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Abstract

Context. A key piece of information to understand the origin and role of protoplanetary disk substructures is their dust content. In particular, disk substructures associated with gas pressure bumps can work as dust traps, accumulating grains and reaching the necessary conditions to trigger the streaming instability.

Aims. In order to shed some light on the origin and role that disk substructures play in planet formation, we aim to characterize the dust content of substructures in the disk of TW Hya.

Methods. We present Atacama Large Millimeter Array (ALMA) observations of TW Hya at 3.1 mm with ~50 milliarcsecond resolution. These new data were combined with archival high angular resolution ALMA observations at 0.87, 1.3, and 2.1 mm. We analyze these multiwavelength data to infer a disk radial profile of the dust surface density, maximum particle size, and slope of the particle size distribution.

Results. Most previously known annular substructures in the disk of TW Hya are resolved at the four wavelengths. Inside the inner 3 au cavity, the 2.1 and 3.1 mm images show a compact source of free–free emission, likely associated with an ionized jet. Our multiwavelength analysis of the dust emission shows that the maximum particle size in the disk of TW Hya is >1 mm. The inner 20 au are completely optically thick at all four bands, which results in the data tracing different disk heights at different wavelengths. Coupled with the effects of dust settling, this prevents the derivation of accurate density and grain size estimates in these regions. At r > 20 au, we find evidence of the accumulation of large dust particles at the position of the bright rings, indicating that these are working as dust traps. The total dust mass in the disk is between 250 and 330 M⊕, which represents a gas-to-dust mass ratio between 50 and 70. Our mass measurement is a factor of 4.5–5.9 higher than the mass that one would estimate using the typical assumptions of large demographic surveys.

Conclusions. Our results indicate that the ring substructures in TW Hya are ideal locations to trigger the streaming instability and form new generations of planetesimals.
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★ ALMA continuum images at 0.87, 1.3, 2.1, and 3.1 mm are available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/648/A33



