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Abstract

Context. The mid-infrared (MIR) emission of molecules such as H2O, HCN, OH, CO2, and C2H2, has been identified in the Spitzer Infrared Spectrograph (IRS) spectra of many protoplanetary disks. According to the modelling results, the blend strengths are affected by different disk properties such as the gas mass and dust content in the disks. An observational correlation between HCN and water blend fluxes has been noted, specifically related to a changing disk gas mass.

Aims. We aim to find out whether the explanation for the observed flux correlation between HCN and water in the MIR could also be attributed to other properties and processes taking place in disks, such as the evolution of dust grains. We also consider what the consequences of these results would be in relation to the disk evolution.

Methods. We used pre-existing ProDiMo radiation thermal-chemical disk models exploring a range of properties such as the disk gas mass, disk inner radius, dust size power law distribution, and, finally, time-dependent dust evolution. From these models, we computed the MIR fluxes of HCN and H2O blends. Simultaneously, we derived the spectral indices from the simulated spectral energy distributions (SEDs) in the Spitzer IRS regime. Finally, we compared these quantities with the observed data.

Results. The MIR blend fluxes correlation between HCN and water can be explained as a consequence of dust evolution, namely, changes in the dust MIR opacity. Other disk properties, such as the disk inner radius and the disk flaring angle, can only partially cover the dynamic range of the HCN and water blend observations. At the same time, the dynamic range of the MIR SED slopes is better reproduced by the disk structure (e.g. inner radius, flaring) than by the dust evolution. Our model series do not reproduce the observed trend between continuum flux at 850 µm and the MIR HCN/H2O blend ratio. However, our models show that this continuum flux is not a unique indicator of disk mass and it should therefore be used jointly with complementary observational data for optimal results.

Conclusions. The presence of an anti-correlation between MIR H2O blend fluxes and the MIR SED is consistent with a scenario where dust evolves in disks, producing lower opacity and stronger features in the Spitzer spectral regime, while the gas eventually becomes depleted at a later stage, leaving behind an inner cavity in the disk.
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1 Introduction
Protoplanetary disks have been extensively observed in the mid-infrared (MIR) regime (e.g. Pontoppidan et al. 2010a,b; Salyk et al. 2008, Salyk et al. 2011; Banzatti et al. 2012), which is the spectral regime that is spatially related to the terrestrial-planet formation region. Many molecules have been observed in the Spitzer Infrared Spectrograph (IRS) spectral range (~5–35 µm; Houck et al. 2004), including OH and H2O, along with organics such as HCN and C2H2 (e.g. Pontoppidan et al. 2009; Zhang et al. 2013; Salyk et al. 2007, Salyk et al. 2011). Previous studies investigated the observed existence of a correlation between the blend fluxes from MIR H2O blends and those produced by organic molecules in the same regime, using slab models (Carr & Najita 2008, 2011; Najita et al. 2013); these works showed that the HCN/H2O blend ratio in the MIR is correlated with the disk gas mass (as derived from the dust mass by scaling with a constant gas-to-dust mass ratio). From the observations, MIR molecular blend fluxes (in particular H2O) are found to be anti-correlated to the dust outer radius as measured from the continuum emission (Banzatti et al. 2020). An anti-correlation also exists between MIR H2O blend fluxes and the measured spectral index n13–30, as seen in both Salyk et al. (2007); Banzatti et al. (2020). Both of these works have suggested a plausible link between dust and gas that is potentially due to icy pebble migration across the snow line.
Modelling of the 1D radial drift of icy pebbles together with chemistry (Bosman et al. 2018) showed that the gas phase CO2 abundance gets enhanced by more than three orders of magnitude if sublimation from radially inward drifting icy grains is included. Using the DALI model, these authors showed that this produces a CO2 band strength, which is beyond what is consistent with current observations, and this requires a revision of the processes that would lead to a destruction of the molecule. Greenwood et al. (2019a) coupled the two-pop-py code for dust growth and radial drift (Birnstiel et al. 2011) with ProDiMo thermo-chemical disk models (e.g. Woitke et al. 2009) to show that dust grain evolution changes the dust opacity in the inner disk; even by simply allowing this form of opacity change, the CO2 MIR blend fluxes are shown to increase with time. So, the increase in blend fluxes can also be achieved without taking ice transport and sublimation into account (i.e. without a change in element abundances). Other MIR-emitting molecules such as HCN, NH3, H2O, and OH, are affected in the same way by an evolving dust opacity and their blend fluxes get up to 2 dex stronger on a timescale of 10 Myr (Greenwood et al. 2019b).
In this work, we investigate whether grain size and opacity changes due dust evolution, namely, growth, radial drift, and vertical settling, have the capacity explain the observed H2O versus HCN correlation in disks around T Tauri stars as well as the absolute blend fluxes. With the use of previously published advanced radiation thermo-chemical models (Antonellini et al. 2015; Greenwood et al. 2019a), we investigate the blend fluxes of H2O and HCN in the MIR regime (Sect. 2). To corroborate our findings, we then discuss the effects of dust evolution on the disks’ spectral energy distribution (SED) in the MIR and (sub)mm wavelengths as well as on the 10 and 20 µm silicate features. We compare these results with observed trends in Sect. 3. Our interpretation and conclusions are presented in Sects. 4 and 5.
Table 1 
Disk model series used in this study.

