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ABSTRACT
The mass of gas in protoplanetary discs is a quantity of great interest for assessing their planet formation
potential. Disc gas masses are however traditionally inferred from measured dust masses by applying an
assumed standard gas to dust ratio of g/d = 100. Furthermore, measuring gas masses based on CO obser-
vations has been hindered by the effects of CO freeze-out. Here we present a novel approach to study the
midplane gas by combining C18O line modelling, CO snowline observations and the spectral energy distribu-
tion (SED) and selectively study the inner tens of au where freeze-out is not relevant. We apply the modelling
technique to the disc around the Herbig Ae star HD 163296 with particular focus on the regions within the
CO snowline radius, measured to be at 90 au in this disc. Our models yield the mass of C18O in this inner disc
region of MC18O(< 90 au) ∼ 2× 10−8 M�. We find that most of our models yield a notably low g/d < 20,
especially in the disc midplane (g/d < 1). Our only models with a more ISM-like g/d require C18O to be
underabundant with respect to the ISM abundances and a significant depletion of sub-micron grains, which
is not supported by scattered light observations. Our technique can be applied to a range of discs and opens
up a possibility of measuring gas and dust masses in discs within the CO snowline location without making
assumptions about the gas to dust ratio.

Key words: stars: pre-main sequence – planetary systems: protoplanetary discs – stars: cir-
cumstellar matter – techniques: interferometric

1 INTRODUCTION

Protoplanetary discs - discs of gas and dust that surround young pre-main sequence stars - are the birthplaces of planets. With new ob-
servational facilities such as the Atacama Large Millimeter/submillimeter Array (ALMA) providing data of unprecedented resolution and
sensitivity, we have the opportunity to study the disc structure and through it the processes that lead to planet formation in more detail than
ever before. However, interpretation of these observations is reliant upon comparison with the expected emission properties from numerical
models of discs. Protoplanetary discs consist of gas and dust. In the interstellar medium (ISM), the mass ratio of these two components is
canonically assumed to be g/d=100 as has been inferred from observations (see e.g. Frerking et al. 1982; Lacy et al. 1994). Due to the lack
of observational constraints thereof, this value is often also adopted for discs. Panić et al. (2008) obtain a range between 25 and 100 for g/d
from their modelling of the Herbig Ae/Be star HD 169142, depending on the dust opacity they assume, Meeus et al. (2010) narrowed down
this range to ∼ 22− 50. In 51 Oph, Thi et al. (2013) find a value of g/d consistent with 100, the same holds true for HD 141569 (Thi et al.
2014). The study by Williams & Best (2014) of several T Tauri stars yields g/d that are relatively low (. 40; the values they obtain for a few
Herbig Ae/Be stars are also rather low, with the exception of HD 163296, where they obtain g/d = 170).

The gas governs the disc dynamics and motion of the dust, whereas dust provides the opacity to capture the stellar flux, re-radiate it
and heat the disc. In order to understand the structure of discs, it is therefore crucial to study the spatial distribution and properties of both
components (see e.g. Beckwith & Sargent 1987; Dutrey et al. 1994; Isella et al. 2007; Panić et al. 2008; Qi et al. 2011; Panić et al. 2014).
Planets are believed to form in the disc midplane and thus understanding the disc conditions in these regions is particularly important for
constraining models of planet formation (see e.g. Boley & Durisen 2010; Forgan & Rice 2013).
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2 D. M. Boneberg et al.

Many discs have bright emission in the millimetre (mm) continuum (e.g. Beckwith et al. 1990; Dutrey et al. 1996; Mannings & Sargent
1997; Andrews & Williams 2007; Andrews et al. 2009, 2010; Qi et al. 2011), tracing the dust in the disc. Due to the uncertainties associated
with g/d and the dust grain properties, inferring the disc mass from continuum measurements is however only a rough approximation.
Therefore, molecular emission lines are used alternatively or additionally and allow the inference of spatial and temperature structure. The
most abundant molecule in discs is cold H2 gas, however this is difficult to observe due to the lack of a dipole moment and its low transition
probability. Thus, molecules such as 12CO, 13CO and C18O and their respective transitions are employed instead.

Abundances of molecular tracers are influenced by the conditions in the disc: for example CO can be photodissociated in the disc
atmosphere or frozen out in the disc below a temperature of T ≈19 K (Qi et al. 2011). Recently it has been claimed that the exact value of
the freeze-out temperature can vary from disc to disc (e.g. Qi et al. (2015) model the snowline at a temperature of 17 K in TW Hya and 25 K
in HD 163296) and depends on the chemical history of the ice (Garrod & Pauly 2011). Moreover, the transitions of the CO emission lines
become optically thick at different heights within the disc, depending on the abundance of the particular isotopologue (e.g. van Zadelhoff
et al. 2001; Dartois et al. 2003; Miotello et al. 2014) and thus optical depth effects compromise the ability to obtain disc masses from the
more abundant species. C18O is an important diagnostic of the unfrozen part of the disc mass, being much less abundant than other CO
species ([16O]/[18O]=557 ± 30, Wilson 1999). Its transitions in the mm wavelength regime are mostly optically thin throughout the whole
disc and thus provide an excellent probe of the disc midplane. This is evidently of great importance since most of the gas mass resides near
the disc midplane and it is here that planets are expected to form. However, only a handful of observations of C18O exist so far, including
AB Aurigae (Semenov et al. 2005), HD 169142 (Panić et al. 2008), MWC480 (Akiyama et al. 2013), HD 142527 (Perez et al. 2015) and
HD 163296 (Qi et al. 2011; Rosenfeld et al. 2013). There is also C18O data available on several T Tauri stars studied by Williams & Best
(2014). Furthermore, there exist observations of C18O in TW Hya, V4046 Sgr, DM Tau, GG Tau and IM Lup (see Williams & Best 2014,
and references therein).

The CO snowline radius is the location in the disc midplane at which CO condenses from the gas phase and freezes out onto dust grains.
This radius can be observed as a steep decline in the C18O density or by the presence of other molecular tracers such as N2H+ and DCO+ (Qi
et al. 2011, 2013b; Mathews et al. 2013; Qi et al. 2015; Carney et al., in prep.). However, the formation path of DCO+ is not fully understood
and this molecule does not probe the disc midplane but the entire surface of the 19-21 K isotherms. Hence Qi et al. (2015) find that DCO+

is not a reliable tracer of the CO snowline location. They employ ALMA N2H+J=3-2 observations instead that originate predominantly
from the midplane and are therefore more reliable. The presence of gas-phase CO slows down the formation of N2H+ and accelerates its
destruction. Thus, gas-phase N2H+ exists in regions where CO is depleted, so the N2H+ emission will be distributed in a ring whose inner
radius marks the CO snowline location. Therefore, Qi et al. (2015) propose that observations of C18O and N2H+ are very powerful as they
directly probe the temperature of the disc midplane. This is important for calculations of the vertical hydrostatic equilibrium in discs which
crucially depend on the conditions in this disc region. However, the exact freeze-out temperature of CO is not known unambiguously, depends
on the conditions of the environment and is assumed to be between ∼ 17 K (Qi et al. 2013a, in TW Hya) and ∼ 30 K (Jørgensen et al. 2015,
in an embedded protostar). Also, the composition of the ice will influence the freeze-out temperature (∼ 20 K for pure CO ice, ∼ 30 K for
mixed CO-H2O ice, Collings et al. (2004)). In addition, the gas pressure can also have an impact on the freeze-out temperature (Fray &
Schmitt 2009); however Stammler et al. (in prep.) find that changes in the gas pressure in the disc midplane are not sufficient to shift the
CO snowline radius by amounts which would cause an observable effect in our observations. Nevertheless, measurements of the snowline
location are important as they give constraints on the midplane temperature profiles of discs.

Another important tool for studying protoplanetary discs is the spectral energy distribution (SED) that combines independent measure-
ments in a range of wavelength regimes that trace different parts of the disc (see e.g. Boss & Yorke 1996; Dullemond 2002; Meijer et al.
2008, Panić et al. (subm.) for studies of the influence of disc parameters on the resulting SED). As the dust content of the disc influences its
opacity and thus determines how much stellar flux can be intercepted and re-radiated by the disc, the SED crucially depends on the properties
and vertical distribution of dust. Thus a combination of C18O observations, additional data on the CO snowline radius and the SED provide
a powerful combination of observables to model protoplanetary discs, combining independent measurements of both gas and dust.

In this paper we model the disc around the 2.3 M� (Qi et al. 2011) Herbig Ae star HD 163296, that is assumed to have an age of
∼ 5Myr (Natta et al. 2004). It is situated at a distance of about d = 122 pc (van den Ancker et al. 1998) with a luminosity of L = 37.7 L�
and an effective temperature of Teff = 9250 K (Tilling et al. 2012). We list the observational properties of both the star and disc in Table
1. Interestingly, the outer radius of the disc as inferred from CO emission studies (Qi et al. 2011; de Gregorio-Monsalvo et al. 2013) and
scattered light (Grady et al. 2000) is about double the value of the disc outer radius observed in the continuum (de Gregorio-Monsalvo et al.
2013). It is worth noting that HD 163296 is a relatively bright Herbig Ae star (L∗=37.7 L�, Tilling et al. (2012)) thus its disc is comparatively
warm and its C18O line emission strong. Furthermore, the disc is observed to have a gap in polarized light at Rgap ∼ 70 au (Garufi et al.
2014). Its molecular lines (mostly CO) and continuum have been studied in detail in the mm and submm (Mannings & Sargent 1997; Natta
et al. 2004; Isella et al. 2007; Qi et al. 2011) and recently also with ALMA (de Gregorio-Monsalvo et al. 2013; Rosenfeld et al. 2013;
Mathews et al. 2013; Qi et al. 2015; Flaherty et al. 2015; Guidi et al. 2016).

