbig Ae
disk. Left panels: line profile for the J = 2−1 transition of HCO+

(top) and H13CO+ (bottom) for chemical network NW (red) and W
(light blue). Right panels: difference between the line profiles in the
left column. The black arrows indicate where the effect of the water
snowline is expected. We note the differences in the vertical axes.

column of Fig. 8. To show the difference between the models
we subtracted the spectrum associated with network W from the
spectrum associated with network NW. The result is shown in
the right column of Fig. 8. This column shows that even though
the line profiles look almost identical in the left column, there
is an additional bump in the difference between them in the
line wings (indicated with the black arrows). However, this dif-
ference is only 1.75 mJy for HCO+ and 28 µJy for H13CO+,
that is, 0.6 and 0.3% of emission, which cannot be detected
with a reasonable signal-to-noise ratio with current submillime-
tre observations. Moreover, detailed comparison with the line
profile associated with a molecule that does not show a decrease
in the column density in the inner disk would be needed as only
the flux associated with network W would be observed, and not
the flux associated with network NW. Hence, it is very difficult to
use the line profiles to locate the water snowline in disks around
Herbig Ae stars.

4. Comparison with observations

The best targets to observe the water snowline using HCO+ are
warm disks because these disks have a water snowline at a large
enough radius for ALMA to resolve. In addition, disks without
deep gaps in the gas and dust surface density around the expected
location of the snowline are preferred, as these gaps complicate
the interpretation of the HCO+ emission.

One of the most promising targets to locate the water snow-
line in a disk is the young outbursting star V883 Ori, with a
current luminosity of ∼218 L� (Furlan et al. 2016). During the
outburst, the luminosity is greatly increased, which heats the

disk, shifting the water snowline outwards compared to regu-
lar T Tauri and even Herbig Ae disks. This not only allows for
observations with a larger beam, it also mitigates the effects of
the dust as the optical depth of the continuum emission decreases
with radius. Previous observations of V883 Ori have inferred the
location of the water snowline at 42 AU based on a change in
the dust emission (Cieza et al. 2016). An extended hot inner
disk region is consistent with the detection of many complex
organic molecules (Lee et al. 2019). However, an abrupt change
in the continuum optical depth or the spectral index are not
necessarily due to a snowline, as shown for the cases of CO2,
CO, and N2 (Huang et al. 2018; Long et al. 2018; van Terwisga
et al. 2018). Methanol observations suggest that the water snow-
line may be located at a much larger radius of ∼100 AU, if the
methanol observations are optically thin and most of its emis-
sion originates from inside the water snowline (van ’t Hoff et al.
2018b). Observations of HCO+ have the potential to resolve this
discrepancy.

4.1. H13CO+ observations

A promising dataset to locate the water snowline in V883 Ori
is the band 7 observation by Lee et al. (2019) (project code:
2017.1.01066.T, PI: Jeong-Eun Lee), which contains the H13CO+

J = 4−3 line. To date, these observations are the only H13CO+

observations in a protoplanetary disk, to our knowledge, at suffi-
cient spatial and spectral resolution and with enough sensitivity
to potentially resolve the water snowline. The synthesised beam
of these observations is 0.′′2 (40 AU radius, 80 AU diameter at
a distance of ∼400 pc; Kounkel et al. 2017), and the spectral
resolution is 0.25 km s−1. The continuum is created using all
line-free channels, which are carefully selected to exclude any
line emission. The line data are continuum subtracted using these
continuum solutions. Using the CASA 5.1.1 tclean task with a
Briggs weighting of 0.5, line images are made with a mask of
about 2′′ in diameter centred on the peak of the continuum.

Following the approach of Lee et al. (2019), the line observa-
tions are velocity-stacked using a stellar mass, M? = 1.3 M�, an
inclination of 38◦, and a position angle of 32◦ (Cieza et al. 2016).
This technique reduces line blending because it makes use of the
Keplerian velocity of the disk to calculate the Doppler shift of
the emission in each pixel (Yen et al. 2016, 2018). This Doppler
shift is then used to shift the spectrum of each pixel to the veloc-
ity of the star, before adding the spectra of all pixels. The noise
level of ∼15 mJy per spectral bin is determined using an empty
region in the stacked image.