2 Modeling
We made use of the ProDiMo thermo-chemical disk modelling code (Woitke et al. 2009; Kamp et al. 2010; Thi et al. 2011). We also used the T Tauri disk models previously published by Antonellini et al. (2015, 2016) and by Greenwood et al. (2019a). The first modelling series is composed of steady-state chemistry models (Antonellini et al. 2015, 2016), varying model parameters such as disk gas mass (Mgas, with Mdust fixed), dust size power law distribution (apow), flaring index (β), and inner radius (Rin). An overview is presented in Table 1 and Appendix A. These model series include dust settling according to the prescription detailed in Dubrulle et al. (1995). All these models have been re-run for this paper, including the non-LTE ro-vibrational cooling for HCN, OH, C2H2, CH4, NH3, and CO2, as described in Woitke et al. (2018). This allowed us to obtain blend vertical escape probability fluxes for all these molecules and to calculate MIR blend emission spectra.
A second model series considered in our analysis includes the effects of time-dependent radial drift, growth, and fragmentation of dust grains in a typical T Tauri disk with ages ranging from 20 kyr up to 10 Myr (Greenwood et al. 2019a). The models couple the dust evolution code two-pop-py from (Birnstiel et al. 2012) with the thermo-chemical code ProDiMo. The evolution model series starts from a more massive disk (Mdisk = 0.1M⊙), which is smaller (Rtaper = 100 au), less turbulent (αvis = 10−3), and also contains larger dust grains (amax = 190 cm), with respect to the standard one considered in the parameterised steady state model series. In addition, these models compute the dust evolution purely (e.g. transport, dust settling), without taking ice sublimation at the respective ice line locations into account; thus, they ignore any potential gas enrichment in the inner disk. More details of the model parameters used for this T Tauri disk model can be found in Greenwood et al. (2019a, Table 1).
From the comparison between the parameterised steady state models and the time evolution series at earlier epochs (t ≤ 5.6 × 105 yr), we find the blend flux predictions and continuum slopes to be in the same range of values (10−19−10−16 W m−2, −0.5 to 0.5, respectively). This demonstrates that the differences in fundamental disk parameters outlined above do not affect the combined study of all these models.
2.1 Blend fluxes
From our radiation thermo-chemical models, we obtained vertical escape probability fluxes of H2O and HCN in the 10–40 µm regime. Fluxes obtained with this method are based on a rotational LTE treatment of HCN, which is reliable in the MIR regime, given the emitting region conditions, as discussed in Woitke et al. (2018). A non-LTE study of HCN by Bruderer et al. (2015) found that blend fluxes are very close to LTE values and only the blend profiles change; at the spectral resolution of Spitzer (R ~ 600), this will thus not affect our results.
For comparison with observations, we coadded the fluxes of all the blends used by Najita et al. (2013) in the 14–17 µm regime, obtaining fluxes for the HCN blend at 14 µm (integrated in the range 13.905–14.049 µm) and the three H2O blends at 17.12 µm (integrated in the range 17.077–17.155 µm), 17.22 µm (integrated in the range 17.155–17.300 µm), and 17.36 µm (integrated in the range 17.300–17.480 µm). This procedure is equivalent to that applied to the observational data (continuum subtraction and integration of blend flux). In the case of HCN, we excluded from the co-adding all H2O and OH blends included in the spectral range, in order to be consistent with the method applied to the observational data. To correct for the effect of blending, Najita et al. (2013) fitted the strong H2O blends in the 15 µm regime and then subtracted the slab model fit from the MIR spectrum in the HCN blend wavelength range. In our case, we got the individual blend fluxes contributing to each blend from the model. We then simply sum up the fluxes of all the blends contributing to each blend in the same spectral ranges as indicated above. This procedure is equivalent to the method of Najita et al. (2013) applied to the IRS observed spectra.
2.2 Continuum
To investigate how individual disk properties affect the continuum, Salyk et al. (2011) and Najita et al. (2013) used the spectral slope in the MIR wavelength range. The spectral index (as a proxy for the SED slope) is defined in general as (see Furlan et al. 2009):
[image: equation](1)
where Fa, and Fb are the fluxes in Jy at the wavelengths λa and λb, respectively. The two observational data sets used in our study applied different values of λb, that is, 25 and 30 µm, respectively. To enlarge the overlap between available MIR blend fluxes and continuum slope measurements, we decided to include the spectral indices defined in the range 13–30 and 13–25 µm. In our full sample we have 3 targets overlapping, that we can use to assess the deviation between the two spectral index measurements. We find then that the average difference between these spectral indexes 13–30 and 13–25 µm is ~0.7, such a difference would eventually move the data from Salyk et al. (2011) to lower spectral indexes, thereby covering a region of the plot already described by some of our models (Fig. 1). Thus, the data from the two works can be combined.
	[image: thumbnail]	Fig. 1 Observed HCN versus H2O MIR blend fluxes from Najita et al. (2013) with error bars (grey hexagons), scaled to a distance of 140 pc using Gaia parallaxes (https://gea.esac.esa.int/archive/). The model series for disk gas mass (magenta circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019b; brown circles) are over-plotted. Some of the dust evolution models are labelled in dark cyan, with the number indicating the model time step. Observed objects deviating from the trend of the dust evolution model series are plotted as open symbols and are named in the legend.