1 Introduction
Dust grains are the building blocks of planetesimals. Through the sequential collision and aggregation of smaller particles, dust grains can grow from micron to millimeter sizes in a relatively efficient manner (Birnstiel et al. 2010). However, theoretical models face the following two important bottlenecks to produce larger grains and planetesimals after this point in the dust growth process: the drift and fragmentation barriers.
The drift barrier is the consequence of the decoupling of pebbles (millimeter- and centimeter-sized grains) from the gas, which results in the onset of a head wind onto the grains. This wind leads to a fast radial drift of pebbles toward the regions of high pressure at the center of the disk (Whipple 1972). The second obstacle, dubbed the fragmentation barrier, has its origin in the increasing fragmentation efficiency of pebbles as they grow, migrate inward, and experience higher relative velocities between them (Birnstiel et al. 2011). As a consequence, models of grain growth cannot produce dust particles larger than ~10 cm in the inner regions of the disk (Birnstiel et al. 2012). The combination of these two processes should produce a rapid decrease in the solid mass in disks within <1 Myr (Brauer et al. 2007; Birnstiel et al. 2010), fundamentally preventing the formation of planetesimal-sized objects, which is a necessary step in the planet formation process (Raymond & Morbidelli 2020). Nevertheless, exoplanetary systems are found to be ubiquitous (Winn & Fabrycky 2015).
The most likely solution to bypass these barriers and allow the formation of planetesimals can be summarized in two steps. The first one consists of the local concentration of pebbles in gas pressure maxima in the disk, which can halt or even stop their radial drift and reduce their relative velocities (Pinilla et al. 2012). The local enhancement in the abundance of pebbles at these dust traps can then provide the ideal conditions to trigger the second step, the so-called streaming instability (Youdin & Goodman 2005). This instability arises due to the back-reaction force that drifting dust particles exercise on the gas, which amplifies the local pressure maxima, attracting more pebbles and creating a positive feedback loop. According to numerical simulations, the streaming instability can be triggered in protoplanetary disks as long as ~ 1− 10 mm particles areconcentrated with local gas-to-dust mass ratios smaller than 25 (Carrera et al. 2015; Yang et al. 2017). This mechanism can result in the rapid formation of clumps of particles that can become self-gravitating, thus quickly forming kilometer-sized planetesimals from millimeter- and centimeter-sized particles (Simon et al. 2016; Abod et al. 2018).
The streaming instability is now commonly accepted as a necessary step to form planetesimals in disks (Raymond & Morbidelli 2020, and references therein). A key to understand planet formation is thus to find in which environments, and at which locations in the disk, the physical conditions suitable to trigger the streaming instability can be met; that is to say, where, when, and how millimeter- and centimeter-sized dust particles can be accumulated in protoplanetary disks.
In recent years, observations taken with the Atacama Large Millimeter/submillimeter Array (ALMA) have revealed significant levels of substructure in disks. Rings, gaps, and azimuthal asymmetries are detected in protoplanetary disks across different evolutionary stages (e.g., ALMA Partnership et al. 2015; Andrews et al. 2016; Pérez et al. 2016; Dong et al. 2018). Even though all high resolution ALMA surveys up to date present an inherent bias toward large and bright disks, the results so far indicate that disk substructures are likely ubiquitous (e.g., Andrews et al. 2018a; Long et al. 2018). This discovery has been transformational, partly because these substructures could represent the preferential locations to trap pebbles and form new generations of planetesimals. A number of physical mechanisms have been proposed to explain the observed substructures (e.g., Johansen et al. 2009; Okuzumi et al. 2016; Bai & Stone 2017; Bae et al. 2017). While some of these scenarios donot require the onset of a dust trap at a pressure bump, many observational studies have found evidence of dust trapping in substructures (e.g., van der Marel et al. 2016; Dullemond et al. 2018; Macías et al. 2018, 2019; Pinilla et al. 2018; Carrasco-González et al. 2019). In order to understand if these substructures can harbor the necessary conditions to trigger the streaming instability, it is key to study the particle size distribution at these positions.
Multiwavelength observations at (sub)millimeter wavelengths are one of the most efficient tools to study the particle size distribution in disks. This observational diagnosis relies on the relationship between the frequency dependency of the dust opacity and the dust particle size distribution. If the dust emission is optically thin, this relationship becomes relatively simple in the Rayleigh-Jeans regime: the spectral index of the (sub)millimeter dust emission is equal to 2 + β, where β is the spectral index of the dust opacity (Beckwith et al. 1990) and lower values of β indicate larger dust particles (Miyake & Nakagawa 1993; D’Alessio et al. 2001). However, high optical depths also result in flatter spectral indices, which can make it challenging to distinguish between optically thick emission or the presence of large dust grains (Ricci et al. 2012). This limitation has been faced by a number of studies analyzing dual-band observations of disks, which tend to display lower values of the spectral index at the rings compared to those at the gaps or cavities (e.g., Pinilla et al. 2015, 2017a; Cazzoletti et al. 2018; Huang et al. 2018a, 2020; Long et al. 2020). In order to resolve this dichotomy and better characterize the dust content in disk substructures, a detailed analysis of observations at multiple wavelengths is required.
So far, few sources have been studied with high spatial resolution at more than two wavelengths (Liu et al. 2017; Carrasco-González et al. 2019; Macías et al. 2019). Although these studies found evidence of the presence of local accumulations of millimeter- and centimeter-sized particles, conflicting results have arisen from an alternative observational diagnosis: ALMA polarization observations. The polarization pattern and high polarization fraction detected in a number of disks has been explained as being produced by dust self-scattering with a maximum grain size of ~ 100 μm, which is in dire contrast with the millimeter and centimeter sizes found by analyzing the (sub)millimeter spectrum of the dust emission (Kataoka et al. 2016a,b, 2017; Hull et al. 2018; Dent et al. 2019). More recently, it has been proposed that these polarization results could be explained by larger yet nonspherical particles (Kirchschlager & Bertrang 2020). While more work is required to fully understand the polarization of dust continuum emission, more detailed multiwavelength studies are also needed to place more robust constraints on the particle size distribution in protoplanetary disks and within their substructures.
Here we focus on TW Hya (SpT = M0.5, M⋆ ~ 0.6 M⊙, age ~ 8 Myr; Sokal et al. 2018), a young stellar object surrounded by one of the most studied circumstellar disks (e.g., Calvet et al. 2002; Wilner et al. 2005; Hughes et al. 2007; Andrews et al. 2016). Despite its relatively advanced age, the disk still harbors a significant amount of gas (Bergin et al. 2013). It is among the closest protoplanetary disks to Earth (d = 59.5; Bailer-Jones et al. 2018; Gaia Collaboration 2018) which, together with its almost face-on inclination (i ~ 5°; Andrews et al. 2012), makes TW Hya one of the best laboratories to study disk evolution and planetary formation.
High angular resolution ALMA observations of TW Hya at 0.87, 1.3, and 2 mm have revealed multiple gaps in the disk from 1 to 47 au (Nomura et al. 2016; Andrews et al. 2016; Tsukagoshi et al. 2016). At least one of the gaps, at 20− 30 au, is consistent with a planetary origin (Nomura et al. 2016), while the inner cavity at ~ 1 au could be the result of the formation of a young super-Earth (Andrews et al. 2016), or the onset of disk photoevaporation (Ercolano et al. 2017). A small clump of 1.3 mm emission was recently detected at ~ 52 au from the star (Tsukagoshi et al. 2019). This emission was interpreted to potentially trace a small vortex or circumplanetary material around a Neptune-mass planet. More recently, Nayakshin et al. (2020) suggested that a planet located within this clump could be releasing significant amounts of gas and dust to the disk, which could explain why so much material still surrounds such an old system. On the other hand, van der Marel et al. (2021) suggested that a vortex is the most likely explanation by comparing its location with the asymmetries detected in other protoplanetary disks.
The spectral index radial profile of TW Hya at 0.87–1.3 and 1.3–2 mm shows higher values at the position of the gaps, as well as values close to 2 at the rings (Tsukagoshi et al. 2016; Huang et al. 2018a). Individually, these results were interpreted to be consistent with either optically thick emission or optically thin emission from millimeter- and centimeter-sized dust grains. More recently, Ueda et al. (2020) analyzed multiwavelength observations of the inner 10 au of TW Hya, finding extremely high dust surface densities as well as relatively low maximum grain sizes of ~ 300 μm.
In this study we present new ~50 milliarcsecond observations at 3.1 mm of the disk around TW Hya. These data represent the longest wavelength at which high sensitivity and high spatial resolution observations have been obtained for TW Hya, providing a detailed view of the disk substructures at a lower optical depth than previous ALMA observations. We analyze these new data together with archival high resolution observations at 0.87, 1.3, and 2.1 mm. In order to shed some light on the origin of the disk substructures in TW Hya, as well as on the role that they play in the planet formation process, we use these multiwavelength data to robustly characterize the dust content of the disk and its substructures. The article is structured as follows. In Sect. 2 we describe the new 3.1 mm observations, together with the data reduction process of these and the archival data. Section 3 explains the main observational results obtained from these data. In Sect. 4 we describe our modeling of the multiwavelength observations, aimed at characterizing the dust content of the disk. Section 5 discusses the main results and implications of our analysis. Finally, Sect. 6 summarizes our findings and conclusions.
2 Observations
The new ALMA long baseline observations at 3 mm (Band 3) were obtained during Cycle 6 in five different executions carried out from 2019 June 24 to 2019 July 08 (project code: 2018.1.01218.S). Additionally, we retrieved lower resolution archival data at 3 mm to cover the shorter baselines, as well as archival data at Bands 7, 6, and 4. Details about the dates, on-source time, antenna configuration, correlator setup, and flux calibrator of all the used datasets can be found in Table 1. When retrieving archival data, we used only spectral windows with bandwidth ~ 2 GHz (i.e., we avoided using narrow spectral windows dedicated to line observations), and with central frequencies within ~ 0.5 GHz of the central frequency of the other datasets in the band to avoid issues when combining them. The only exception to this was the combination of the long baseline data at Band 7 (project code: 2015.1.00686.S) with the other Band 7 datasets.
Data calibration was performed using the calibration pipeline and scripts developed by ALMA staff. The last column in Table 1 shows the version of CASA (Common Astronomy Software Applications; McMullin et al. 2007)used for the calibration of each dataset. For further data processing and cleaning, CASA version 5.6.1 was used. The data for each execution were revised, and additional flagging was applied when necessary. Since we are only interested in the continuum emission, we performed channel averaging to each dataset up to a width ~ 125 MHz.
Before combining data from different executions (within a project or from different projects), a few additional steps were performed to ensure that the data were accurately centered in position (i.e., correcting from proper motions and astrometric errors), and to minimize the absolute flux calibration systematic errors. The first step was to shift the phase center of the visibilities of each execution to the position of TW Hya at the date of the observations, as determined from the position and proper motions reported by Gaia DR2 (Gaia Collaboration 2018), using the task fixvis in CASA. Then, the table tool in CASA was used to modify the coordinates of the field to align the different executions1. Once the coordinates of each dataset were centered and aligned, we rescaled the fluxes following a similar procedure to Andrews et al. (2018a): we deprojected the real part of the visibilities, selected a range of uv-distances where the uv coverage of two datasets overlaps (with an upper limit of 800 kλ to avoid decorrelation issues), binned the visibilities in that range, and compared them to obtain a rescaling factor. One of the two datasets was then rescaled using the task gencal. The reference dataset at each band was selected based on the flux calibrator used, the time between the observation and the last flux monitoring of that calibrator, and the behavior of the calibrator during that time. After rescaling the flux, the different executions were combined into a single dataset.
In order to improve the quality of the data and further correct for small phase shifts produced by astrometric errors, the data were then self-calibrated. Imaging during self-calibration was performed using the task tclean with the mtmfs deconvolver (Rau & Cornwell 2011), assuming that the frequency dependency of the emission follows a Taylor expansion to quadratic terms (i.e., nterms = 2), and briggs weighting with robust = 0.5. For datasets with angular resolution poorer than ~1″, a single point-sourcescale was used (scales = 0). Datasets with higher resolution resolve the disk emission, so various scales at 0 (point-source), 1, 3, and 5 times the beam size were used. Phase self-calibration was performed first, in an iterative process starting with longer time solution intervals and decreasing them until no improvement was seen in the peak signal-to-noise ratio (S/N) or until reaching the integration time of the data. Then, amplitude self-calibration was attempted, although it only provided improvements in the S/N in a few cases with low resolution and very high S/N. In general, self-calibration on individual datasets yielded improvements in S/N ranging from 50 to 300%.
Some projects had two different scheduling blocks using different antenna configurations to cover short and long baselines. For these projects each scheduling block was first self-calibrated separately after combining the multiple executions of each scheduling block. The data were then checked for any possible large position offset between the different scheduling blocks. The nominal absolute astrometric accuracy of ALMA is ~ 10% the beam size, so datasets with different angular resolutions could have relatively large position offsets. These position mismatches need to be fixed before self-calibrating the combined datasets. If a significant offset was found (offsets larger than 1∕3 the extended configuration beam size), it was corrected by measuring the position of the emission with Gaussian fits to the images and then aligning the visibilities. Afterward, the short and long baseline data were combined and self-calibrated.
A similar approach was followed when combining data from different projects: the coordinates were shifted and aligned to correct for proper motions, the flux was rescaled, position offsets were corrected if present, and finally the data were combined and self-calibrated together. The data and self-calibration solutions were checked after each step to verify that self-calibration did correct for small shifts in position. Overall, we found that self-calibration yielded larger improvements in the S/N when performed on the combined datasets than on the high resolution datasets alone, thanks to the better quality model obtained during the cleaning process. A final shift was applied to the self-calibrated combined data to ensure that the data at the different bands were centered at the same position.
Once the final self-calibrated combined measurement sets were obtained, the CASA task statwt was used to recompute the weights. Finally, the data were imaged using the task tclean. The mtmfs deconvolver was employed, setting nterms = 2, and using multiple scales at 0 (point-source), 1, 3, and 5 times the beam size. The pixel size was set to ~ 0.1 times the beam size. Different values of the robust parameter were explored to find a balance between angular resolution and sensitivity. The original synthesized beam shape of the Band 4 datawas quite elongated, so we also explored different uv-taper values to get a more circular beam shape. Additionally, higher resolution maps at each band were produced to showcase the inner regions of the disk in more detail. The final values of robust used, together with the resulting synthesized beam sizes, rms values, peak S/N, and integrated flux densities can be found in Table 2. The flux densities were obtained by integrating the emission within a 2″ radius circle. The rms was measured within an annulus with 2″ of inner radius and 4″ of outer radius.
Furthermore, spectral index (α) maps were obtained combining data at multiple bands in the task tclean. This allowed us to obtain spectral index maps between the four bands. The deconvolver algorithm mtmfs was employed for this purpose, using nterms=2. Table 3 shows more details about the cleaning process as well as the resulting beam shapes of the resulting images.
Table 1 
Summary of ALMA observations.