Rosenfeld et al. (2013); de Gregorio-Monsalvo et al. (2013); Qi et al. (2015) employed ALMA data for modelling of the disc of
HD 163296 but we are the first to use the C18O J=2-1 data to model disc parameters. Rosenfeld et al. (2013) focussed mainly on modelling
CO and 13CO, whereas de Gregorio-Monsalvo et al. (2013) analysed the Band 7 data (12CO J=3–2 and continuum) and Guidi et al. (2016)
were most interested in the dust properties and hence the continuum observations. Qi et al. (2015) also studied the C18O emission, but they
were mostly interested in analysing the snowline location and comparing the C18O and N2H+ emission. In addition, Flaherty et al. (2015)
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The midplane conditions of discs 3

Stellar properties Value

Spectral type2 A1

Mass2 M∗ 2.3 M�

Effective temperature1 Teff 9250 K

Luminosity1 L∗ 37.7 L�

Distance2 d 122 pc

Age3 t ∼5 Myr

Disc parameters Value

Outer radius (scattered light)4 Rout, sc ∼ 500 au

Outer radius (continuum, 850µm)5,6 Rout, cont ∼ 240− 290 au

Outer radius (CO observations)5 Rout, CO ∼ 550 au

CO snowline radius7 Rsl 90 au

Table 1. Observational stellar and disc properties of HD 163296 from: 1Tilling et al. (2012), 2Qi et al. (2011), 3Natta et al. (2004), 4Grady et al. (2000), 5de
Gregorio-Monsalvo et al. (2013), 6Guidi et al. (2016), 7Qi et al. (2015) We use a Kurucz model for the star.

used the available C18O data, but focussed on the turbulence in the disc. We describe the relevant ALMA observations in the next section
and stress that we base our modelling on the available ALMA C18O data as a crucial ingredient.

Qi et al. (2011) had inferred a snowline radius Rsl ∼ 155 au from 13CO observations which was consistently also derived by Mathews
et al. (2013) from DCO+ observations. However, more recent studies by Qi et al. (2015) find a snowline radius Rsl ∼ 90 au from both N2H+

and C18O ALMA observations.
We do not aim to provide one best-fitting model for the disc around HD 163296, but rather want to emphasize the degeneracies in the

parameters of the modelling process and propose a way to overcome them. Our main goal is to investigate the midplane gas temperature and
density in this disc using a novel modelling approach. In Section 2 we summarise and discuss the observations. In Section 3 we describe
in detail our modelling process and all the steps involved. In Section 4, we specify the models we obtain, their implications and potential
degeneracies and also discuss their properties. We summarise our findings and conclusions in Section 5.

2 ALMA OBSERVATIONS

2.1 Description of observations

Science verification data of HD 163296 was taken by ALMA in Band 6 and 7 (Rosenfeld et al. 2013). The ALMA observations are provided
as 3D fits cubes with two spatial and one spectral axis (velocity/frequency) on the ALMA Portal1. There is calibrated and cleaned data with a
resolution of∼ 0.7 ′′ (∼85 au at d = 122 pc) available for 12CO J=2–1, 13CO J=2–1 and C18O J=2–1 (all Band 6), as well as for 12CO J=3–2
(Band 7). We list the corresponding RMS noise values and beam sizes in Table 2. We use the Common Astronomy Software Applications
CASA software package version 4.4.0 (McMullin et al. 2007) to analyse the respective transitions. Amongst the transitions listed above, the
C18O J=2-1 is relatively unexplored and the one on which our work focusses. We employ the already self-calibrated and cleaned Science
Verification data provided on the ALMA Portal.

C18O J=2-1 observations (Band 6) of HD 163296 (R.A.= 17h56m21.s281, Dec= −21◦57′22.′′36; J2000) were taken with 24 ALMA
antennas (12 m) in 2012, on the 9th and 23rd June and the 7th July with baselines spanning 20 to 400 m and a total on-source time of 84 min
(Rosenfeld et al. 2013). For a detailed summary of the spectral windows and calibrations, see Rosenfeld et al. (2013). The beam size of
the reduced and cleaned C18O data is 0.73′′ × 0.58′′, the spectral resolution is 0.33 km s−1 (∼ 0.24 MHz) with 150 channels, ranging
from 219.571 GHz to 219.534 GHz, where the rest frequency of the transition is 219.56 GHz. We plot the integrated emission and intensity
weighted velocity maps of C18O J=2-1 in Figure 1 and describe them in more detail in the next section. We find an integrated intensity of
C18O J=2-1 of 6.2± 0.4 Jy km s−1, which is consistent with the values obtained by Qi et al. (2011); Rosenfeld et al. (2013); Qi et al. (2015).
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4 D. M. Boneberg et al.

Molecular lines Synthesized beam[′′] rms (σ)[Jy beam−1]

C18O J=2–1 (SV) 0.73× 0.58 2× 10−2

12CO J=2–1 (SV) 0.68× 0.55 5× 10−2

13CO J=2–1 (SV) 0.72× 0.57 3× 10−2

12CO J=3–2 (SV) 0.65× 0.42 5× 10−2

Table 2. Summary of the available ALMA observations (molecular lines in Bands 6 and 7)
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Figure 1. Integrated line emission (contours) and intensity weighted velocity (colour) maps of 12CO J=2–1, 12CO J=3–2, 13CO J=2–1, C18O J=2–1 and
continuum map of Band 6. The contours are levels of (2, 4, 6, 8, ...) × σ noise. The innermost contour has the following levels: ∼ 100 × σ (12CO J=2–1),
∼ 100 × σ (12CO J=3–2), ∼ 28 × σ (13CO J=2–1), ∼ 52 × σ (C18O J=2–1) and ∼ 796 × σ (continuum). The velocity maps discard the data at a level
. 5× σ noise. The respective σ are given in Table 2. The synthesized beam is plotted in the bottom left corner of each panel.

2.2 Spatial structure of the emission

We plot the frequency integrated intensity maps and intensity weighted velocity maps for both transitions of 12CO, as well as C18O and
13CO in Figure 12. We will focus in more detail on C18O in this paper, but show all of these maps here as we explore the disc geometry also
by using these other molecular species. Additionally, we present the continuum map of Band 6. From the extent of the disc in the panels of
Figure 1, it is clear that the molecular species and the continuum trace different parts of the disc. The CO isotopes of different abundances
trace down to varying depths in the disc, due to their different opacities.

Using the CASA software package, we can determine the position angle (PA) of the disc from C18O observations (image deconvolved
from beam), which we find to be PA=(132.8±3.4) ◦. This is in agreement with what other studies have found from CO and continuum
observations (Qi et al. 2011; Rosenfeld et al. 2013). Fitting a 2D Gaussian to the spatial profile of the emission with CASA allows us to
determine the inclination of the disc for the different tracers shown in Figure 1 (where i = 0 corresponds to the disc being face-on). From
the C18O emission we obtain an inclination of i=(47.9±1.6) ◦, which is comparable to the inclination of i=44◦ used by Qi et al. (2011). For
the other molecular species we performed the same analysis and obtained the values given in Table 3. The value we find for the PA from
the 12CO J=3–2 is comparable with the one from de Gregorio-Monsalvo et al. (2013), however we find a larger inclination in comparison to
their value (38 ◦). The PA and inclination for the continuum emission in Band 6 and 7 are slightly lower than the values obtained from the
gas lines. However, gas and dust can trace regions of the disc with different outer radii. It might thus be possible that the inner regions of the

1 https://almascience.nrao.edu/alma-data/science-
verification/overview
2 As already pointed out in Rosenfeld et al. (2013), the SV data of 12CO J=3–2 has a velocity offset and is falsely centred around a velocity of 6.99 km s−1

instead of the systemic velocity of 5.8 km s−1. We have taken this offset into account for the respective velocity map.
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The midplane conditions of discs 5

Molecular species and continuum PA[◦] Inclination i[◦]

12CO J=2–1 138.0±2.0 48.4±2.3

13CO J=2–1 133.7±2.7 46.5±1.5

C18O J=2–1 132.8±3.4 47.9±1.6

Continuum Band 6 131.4±2.1 42.8±0.1

12CO J=3–2 140.4±1.9 44.7±0.9

Continuum Band 7 130.3±1.1 43.1±0.1

Table 3. Molecular species and continuum emission in Bands 6 and 7 and the respective PAs and inclinations (i=0 is face-on) including their errors obtained
from their integrated intensity maps with CASA

disc have a different inclination. Also, the calculations of the PA and inclination from the CO emission might be influenced by the fact that
the line emission seems to have a slightly boxy shape in comparison to the ellipses in the continuum (see Figure 1). For our models, we will
adapt a PA=132 ◦ and an inclination of i=48 ◦, which is widely in agreement with the values obtained from the fits.

3 MODELLING

3.1 Physical models

3.1.1 Modelling the 2D structure of the disc

Our modelling process is two-fold: we first model the 2D temperature and density structure of the disc using the radiative transfer code
MCMAX (Min et al. 2009), ensuring that our models match the observed SED and CO snowline radius. We then take these models as an
input to the TORUS code (Harries 2000) which performs molecular line radiative transfer; we use synthetic C18O line profiles to further
narrow down the range of viable models. We primarily aim to determine the magnitude of various parameter degeneracies, rather than to
calculate a single best-fit model.