3 Comparisons with observations
In the following, we test the hypothesis that dust evolution (growth, destruction, and radial migration, and thus with no transport of ices) alone can explain the observed H2O and HCN blend fluxes, and the observed correlation between their blend ratio and disk mass in T Tauri disks. We do this by comparing the model series predictions for molecular blend fluxes and SED spectral indices with the observations. Comparing a broader range of observables can break degeneracies that could exist when only comparing fluxes or flux ratios.
3.1 MIR-blend fluxes
The model blend fluxes extracted from the two modelling series for HCN and H2O are compared to the observations from Najita et al. (2013) in Fig. 1. Our steady-state models with different physical disk parameters and homogeneous dust properties are not able to reach the observed high values of both HCN and H2O MIR blend fluxes (>10−16 W m−2). Models with different gas mass (and constant Mdust), Mgas, flaring angle, β, and power law index of grain size distribution, apow, show blend fluxes that reach also below the Spitzer detection limits (<10−17 W m−2 for HCN and <10−18 W m−2 for H2O). Previous modelling works have also often found overly weak MIR molecular blends and it was then necessary to impose a gas-to-dust ratio much higher than 100 in order to match observed blend fluxes (e.g. Meijerink et al. 2009; Bruderer et al. 2015; Woitke et al. 2018). The only two simulations that reach high blend fluxes are models with an inner radius larger than the standard one of 0.1 au (here the HCN blend flux increases by more than a dex) and the dust size power-law distribution, which is part of the process included in the dust evolution model series. The HCN ro-vibrational transitions are calculated using LTE for the rotational population levels. This likely over-predicts the blend fluxes in disk regions where LTE does not hold, as in disks with an inner hole, and the emission of the molecule is produced in more optically thin layers (Woitke et al. 2018). Bruderer et al. (2015) used 2D disk models (DALI code) and a detailed HCN model molecule to show that the difference between LTE and non-LTE blend fluxes for HCN remains within a factor of 3.
Models including dust evolution (grain growth, fragmentation, and radial migration) can cover the full observed dynamic range. They can explain H2O blend fluxes above 10−17 W m−2 and the water blend flux versus the continuum anti-correlation trend shown in Banzatti et al. (2020, see Fig. D.1). This model series matches well the observed trend that has been reported by Najita et al. (2013) and follow an almost linear relation between FHCN and [image: equation] The reason behind it is a reduced continuum opacity in the MIR-emitting regions of HCN and H2O; both are located inside of 2 au (Greenwood et al. 2019b). This disk region from which the blends are emitted, is characterised by high densities, high temperatures and a high gas-to-dust ratio increasing with time: the gas density is >108 cm−3 and increasing up to 2 dex between 104 and 107 yr (Fig. B.1), the g/d ratio evolves from a few 1000 to ~105 (at ~10 Myr), while the gas temperature stays roughly constant between 300 and 400 K for both H2O and HCN (Greenwood et al. 2019b). Under these conditions the chemistry reaches steady-state on timescales of between 102−103 yr.
3.2 Mid-IR H2O and the continuum slope
Previous analysis of our model series already showed an intrinsic connection between MIR blend fluxes and the neighbouring continuum, where each disk parameter variation creates a unique effect on MIR H2O blends and on the MIR continuum (e.g. Antonellini et al. 2015, 2016, 2017, also see the introduction). Having found above that the dust evolution series can reproduce the observed strength of HCN and water fluxes as well as their correlation, we want to test this further by checking whether or not the same model series also reproduces the water versus SED slope plane of observations. We used the MIR blend fluxes and continuum spectral indexes from Table 4 of Salyk et al. (2011) and Table 1 of Najita et al. (2013) for the same objects. We compared these with the respective observables derived from our models in the same way (see Sects. 2.1 and 2.2). While the observed trend in HCN and water molecular blend fluxes is naturally explained by dust evolution in the inner disk, the same disk model series can only reproduce part of the observed range of MIR spectral indices. There is not a simple correlation between MIR water and continuum spectral indexes (Fig. 2). Salyk et al. (2011) interpreted the trend with spectral index as disks with a bluer continuum being associated with more settled dust grains. More quantitatively, Najita et al. (2013) defined targets with a spectral index less than 0.5 as normal T Tauri disks, while targets with spectral indices larger than 1.5 are defined as transition disks. While our dust evolution series does include settling, it does not capture the opening of gaps and holes associated with transition disks. For spectral indices of <−0.5, our model predictions cover the same range of values in the water blend flux versus spectral index plane as the observations.
The flaring index (growing), the gas mass, and the dust power law exponent can explain a redder MIR SED (negative indices, n13–25 < −0.5). The intermediate region (−0.5< n13–25 < 0.5) may represent disks with small gaps, such that the objects cannot yet clearly being classified as transition disks (Evans et al. 2009b). This interpretation is supported by the number of MIR H2O blend detections. Some potential transition disks have detected MIR H2O, which could be consistent with a disk where dust is evolving and a clearing-out process is happening, two strong indicators of ongoing planet formation.
Observations with a blue MIR SED (n13–25 > 0.5) are covered by models with an inner cavity larger than 15 au. According to Furlan et al. (2006), transition disks have n13–25 > 1.5. In Fig. 2, we included the sample from Salyk et al. (2011), which contains many upper limits for H2O MIR blend fluxes.
Only the inner radius model series extends to very high MIR SED indexes (n13–30 > 1 from 5 au). These models also predict very low and undetectable MIR H2O blend fluxes (till 10−20 W m−2), largely in agreement with observations. Very negative spectral index values are typically found for debris disks (Furlan et al. 2006).
On the red SED side, our dust evolution model series cannot reach spectral indexes lower than −0.5. On the contrary, our flaring model, the pure dust size power law distribution and the gas mass allow to reach this blue region of the spectral index.
In Antonellini et al. (2015), we already showed that increasing the dust-to-gas ratio, increasing the turbulent mixing coefficient, or steepening the power law dust size distribution (separate aspects of dust evolution), all produce a reddening in the MIR SED. This is consistent with what we now report here for the more self-consistent dust evolution model series (brown filled circles in Fig. 2). On the other side, the presence of objects with a spectral index less than −0.5 (the so called ‘anemic’ disks; Lada et al. 2006; Evans et al. 2009a) may require a different explanation. The dust evolution model used in Greenwood et al. (2019a) is based on a set of parameters such as αvis, dust sizes, initial distribution, and dust-to-gas mass ratio; also, it does not cover the full range of possible scenarios we may encounter in reality. We can also not claim that the set of adopted parameters are representative of all disks in this observational sample. Along this line of thought, our dust evolution series is able to cover an upper region of the plot in Fig. 2, but it also merely covers one aspect of disk evolution, namely, the one related to dust. If this were combined with some other evolution aspect of disks, such as flaring angle and mass dispersion, this could cover the dynamic range described by the observations even at lower H2O fluxes and lower MIR indexes.
	[image: thumbnail]	Fig. 2 H2O MIR fluxes versus n13–30 from Salyk et al. (2011; orange hexagons) and n13–25 from Najita et al. (2013; grey hexagons) scaled to 140 pc (Distances are taken from https://gea.esac.esa.int/archive/) with error bars in grey. The model series for disk gas mass (purple circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019a, 0.018 Myr, 0.032 Myr, 0.056 Myr, 0.1 Myr, 0.18 Myr, 0.32 Myr, 0.56 Myr, 1.0 Myr, 1.8 Myr, 3.2 Myr, brown circles) are over-plotted. Bottom error bar shows the average difference detected between the three targets for which continuum indexes at 13–30 and 13–25 were available.