3 Observational results
The obtained images at 0.87 mm (Band 7), 1.3 mm (Band 6), 2.1 mm (Band 4), and 3.1 mm (Band 3) are shown in Fig. 1, together with a higher resolution inset of the inner regions. A summary of the properties of these two images is listed in Table 2. Our images clearly detect and resolve at the different wavelengths most substructures previously detected in TW Hya. At Bands 7 and 6, our images are similar to the ones presented by Huang et al. (2018a) and Tsukagoshi et al. (2019), respectively, although with higher resolution at Band 6, and higher sensitivity at Band 7. Some of the Band 4 data used in this paper were also first presented in Tsukagoshi et al. (2016), but here we combined those observations with other archival data to obtain higher resolution and higher sensitivity images.
The 1.3 mm image, in particular, shows an extreme degree of detail, clearly resolving several concentric rings with varying contrasts. At Bands 4 and 3 we resolve most of the substructures at r < 44 au, albeit the lower brightness of the dust thermal emission at these wavelengths results in lower S/N. Nevertheless, the high resolution of our images allows us to resolve the substructures including the inner cavity at ~ 3 au first reported by Andrews et al. (2016). The clump of emission previously found by Tsukagoshi et al. (2019) at ~ 52 au is clearly detected to the southwest of the disk in our 0.87 and 1.3 mm images. Its presence is also evident at 3.1 mm. In this study we focus mainly on the radial intensity profile of the disk, and a more in depth analysis of the feature at 52 au is deferred to a future paper.
From these images we obtained the deprojected images and azimuthally averaged radial intensity profiles shown in Fig. 2. The deprojection was performed using an inclination of 5° and a position angle of 152° (Huang et al. 2018a). The radial intensity profiles were obtained by averaging the emission in concentric ellipses with this same inclination and position angle. The uncertainty of the radial profiles is computed as the error of the mean at each radius, considering the beam size as the smallest independent unit of area:
[image: equation](1)
where σi is the standard deviation within the concentric ellipse, NB is the number of beams within the ellipse, Ai is the area of the ellipse, and Abeam is the area of the beam. For comparison, the standard deviation at each radius is also plotted in the radial profiles in Fig. 2. This figure also shows the position of some of the bright (i.e., “rings”) and dark (i.e., “gaps”) annular features in the disk listed by Huang et al. (2018b). We follow the naming convention from DSHARP (Huang et al. 2018b) and label the rings as “B” or “D” (depending on whether they show a bright or dark annulus) followed by their position in au. Despite not being completely resolved, we indicate the position of the edge of two “plateau”-like features at ~ 7 au and ~ 16 au. Furthermore, we also indicate the position of the steep drop-off of emission at ~ 54 au. Following the naming criterion for “plateau”-like features by Huang et al. (2018b), we label these three features as B7, B16, and B54. Similar radial intensity profiles with higher resolution are plotted in Fig. 3. These profiles are obtained from the higher resolution images shown in the insets of Fig. 1, and they focus only on the inner 30 au of the disk.
Table 2 
Image processing and results.