MCMAX We use the 3D radiative transfer code MCMAX, which self-consistently calculates a 2D temperature and density structure
of the model with Monte Carlo radiative transfer (Min et al. 2009). The input parameters are the radial variation of the gas and dust surface
density (fixed as being proportional to r−p where p is in the range 1− 1.2), the total dust mass (and grain size distribution, amin and amax ),
the gas to dust ratio, g/d and the turbulent mixing parameter αturb. We then use MCMax to iteratively compute the temperature, and from it
the resulting vertical profile of the gas density. This profile satisfies hydrostatic equilibrium normal to the disc plane in the gas and thermal
equilibrium in the dust (assuming the gas and dust temperatures are equal). The vertical profile of the dust (including dust settling) is obtained
by solving a diffusion equation for each dust particle size bin (see below) and normalising the vertically averaged value of the gas to dust
ratio at each radius to the input value of g/d.

The solution is self-consistent in the sense that the dust and gas profiles are not independently prescribed: the dust affects the hydrostatic
equilibrium of the gas by setting the temperature whereas the gas profile affects the degree of dust settling and hence, through variation of the
amount of starlight intercepted, the temperature profile of the dust. For each iteration on the thermal structure of the dust, photon packages
emitted from the star (which is the source of heating) are followed through the disc. They are (re-)absorbed, re-emitted and scattered off
the dust grains multiple times. This is the primary source of heating for the dense regions of the disc which are of interest for the C18O
emission. This treatment would probably not be suitable for the inner few au of the midplane, where viscous heating usually dominates. The
mass accretion rate of HD 163296 is derived to be between (0.8-4.5) ×10−7 M�/yr (Garcia Lopez et al. 2015) from Br-γ observations, so
depending on its value, viscous heating could potentially be important in the very inner disc regions (∼few au). Given that we are interested
in midplane regions further out, we do not take this effect into account.

Based on the stellar properties and the disc structure, a 2D temperature profile for the disc is thus obtained in thermal equilibrium.
MCMAX then iterates the gas density profile so as to obtain vertical hydrostatic equilibrium given by:
dP
dz

= −ρ(r, z)
dFgrav, z

dz
, (1)

where P is the pressure, ρ the gas density and Fgrav, z the gravitational potential in z-direction. Dust settling is included in MCMAX by solving
a diffusion equation for each grain size as detailed in Mulders & Dominik (2012). We explore values of the turbulent mixing parameter in
MCMAX between αturb = 10−4− 10−2, which is a frequently adopted range of values for protoplanetary discs (Mulders & Dominik 2012).
The value of αturb is hard to derive from observations and is assumed to be in the range of∼ 0.5− 10−4 (Isella et al. 2009). For HD 163296,
Flaherty et al. (2015) find a value of αturb ≤ 9 × 10−4 in the upper layers of the outer disc. In general, this parameter determines the
strength of the mixing of the gas and dust components for a given gas to dust mass ratio g/d. Furthermore, αturb is in general lower at low
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6 D. M. Boneberg et al.

altitudes in the disc (Simon et al. 2015). Increasing the turbulent mixing parameter leads to a stronger mixing of gas and dust, enabling more
small dust grains to be stirred up to the disc atmosphere where they can intercept more stellar light. All MCMAX models with the same
Mgas × αturb = const. yield exactly the same SED and CO snowline location. This can be understood following the discussion in Youdin &
Lithwick (2007): For a regime where the dimensionless stopping time τs = Ωk · tstop (with the Keplerian orbital frequency Ωk and the particle
stopping time tstop) is smaller than the dimensionless eddy turnover time τe = Ωk · teddy (with teddy the eddy turnover time), i.e. τs < τe < 1,
the scale height of particles Hp divided by the scale height of the gas Hgas is given by

Hp

Hgas
∝
√
αturb

τs
. (2)

Given that τs ∝ tstop, Equation 2 can be modified in the Epstein regime, where tstop ∝ ρgrain · s · c−1
s · ρ−1

gas (with ρgrain being the internal grain
density, s the grain size, cs the sound speed and ρgas the gas density), hence

Hp

Hgas
∝ √αturb · ρgas . (3)

This implies that Hp ·H−1
gas and thus the temperature and dust structure are kept invariant when ρgas × αturb (and thus g/d × αturb) are kept

constant. Consequently, models that fulfil this criterion have exactly the same SED, temperature structure and dust density structure. For our
modelling process we first run models with a turbulent mixing strength of αturb = 10−4 and fit these to the observed SED, but then run
additional calculations for these models, exploring larger values of αturb (10−3 and 10−2) while decreasing the gas masses in these models
by factors 10 and 100 accordingly to keep the temperature structure and SED the same. The new models are named A-E/10 and A-E/100,
respectively. We will call all models that have the same dust parameters and constant αturb × g/d models of the same series.

We perform the above iterations using 5×107 photon packages and 350 grid cells in the azimuthal direction and 400 in radial direction.
We have checked for convergence in the Monte Carlo radiative transfer calculation by increasing the number of photon packets. However,
since the Poisson noise scales with the square root of the number of photon packets, this is inefficient. We therefore stack the average density
and temperature structure over the last few well converged iterations of the MCMAX calculation to reduce both the noise and computational
expense.

Modelling the SED In general, each of our models is unique in some aspect (see distinctive feature in last column of Table 4 where
we list the individual model parameters). We make an extreme assumption for one of the varied parameters at a time and then search for the
SED fit in order to obtain the wide range of properties without the necessity of doing a complete parameter space exploration. We generate
a range of models by varying the following parameters: the mass of dust Mdust, the minimum dust grain size amin, maximum grain size amax

and the gas-to-dust ratio g/d (alone, as well as in combination with the turbulent mixing strength αturb). We assume in every case that the
grains follow a power law size distribution of n(a) ∝ a−k, where a is the grain size. The value for ISM grains, that is often also adopted for
discs, is k = 3.5 (see e.g. Mathis et al. 1977; Clayton et al. 2003), which results in most of the dust mass being in the largest grains, while
the opacity is provided by the smallest dust.

We choose to vary these five disc parameters in our modelling as they have the biggest effect on the SED (Meijer et al. 2008, Panić et al.,
subm.). We explore a range of Mdust going from the lowest possible value that can still reproduce the mm flux in the SED as we will describe
in Section 4.1 up to ∼ 0.1% of the stellar mass. We initially vary g/d between 10− 200 to explore an extreme range around the ISM value
(while fixing αturb = 10−4). Once we find a combination of αturb and g/d that provide a match, we then explore other combinations of these
two parameters, taking into account the above described degeneracy of αturb × g/d. The grains sizes we assume range from pristine dust
(sub-micron sized) to mm or even cm sized grains in some cases.

The stellar properties that we use for all of our models are listed in Table 1 and are kept fixed. We use a Kurucz model for the star, which
sets the stellar emission. Given the values for the outer radius as inferred from CO observations, we use a value of Rout = 540 au for our
models. We then investigate how our parameter choices affect the resulting SED and the predicted radius of the CO snowline. Rather than
finding the single model that provides the best fit to these observables, we instead identify a range of models that provide an acceptable fit
and then, as detailed in the following section, further isolate the models that additionally match the line fluxes in C18O.

3.1.2 Modelling of the C18O line emission

The models we obtain from the analysis described above are then taken as an input density and temperature structure for the next modelling
step. We use the radiation transport and hydrodynamics code TORUS to perform molecular line transfer calculations in this paper (see e.g.
Harries 2000; Rundle et al. 2010; Haworth & Harries 2012). TORUS is capable of molecular statistical equilibrium calculations and the
production of synthetic datacubes (e.g. for one specific molecular transition). Full details of the main molecular line transfer algorithm are
given by Rundle et al. (2010); we summarise key and new features below.

We map the gas density and temperature distributions from the 2D spherical MCMAX calculations on to the 2D cylindrical TORUS grid
using a bilinear interpolation in r and θ. We assume that the gas and dust are thermally coupled (allowing us to map the dust temperature
directly on to the gas). Although TORUS is capable of non-LTE molecular line transport, for application to these disc models the densities
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The midplane conditions of discs 7

are sufficiently high and the assumption of LTE produces identical results as non-LTE calculations.3 Therefore, the level populations can be
characterised as a Boltzmann distribution, that is as a simple function of temperature

ni∑
i ni

=
gi exp

(
−Ei
kTgas

)
z (Tgas)

, (4)

where gi is the statistical weight and z (Tgas) =
∑
i gi exp

(
−Ei
kTgas

)
the partition function. With the level populations computed, synthetic data

cubes are calculated using ray tracing (Rundle et al. 2010). TORUS allows for flexible choice of observer viewing angle and spectral/spatial
resolution. We implement a model for freeze-out, whereby the C18O abundance drops to a negligible value if the temperature is below
the freeze-out temperature (which is Tmidplane(90 au)) of the respective model. We list these temperatures in Table 4. To evaluate the effect
of photodissociation of CO by the stellar irradiation, we implement a simple criterion, qualitatively similar to that of Williams & Best
(2014). We assume that for a CO particle column density of NCO ≈ 1018 cm−2 in the line of sight from the star all CO molecules will be
photodissociated. This is only a crude estimate, however it allows us to check how much of the total gas mass is affected and to gauge the
impact on our model. The value we adopt implies a larger role for photodissociation than that employed by Williams & Best (2014) (who
use NH2 ≈ 1.3×1021 cm−2, corresponding to NCO ≈ 1.3×1017 cm−2 for fCO ≈ 10−4). We also explore the effect of adopting even larger
column density thresholds of NCO≈ 1019 cm−2 and ≈ 1020 cm−2, the latter of which certainly exaggerates the effect of photodissociation.