	[image: thumbnail]	Fig. 3 HCN/H2O MIR blend flux ratios versus 850 µm continuum flux from Andrews & Williams (2005), with indicated error bars. Observations and data collected for the objects (grey hexagons) are compared with the same quantities computed for our model series: disk gas mass Mgas (magenta), inner disk radius Rin (red), power law index of the grain size distribution apow (green), flaring angle β (blue), and dust evolution models (brown; symbols are the same as in previous figures). The red and green series extend beyond the shown range and include apow > 3.5 and Rin > 5 au.



3.3 Disk mass and the HCN/H2O blend ratio
Najita et al. (2013) found a trend between the HCN/H2O blend ratio and the disk mass derived from sub-mm data. They took the disk gas mass either derived from SEDs using power law disk models or estimated from the 850 µm continuum flux using a simple power law (Andrews & Williams 2005).
We extracted the flux at 850 µm from our model series. We note that in our modelling series, the disk dust mass changes only in the dust evolution series (brown); all other model series assume a constant disk dust mass of 10−4 M⊙.
Figure 3 shows that the model series with a constant disk dust mass (blue, green) still span about a factor of 10 in the sub-mm flux. We know from many previous work that the inference of dust mass from sub-mm fluxes can be affected by many other disk properties such as the flaring index, which changes the disk averaged dust temperature (see also Woitke et al. 2016). The model series varying the power law index of the dust grain size distribution (green) illustrates how dust opacity affects the sub-mm fluxes by a factor of ~5. Disks with a small flaring angle (blue) experience lower irradiation from the central star, making the disk cooler overall and, hence, appearing fainter in the sub-mm.
In the dust evolution model, there are changes in both the dust opacities and the disk mass. The larger grains settle and drift inward efficiently; this changes the dust size distribution locally and so the dust opacity over time. Due to viscous accretion (αvis = 10−3), the disk mass decreases with time by about two orders of magnitude between 104 and 107 yr. Figure 3 shows that the dust evolution model series (brown) evolves towards lower 850 µm fluxes, while the HCN/H2O blend ratio stays fairly constant, or slightly decreases. This result is rather opposite to what has been found by Najita et al. (2013). Our blend ratios in this series agree well with the lower end of the range of observed values (~0.3).
Most of the model series discussed above change one parameter at a time. We note that the grain power law, the flaring angle and the dust evolution series show moderate changes in the HCN/H2O blend ratio, while changing the sub-mm flux substantially. However, some parameters show an orthogonal behaviour, they change the blend ratio substantially, while affecting the sub-mm flux to a lesser extent. For example, disk models that are highly truncated (Rin > 1 au red) can bring the HCN/H2O blend ratio up to values in excess of 102. This is due to H2O MIR blend fluxes decreasing below 10−18 W m−2 (Fig. 1) because they can no longer be excited. Such low fluxes would not, however, have been detectable in Spitzer 1RS spectra. Disk models with very low flaring angles (β ≪ 1) also produce HCN/H2O blend ratios higher than 1. Finally, also increasing the gas mass (without changing the dust mass, magenta series) strongly affects the HCN/H2O blend ratios, with the ratio strongly increasing in line with the decrease in Mgas. Thus, to conclude, varying multiple disk parameters together can easily span the observed range of HCN/H2O blend ratios versus sub-mm fluxes (grey hexagons in Fig. 3). Additional observables would be required to break these degeneracies.
3.4 Outer radius and the HCN/H2O ratio
Banzatti et al. (2020) found the H2O/HCN blend ratio to be anti-correlated to the dust outer radius, as measured from the sub-mm continuum emission. In our dust evolution model series, the disk size naturally evolves since the implemented dust evolution causes grains to grow and to drift inwards, thus affecting the local dust-to-gas mass ratio. This in turn decreases the surface density with time (for detailed figures illustrating this, see Greenwood et al. 2019a). We defined a critical dust column density, Ncr, in the initial disk set-up (t = 0) at two times the tapering radius, Rtap. We consider this value of Ncr as a proxy for the evolution of the ‘observable’ disk size, as seen in the ALMA continuum images. Extracting the location of Ncr from the time evolution series shows indeed a shrinking dust disk size as dust evolution proceeds (Fig. 4).
However, the HCN/H2O blend ratio stays relatively constant, changing within 20%, as already expected from the result in Fig. 3. Within the molecular blend-emitting region, the dust evolution models produce a drop of 2 dex in the dust-to-gas ratio and 4 dex in the dust column density in the upper disk layers over the entire time evolution (~105−107 yr), while the gas surface density decreases by only a factor of 2 (Greenwood et al. 2019b). This change affects both molecular emission bands (HCN and H2O) in a similar manner.
A single model series again cannot independently describe the full observed dynamic range in blend ratio versus disk dust size. In addition, we would need to combine multiple parameters that change the disk structure to explain the observed trends, namely, a parameter that affects the HCN/H2O blend ratio combined with dust evolution. We expand on this issue in the next section.
	[image: thumbnail]	Fig. 4 HCN/H2O MIR blend flux ratios versus estimated disk dust outer radius for the dust evolution model series; the evolution proceeds over 10 Myr.