Table 3 
Image processing and results for spectral index maps.

3.1 Spectral index profiles
We obtained spectral index maps combining data at multiple bands in tclean. Figure 4 shows the spectral index profiles obtained from these maps. The solid line in each panel shows the azimuthally averaged value of the spectral index, with the shaded colored region indicating the error of the mean. We note that, due to the absolute flux calibration uncertainty, a systematic error could be present in these maps, increasing or decreasing the values at all radii. The gray error bars in each panel of this Figure indicate the maximum potential shift in the spectral index profile introduced by these systematic errors (assuming the nominal errors of 10% at Band 7, and 5% at Bands 6, 4, and 3). This shift, however, will not affect the relative changes with radius seen in the individual profiles.
Our spectral index profiles at 0.87–1.3 mm and 1.3–2.1 mm are similar to those obtained by Huang et al. (2018a) and Tsukagoshi et al. (2016), respectively. The three spectral index profiles show some common features: a flat region with α <2 in the inner disk (r ≲ 20 au), larger values at the position of the two main gaps (D25 and D41), lower values at the position of the brighter rings (e.g., B29 and B44), and an overall increasing trend with radius (Fig. 4). We note that our 1.3–2.1 mm and 2.1–3.1 mm spectral index profiles also show a sharp decrease at r < 3 au, but these low values are due to the free–free emission contributing significantly at 2.1 and 3.1 mm (see Sect. 3.2).
The α < 2 region at r ≲ 20 au has been attributed to optically thick emission with high albedo (i.e., dominated by self-scattering; Ueda et al. 2020). The fact that the 2.1–3.1 mm spectral index in this region is still below 2 shows that even in this range of wavelengths the innermost disk is optically thick. However, the extent of the region with α <2 does change with wavelength. At 0.87–1.3 mm the flat region extends up to r ~ 20 au (Fig. 4, left), while it only extends up to ~15 au at 1.3–2.1 mm (Fig. 4, middle), and up to ~10 au at 2.1–3.1 mm (Fig. 4, right). Another notable difference in the spectral index profile between the different wavelength ranges is the contrast between the spectral index in the inner regions and the rest of the disk. This can be easily seen by comparing the spectral index at r~ 10 au with the value at r ~ 35 au (at the group of rings between D26 and D42). The difference between the spectral index at these two positions is ~ 0.4 at 0.87–1.3 mm, ~ 0.6 at 1.3–2.1 mm, and ~1.3 at 2.1–3.1 mm2.
These changes in the spectral index with wavelength likely indicate that, despite the innermost region of the disk remaining optically thick at all bands, there is an overall decrease in optical depth at longer wavelengths. These frequency variations in dust optical depth can be used to estimate the properties of the dust emission, namely, the dust density, dust temperature, and dust opacity. We analyze the frequency dependency of the dust emission in more detail in section Sect. 4.
	[image: thumbnail]	Fig. 1 Images of the dust thermal emission of the protoplanetary disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right). The inset in each panel shows a zoom of the inner
0.″2 region of the disk (i.e., 12 au), using an image with higher angular resolution. The rms, beam sizes, and flux densities of all images are listed in Table 2.