The resulting spectrum of the inner 0.′′6 is shown as the
black line in the top panel of Fig. 9. The rest frequency of
the H13CO+ J = 4−3 transition lies between the rest frequen-
cies of the 187,12–177,11, E transition of acetaldehyde (CH3CHO)
(v= 0) at 346.9955 GHz and the two superimposed 187,11 –
177,10, E and 187,12 – 177,11, E transitions of CH3CHO (vT = 2)
at 346.99991 and 346.99994 GHz, respectively (Jet Propul-
sion Laboratory (JPL) molecular database; Pickett et al. 1998).
In between these acetaldehyde transitions, a clear shoulder of
emission is visible due to the J = 4−3 transition of H13CO+.
To quantify this excess emission, two Gaussian profiles are fit-
ted with curve_fit2 to model the acetaldehyde emission. To
reduce the number of free parameters in the fit, the line fre-
quencies are fixed to their respective rest frequencies listed above
and the widths of the lines are fixed to 2 km s−1 following Lee
et al. (2019). In addition, emission within 1 km s−1 from the rest

2 The curve_fit function is part of the Scipy package in python.
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Fig. 9. Observed and modelled spectrum of V883 Ori. Top panel:
observed and stacked spectrum of V883 Ori (black) and a fit of the
CH3CHO emission (red). Bottom panel: spectrum where the CH3CHO
emission is subtracted. The H13CO+ J = 4−3 emission line (vertical dark
blue line) is blended with the CH3CHO lines (vertical pink lines). The
3σ noise level is indicated with the horizontal grey line.

frequency of the J = 4−3 transition of H13CO+ is excluded from
the fit. The result is shown as the red line in the top panel of
Fig. 9. Subtracting this fit to the acetaldehyde emission from
the observed spectrum clearly reveals emission of the J = 4−3
transition of H13CO+. Therefore, we conclude that H13CO+ is
detected at >5σ but is blended with lines that are expected to
peak on-source, preventing a clean image.

The line blending of H13CO+ J = 4−3 with acetaldehyde
prevents us from using the only available dataset covering a tran-
sition of H13CO+ at sufficient spatial and spectral resolution, and
sensitivity to resolve the water snowline. The J = 3−2 transition
of H13CO+ is likely blended with CH3OCHO as both of them are
bright in the Class 0 source B1-c (van Gelder et al. 2020). How-
ever, the H13CO+ J = 2−1 transition in the same Class 0 B1-c
source is free from line blending (van ’t Hoff et al., in prep.) and
would therefore be the best line to target in sources with bright
emission from complex organics.

4.2. HCO+ observations

Another promising dataset for HCO+ is a recent band 6 dataset
(project code 2018.1.01131.S, PI: D. Ruíz-Rodríguez; Ruíz-
Rodríguez et al., in prep.). The J = 3−2 transition of HCO+ is
detected with a high signal-to-noise ratio. The spatial resolu-
tion of ∼0.′′5 is insufficient to resolve the water snowline if it
is located within a radius of ∼90 AU (180 AU diameter).

An image of the HCO+ emission will be presented in Ruíz-
Rodríguez et al. (in prep.). Here, a normalised, deprojected
azimuthal average of the observed emission from the product
data of the J = 3−2 transition of HCO+ is presented in the top
panel of Fig. 10. This azimuthal average shows that the HCO+

emission is ring shaped. Comparing the band 6 HCO+ emission

Fig. 10. Observed and modelled emission from HCO+ J = 3−2 and
observed methanol in V883 Ori. Top: normalised azimuthal average of
the observed HCO+ J = 3−2 flux in V883 Ori (black; Ruíz-Rodríguez
et al., in prep. and this work) and methanol 183–174 flux (red; van ’t Hoff
et al. 2018b). Bottom: normalised azimuthal average of the observed
HCO+ flux (black; as in top panel) and modelled HCO+ flux for a snow-
line at 47 AU (blue), 76 AU (orange), and 119 AU (green). The snowline
locations of the models are indicated with dashed lines in correspond-
ing colours. The position of the star is indicated with a black star and
the beam is indicated by the black bar in the bottom right corner.