Turbulence affects the line emission to a much lesser extent than the temperature and density do, and these effects are only marginally
discerned in observations of higher signal to noise lines, such as those of 12CO and at a high spectral resolution. Our assumption of turbulent
velocity vturb therefore does not affect our fit to the C18O data. The maximum turbulent line broadening possible is set by the sound speed in
the outer midplane

cs =

√
kBTmid(rout)

µmH
, (5)

where kB is the Boltzmann constant, Tmid the midplane temperature, µ the mean molecular weight and mH the atomic mass of hydrogen.
Following Simon et al. (2015), we employ a value of 0.01 − 0.1cs, suitable in the outer disc midplane, for the turbulent line broadening in
TORUS. Given that the temperature in the outer midplane is approximately T≈ 8 K, we find

vturb = (0.01− 0.1)cs(8K) = (0.0017− 0.017)km/s , (6)

where µ = 2.37. The recent study by Flaherty et al. (2015) also suggests that turbulence is relatively week in the HD 163296 disc (vturb <

0.03cs in the upper layers of the outer disc), supporting our low value of vturb. Changing vturb by a factor of 10 in our models does not alter
the fit to the observations of C18O, as the data quality does not allow us to probe vturb sufficiently well. Also, since C18O is mainly optically
thin, turbulent broadening will cause slight smearing of the line profile, but will not affect the line flux. This would be different if we were
studying a more optically thick transition like for example CO J=3-2 (see e.g. Flaherty et al. 2015). The turbulent line broadening is related
to the turbulent mixing parameter αturb by

vturb ∼
√
αturbcs . (7)

The above means that αturb = 10−4−10−2 is implicit in this calculation. Flaherty et al. (2015) find αturb < 9.6×10−4 from their modelling
of HD 163296. We explore this range of values of αturb in Section 4.1, but we hereby stress that for a wide range of αturb and corresponding
values of vturb our fit to the line emission remains unaffected.

Another aspect to take into account is that the fractional abundance (by number density) of C18O is uncertain. This abundance is given
by

fC18O =
[CO]

[H2]
· [C18O]

[CO]
, (8)

where we assume that [C18O]/[CO]= [18O]/[16O]. Therefore uncertainty in the isotopic ratio of 16O to 18O as well as in the fractional
abundance of CO have to be taken into account. The abundance of CO is altered due to freeze-out (midplane) and photodissociation (surface)
(see e.g. Panić et al. 2008; Miotello et al. 2014). The ISM abundance of [CO]/[H2]∼ 10−4 (Aikawa & Nomura 2006) is usually also assumed
for discs. However, it is important to note that there is a significant scatter around this value: Lacy et al. (1994) find a maximum value of the
fractional abundance of 12CO of 9.1 × 10−4, whereas Frerking et al. (1982) obtain a value of ∼ 8.5 × 10−5 in ρ Oph and Taurus. Given
the isotopic ratio of [16O]/[18O] and its errors (557±30; Wilson (1999)), the resulting C18O fractional abundance we employ is in a range
between

1.4× 10−7 <
[C18O]

[H2]
< 1.7× 10−6 . (9)

The maximum effect of this uncertainty on the line emission is achieved in the optically thin case, where the line emission scales linearly
with the abundance. We take this fully into account when presenting the results of our calculations of the C18O line emission. C18O J=2–1

3 The assumption of LTE is prudent in the midplane for mm lines (in which we are interested as they preferentially probe the disc midplane), but might not
be sufficient for the IR lines.
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Figure 2. SEDs of our best fitting models (parameters can be found in Table 4). Due to the degeneracy of αturb and g/d, the SEDs within each model series
are exactly the same (see text). The observations are plotted as black circles including the respective error bars. The observational data are taken from Berrilli
et al. (1992); Mannings & Sargent (1997); Bouwman et al. (2000); Isella et al. (2007); Qi et al. (2011); Tilling et al. (2012); Mendigutía et al. (2012); de
Gregorio-Monsalvo et al. (2013) and the Spitzer c2d legacy survey.

is excited by molecular collisions within the disc. The shape of its line is thus dependent on the temperature and density structure of the disc
and on the C18O mass available.

Using the CASA software package, we further process the datacubes to obtain synthetic ALMA observations that take into account
filtering and instrumental and thermal noise effects. These can then be directly compared with or fitted to the observational C18O data (e.g.
molecular line profiles).

4 RESULTS AND DISCUSSION

4.1 Results of the SED modelling

Initial mass estimate We have explored in total over 100 models varying Mdust, amin, amax and g/d (alone, and in combination with
αturb) and have found 15 models that fit the observed SED, the details of the models are given in Table 4.

In order to fit our model to the observed SED, we start from an initial estimate of the minimum dust mass, which determines the overall
SED shape. If the resulting fluxes in the SED are too high compared to the observations, we decrease the dust mass. If the mm-wavelength
fluxes are too high at shorter wavelengths, but not in the mm, we reduce the g/d ratio. We then make further improvements on the fit by
varying the minimum and maximum grain size, taking into account the effects of the individual disc parameters on the SED. For model
series B-E we have based our initial dust mass estimate on the following considerations: for optically thin emission, the dust mass is given
by

Mdust =
Sλd

2

κλBλ(T )
, (10)

where Sλ is the flux at a certain wavelength, d the distance of the source in pc and κλ the opacity at wavelength λ. Bλ is the Planck function
depending on the temperature, given by

Bλ =
2hc2

λ5

[
exp

(
hc

λkBT

)
− 1

]−1

, (11)

where h is the Planck constant and kB the Boltzmann constant. For a distance of d ≈ 120 pc (van den Ancker et al. 1998), temperature
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The midplane conditions of discs 9

Model Mdust[M�] Mgas[M�] g/d amin[µm] amax[mm] T (90 au)[K] p αturb κmm[cm2 g−1
dust] Distinctive features

A 3.0× 10−3 3.0× 10−1 100 0.8 35 25.0 -1.0 10−4 ∼ 0.9 high Mdust and Mgas

B 8.0× 10−4 1.4× 10−1 180 0.8 0.4 22.5 -1.0 10−4 ∼ 4.0 high g/d

C 8.0× 10−4 8.0× 10−2 100 0.5 1.1 22.0 -1.0 10−4 ∼ 3.6 intermediate-sized dust

D 9.5× 10−4 1.0× 10−2 10.5 0.02 1.4 23.5 -1.0 10−4 ∼ 3.3 low g/d, pristine dust

E 1.3× 10−3 1.2× 10−2 9.2 0.05 1.4 20.0 -1.2 10−4 ∼ 3.3 steeper Σ(r)-profile

A/10 3.0× 10−3 3.0× 10−2 10 0.8 35 25.0 -1.0 10−3 ∼ 0.9 -

B/10 8.0× 10−4 1.4× 10−2 18 0.8 0.4 22.5 -1.0 10−3 ∼ 4.0 -

C/10 8.0× 10−4 8.0× 10−3 10 0.5 1.1 22.0 -1.0 10−3 ∼ 3.6 -

D/10 9.5× 10−4 1.0× 10−3 1.05 0.02 1.4 23.5 -1.0 10−3 ∼ 3.3 -

E/10 1.3× 10−3 1.2× 10−3 0.92 0.05 1.4 20.0 -1.2 10−3 ∼ 3.3 -

A/100 3.0× 10−3 3.0× 10−3 1 0.8 35 25.0 -1.0 10−2 ∼ 0.9 -

B/100 8.0× 10−4 1.4× 10−3 1.8 0.8 0.4 22.5 -1.0 10−2 ∼ 4.0 -

C/100 8.0× 10−4 8.0× 10−4 1 0.5 1.1 22.0 -1.0 10−2 ∼ 3.6 -

D/100 9.5× 10−4 1.0× 10−4 0.11 0.02 1.4 23.5 -1.0 10−2 ∼ 3.3 -

E/100 1.3× 10−3 1.2× 10−4 0.09 0.05 1.4 20.0 -1.2 10−2 ∼ 3.3 -

Table 4. Parameters of our 15 models that fit the observed SED: Mdust, Mgas, g/d, amin, amax and Tmidplane at the location of the CO snowline radius
Rsl = 90 au. We also give the power law exponent p of the surface density profile Σ ∝ rp. We list as well the turbulent mixing strength αturb and the mm
opacity κmm of the dust grains that MCMAX is using. The respective distinctive characteristics of the models are given in the last column. Models (A-E)/10
and (A-E)/100 have the same dust properties as models A-E, but their g/d (and thus their Mgas) are divided by factors of 10 (100) and their αturb multiplied
by 10 (100) in comparison with models A-E. The models given in boldface are the models that also match the observed C18O line profiles as we will discuss
in the next section.