3.2 Central compact emission
Inside the inner cavity, we detect a compact source at the position of the star at the four wavelengths. This source was previously detected at 0.87 and 1.3 mm (Andrews et al. 2016; Huang et al. 2018a), and we now detect it at 2.1 and 3.1 mm as well. As shown in Fig. 3, the emission of this source increases significantly at longer wavelengths. At 3.1 mm, the brightness temperature at the disk center reaches values a factor of 2 higher than at the other bands. While these images are not directly comparable because of the different beam sizes, the larger beam at 3.1 mm would in fact decrease the brightness temperature of a bright compact source due to beam smearing. Therefore, the increase in brightness temperature at longer wavelengths is likely not only real, but actually higher than seen in our observations.
In order to shed more light on the nature of this source, we can inspect the spectral index of the emission at this position. Using the spectral index maps from the multiband images, we estimate a spectral index of ~ 1.8, ~ 1.3, and ~ 0.6 at 0.87–1.3 mm, 1.3–2.1 mm, and 2.1–3.1 mm, respectively. At 0.87–1.3 mm, the spectral index in fact remains constant up to r ~ 20 au, and is hence likely associated with dust thermal emission. However, the significant flattening of the spectral index at 1.3–2.1 and 2.1–3.1 mm cannot be caused by dust emission, even if considering the effects of self-scattering (Zhu et al. 2019). Instead, these spectral slopes indicate that the emission at 2.1 and 3.1 mm has a significant contribution of free–free emission. We discuss the origin of this free–free emission in Sect. 5.1.
	[image: thumbnail]	Fig. 2 Deprojected images (bottom half of each panel) and azimuthally averaged radial intensity profile (top half of each panel)of the disk of TW Hya at 0.87 mm (top-left), 1.3 mm (top-right), 2.1 mm (bottom-left), and 3.1 mm (bottom-right). The shaded color regions in each profile indicate the error of the mean at each radius, while the colored dashed lines show the standard deviation for comparison. The vertical lines mark the positions of the bright (dashed) and dark (dotted) rings in the disk. The top right insets in the radial profile panels show the geometric mean of the beam size of each image. We note that the vertical axis scale in the radial profile at 3.1 mm is intentionally cut to better display the disk emission. A better view of the disk inner region at this wavelength is shown in Fig. 3.



	[image: thumbnail]	Fig. 3 Azimuthally averaged radial intensity profile of the inner 30 au of the disk of TW Hya at 0.87 mm (top-left), 1.3 (top-middle), 2.1 (bottom-left), and 3.1 mm (bottom-middle), obtained from the higher resolution images shown in the insets of Fig. 1. In order to minimize the effects of the elongated beam at 2.1 mm, the radial profile at this wavelength was obtained by averaging the emission only within two 90° slices in PA across the minor axis of the beam. The inset in this panel shows the geometric mean of the full beam size, so the resolution of the profile will be slightly better than the one displayed by the inset. The lines and colored regions indicate thesame as in Fig. 2. The right panel displays the same four profiles in units of brightness temperature.



	[image: thumbnail]	Fig. 4 Spectral index radial profiles of the dust emission of the disk around TW Hya between 0.87 and 1.3 mm (left), 1.3 and 2.1 mm (middle), and 2.1 and 3.1 mm (right). These radial profiles were obtained by azimuthally averaging the spectral index maps obtained with the multiband imaging in tclean (see Sect. 2). The shaded colored regions indicate the error of the mean at each radii, computed as in the averaged radial intensity profiles. The Gaussian insets in the lower-right corner of each plot show the geometric mean of the beam size. The gray error bars in the lower-right corner of each plot indicate the maximum possible vertical shift of the spectral index profiles introduced by flux calibration systematic errors. We note that these shifts would affect all radii simultaneously, so they do not affect the relative shape of the spectral index profiles. The vertical dashed and dotted lines are the same as in Fig. 2.