with the band 7 emission from complex organic molecules pre-
sented in van ’t Hoff et al. (2018b) and Lee et al. (2019) , reveals
that the emission from complex organic molecules such as
methanol, 13-methanol, acetaldehyde, and H2C18O peak inside
the HCO+ ring, and in some cases is even centrally peaked. This
is a strong indication that the lack of HCO+ emission in the cen-
tre is not only due to the optical depth of the continuum and that
HCO+ is indeed tracing the water snowline in V883 Ori. Such an
anti-correlation between HCO+ and methanol has also been seen
in protostellar envelopes (Jørgensen et al. 2013).

4.3. Model HCO+ images: locating the snowline

To quantify the location of the water snowline, we model the
HCO+ and H13CO+ emission in a representative model for V883
Ori. This model reproduces the previously observed flux of the
J = 2−1 transition of C18O (van ’t Hoff et al. 2018b), the HCO+

and H13CO+ total flux discussed in the previous Sections, and
mm continuum fluxes within a factor of ∼2. The DALI model
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Fig. 11. Integrated intensity maps for the J = 3−2 transition of HCO+ predicted by network NW (top row) and network W (bottom row). The
snowline is indicated with a white ellipse and is located at 47 AU (left column), 76 AU (middle column), and 119 AU (right column). The cartoons
above the individual panels provide a sketch of the model, where blue indicates water ice, red indicates gas-phase water, orange indicates a high
abundance of HCO+, and grey indicates a low abundance of HCO+. The position of the star is marked with a yellow star in each cartoon and with
white star in each panel. We note that the size of the star increases with increasing luminosity of the star. The 0.′′1 beam and a scale bar are indicated
in the bottom left panel.

parameters are presented in Table D.1. The main changes com-
pared to the model for the typical Herbig Ae disk include the
mass and radius of the disk, and the mass and luminosity of
the star. The characteristic disk radius is set to 75 AU to match
the radial extent of emission from the J = 2−1 transition of
C18O presented by van ’t Hoff et al. (2018b). The disk mass
is estimated using the 9.1 mm continuum observations of the
VANDAM survey (Tobin et al. 2020) and the relation between
the continuum flux and the disk mass (Hildebrand 1983):

M =
D2Fν

κνBν(Tdust)
, (10)

with D the distance to V883 Ori, Fν the observed continuum
flux, κν the opacity, and Bν(Tdust) the Planck function for a dust
temperature Tdust. As V883 Ori is an outbursting source, a dust
temperature of 50 K is assumed. Following Tychoniec et al.
(2020), a dust opacity of 0.28 cm2 g−1 at a wavelength of 9.1 mm
is used (Woitke et al. 2016). This results in an estimated disk
mass of 0.25 M�.

The water snowline has been estimated at 42 AU by Cieza
et al. (2016), but it may be as far out as 100 AU based on CH3OH
observations (van ’t Hoff et al. 2018b). The outburst likely began
before 1888 (Pickering 1890) and has been decreasing since.
Approximately 25 yr ago the luminosity was measured to be

∼200 L� higher than the current value (Strom & Strom 1993;
Sandell & Weintraub 2001; Furlan et al. 2016). With a freeze-out
time scale of 100–1000 yr, the water snowline may thus not be
at the location expected from the current luminosity (Jørgensen
et al. 2013; Visser et al. 2015; Hsieh et al. 2019). We therefore use
three different luminosities of 2× 103, 6× 103, and 1.4× 104 L�
in our models, which put the snowline at 47, 76, and 119 AU,
respectively.

The resulting integrated intensity maps of the J = 3−2 tran-
sition of HCO+ for these models are shown in Fig. 11. The cor-
responding figures for the weaker HCO+ and H13CO+ J = 2−1
transitions are presented in Figs. D.1 and D.2. These lines are
not expected to be contaminated by emission from complex
organic molecules. The results in this section are convolved with
a small 0.′′1 beam to make predictions for future high resolution
observations.