T ≈ 20 K and at a wavelength of λ ≈ 0.85 mm, we find a flux of Sλ ≈ 2.1 Jy (Guidi et al. 2016). We thus estimate a minimum dust mass
of Mdust,min ∼ 8 × 10−4 M�. Here, the opacity we assume is given in Draine (2006), who shows that at λ ≈ 1 mm, dust grains of size
a ≈ 1 mm are most efficient emitters with κλ ≈ 4 cm2 g−1

dust as they contain most of the mass (they are however not the most efficient emitters
per unit mass). Table 4 shows that this grain size is comparable to the maximum grain size amax of model series C-E. These models therefore
represent the case when the bulk of the mass is in ∼ 1 mm sized grains and Mdust is low. For a grain size of 0.4 mm as in model series B,
κλ from Draine (2006) is a little lower, leading to a slightly higher minimum dust mass than in model series D to reproduce the same SED.
Note, however, that we used the above calculation only to get an initial value for Mdust, employing standardized values for the opacity. The
mm opacities κmm we are using with MCMAX are given in Table 4, they depend on the dust grain size, thus they vary from model to model
and differ slightly from the values given in Draine (2006), which are for a material of specific chemical composition and properties assumed
to be similar to ISM dust. However, the mm opacities only influence the exact location of the mm point in the SED.

Our models The SEDs of all our models are given in Figure 2. As discussed above, all models of a given model series have the same
SED due to the degeneracy of αturb and g/d. We include a zoom-in of the FIR and mm region of the SED as this is the wavelength regime that
is most crucial for our analysis. All our models match the observed SED in this wavelength range very well, therefore the different models
are hardly distinguishable there. We do not try to fit the observed SED at wavelengths λ & 2 mm because emission in this regime can be
dominated by free-free-emission (Wright et al. 2015; Guidi et al. 2016), which is not included in our calculations. Note that the only models
which can reproduce the λ > 2 mm observations by thermal emission - and no free-free emission at all - are the models of series A,D and
E, where series A needs large grains (35 mm) and all three of them a high dust mass. Furthermore, the models do not match the NIR excess
at λ < 10µm very well, but this is sensitive to the exact dust grain composition and geometry of the very inner disc (inner few au; Meijer
et al. 2008). Including a puffed-up inner disc rim, which could potentially cast a shadow onto the disc surface, might be expected to provide
a better fit to the NIR SED. However Acke et al. (2009) find that this would only influence the NIR regime of the SED (not the FIR or mm).
Therefore a puffed-up inner rim would not improve the fit over a substantial wavelength range. The NIR fit does not alter our results for the
dust mass, which is calculated using the longer wavelength component of the SED. Furthermore, adjusting the scale height in the inner disc
would violate the self-consistency of our models. For simplicity, we therefore do not include a model for a puffed up inner rim at this stage.

Description of model series (A, B, C, D, E) We will first discuss the general characteristics of each of these models. We find that
model A has a relatively high Mdust and Mgas (of the order of 10% of the stellar mass M∗ = 2.3M�). This will in general produce relatively
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10 D. M. Boneberg et al.

high fluxes, so in order to compensate for the high masses, its grains have to be quite evolved. This will ensure that not too many small
grains are situated in the disc atmosphere, where they could intercept stellar irradiation and thus boost the fluxes of the SED. Models B and
C have the same Mdust, but due to their different g/d ratios, their Mgas values differ by about a factor of 2. In order for them to give the same
SEDs, model B with the higher g/d has to have different grain sizes from model C: its minimum grain size is a little larger than for model C,
while its maximum grain size is about a factor three smaller. The distinctive feature of model B is its high g/d ratio which we compensate
for by making its minimum grain size bigger than in model C. Therefore - as described for model A - the fluxes in the SED are reduced.
Models D and E have a much lower gas mass than the other models we found, but they all have the same SED. This is caused by these two
models being the only ones with very small grains. These are coupled to the gas, dragged to higher layers and thus intercept more stellar flux.
In general, models A-C have relatively large grain sizes (which probably corresponds to a more evolved state), otherwise the SEDs would
produce too high values in the FIR. Model E is similar to model D, but employs a different radial dependence of the surface density: for
models series A-D we assumed Σ ∝ r−1, for model series E we take a slightly steeper profile of r−1.2, although still well within the range
of observationally measured values for protoplanetary discs (Andrews et al. 2010). Model series E yields a lower midplane temperature at
the location of the CO snowline radius than the other models, as we will discuss shortly.

We have calculated the optical depth of the continuum emission for our models (using the surface density and mm opacity), which yields
that the mm continuum emission for all our models is optically thin, except for model series E, where it becomes optically thick within the
inner ∼ 10 au. This enables us to obtain a reliable estimate of the dust mass in the disc. We would like to highlight that some of our models
reach the maximum mm opacity (as obtained by Draine 2006) and are indicative of the minimum Mdust ∼ 8 × 10−4M� as derived earlier
in this section. Much lower κmm are of course possible if a big fraction of the mass is hidden in pebbles and larger bodies, which do not
contribute to the mm flux. In such cases, Mdust in our models is just indicative of the mass of the mm dust and thus a much higher total mass
of solids can be achieved. However, such models would not differ in the SED.

Variations of model series (A-E/10, A-E/100) Models A-E have a turbulent mixing strength of αturb = 10−4, but as described above
we run additional calculations for these models, exploring larger values of αturb (10−3 and 10−2) while decreasing the gas masses in these
models by factors 10 and 100. We leave all the remaining parameters of models A-E unchanged, as listed in Table 4. Indeed, we find that we
can match the observational constraints given by the SED and midplane temperature requirements by all our models A-E, by changing the
Mgas and adjusting the αturb accordingly, to keep Mgas × αturb (and therefore the dust diffusion solution, resulting temperature structures and
the SEDs within each model series) constant. In general, all models A-E/10 and A-E/100 yield low to very low g/d ratios by construction. In
order to compensate for the lower gas masses, higher levels of turbulent mixing are needed to transport the dust grains to higher altitudes in
the disc where they can absorb the stellar light and give the same SED. Given that the dust grain properties within a certain series are exactly
the same, our above description of the distinctive features of models A-E holds true for (A-E)/10 and (A-E)/100, respectively.

In general, a surprising result of our modelling is that we can match both the SED and CO snowline radius, by making very different
assumptions on the basic parameters, such as dust grain size and gas mass. Higher emission can for example be caused by a higher dust or
gas mass, but also by smaller dust grains present in the disc. Some of these parameter degeneracies are also discussed in Meijer et al. (2008);
Woitke et al. (2015) and Panić et al. (subm.). It is therefore important to note that SED modelling alone does not provide unambiguous
physical models of the disc structure, but is highly degenerate.

4.2 Disc regions determining the SED

Fitting observed SEDs in general is most suited for the inner disc regions, since dust grains in the outer disc regions do not intercept sufficient
stellar light to contribute substantially to the SED. We have checked that the SEDs as obtained from the whole discs (R = 540 au) of our
15 models (as shown in Figure 2), are only marginally changed when taking the emission from within 240 au. This is plotted in Figure 3 for
model series D, we find the same behaviour for the other models. Thus the fact that our model discs are described by a single power law
surface density distribution out to 540 au (whereas the observed dust distribution extends only to ∼ 240 au) will not have a significant effect
on our SED fits. We will later focus on the gas budget of the disc within the CO snowline (Rsl = 90 au) and note that, in our models, this
region contributes around 40−50% of the flux at sub-mm wavelengths. We also overplot the SED for the emission from within the snowline
radius in Figure 3.

4.3 Models matching the CO snowline location

As an additional constraint we have to make sure that our MCMAX models are consistent with the observed CO snowline location. Therefore
we analyse the midplane temperature profile Tmidplane(r) for all our models that match the observed SED, which we plot in Figure 4. As
mentioned above, models of the same series have the same temperature structure. We find that all of them have midplane temperatures
between ∼ 20 − 25 K at the observed snowline radius of Rsl ≈ 90 au (Qi et al. 2015). These are well within the range of values generally
assumed and observed for the freeze-out temperature of CO: The freeze-out temperature can vary between ∼ 20 and ∼30 K depending on
whether CO is binding to pure CO ice or a mixture with water ice (Collings et al. 2004), which is in turn also dependent on the chemical
history of the ice (Garrod & Pauly 2011). In general, the CO freeze-out temperature is not known unambiguously and might vary from system
to system (Hersant et al. 2009; Qi et al. 2015): Qi et al. (2013a) found a freeze-out temperature of CO of 17 K from their modelling of TW
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Figure 3. SED of the whole disc R < 540 au (red solid line), from within R < R850µm dust = 240 au (black dashed line) and from R < Rsl = 90 au (black
dash-dotted line).

Hya, whereas Jørgensen et al. (2015) obtain temperatures of about 30 K in their study of embedded protostars. Qi et al. (2011) assume a
freeze-out temperature for CO of T ≈ 19 K (pure CO ice) for HD 163296. However, in Qi et al. (2015) they perform a new analysis with
higher-resolution observational data and use a temperature in the midplane at Rsl of T ≈ 25 K (mixed CO/H2O ice). Thus all our models
have temperatures in the disc midplane at the location of the snowline radius that are well within the plausible range. Our exploration of
self consistent models confirms that all the freeze-out temperatures assumed in these previous literature references fall within the plausible
range of temperatures for HD 163296. If the freeze-out temperature of CO was known unambiguously, this would, in combination with an
observationally determined CO snowline location, be a powerful model discriminant and we might be able to exclude models based on this
constraint. Since however it is unclear what exactly the relevant freeze-out temperature is, we find that all the models can match the observed
snowline location of 90 au. This weak model discrimination also means that it is impossible to predict the CO snowline radius from SED
model fitting alone or even from fitting the molecular line emission together with the SED (Qi et al. 2011): given the uncertainty in the
sublimation temperature of CO, our viable SED fits imply predicted radii in the range∼40-135 au as denoted by the red asterisks in Figure 4.
In general, we find that the location of the CO snowline radius does not further discriminate between models in comparison to the criterion
given by the SED; however it sets the radial location inwards of which no freeze-out is taking place in our models, and which is therefore
important for the interpretation of the C18O emission. It is important to note that an SED fit does not determine the CO snowline location
and that, vice versa, a CO snowline observation does not discriminate amongst possible SED models.