4 Discussion
In Antonellini et al. (2017), it was shown that the MIR H2O emission is significantly affected by dust opacity effects, such as the dust content and/or the grain size, but independently from the dust composition. Disks where the water flux is strong in the Spitzer regime could have a reduced inner disk opacity due to dust depletion, different dust sizes, very strong settling, and, in a word, dust processing. The opposite effect would be produced by gas depletion in the inner disk regions (within 10 au). Such an effect can be the result of winds launched from the innermost part of the disk if they do not efficiently entrain dust grains.
The dust evolution models considered here do not consider the effect of ice radial drift and so, they ignore the enrichment of the gas reservoir due to this process, as predicted by Ciesla & Cuzzi (2006); Krijt et al. (2020). However, for MIR blends that are optically thick, any further inward gas enrichment (from ice transport and sublimation) should not affect the blend flux.
A key question to be considered at this point is whether it is the gas or the dust that evolves first. Analysing how our gas mass series changes the water, along with the HCN and spectral slope, we find unexpected trends. Gas-depleted disks are expected to have bluer MIR SEDs with respect to a gas enriched model or a standard Mgas value. Parameters such as the dust size power-law distribution and (in a more complete picture) the dust evolution, on the contrary, produce a trend where the MIR H2O flux increases with the dust evolving along the disk lifetime. This suggests that disks are born opaque and with weak MIR blend features. During the dust evolution the object then experiences a phase where the MIR blend flux is boosted by the opacity overall decreasing due to grain growth and settling proceeding over time.
What we see in the correlations between MIR HCN, H2O, and SEDs slopes is not an indication of disks with different gas mass, but rather a snapshot of a population of objects in different evolutionary phases. This is further supported by the fact that (at the level of precision required here), the 850 µm flux alone cannot serve as a direct disk mass tracer.
Recently, Li et al. (2019) investigated through hydrodynamical simulations how the presence of dust rings in disks affects the local grain size distribution via trapping and hence also the mm slope. The study found that the mm continuum flux and the slope anti-correlate due to dust growth and continuum optical depth. Such a scenario has not been explored by our ‘monolithic’ disk models, but should be analysed in follow-up works. Therefore, more investigation on the connection between the behaviour of MIR blends and dust continuum emission is needed in order to be able to use their diagnostic power for protoplanetary disk properties. The recently launched James Webb Space Telescope (JWST) is poised to collect data for tens of disks, many of which have existing spatially resolved ALMA data. Hence, much more detailed follow-up studies will become soon possible.
Simplified modelling of parametrised disk series and considerations based on a small set of observables such as those presented here still provide important insights into the effects driving observations. In Antonellini et al. (2015, 2016, 2020), the single-parameter investigation allowed to highlight the most influencial disk properties in determining MIR and far-infrared (FIR) H2O spectra, as well as CO ro-vibrational transitions. We have proven this focussed approach to be more efficient than running an entire grid of complex models with a wide combination of properties. Single-parameter modelling allows for elements of the full picture of disk structure and evolution to be built and serve as a testing ground for new data that will become available from JWST.
5 Conclusions
In this paper, we focus on three main observables: MIR molecular blend fluxes, SED spectral indices, and continuum flux in the sub-mm. Their dynamic range and variations have been explained in previous works with different disk evolutionary stages and scenarios. Here, we use existing published thermo-chemical disk model series to revisit those interpretations.
Observations from Najita et al. (2013) can be explained with dust evolution, where a modest variation of the dust MIR opacity can boost the blend fluxes in this regime by more than a dex (a factor of ~20 for HCN and ~50 for H2O). Dust evolution produces both the observed absolute fluxes of both these molecules as well as their correlation. Models show that a change in disk inner radius affects only the HCN flux and not water, producing potentially high blend ratios for these two species.
Disk models show that the MIR continuum slope is sensitive to a change in the disk structure and so, the flaring angle β, and the inner radius, Rin, are the main parameters driving the observed large dynamic range. Moderate variations, in the range from -0.1 to 0.5 are consistent with our dust evolution model series.
The estimation of the disk gas mass from the 850 µm continuum flux in our models has proven to be highly degenerate. For example, the flaring angle affecting the average disk temperature confounds simple submm mass estimates. For our dust evolution model series spanning 4 dex of mass evolution, the simple submm mass estimate only produces 0.5 dex variation. The dustevolution model series shows a clear systematic decrease in the dust disk outer radius over time.
Based on observations, MIR H2O blend fluxes and the n13–25 spectral index show an anti-correlation and the HCN/H2O flux ratio is anticorrelated to the submm disk mass and dust outer radius. This trend is consistent with the dust evolution as predicted in our disk modelling series. The dust growth and migration produce a lower opacity in the inner 10 au and, consequently, enhance the molecular blend fluxes in the Spitzer spectral regime as well as the MIR spectral index and the dust outer radius. However, not all aspects of the observed trends are captured equally well. Gas in the disk may evolve and get depleted, producing an inner cavity whose size increases over time–a process that is not captured in the dust evolution series. Our models show that such a scenario is consistent with the Spitzer upper limits for the water blends in disks with red MIR SEDs. The higher sensitivity of JWST/MIRI will allow for the detection of a larger number of MIR molecular blends in disks, to disentangle line blending as well as weaker emission, thus allowing to potentially test our conclusions. This study demonstrates the need for a holistic approach both in observations and modelling, capturing the intricate interplay between gas and dust during the disk evolution.
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Appendix A  Model series properties
Table A.1 provides a summary of the main properties of the central star and physical properties of the disk modelling series used here.
Table A.1 
Overview of the models parameters for Antonellini et al. (2015) and Greenwood et al. (2019a)