The top row of Fig. 11 shows the expected emission for net-
work NW for the three different luminosities. The total HCO+

emission does not depend strongly on the luminosity because
the population of the J = 3 level decreases with luminosity but
the increase in the temperature of the emitting region cancels
this effect as the HCO+ emission is marginally optically thick.
Similar to the models for a disk around a typical Herbig Ae star,
the moment 0 maps of network NW show ring shaped emission
despite the fact that there is no snowline present in these models.

A3, page 11 of 17

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039387&pdf_id=0


A&A 646, A3 (2021)

The lack of emission in the centre is dominated by absorption
by dust. On top of that, the column density of the J = 3 level
of HCO+ decreases in the inner parts of the disk. These two
points are difficult to disentangle because the continuum optical
depth is frequency and hence J-level dependent. However, most
importantly, the location of the HCO+ ring does not change as a
function of luminosity in network NW.

This is different in the bottom row of Fig. 11, where emission
associated with network W is shown. The water snowline is indi-
cated with a white ellipse and shifts outwards as the luminosity
of the star increases. This is also reflected in the HCO+ emis-
sion as the ring of HCO+ shifts outwards together with the water
snowline. Therefore, the location of the HCO+ ring can be used
to locate the water snowline provided that another molecule is
observed to show that the decrease in the HCO+ flux in the centre
is not solely due to molecular excitation effects and absorption
by dust. The excitation effect needs to be inferred from disk mod-
elling. The effect of the optical depth of the continuum emission
can be estimated by observing another molecule, that emits from
the same disk region as HCO+ and whose column density does
not drop in the inner disk. The most obvious molecule for this
purpose is C18O. However, the HCO+ J = 3−2 emission comes
from a layer closer to the midplane than the C18O J = 2−1 and
J = 3−2 emission. Therefore, the effect of the dust on the HCO+

emission cannot be fully traced by the J = 2−1 or J = 3−2 tran-
sition of C18O. Rarer isotopologues such as C17O or 13C18O are
more suited for this purpose, as well as other molecules such as
complex organics as discussed in Sect. 4.2.

The model predictions for the observed flux of the J = 3−2
transition of HCO+ in V883 Ori are compared with the observed
flux in the bottom panel of Fig. 10. The model results are con-
volved to the same spatial resolution as the observations before
calculating the deprojected azimuthal average. Even though the
beam is too large to resolve the snowline if it is located inside
∼90 AU, this figure clearly shows that the observed HCO+ flux
drops off steeper in the inner parts than that predicted by the
model with a snowline at 47 AU. In addition, the HCO+ ring
shifts outwards with increasing snowline location. The observed
peak location and gap depth in the centre best match with a
snowline between 76 and 119 AU.

A central cavity (approx. 1 beam in diameter at 0.′′35× 0.′′27
resolution corresponding to ∼60 AU resolution in radius) was
also observed for CO J = 2−1 and was attributed to the contin-
uum optical depth by Ruíz-Rodríguez et al. (2017). However, it
is unlikely that the cavity observed in HCO+ is solely due to
the continuum as the emission from complex organic molecules
peaks inside the HCO+ ring (0.′′23× 0.′′17; Lee et al. 2019).
Similarly, the high resolution methanol emission (0.′′13× 0.′′14;
van ’t Hoff et al. 2018b) and the continuum emission (0.′′03;
Cieza et al. 2016) peak well inside the HCO+ cavity (Fig. 10).
Furthermore, the continuum becomes optically thin well within
100 AU in all three of our models (Figs. 10 and 11), so the differ-
ence between the models is due to different snowline locations.
Therefore, our analysis is consistent with a water snowline at
∼75–120 AU in V883 Ori, and thus suggests that the sudden
change in continuum opacity at 42 AU is uncorrelated with the
water snowline.

One effect that needs to be taken into account in outburst-
ing sources like V883 Ori is viscous heating. This effect heats
the disk midplane, hence the water snowline could be at a
larger radius than expected based on radiative heating alone.
The J = 3−2 transition of HCO+ is marginally optically thick
in our models. Targeting a low J transition of HCO+ or target-
ing the optically thin H13CO+, will allow us to directly trace the

midplane. Another effect that could occur due to viscous heating
is self-absorption of HCO+ as the surface layers of the disk could
have a lower temperature than the viscously heated midplane.
This, again, could be resolved by observing multiple transitions
of HCO+ as higher J lines are more optically thick and hence
trace a layer higher in the disk.