We conclude that all our 15 models match the SED and CO snowline location within the uncertainties in the freeze-out temperature.
The SED modelling is especially powerful for the inner ∼ 240 au and describes the disc structure inside the CO snowline location well.

 at U
niversity of C

am
bridge on June 23, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


12 D. M. Boneberg et al.

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190
r (au)

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

T m
id

pl
an

e
(K

)

Tfreeze−out for mixed CO/H2O ice

Rsl ∼ 90au
(Qi et al. 2015)

Tfreeze−out for pure CO ice

∗

∗

Model series A
Model series B
Model series C
Model series D
Model series E

Figure 4. Midplane temperature as a function of radius for our 15 disc models that match the observed SED. Models from the same series have exactly the
same midplane temperature structure (see Section 3.1.1). In dark red (vertical) we plot the observed snowline radius ≈ 90 au (Qi et al. 2015). The upper and
lower limits of the freeze-out temperature (∼ 20−30 K) as found by e.g. Collings et al. (2004) are plotted as horizontal lines. The red asterisks indicate where
the snowline location could be between∼40 and 135 au due to a plausible range of freeze-out temperatures of 20-30 K if the snowline location was not known
unambiguously from observations.

4.4 C18O J=2-1 emission

4.4.1 C18O line profiles

As discussed in Section 3.1.2, we use the density and temperature structures of our MCMAX models to calculate the C18O line emission with
TORUS. The aim of our work is to interpret the observed C18O J=2-1 line profile, especially from the inner disc regions, in the context of a
physically consistent model that matches other relevant observations (Rsl, SED). We show the C18O J=2-1 line profile as observed by ALMA
in Figure 5, both taking the emission from the whole disc and from within the 90 au snowline radius. These are very different, especially in
the peaks of the spectrum as these are dominated by the emission from the outer disc regions. Our goal is to model the disc regions with
R < 90 au (the snowline location) as these are independent of the details of freeze-out in the outer disc.

Uncertainty in abundance of C18O As mentioned previously, the fractional abundance of C18O has a large uncertainty and is observed
(in star-forming clouds) to be in a range between 1.4× 10−7 − 1.7× 10−6 (see Section 3.1.2), thus spanning an order of magnitude. From
matching the observed C18O J=2-1 line profile with our models, we can unambiguously calculate the mass of C18O in the disc. However,
when then converting this mass to a mass of H2 we will have to take into account this range of C18O abundance.

Matching the observed C18O line profile, we find that - taking into account the range of plausible abundances - only five of our models
can fulfil this criterion, namely (A-C)/10, D and E. We will thus focus on these models in the further discussion.
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Figure 5. C18O J=2-1 line profile (ALMA observations) using the emission from the whole disc (upper panel) and from within the 90 au snowline radius. The
error bars represent a 10% flux calibration uncertainty (Guidi et al. 2016). We centred the spectra on 0 km s−1. The systemic velocity is vsys=5.8 km s−1.

Model series A B C D E

Tfreeze-out(90 au) [K] 25.0 22.5 22.0 23.5 20.0

∼48% ∼45% ∼40% ∼27% ∼23%

Table 5. Freeze-out temperatures (midplane temperatures at 90 au) and fractions of the CO mass removed in the various model series due to freeze-out.

Another aspect to take into account is that the abundance of C18O in comparison to H2 can be altered due to freeze-out in the disc
midplane, as already discussed in the previous section. We have implemented this effect in TORUS by setting the abundance of C18O to
a negligible value when the disc temperature drops below the freeze-out temperature. For the individual models, we use the midplane
temperature of the respective model at the observed snowline radius as given in Figure 4. The fraction of the C18O mass removed by freeze-
out in the respective models is given in Table 5. We find that this effect is stronger for models (A-C)/10 than for models D and E, because the
former have slightly higher gas masses and bigger grains, thus a higher fraction of the mass will be concentrated in the cooler disc midplane
regions and thus subject to freeze-out. However, the exact impact of freeze-out on the line profile will depend on the details of the vertical
temperature profile and thus on the location of the CO ice surface.

The second most relevant source of CO-removal from the gas-phase is photodissociation (Visser et al. 2009; Miotello et al. 2014). As
described in Section 3.1.2, we have taken this into account in our modelling. We do this by setting the C18O abundance to a negligible value
for a threshold column density of gas calculated from the star in different azimuthal directions covering the entire disc height. These threshold
column densities vary from NCO=1018 cm−2, 1019 cm−2 and 1020 cm−2 (corresponding to 1022 H2 cm−2, 1023 H2 cm−2 and 1024 H2 cm−2,
respectively, assuming fCO ∼ 10−4).

We find that overall only a small fraction of C18O is photodissociated within the 90 au snowline location in our models. For the first threshold,
the fraction of the CO gas mass photodissociated is ∼ 0.1% in all our models, for NCO = 1019 cm−2 it is ∼ 1% and even for the extreme
case, only ∼ 3% is photodissociated within the snowline radius. We calculate the C18O line emission for R < 90 au after removing CO
from the photodissociated layer, in the three explored cases (NCO=1018 cm−2, 1019 cm−2 and 1020 cm−2). This is presented for the example
of model D in Figure 6. Given that in our analysis we mostly focus on the regions within the 90 au snowline radius that are not subject to
freeze-out and not strongly affected by photodissociation, our models are not dependent on the exact details of these processes.

The inner disc regions (R < 90 au) For five out of our 15 initial models, we can match the observed C18O J=2-1 line profile within
the range of plausible C18O abundances between 1.4 × 10−7 − 1.7 × 10−6 (Equation 9). We show the C18O spectra arising from the
regions inside the 90 au snowline radius in these models in the left panels panels of Figure 7. We will call these five models (A-C)/10, D
and E "fiducial" models in the further discussion. We obtain these from the synthetic and ALMA data cubes using the CASA software in the
following way: We calculate the emission from en elliptical region, centred on the centre of the disc using a PA=132◦ and a ratio of minor to
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Figure 6. C18O flux density for model D (from regions with R < Rsl = 90 au) employing different column density thresholds for photodissociation: no
photodissociation (solid), NCO=1018 cm−2 (dashed), 1019 cm−2 (dash-dotted) and 1020 cm−2 (dotted). Even in the most extreme case only ∼ 3% of the
CO mass is affected. For reference we also plot the observed line profile for this disc region, given by the black points with error bars (10% flux calibration
uncertainty). We find a very similar behaviour for the other models and thus do not show the respective plot here.

major axis b
a

= cos i, where i = 48◦. These values of PA and inclination are the ones we obtained in the analysis of the observations (see
Section 2). All of them match the observations well within the error bars (given by the ∼ 10% flux calibration uncertainty of the ALMA
observations, Guidi et al. (2016)). The fractional abundances of C18O of these models can be found in Table 6. Given these abundances and
the gas masses in the respective models, we can calculate the mass of C18O within the snowline radius, as the C18O J=2-1 transition is mainly
optically thin throughout the whole disc. We have calculated the optical depth of the C18O J=2-1 transition and found that it is indeed optically
thin throughout the whole line profile and at all radii for all our models that match the observations. Although the models are optically thin,
this would not have been a necessary precondition for our modelling process as the radiative transfer calculation self-consistently accounts of
optical depth effects. However, the low optical depths emphasizes how essential C18O is as a tracer for the disc midplane. That implies that
we can unambiguously calculate the MC18O within 90 au which should be approximately the same for all our models. The values we obtain
are listed in Table 6 and are in a range of

MC18O(R < 90 au) ≈ 2− 3× 10−8M� . (12)

The values that Qi et al. (2011) obtain for these inner disc regions are comparable to ours. In the right panels of Figure 7, we plot the emission
from a bigger disc region, namely from within the outer dust radius Rdust ≈ 240 au. Our models still closely match the wings of the spectrum
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Figure 7. C18O J=2-1 line profiles for our 5 models: We show the emission from within the CO snowline radius (90 au) as well as from a disc region with
R<240 au (this corresponds to the outer disc radius as obtained from mm continuum observations). The line profiles from our models are given by the lines
(solid for R=90 au, dashed for R=240 au), the spectra of the observations by the respective dots. The error bars reflect the 10% flux calibration uncertainty of
the observations. All models of the same series that have abundances in the range of C18O abundances we consider will have the same flux densities because
the C18O masses and temperature structures are the same for each of these model series. The profiles were centred around 0 km s−1 (the systemic velocity is
vsys=5.8 km s−1).
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A/10 B/10 C/10 D E

fC18O 2.7× 10−7 6.4× 10−7 1.0× 10−6 6.6× 10−7 6.8× 10−7

MC18O(R < 90 au) [M�] 1.9× 10−8 2.1× 10−8 1.9× 10−8 1.6× 10−8 2.7× 10−8

Mgas(R < 90 au) [M�] 5.0× 10−3 2.3× 10−3 1.3× 10−3 1.7× 10−3 2.9× 10−3

Mdust(R < 90 au) [M�] 5.0× 10−4 1.3× 10−4 1.3× 10−4 1.6× 10−4 3.1× 10−4

g/d 10 18 10 10.5 9.2

αvisc(R < 90 au) 0.2 0.4 0.7 0.5 0.3

Table 6. Properties of our 5 best-fitting (fiducial) models: Fractional abundance of C18O as obtained by matching the observed line profile within the 90 au
snowline radius, the mass of C18O within this radius, the H2 mass within the snowline radius, the average g/d within 90 au and αvisc for the respective cases.