Appendix B  H2O- and HCN-emitting regions
Figure B.1 shows the emitting region for the HCN P(9) fundamental and o-H2O v2=1 83,6-74,3 hot band blends (black box) over-plotted on the species density, respectively. Here, the line and continuum opacity and the cumulative blend flux are also shown – for three representative time steps of the dust evolution model series from Greenwood et al. (2019a): 1.78·104 yr, 1.78·105 yr,and 1.78·106 yr.
	[image: thumbnail]	Fig. B.1 Blend-emitting regions from evolutions models from Greenwood et al. (2019a) for o-H2O blend at 17.12 µm and HCN blend at 14.59 µm with epochs 1.78·104 yr (top), 1.78·105 yr (middle), and 1.78·106 yr (bottom). In each figure, the top panel shows the continuum optical depth (black line) and the blend optical depth (blue line). The middle panel shows the cumulative blend flux from vertical escape probability as a function of the radial distance from the star. The bottom panel shows the H2O or HCN density in color scale with the region from which the vertical × radial integrated flux, amounting then to 49% of the total blend flux, is emitted. This is reported as numbers in the middle slice of each plot (black contours, 15–85% of the vertical and radial integrated blend flux, dashed lines).




Appendix C  Mid-IR spectral energy distributions and blend fluxes
We report here the details for extracting the blend fluxes from the MIR spectral regions of the models. Figure C.1 shows the wavelength regions for the HCN and H2O blends, the individual molecular blends in that region (shown by different colors) and also the wavelength boundaries used in the extraction procedure (vertical red dot-dashed lines). The data for this figure are taken from the standard disk model. Similarly, Fig. C.2 shows the MIR SED in the wavelength range covered by the Spitzer 1RS spectrograph for the dust evolution models. SEDs for the other modelling series can be found in Antonellini et al. (2015).
	[image: thumbnail]	Fig. C.1 Top left plot, Spitzer 1RS regime for the 14 µm HCN blend. Top right, same plot for H2O in the 17.12 µm regime. Bottom left, same plot for H2O in the 17.22 µm regime. Bottom right, H2O in the 17.36 µm regime. Each transition in the regime is plotted as a dark blue or green line (ortho and para H2O), red blend for HCN ro-vibrational (LTE treatment, HITRAN database (★), dotted magenta line for NH3 rovibrational (LTE treatment, HITRAN database(★), dotted khaki for OH (LTE treatment, HITRAN database(★). The blue solid curve represents the final blended 1RS spectrum (R = 600). Vertical dot-dashed lines delimit the range over which the blend flux is taken in Najita et al. (2013).



	[image: thumbnail]	Fig. C.2 SEDs in the range of the 10 µm & 20 µm silicate emission features for the dust evolution model series from Greenwood et al. (2019a). Molecular emission blends are not included to highlight the effects on the continuum.