4 Dust characterization
4.1 Model description
As mentioned above, multiwavelength observations of the dust thermal emission can be used to characterize the dust density, dust temperature, and dust particle size distribution (e.g., Pérez et al. 2015; Carrasco-González et al. 2019; Macías et al. 2019). In order to analyze our observations, we aim at modeling the radial intensity profiles at each wavelength assuming an axisymmetric protoplanetary disk. The disk is also assumed to be geometrically thin and vertically isothermal, both good approximations when analyzing the (sub)millimeter emission of disks, which is in principle tracing the thin midplane layer of the disk where large dust grains have settled (Pinte et al. 2016). The possible small errors that this approximation could introduce are minimized by the close to face-on geometry of the disk of TW Hya. Given these assumptions, the emergent intensity at a particular radius can be computed as a 1D vertically isothermal slab (Sierra et al. 2019; Carrasco-González et al. 2019):
[image: equation](2)
where Td is the dust temperature, Bν(Td) is the black body emission at Td and frequency ν, τν = Σdχν is the optical depth, Σd is the dust surface density, χν is the total dust opacity (i.e., absorption, κν, plus scattering, σν), ων = σν∕(κν + σν) is the dust albedo, and μ = cos(i) (where i is the inclination angle, i = 0° being face-on). In turn, F(τν, ων) is defined as:
[image: equation](3)
where [image: equation]. Following Carrasco-González et al. (2019), we also include an approximation for anisotropic scattering by replacing the scattering coefficient σν with an effective scattering coefficient defined as [image: equation], where gν is the forward scattering parameter.
The key to fitting this equation to multiwavelength observations is that a dust opacity law can be computed from a particular dust composition and particle size distribution (Beckwith et al. 1990). For a fixed composition, and assuming that the particle size distribution follows a power law with slope p (n(a) ∝ a−p, where a is the particle radius), the dust absorption and scattering opacity laws can be computed varying just the maximum particle size (amax) and slope of the particle size distribution (p)3. The value ofp is usually assumed to be 3.5 (e.g., Macías et al. 2018; Carrasco-González et al. 2019; Ueda et al. 2020), since this is the value measured in the ISM (Mathis et al. 1977), and is the expected value from a dust population produced by a collisional cascade (Dohnanyi 1969). However, dust evolution models predict radial variations in this slope, with slightly flatter slopes at the position of the rings (i.e., dust particle size distributions with more weight on the large particles; Drazkowska et al. 2019). Therefore, we fit our observations using two different approaches: a model with the slope fixed to the standard p = 3.5, as well as a model where we let p be a free parameter (e.g., Macías et al. 2019). Additionally, we adopt the dust composition used by the DSHARP program, computed with the Python package dsharp_opac (Birnstiel et al. 2018).
Following these standard assumptions, the emergent intensity at a particular radius and at any given wavelength in the (sub)millimeter can be hence computed as a function of just three or four parameters: the dust temperature Td, the dust surface density Σd, the maximum grain size amax, and the slope of the particle size distribution p. We adopt a Bayesian approach to obtain the posterior probability distributions of the model parameters at each radius. We use a standard log-normal likelihood function:
[image: equation](4)
where Θ is the vector of the model parameters (Td, Σd, amax, and p), [image: equation] is the azimuthally averaged intensity at radius r at frequency νi, Im,i is the model intensity at this same radius and frequency, and assuming that the uncertainty [image: equation] at radius r is:
[image: equation](5)
where σĪ,i is the error of the mean obtained from the azimuthally averaged intensity profiles (see Sect. 3), and δi is the absoluteflux calibration error at each frequency. We set this systematic error to the nominal values of 10% at Band 7, and 5% at Bands 6, 4, and 3.
Since we are fitting different observations, it is crucial to ensure that differences in angular resolution between the observations are minimized. To this end, new images with a common beam size of 0.″05 × 0.″05 were produced. This was done by first exploring different robust and uvtaper parameters that yielded beam sizes slightly smaller than 0.″05 × 0.″05, and then using the CASA task imsmooth to convolve these images to the desired common beam. Our model is fitted to the azimuthally averaged intensity profiles from these images, starting at 5 au to avoid the inner regions with free–free contribution. We note that we do not convolve the model, since each radius is fitted independently. Therefore, beam dilution might be affecting our results, although at relatively small spatial scales given the high spatial resolution of our observations.
Given the low number of free parameters, we can compute the posteriors by simply exploring the parameter space with a uniform grid within reasonable values. We vary Td, Σd, and amax in a 115 × 225 × 100 grid, respectively. The model with a varying p additionally explores 60 values of this parameter. Td is varied from 4 to 50 K, in steps of 0.4 K. Σd and amax are explored in logarithmic space in steps of 0.02 dex from 10−3 to 101.5 g cm−2, and in steps of 0.05 dex from 10−3 cm (10 μm) to 100 cm, respectively. Finally, p is varied from 2.5 to 4.3 in steps of 0.03.
As mentioned above, our model is fitted to each radius independently, without imposing a particular temperature or surface density profile. In order to ensure that there is a reasonable thermal balance between the disk temperature structure and the expected stellar irradiation (i.e., that the temperature in the disk does not reach physically unrealistic values), we use a prior for the dust temperature at each radius based on the expected temperature profile of a passively irradiated flared disk in radiative equilibrium (Chiang & Goldreich 1997; Dullemond et al. 2001):
[image: equation](6)
where φ is the flaring angle of the disk, L⋆ is the stellar luminosity, and σSB is the Steffan-Boltzmann constant. We compute this prior by varying φ within the typical values 0.01−0.06 (e.g., Huang et al. 2018b), and assuming a normal distribution for L⋆ centered at 0.23 L⊙ (Sokal et al. 2018) with a standard deviation of 15% (i.e., ~0.035 L⊙). We note that an alternative approach could be to fix the temperature at each radius to the value predicted by this equation (e.g., Long et al. 2020), but letting the temperature be a free parameter in the model allows us to introduce the inherent uncertainty of Eq. (6) into the posteriors of Σd, amax, and p. The priors for the other three model parameters are set as uniform priors.
	[image: thumbnail]	Fig. 5 Marginalized posterior probability distributions of the model parameters fitted to the multiwavelength observations assuming amax > 200 μm and with p = 3.5. In order to facilitate its visualization, the posterior probabilities are normalized to the maximum marginalized probability at each radius. The vertical dashed and dotted lines indicate the positions of the bright and dark ringsin the disk, respectively. The white dashed line in the left plot shows the temperature profile derived from Eq. (6), used as the reference for the temperature prior. The white dashed and dotted curves in the surface density plot show the dust surface density profiles for which the Toomre Q parameter equals 1, assuming a gas to dust ratio of 100 or 10, respectively. The red curve in each panel shows the expected value of the corresponding parameters at each radius, computed using Eq. (7).