fC18O MC18O(R < 90 au) [M�] Mgas(R < 90 au) [M�] Mdust(R < 90 au) [M�] g/d αturb αvisc(R < 90 au)

Amin 1.7× 10−6 1.9× 10−8 7.9× 10−4 5.0× 10−4 2 6.3× 10−3 1.2

Amax 1.4× 10−7 1.9× 10−8 9.6× 10−3 5.0× 10−4 19 5.3× 10−4 0.1

Bmin 1.7× 10−6 2.1× 10−8 8.7× 10−4 1.3× 10−4 7 2.7× 10−3 1.1

Bmax 1.4× 10−7 2.1× 10−8 1.1× 10−2 1.3× 10−4 82 2.2× 10−4 0.1

Cmin 1.7× 10−6 1.9× 10−8 7.6× 10−4 1.3× 10−4 6 1.7× 10−3 1.2

Cmax 1.4× 10−7 1.9× 10−8 9.3× 10−3 1.3× 10−4 71 1.4× 10−4 0.1

Dmin 1.7× 10−6 1.6× 10−8 6.6× 10−4 1.6× 10−4 4 2.6× 10−4 1.4

Dmax 1.4× 10−7 1.6× 10−8 8.0× 10−3 1.6× 10−4 50 2.1× 10−5 0.1

Emin 1.7× 10−6 2.7× 10−8 1.2× 10−3 3.1× 10−4 4 2.5× 10−4 0.8

Emax 1.4× 10−7 2.7× 10−8 1.4× 10−2 3.1× 10−4 45 2.0× 10−5 0.1

Table 7. "Extreme" cases of model series A-E: Models with the highest possible g/d (and thusMgas(R < 90 au)) are denoted by the "max", the corresponding
lowest models by "min. We give the following parameters: fractional abundance of C18O as obtained by matching the observed line profile within the 90 au
snowline radius, the mass of C18O within this radius, the H2 mass within the snowline radius, the average g/d within 90 au, αturb and αvisc for the respective
cases. Models Dmax and Emax can be excluded as their αturb is outside the range we assume.

and thus the emission from the inner disc regions. However, one can see that our models slightly over predict the emission from the outer
disc regions (i.e. in the peaks of the spectrum) there. The height of the peaks depends crucially on the exact vertical temperature structure of
the models as freeze-out will reduce the C18O emission, especially in the outer disc regions. However, we do not attempt to match these disc
regions, but focus on the innermost 90 au.

Models with minimum and maximum g/d So far, we have only explored the five models from our initial Table 4 that also match
the C18O line profile. However, it is interesting to look into the extreme cases, i.e. models with minimum and maximum plausible C18O
abundance (and thus maximum and minimum g/d and Mgas), while still matching the observed C18O and thus the C18O masses within
90 au we just calculated. We give the properties of the extreme models in Table 7. It is important to note that models Dmax and Emax can be
excluded as their αturb is lower than the minimum of 10−4 we assume. Models D and E both have this minimum value; therefore for model
series D and E, the highest possible values of g/d and therefore Mgas within 90 au are the ones given in Table 6. The highest possible values
of g/d for models that match the observed C18O line profiles are 82 and 71 (for models Bmax and Cmax, respectively); the lowest value is 2
(model Amin). We take these three cases into account for the further discussion as they are the extreme ends of the g/d range we obtain.

Modelling the entire disc Finally for completeness we compare the synthetic line profile for the whole disc with observations in
Figure 8. We see that our models over-predict the emission from the outer disc regions, i.e. the emission in the peaks of the spectrum.
However, as we mentioned earlier, the SED does not provide information about the structure of the outermost disc regions. Also, we know
that there are radial differences in the structure of the outer disc and the inner 240 au and we therefore limit our attention to the disc inner
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Figure 8. C18O line profile for the whole disc for our 5 fiducial models (colours) and as observed (dots, error bars represent a 10% flux calibrations uncertainty,
Guidi et al. (2016)). The profiles were centred around a velocity of 0 km s−1. All models from the same series (that have C18O abundances in the allowed
range) have the same line profile (as they have different C18O abundances and gas masses, but the same C18O mass). Our models match the emission from the
inner disc regions (wings of the line profile) very well, whereas they over predict the emission in the outer disc regions (peaks of the spectrum). Our modelling
approach is however best suited for the inner disc regions.

regions in this paper. It might be interesting to combine our modelling approach for the inner disc regions with high-resolution imaging of
multiple isotopologues in the outer disc regions (see e.g. Qi et al. 2011; de Gregorio-Monsalvo et al. 2013).

4.4.2 Physical properties of our models

Gas mass within the snowline radius The match to the observed C18O spectrum within the CO snowline which we find for our five
models unambiguously constrains the mass of C18O in this disc region. In Equation 12, we gave this mass within the snowline radius. We
thus calculate the mass of H2 in this disc region from MC18O(90 au) by taking into account the abundance of C18O given in Table 6 and the
mass ratio of these moleculesmC18O/mH2 ≈ 14. We find that the mass of H2 within the snowline radius is in a range ofMgas(R < 90 au) ≈
(1.3− 5.0)× 10−3 M�.

If we add to this the uncertainty in the C18O abundance we obtain the full range of Mgas that can possibly be present in the disc within
90 au based on our calculation of the extreme cases (see Table 7):

6.6× 10−4 M� .Mgas(R < 90 au) . 1.1× 10−2 M� . (13)

We plot the C18O surface number density for our five models and three extreme cases as solid colourful lines in Figure 9 (left y-axis). The
C18O surface density profile derived by Qi et al. (2015) falls within the range shown by our models (black dotted line in Fig. 9, extrapolated
from 50 au inwards). In Figure 9, we also give the corresponding H2 column densities in the same plot (dashed lines, right y-axis), where we
have employed the C18O abundances as listed in Table 6.
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Figure 9. Left y-axis: Column number density of C18O for our models (A-C)/10, D, E, Amin, Bmax and Cmax for regions within the 90 au snowline radius, given
by the solid colourful lines. We overplot the one obtained by Qi et al. (2015) (dotted black line, extrapolated from 50 au inwards). Right y-axis: Corresponding
column density of H2, given by the dashed lines for the individual models. The masses of both C18O and H2 that correspond to these column densities are
given in Table 6.

It is important to note that all 8 models yield very similar C18O surface densities. However, due to their different C18O abundances (see
Table 6) their corresponding gas masses within 90 au are different by approximately an order of magnitude. Not surprisingly, models Bmax

and Cmax yield the highest H2 column densities, given that they have the lowest possible C18O abundance and thus the highest gas mass.
Model Amin on the other hand has the lowest H2 column density of the models we plot here as it has the lowest gas mass of all of them. If we
were to plot the same for models for (B-D)min, this would be comparable to Amin.

Gas to dust mass ratios Here we present an analysis of the average g/d in the inner disc regions. The g/d values for the individual
models are given in Table 6 for the fiducial models (A-C)/10, D and E and for the extreme cases in Table 7. It is striking that all models
(excluding the extreme cases) have very low g/d values (9 . g/d . 20). This is significantly lower than the standard value of 100 as
observed in the ISM. However, models Bmax and Cmax do - by construction - have more ISM-like g/d values (∼ 80 and ∼ 70, respectively).
These are the maximum g/d values (and thus the maximum Mgas(< 90 au)) our models can obtain while still matching the C18O line
profiles, as both of these models have the lowest possible fractional abundance of C18O that we consider (see Equation 9). We comment
more on the possibility of lower C18O abundances below.

It is important to note that similarly we can also obtain models based on A-E - employing the highest possible abundance - that yield
the lowest possible g/d while still matching the C18O line profile. These are the cases denoted by "min" in Table 7. For these the g/d values
go to values as low as 2 (Amin).

The low value of g/d ∼ 55 that Kama et al. (2015) infer for the inner disc of HD 163296 using the stellar photosphere is in line with
the range of g/d we obtain for the innermost 90 au. On the other hand, this range is significantly lower than the value reported by Williams &
Best (2014) (g/d = 170). These quantities cannot be compared directly however because, as we pointed out earlier, our results are derived
specifically for the R<90 au region, whereas the modelling by Williams & Best (2014) involves disc emission as a whole and therefore is
affected by the assumptions made on the disc vertical structure at large scales inasmuch as this affects the amount of CO that is frozen out. We

 at U
niversity of C

am
bridge on June 23, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

http://mnras.oxfordjournals.org/


The midplane conditions of discs 19

also note that the very small contribution of such radii to the SED means that the temperature structure of the outer disc is poorly constrained
observationally.

C18O abundance To estimate the maximum gas mass we adopt the lowest possible value of the abundance of C18O (as given in
Equation 9). This corresponds to the lowest CO abundance measured in the ISM (Frerking et al. 1982), combined with the highest isotopic
ratio of 16O to 18O of 587 (Wilson 1999). This maximum H2 mass sets an upper limit to the possible g/d in our models.