Taken together, our analysis of the observations suggests that
HCO+ is tracing the water snowline in the V883 Ori disk, and
that the snowline is located outside the radius where the change
in the continuum opacity is observed. Therefore, V883 Ori is
the first example that shows that a change in the dust continuum
opacity is not necessarily related to the water snowline, similar to
what has been shown for the cases of CO, CO2, and N2 snowlines
(Huang et al. 2018; Long et al. 2018; van Terwisga et al. 2018).

5. Conclusions

Chemical imaging with HCO+ is in principle a promising
method to image the water snowline as it has been used success-
fully in a protostellar envelope (van ’t Hoff et al. 2018a). This
work examines the application of this to older protoplanetary
disks. The HCO+ abundance was modelled using two chemical
networks, one with water (W) and one without water (NW). Pre-
dictions for the radial emission profiles of HCO+ and H13CO+

were made to examine the validity of HCO+ as a tracer of the
water snowline. Moreover, archival observations of V883 Ori
were examined to constrain the location of the water snowline
in V883 Ori and make predictions for future high resolution
observations.

Based on our models the following conclusions can be
drawn:

– The HCO+ abundance jumps two orders of magnitude
around the water snowline.

– In addition to the water snowline, the optical depth of the
continuum emission and molecular excitation effects for
the low J-levels contribute significantly to the decrease in
the H13CO+ and HCO+ flux in the inner parts of the disk
and result in ring shaped emission. Therefore, the effect
of the continuum optical depth needs to be checked obser-
vationally, and the effects of the molecular excitation and
HCO+ abundance need to be modelled in detail. Outburst-
ing sources are the best targets, as the snowline is shifted to
larger radii, where the dust optical depth is lower.

– HCO+ and H13CO+ are equally good as a tracers of the water
snowline but the main isotopologue HCO+ is more readily
observable because of its higher abundance.

– For both HCO+ and H13CO+, the J = 2−1 transition is pre-
ferred because it provides the best balance between line
strength and the negative effects of the continuum optical
depth. Moreover, it is not expected to be blended with emis-
sion from complex organic molecules, unlike the J = 3−2
and J = 4−3 transitions of H13CO+.

– Our analysis of the observations of the HCO+ J = 3−2 tran-
sition and complex organic molecules suggest that HCO+

is tracing the water snowline in V883 Ori. Based on our
models, the snowline is located around 100 AU and is
not correlated with the opacity change in the continuum
emission observed at 42 AU.

Our results thus show that HCO+ and H13CO+ can be used to
trace the water snowline in warm protoplanetary disks, such as
those found around luminous stars. Determining the snowline
location in these sources is important to understand the process
of planet formation and composition.
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Appendix A: Freeze-out and desorption
coefficients

The reaction coefficients of the freeze-out and desorption of
water depend on the local conditions in the disk. The rate
coefficient of the freeze-out of water, kf can be expressed as:

kf = 〈v〉πa2
grainn(grain)S (A.1)

=

√
kBTgas

m
πa2

grainn(grain)S , (A.2)

where 〈v〉= √
kBTgas/m is the thermal velocity of gas-phase

water molecules with mass m in a gas at temperature Tgas, and kB
is the Boltzmann constant. The DALI models use a distribution
of grain sizes, but for the chemistry, only the surface area of the
grains matters. Therefore, a grain size of agrain = 0.1 µm and a
number density, n(grain) = 10−12 × n(H2) with respect to molec-
ular hydrogen is used. Finally, a sticking coefficient, S , of 1 is
assumed.

The reverse process, the desorption of water ice, is described
by the desorption rate coefficient:

kd = ν0e−Eb/kBTdust (A.3)

=

√
2nsEb

π2m
e−Eb/kBTdust , (A.4)

with ν0 =
√

2nsEb/π2m the characteristic vibrational frequency
of water ice on a grain. Here ns = 1.5× 1015 cm−2 is the number
density of surface sites where water can bind (Hasegawa et al.
1992). The binding energy, Eb, assumed in this work is 5775 K,
corresponding to an amorphous water ice substrate (Fraser et al.
2001).