Appendix D  Normalised MIR water luminosity versus spectral index
In Fig. D.1, we show that the dust evolutionary models (Greenwood et al. 2019a) are capable of reproducing the anti-correlation trend found in observations by Banzatti et al. (2020). The value of Laccr is estimated according to the formula in Eq. D.1, as follows:
[image: equation](D.1)
where L* is the stellar luminosity, ƒuv is the accretion contribution to the total stellar luminosity based on all the parameters provided as input to our models.
	[image: thumbnail]	Fig. D.1 Accretion-normalised MIR water luminosity versus the n13–30 continuum spectral index. Blue dots and arrows (upper limits) are observations taken from Table 2 and 3 of Banzatti et al. (2020). Red squares are the values from the dust evolutionary models of Greenwood et al. (2019a)
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	[image: thumbnail]	Fig. 1 Observed HCN versus H2O MIR blend fluxes from Najita et al. (2013) with error bars (grey hexagons), scaled to a distance of 140 pc using Gaia parallaxes (https://gea.esac.esa.int/archive/). The model series for disk gas mass (magenta circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019b; brown circles) are over-plotted. Some of the dust evolution models are labelled in dark cyan, with the number indicating the model time step. Observed objects deviating from the trend of the dust evolution model series are plotted as open symbols and are named in the legend.
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	[image: thumbnail]	Fig. 2 H2O MIR fluxes versus n13–30 from Salyk et al. (2011; orange hexagons) and n13–25 from Najita et al. (2013; grey hexagons) scaled to 140 pc (Distances are taken from https://gea.esac.esa.int/archive/) with error bars in grey. The model series for disk gas mass (purple circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019a, 0.018 Myr, 0.032 Myr, 0.056 Myr, 0.1 Myr, 0.18 Myr, 0.32 Myr, 0.56 Myr, 1.0 Myr, 1.8 Myr, 3.2 Myr, brown circles) are over-plotted. Bottom error bar shows the average difference detected between the three targets for which continuum indexes at 13–30 and 13–25 were available.
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	[image: thumbnail]	Fig. 3 HCN/H2O MIR blend flux ratios versus 850 µm continuum flux from Andrews & Williams (2005), with indicated error bars. Observations and data collected for the objects (grey hexagons) are compared with the same quantities computed for our model series: disk gas mass Mgas (magenta), inner disk radius Rin (red), power law index of the grain size distribution apow (green), flaring angle β (blue), and dust evolution models (brown; symbols are the same as in previous figures). The red and green series extend beyond the shown range and include apow > 3.5 and Rin > 5 au.
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	[image: thumbnail]	Fig. 4 HCN/H2O MIR blend flux ratios versus estimated disk dust outer radius for the dust evolution model series; the evolution proceeds over 10 Myr.
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	[image: thumbnail]	Fig. B.1 Blend-emitting regions from evolutions models from Greenwood et al. (2019a) for o-H2O blend at 17.12 µm and HCN blend at 14.59 µm with epochs 1.78·104 yr (top), 1.78·105 yr (middle), and 1.78·106 yr (bottom). In each figure, the top panel shows the continuum optical depth (black line) and the blend optical depth (blue line). The middle panel shows the cumulative blend flux from vertical escape probability as a function of the radial distance from the star. The bottom panel shows the H2O or HCN density in color scale with the region from which the vertical × radial integrated flux, amounting then to 49% of the total blend flux, is emitted. This is reported as numbers in the middle slice of each plot (black contours, 15–85% of the vertical and radial integrated blend flux, dashed lines).
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	[image: thumbnail]	Fig. C.1 Top left plot, Spitzer 1RS regime for the 14 µm HCN blend. Top right, same plot for H2O in the 17.12 µm regime. Bottom left, same plot for H2O in the 17.22 µm regime. Bottom right, H2O in the 17.36 µm regime. Each transition in the regime is plotted as a dark blue or green line (ortho and para H2O), red blend for HCN ro-vibrational (LTE treatment, HITRAN database (★), dotted magenta line for NH3 rovibrational (LTE treatment, HITRAN database(★), dotted khaki for OH (LTE treatment, HITRAN database(★). The blue solid curve represents the final blended 1RS spectrum (R = 600). Vertical dot-dashed lines delimit the range over which the blend flux is taken in Najita et al. (2013).
In the text



	[image: thumbnail]	Fig. C.2 SEDs in the range of the 10 µm & 20 µm silicate emission features for the dust evolution model series from Greenwood et al. (2019a). Molecular emission blends are not included to highlight the effects on the continuum.
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	[image: thumbnail]	Fig. D.1 Accretion-normalised MIR water luminosity versus the n13–30 continuum spectral index. Blue dots and arrows (upper limits) are observations taken from Table 2 and 3 of Banzatti et al. (2020). Red squares are the values from the dust evolutionary models of Greenwood et al. (2019a)
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      Table 1 

      Disk model series used in this study.

      
        


	Model series
	Antonellini et al. (2015)
	Greenwood et al. (2019a)





	Mgas (M⊙)
	10−5−10−1
	0.1 (initial) (*)



	apow (−)
	2.0–1.5
	Evolving



	β (−)
	0.8−1.25
	1.15



	Rin (au)
	0.05–55
	0.07





      

      
Notes. (*) Due to viscous accretion there is a drop in the gas mass during the disk time evolution, which is up to 50% of the initial value.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Observed HCN versus H2O MIR blend fluxes from Najita et al. (2013) with error bars (grey hexagons), scaled to a distance of 140 pc using Gaia parallaxes (https://gea.esac.esa.int/archive/). The model series for disk gas mass (magenta circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019b; brown circles) are over-plotted. Some of the dust evolution models are labelled in dark cyan, with the number indicating the model time step. Observed objects deviating from the trend of the dust evolution model series are plotted as open symbols and are named in the legend.