In Section 3.1.1 we discussed the direct degeneracy between Mgas and αturb in setting the vertical structure of the disc as constrained by
the SED. We can see in Table 7 that for some of our models αturb could be decreased further, to be compensated with a proportional increase
in Mgas, (e.g. models (A-C)max) if we did not impose a limit on the C18O abundance as discussed above. If indeed the C18O abundance were a
free parameter, our models (A-C) would be compatible with an ISM-like g/d of 100. An assumption of the minimum value for the turbulent
mixing strength α = 10−4 yields a C18O abundance as low as ∼ 2.6 × 10−8 (in model series A, corresponding to g/d ∼ 100). This is
lower than the minimum value derived based on the observations of the ISM by a factor of ∼ 5 . For models D and E, ISM-like g/d cannot
be achieved as we are limited by our lower threshold of αturb as discussed above, and therefore the g/d in these models cannot reach higher
values than∼ 10. We can conclude that g/d=100 is possible if one is prepared to assume lower C18O abundances. However, this is only true
for model series A-C which are the least plausible of our models because their amin values of 0.5-0.8µm are only marginally consistent with
the result of Garufi et al. (2014), where the scattered light observations of HD 163296 imply that the disc surface is dominated by sub-micron
sized grains.

A mechanism to decrease the CO (and isotopologue) abundances, and thus permit a more ISM-like g/d, is described in Reboussin et al.
(2015). Through this mechanism the C atoms generated through CO photodissociation in the upper layers are effectively removed through
formation of species other than CO (e.g. CO2 and CH4). Photodissociation is normally localised in the disc surface, and the C18O abundance
may be affected only if the CO dissociating photons were able to penetrate to the midplane, or if the surface continued to be depleted of CO
over very long timescales. Thus far, comparison of the CO (and isotopologue) abundance to the H2 density has only been possible for one,
particularly old disc, TW Hya (Favre et al. 2013; Schwarz et al. 2016). These works measure the abundance of CO and its isotopologues to
be about 100 times lower than their ISM values.

Dust dynamics The outer regions of the disc are known to be deficient in sub-mm grains (as deduced from the outer radius in the
sub-mm continuum compared with that in CO; see also Guidi et al. (2016)). Such concentration of submm dust in the inner disc can be
explained in terms of drag mediated migration of solids. We have used the midplane density and temperature profiles of our favoured models
to estimate the Stokes number (ratio of drag timescale to dynamical timescale) as a function of grain size. We find a Stokes number of close
to unity (which corresponds to maximal radial migration) for mm sized grains in the region of the CO snowline.

The majority of our models have g/d ratios that are considerably below the ISM ratio of 100. Indeed we can only approach this value if
we assume a very low fractional abundance of C18O and assume a grain population that is highly depleted in sub-micron grains (this latter is
required in order not to over-predict the infrared flux, given the relatively high temperatures obtained in the case of dust supported in gas rich
discs). However, Garufi et al. (2014) find from their studies of scattered light that there are sub-micron sized particles present in the inner
disc regions, thus the amin = 0.8 and 0.5µm in models Bmax and Cmax are only marginally consistent with this requirement. We conclude that
the available data requires significant deviation from primordial conditions, either in terms of depletion of gas or else in terms of depletion
of small grains.

Midplane gas to dust ratios It is important to note that the g/d values we have presented so far are average values. Focussing on the
ratio of the gas to dust density in the inner disc midplane now, we show a plot of their ratio in Figure 10. All our models show very low ratios
of ρgas/ρdust in the midplane (between∼ 0.01−20) within a radius of 90 au. It is interesting to mention that model B/10, Bmax and Cmax have
the highest ratio (around ∼ 10). Model Amin has a g/d of as low as ∼ 0.01, which is not surprising given that its average g/d ratio is ∼ 2

and thus the lowest possible in all our models. The fact that ρgas/ρdust in the midplane is lower than the average g/d as discussed above is a
result of the dust settling in our models.

Viscosity Using the masses of H2 within a radius of 90 au (Table 6), we calculate the viscosity parameter αvisc of the inner disc regions.
The mass accretion rate of HD 163296 is measured to be between (0.8-4.5)×10−7 M�/yr (Garcia Lopez et al. 2015). The viscosity parameter
is given by

αvisc =

(
H

r

)−2
τdyn

τvisc
. (14)

The dynamical time scale of our models at 90 au is

τdyn(90 au) = Ω−1
k ∼ 100 yrs . (15)

The time scale of the flow can be obtained by

τflow(90 au) =
Mgas(90 au)

Ṁ
, (16)
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Figure 10. Gas to dust mass ratio in the disc midplane for our models (A-C)/10, D, E, Amin, Bmax and Cmax in the inner disc regions (R<90 au).

which will thus vary depending on the masses of H2 within 90 au as given in Table 6. The scale height of our models is H/r ∼ 0.1. Equating
τvisc and τflow, we obtain from Equation 14 a range of αvisc of

0.2×
(

Ṁ

10−7M�yr−1

)
< αvisc < 0.7×

(
Ṁ

10−7M�yr−1

)
, (17)

as given in detail for the respective models in Table 6. When considering the models with minimum and maximum Mgas (Table 7), the range
of αvisc we obtain is between 0.1 and 1.4. The values we obtain for αvisc are much higher than those found in magneto-hydrodynamical
simulations of the outer regions of discs in T Tauri stars (Simon et al. 2013a), suggesting that more efficient angular momentum transport
(such as that linked to a large scale net magnetic field and associated wind; Simon et al. (2013b)) may be required. We also note that our
derived αvisc values are around two orders of magnitude greater than the maximum values of αturb allowed by our modelling. This suggests
that the efficient transport of angular momentum in this disc is not accompanied by the vigorous level of vertical motions that would be
expected in the case of a turbulent viscosity model.

Gravitational instability We can estimate the gravitational stability of HD 169392 by evaluating the Toomre stability parameter

Q =
csΩ

πΣG
< 1 (18)

in our models, where cs is the sound speed, Ω the Keplerian frequency and Σ the disc surface density (Toomre 1964) and where self-gravity
becomes important at aQ value of close to unity. We thus study the midplane Q parameter as a function of radius in all our eight disc models
((A-C)/10, D, E, Amin, Bmax and Cmax) and plot the results in Figure 11. We find that all of our models are well above the threshold value of
Q = 1. This implies that none of the models are close to being gravitationally unstable at radii < 90 au; we however caution that we cannot
assess this quantity in the outer disc, given the sensitivity to the degree of freeze-out in these outer disc regions.
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Figure 11. Range of Toomre Q parameter for our models (A-C)/10, D, E, Amin, Bmax and Cmax which we had found to match the observed SED, the snowline
radius and the C18O emission within 90 au. The region where Q<1 (and the disc potentially gravitationally unstable) is shaded in grey. We find that none of
our models reaches this critical regime and all are well above the threshold.

5 CONCLUSIONS

We combine SED fitting, the location of the CO snowline and spatially resolved C18O line emission to help resolve degeneracies in the
determination of protoplanetary disc properties, using the example of HD 163296, of which we estimate the properties. We draw the following
main conclusions from this work:

(i) Any one of the aforementioned diagnostics is on its own insufficient to robustly determine the disc properties; however we demonstrate
that together they become much more powerful tools. SED and CO snowline fitting alone could result in a disc mass almost an order of
magnitude higher than the mass obtained when C18O observations are included.

(ii) The observed C18O line flux, together with SED and CO snowline modelling, unambiguously indicates the mass of gas-phase C18O
within the 90 au snowline radius, MC18O(R < 90 au) ≈ (2− 3)× 10−8 M�. We obtain a total gas mass Mgas(R < 90 au) ≈ (0.7− 11)×
10−3 M� within the snowline radius, taking into account the uncertainties in the fractional abundance of C18O.

(iii) Our modelling approach is best suited for the inner disc regions (within the snowline radius). The emission from the outer disc regions
is crucially dependent on the vertical temperature structure and the location of the CO ice surface, so we do not aim to match these. From
this we can conclude that it is important to constrain the vertical temperature of the disc well through physically consistent SED models for
the inner disc (as we presented here) and combine these with for example high resolution imaging of multiple CO isotopes in the outer disc
(see e.g. Qi et al. 2015).

(iv) For the range of αturb from (0.1 − 6.3) × 10−3, most of our models of HD 163296 imply gas to dust mass ratios in the range
g/d = 10 − 20, significantly lower than the ISM value of 100. If we are prepared to also consider models with minimum dust grain sizes
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of ∼ 0.5µm that are not fully consistent with scattered light observations (Garufi et al. 2014) that also have very low (high) fractional
abundance of C18O, models with g/d as large as 80 (as small as 2) also match the observations. On top of this and only for these extreme
models, g/d = 100 may be achieved if the CO abundance is anomalous due to e.g. C-sequestration.

(v) We obtain a high αvisc ∼ 0.2 − 0.7 for our models of the inner disc regions, or even up to values of αvisc ∼ 1.4 (0.1), if we allow
for C18O to be very over- (under-)abundant with respect to the ISM abundances. The notably high ratio of αvisc to αturb provides evidence
against a turbulent model for angular momentum transport in this disc.

(vi) From analysis of the temperature and density profiles obtained from our models, we find that the disc is not likely to be susceptible to
gravitational instability.

The approach to interpretation outlined in this paper will allow us to maximise the value of existing and future high quality observations with
ALMA. This work stresses the importance of C18O observations especially for the warm Herbig Ae discs, which are the prime targets for
the application of the methods outlined in this paper.
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