4.2 Modeling results
The first important result to note is that, at most radii, the radial intensity profiles can be relatively well reproduced with two different families of solutions: one solution with amax > 1 mm throughout the disk, and another one with amax ranging from ~10 to ~50 μm. The former solutions present a higher (sub)millimeter opacity, so they predict lower Σd and higher Td. On the other hand, amax between 10 μm and 50 μm require significantly higher Σd and lower Td. In order to avoid the blurring of the posteriors by these two families of solutions, we compute the posterior probability distributions after splitting the amax range into small (10 μm < amax < 200 μm) and large particles (200 μm < amax < 10 cm). The resulting marginalized posterior probability distributions of Td, Σd, amax, and p at each radius are shown in Figs. 5 and 6 for amax > 200 μm, and Figs. A.1and A.2 for amax < 200 μm. The red curve in these plots indicates the expected value of each parameter, computed as:
[image: equation](7)
where Xi is each value of the parameter within our grid, and P(Xi|Ī(r)) is the marginalized posterior probability of the parameter within each cell of our grid. For comparison, we also plot the dust surface density profiles for which the Toomre Q parameter would be equal to 1, assuming two different values of the gas-to-dust mass ratio (100 and 10). We compute the Toomre Q parameter as:
[image: equation](8)
where [image: equation] is the sound speed, [image: equation] is the Keplerian frequency, and Σg is the gas surface density. We use the expected value of the temperature obtained from Eq. (7), as well as a stellar mass of 0.6 M⊙ (Sokal et al. 2018). A disk with a dust surface density above these plotted curves would likely be gravitationally unstable and would show nonaxisymmetric features such as spiral arms. The high degree of axisymmetry of the disk of TW Hya indicates that its density profile should be below these limits. In addition, Figs. 7 and A.3 show the observed radial intensity profiles (convolved to the common 0.″05 circular beam), as well as the intensity profile of the model with maximum posterior probability at each wavelength, for amax > 200 μm and amax < 200 μm respectively.
As shown in these figures, our results with amax < 200 μm would require a significantly low gas-to-dust mass ratio (~20) for the disk to be gravitationally stable. Furthermore, our model predicts extremely low temperatures (see Sect. 5.2). Overall, the physical conditions predicted with amax = 10−50 μm appear to be physically unrealistic, so we favor our results with amax > 200 μm as more accurate estimates of the dust content of the disk of TW Hya. In the following we focus on this family of solutions, and in Sect. 5.2 we explore how to further discern between these two ranges of amax.
When inspecting the radial variation of our resulting posteriors, these can be separated into two different regions. At radii > 20 au, our model successfully reproduces the observed intensity profiles (see Fig. 7). On the other hand, at r ~ 19 au, the posteriors display a sharp jump between the physical properties of the inner disk and those of the outer disk. Furthermore, within this radius, our model is unable to reproduce the intensity profile at the four wavelengths. Interestingly, this region corresponds to the region that shows spectral indices < 2.0 (see Fig. 4), indicating that the optical depth is extremely high and dominated by self-scattering (Zhu et al. 2019).
At 20 < r < 60 au, our p = 3.5 model (Fig. 5) robustly constrains amax at most radii, with values that range from ~1 mm to ~10 cm. The value of amax also displays a clear decreasing trend with radius, consistent with the effects of radial drift and/or the reduction of the fragmentation barrier with radius (Brauer et al. 2008). At r > 60 au, where only the 0.87 mm and 1.3 mm continuum emission are detected with good S/N, the model predicts a maximum grain size that decreases down to ~ 300 μm. The model shows evidence of smaller grain sizes at the position of the gaps, with relatively significant contrast between rings and gaps. We note, however, that the p = 3.5 model appears to be unable to constrain amax within the 1−10 cm range at the position of the rings B30 and B33, which translates into higher uncertainties in the dust surface density at these positions.
On the other hand, the model with p as a free parameter displays significant differences at 20 < r < 60 au. Interestingly, once the slope of the particle size distribution is allowed to vary, the model is unable to constrain amax within the 0.1−100 cm range. Instead, the slope p is robustly constrained, with a positive trend with radius (from ~3.5 to ~4.1), steeper slopes at the position of the gaps, and flatter ones at the rings. The implications from this model are in fact similar to the trend in amax shown by the p = 3.5 model: the abundance of large particles decreases with radius and at the position of the gaps.
The dust surface density, Σd, is well constrained at r > 20 au for both models. Its radial morphology displays a general decreasing trend with radius, with lower values at the gaps and higher at the rings. The p = 3.5 model predicts slightly lower values of Σd than the case with varying p. On the other hand, no clear trends are seen in the temperature profile, with its posterior being set mostly by the prior. We note that most gaps in TW Hya are narrow, with D25 being the wider and better resolved one. Therefore, beam dilution might affect our results, particularly at the position of the gaps. Finally, in order to help visualize the trends and correlations between the different parameters, we also show in Figs. B.1–B.3 three corner plots with the 2D posteriors at some representative radii (25, 30, and 45 au).
	[image: thumbnail]	Fig. 6 Same as Fig. 5, but for the model with p as a free parameter.