Appendix B: Chemical network

B.1. Analytical approximation for network NW

Chemical network NW can be used to derive an analytical
expression for the HCO+ abundance because of its simplicity.
The time evolution of the HCO+ number density is given by the
sum of the formation and destruction rates:

dn(HCO+)
dt

= k4n(CO)n(H+
3 ) − ke−n(HCO+)n(e−), (B.1)

with k4 and ke− the reaction rates as listed in Table 2. This can be
rewritten to

n(HCO+) =

√
k4

ke−
n(CO)n(H+

3 ) (B.2)

under the assumption of steady state. Furthermore, it is assumed
that metallic ions can be neglected as electron donors, and that
HCO+ is the main electron donor. HCO+ has been found to be
the dominant molecular ion protoplanetary disks (Teague et al.
2015), and the main charge carrier in starless cores (e.g. Caselli
et al. 1998; Williams et al. 1998).

Following the approach of Lepp et al. (1987), the number
density of H+

3 , which is mainly governed by the ionisation, can
be found in a similar way. The three reactions that regulate the
ionisation in the disk: ionisation by cosmic rays (reaction ζcr), the
ion-molecule reaction to form H+

3 (reaction k2), and dissociative

Table B.1. Initial conditions for chemical network NW (no water) and
W (water).

Model parameter Initial value NW Initial value W Ref.

ζcr 1(−17) 1(−17)
Tgas DALI model DALI model
Tdust DALI model DALI model
n(H2) DALI model DALI model
x(H+

2 ) 0 0
x(H+

3 ) 0 0
x(H) 0 0
x(e−) 0 0
x(CO) 1(−4) 1(−4)
x(HCO+) 0 0
x(H3O+) 0 0
x(H2O) 0 3.8(−7) (a)
x(H2O(ice)) 0 0

Notes. a(b) represents a× 10b. Abundances are defined with respect to
molecular hydrogen.
References. (a) McElroy et al. 2013.

recombination of H+
3 (reaction k3), see also Table 2. The first two

reactions can be approximated as:

H2 + cr→ H+
3 , (B.3)

as the formation of H+
3 is limited by the cosmic ray ionisation

rate. Assuming CO is the main destroyer of H+
3 and thus neglect-

ing the dissociative recombination of H+
3 , the time evolution and

steady state abundance of H+
3 can be expressed as:

dn(H+
3 )

dt
= ζcrn(H2) − k4n(CO)n(H+

3 ) (time-dependent), and

(B.4)

n(H+
3 ) =

ζcrn(H2)
k4n(CO)

(steady state). (B.5)

Combining Eqs. (B.2) and (B.5) gives the analytical approx-
imation of the HCO+ abundance in the disk:

x(HCO+) =

√
ζcr

ke−n(H2)
. (B.6)

The comparison of chemical network NW and W in Sect. 3.1
and Fig. 3 shows that the HCO+ abundance in network NW is
very similar to the HCO+ abundance outside the water snow
surface in network W. Therefore, the derived expression for the
HCO+ abundance can also be used in this disk region in chemical
network W.

B.2. Initial conditions

The effects of the initial conditions on the abundance pre-
dicted by chemical network W were discussed in Sect. 3.1.2 and
expected to be of little importance for HCO+’s ability to trace
the water snowline. Here, the effects on the corresponding radial
emission profiles of the J = 2−1 transition of HCO+ and H13CO+

are discussed and shown in Fig. B.1.
Previously, it was derived that the column density of HCO+