      

    

  
    
      Fig. 2 
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        H2O MIR fluxes versus n13–30 from Salyk et al. (2011; orange hexagons) and n13–25 from Najita et al. (2013; grey hexagons) scaled to 140 pc (Distances are taken from https://gea.esac.esa.int/archive/) with error bars in grey. The model series for disk gas mass (purple circles), disk inner radius (red circles), dust power law index (green circles), disk flaring index (blue circles) from Antonellini et al. (2015, 2016), and dust evolution from Greenwood et al. (2019a, 0.018 Myr, 0.032 Myr, 0.056 Myr, 0.1 Myr, 0.18 Myr, 0.32 Myr, 0.56 Myr, 1.0 Myr, 1.8 Myr, 3.2 Myr, brown circles) are over-plotted. Bottom error bar shows the average difference detected between the three targets for which continuum indexes at 13–30 and 13–25 were available.

      

    

  
    
      Fig. 3 
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        HCN/H2O MIR blend flux ratios versus 850 µm continuum flux from Andrews & Williams (2005), with indicated error bars. Observations and data collected for the objects (grey hexagons) are compared with the same quantities computed for our model series: disk gas mass Mgas (magenta), inner disk radius Rin (red), power law index of the grain size distribution apow (green), flaring angle β (blue), and dust evolution models (brown; symbols are the same as in previous figures). The red and green series extend beyond the shown range and include apow > 3.5 and Rin > 5 au.

      

    

  
    
      Fig. 4 
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        HCN/H2O MIR blend flux ratios versus estimated disk dust outer radius for the dust evolution model series; the evolution proceeds over 10 Myr.

      

    

  
    
      Table A.1 

      Overview of the models parameters for Antonellini et al. (2015) and Greenwood et al. (2019a)

      
        


	Central star and radiation field parameters



	




	Parameter
	Symbol
	Antonellini et al. (2015)
	Greenwood et al. (2019b)





	Photospheric temperature
	Teff [K]
	4400
	4000



	Stellar mass
	M* [M⊙]
	0.8
	0.7



	Stellar luminosity
	L* [L⊙]
	0.7
	1.0



	FUV excess
	LUV/L*
	0.01
	0.01



	UV power-law exponent
	pUV
	0.2
	1.3



	X-ray luminosity
	LX [erg/s]
	1030
	1030



	X-ray minimum energy
	Emin,X [keV]
	0.1
	-



	X-ray temperature
	TX [K]
	107
	-





        


	Disk parameters fixed in the series



	




	Parameter
	Symbol
	Antonellini et al. (2015)
	Greenwood et al. (2019a)





	Radial × vertical grid points
	Nxx × Nzz
	70 × 70
	240 × 160



	Outer radius
	Rout [au]
	300
	2000



	Minimum dust size
	amin [µm]
	0.05
	0.1



	Maximum dust size
	amax [mm]
	1
	1900



	Dust composition
	-
	Draine
	60% Amorph.



	
	
	Astrosilicates1
	Mg0.7Fe0.3SiO3, 15% Amorph.



	
	
	
	Carbon, 25% vacuum



	Reference radius
	R0 [au]
	10
	1



	Scale height at reference radius
	H0 [au]
	100
	0.05012



	Scale height power-law index
	β
	1.13
	1.15



	Tapering-off radius
	Rtaper [au]
	200
	100



	Chemical heating efficiency
	-
	0.2
	-



	Settling description
	-
	Dubrulle
	MD122



	Cosmic-ray ionization rate
	ζCRs [s−1]
	1.7×10−17
	-



	Distance
	d [pc]
	140
	150



	Turbulence viscosity coefficient
	αvis
	0.05
	-



	Disk inclination
	[º]
	30
	45





      

      
Notes. 1 Draine (2003),2 Mulders & Dominik (2012)




    

  
    
      Fig. B.1 
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        Blend-emitting regions from evolutions models from Greenwood et al. (2019a) for o-H2O blend at 17.12 µm and HCN blend at 14.59 µm with epochs 1.78·104 yr (top), 1.78·105 yr (middle), and 1.78·106 yr (bottom). In each figure, the top panel shows the continuum optical depth (black line) and the blend optical depth (blue line). The middle panel shows the cumulative blend flux from vertical escape probability as a function of the radial distance from the star. The bottom panel shows the H2O or HCN density in color scale with the region from which the vertical × radial integrated flux, amounting then to 49% of the total blend flux, is emitted. This is reported as numbers in the middle slice of each plot (black contours, 15–85% of the vertical and radial integrated blend flux, dashed lines).

      

    

  
    
      Fig. C.1 
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        Top left plot, Spitzer 1RS regime for the 14 µm HCN blend. Top right, same plot for H2O in the 17.12 µm regime. Bottom left, same plot for H2O in the 17.22 µm regime. Bottom right, H2O in the 17.36 µm regime. Each transition in the regime is plotted as a dark blue or green line (ortho and para H2O), red blend for HCN ro-vibrational (LTE treatment, HITRAN database (★), dotted magenta line for NH3 rovibrational (LTE treatment, HITRAN database(★), dotted khaki for OH (LTE treatment, HITRAN database(★). The blue solid curve represents the final blended 1RS spectrum (R = 600). Vertical dot-dashed lines delimit the range over which the blend flux is taken in Najita et al. (2013).

      

    

  
    
      Fig. C.2 
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        SEDs in the range of the 10 µm & 20 µm silicate emission features for the dust evolution model series from Greenwood et al. (2019a). Molecular emission blends are not included to highlight the effects on the continuum.

      

    

  
    
      Fig. D.1 
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        Accretion-normalised MIR water luminosity versus the n13–30 continuum spectral index. Blue dots and arrows (upper limits) are observations taken from Table 2 and 3 of Banzatti et al. (2020). Red squares are the values from the dust evolutionary models of Greenwood et al. (2019a)
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