scales with the square root of the cosmic ray ionisation rate (see
Eq. (9)). Similarly, the H13CO+ emission scales with the square
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Fig. B.1. HCO+ column densities for different initial conditions in chemical network W (top row) and the corresponding radial emission profiles
for the J = 2−1 transition of HCO+ (middle row) and H13CO+ (bottom row). Left-hand column: results for a cosmic ray ionisation rate of 10−17,
10−18, and 10−19s−1. Middle column: corresponding models for an initial CO abundance of 10−4, 10−5, and 10−6. Right-hand column: corresponding
models for an initial abundance of gas-phase water of 3× 10−5, 3× 10−6, and 3.8× 10−7. The fiducial model is indicated with the light blue line in
each panel and uses an initial abundance of 3.8× 10−7 for gas-phase water, 10−4 for gas-phase CO, and 10−17s−1 for the cosmic ray ionisation rate.
The water snowline is indicated with a dashed black line and the position of the star is indicated by the symbol of a black star. The radial emission
profiles are convolved with a 0.′′05 beam.

root of the cosmic ray ionisation rate because it is optically thin,
see Fig. B.1. On the other hand, the HCO+ emission does not
scale with the cosmic ray ionisation rate as it is optically thick.
As the column density of HCO+ decreases, the HCO+ emission
becomes less optically thick and approaches the scaling for the
column density.

In Sect. 3.1.2, it was found that the HCO+ abundance or col-
umn density does not depend strongly on the initial abundance
of CO or H2O. This is is also seen in the radial emission profiles
both for HCO+ and H13CO+ because the drop in the HCO+ emis-
sion in the centre is dominated by the effect of the optical depth
of the continuum emission and molecular excitation. A small

dependence of the HCO+ emission on the initial abundance of
gas-phase water is seen, but the abundance of gas-phase water
seems to be low in the outer regions of protoplanetary disks
(Bergin et al. 2010; Du et al. 2017; Notsu et al. 2019; Harsono
et al. 2020). Moreover, the abundance of gas-phase water in the
inner disk can be as high as 10−2 (Bosman et al. 2018).

Appendix C: HCO+ and H13CO+ J= 1–0, J= 3–2,
and J= 4–3 transitions

Radial emission profiles for the J = 1−0, J = 3−2, and J = 4−3
transitions of HCO+ and H13CO+ are presented in Fig. C.1.
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Fig. C.1. Same as the middle and bottom panel of Fig. 5, but then for the J = 1−0 (left column), J = 3−2 (middle column), and J = 4−3 (right
column) transition of HCO+ (top) and H13CO+ (bottom).

Appendix D: V883 Ori

An overview of the model parameters used for the representative
DALI model for V883 Ori is given in Table D.1. Predictions for
the corresponding emission of the J = 2−1 transition of HCO+

and H13CO+ are shown in Figs. D.1 and D.2.

Table D.1. DALI model parameters for the representative model for
V883 Ori.

Model parameter Value Ref.

Physical structure
Rsubl 1 AU
Rc 75 AU
Σc 35 g cm−2

Mdisk 0.25 M�
γ 1
hc 0.1
ψ 0.25

Dust properties
χ 0.2
fls 0.9
∆gas/dust 100
Stellar spectrum (1)

Type Outbursting
L?+acc 2.0(3), 6.0(3), 1.4(4) L�

Table D.1. continued.

Model parameter Value Ref.

LX 1.4(30) erg s−1

Teff 1(4) K
Tacc 1(4) K
TX 7(7) K
ζcr 5(–17) s−1

Stellar properties (2)

Ṁ 5(−5) M� yr−1

M? 1.3 M� (a)
R? 5.1 R�

Observational geometry
i 38◦ (a)
PA 32◦ (a)
d 400 pc (b)

Notes. a(b) represents a× 10b. (1)The stellar spectrum is obtained by
the sum of the accretion luminosity Lacc and an artificially high stellar
luminosity L? to shift the snowline to 47, 76, and 119 AU. (2)R? is chosen
to obtain an accretion luminosity of 4× 102 L�, consistent with Cieza
et al. (2016).
References. (a) Cieza et al. (2016), (b) Kounkel et al. (2017).
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Fig. D.1. Same as Fig. 11 but then for the J = 2−1 transition of HCO+. The 0.′′1 beam and a scale bar are indicated in the bottom left panel.

Fig. D.2. Same as Fig. 11 but then for the J = 2−1 transition of H13CO+. The 0.′′1 beam and a scale bar are indicated in the bottom left panel.
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