5 Discussion
5.1 Free–free emission inside the 3 au cavity
A compact source inside the 3 au inner cavity, at the position of the star, is detected at the four wavelengths. While this source might be associated with dust thermal emission at 0.87 and 1.3 mm, its spectral index at 1.3–2.1 mm (α ~ 1.3) and 2.1–3.1 mm (α ~ 0.6) indicates that the emission at these wavelengths is dominated by free–free emission. The centimeter-wavelength SED of TW Hya shows some evidence of free–free emission (Pascucci et al. 2012), although with an estimated relatively small contribution of ~ 0.1 mJy (~ 5%) at 9 mm according to Menu et al. (2014). This emission could be associated with gas from an ionized radio jet (e.g., Reynolds 1986), from a photoionized wind (e.g., Pascucci et al. 2012), or from both (e.g., Macías et al. 2016). The elongation and orientation of the free–free emission is sometimes used to determine the presence of a radio jet (e.g., Rodríguez et al. 2014), but the low inclination of TW Hya makes it unfeasible to resolve any elongation in our data.
Using our high angular resolution images (see insets in Fig. 1), we can estimate the flux of the central source at 0.87, 1.3, 2.1, and 3.1 mm. We do so by measuring the flux inside the r < 2 au region around the star. These measurements are shown in Fig. 8. We note that our beam sizes are relatively similar to the size of the inner cavity (r ~ 3 au), so our flux estimates might include some dust contribution from the ring at 3 au. From these measurements we estimate a spectral index of 2.0 ± 0.3 at 0.87–1.3 mm, 1.24 ± 0.16 at 1.3–2.1 mm, and 0.72 ± 0.18 at 2.1–3.1 mm. These indices are very similar to the values found at the position of the star in the spectral index maps (1.8, 1.3, and 0.6, respectively). Given the flat 2.1–3.1 mm spectral index, the dust contribution at these wavelengths is likely small. Using the 3.1 mm flux, and assuming a constant 2.1−9 mm spectral index of 0.72 ± 0.18, we would obtain a 9 mm free–free contribution of 0.34 ± 0.06 mJy, a factor 3.4 higher than previously estimated. While centimeter emission is known to be variable (e.g., Ubach et al. 2017; Espaillat et al. 2019), variability is unlikely to be the cause of this large discrepancy. Therefore, despite the moderate uncertainties in this estimate, our observations indicate that the free–free contribution at 9 mm was likely underestimated, and that it is closer to ~ 20% of the total flux at this wavelength.
Interestingly, the emission from ionized jets has often been assumed to become optically thin at λ ~ 7−10 mm, so its spectral index should become approximately − 0.1 at shorter wavelengths (Reynolds 1986; Anglada et al. 2018). Additionally, the free–free emission from a photoionized wind is expected to be optically thin at millimeter and centimeter wavelengths, hence presenting a flat spectral index too (Pascucci et al. 2012). Such a flat spectral slope would imply a relatively constant flux from 3 to 9 mm. Extrapolating the previous 9 mm free–free estimate of ~ 0.1 mJy to 3.1 mm would imply a very small contribution compared to the peak intensity at this position. This low emission would not be able to flatten the spectral index up to 0.6. Similarly, extrapolating the 3.1 mm flux to 9 mm using a flat spectral index would imply a free–free contribution~40% the total flux at this wavelength. Such a high contribution from a central compact source seems extremely unlikely given the visibility profile of the 9 mm data (Menu et al. 2014). Therefore, our observations appear to indicate that the spectral index of the central component remains positive at least up to 3.1 mm, probably within the 0.4−0.8 range. If confirmed, this would suggest that the free–free emission is arising mostly from an ionized jet which still presents an optically thick component at 3.1 mm.
The contribution from radio jets at these short wavelengths has usually been neglected, mostly due to the fact that dust emission is expected to dominate at these wavelengths. However, the high angular resolution of our observations, paired with the lack of dust emission in the inner 3 au of TW Hya, have allowed us to estimate the free–free contribution in TW Hya at millimeter wavelengths. A detailed analysis of this potential radio jet is out of the scope of this paper, but its presence might have interesting implications. Assuming a conical jet, the turnover frequency at which the free–free emission transitions from partially optically thick to completely optically thin is correlated with the injection radius of the jet (Reynolds 1986). The turnover frequency implied by our results is higher than usually assumed (e.g., Anglada et al. 2018), and it would imply a smaller injection radius than normally considered. Higher angular observationsat longer wavelengths are needed to confirm and further analyze the origin of the free–free emission in TW Hya.
	[image: thumbnail]	Fig. 7 Radial intensity profiles of the dust emission of the disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right) convolved to a circular 0.″05 beam. The colored shaded regions indicate the error bars at each radius (including the flux calibration error). The solid and dashed lines show the model intensity profile with maximum posterior probability for amax > 200 μm, using a varying p or fixing it top = 3.5, respectively. The Gaussian inset in the top-left panel displays the beam shape (the same at the four wavelengths). Our model is able to accurately reproduce the observed profiles at all radii except r < 20 au.



5.2 Dust grain size in TW Hya: small (amax
< 50 μm) or large (amax
> 1 mm)
Our model can in principle reproduce the data with amax = 0.1−10 cm or amax = 10−50 μm. The appearance of these two families of solutions is caused by the frequency dependency of the dust opacity. In order to show this, we plot in Fig. 9 the dust opacity law used in our analysis (Birnstiel et al. 2018). This figure shows the 1.3 mm absorption opacity (κ), albedo (ω), and total extinction (χ) as a function of maximum grain size for three different values of p, as well as the spectral index (β) of the absorption opacity, scattering opacity (σ), and total extinction between the different wavelengths of our data (i.e., assuming κ ∝ νβκ, σ ∝ νβσ, and χ ∝ νβχ). The dust opacity law might not necessarily follow a power-law (as suggested by the fact that β varies significantly with wavelength), but computing its spectral index provides a good visualization of its trend with frequency.
As can be seen in this figure, for amax < 50 μm and for amax > 1 mm, βχ remains relatively constant with wavelength between 0.87 and 3.1 mm. In other words, our observations do not appear to show evidence for strong changes of βχ within the covered frequency range, so our data can in principle be reproduced with values of amax in these two ranges.
The actual values of χ and βχ in these two amax ranges are substantially different nonetheless. Therefore, the predicted values of Σd and Td required to reproduce the data differ significantly. The total extinction for amax = 10−50 μm is more than one order of magnitude lower than for amax > 1 mm, and βχ also differs from ~1.8 to ~ 0.7, respectively. As a consequence, the models with amax = 10−50 μm require extremely high values of Σd, higher than 1 g cm−2 for radii <55 au. As shown in Fig. A.2, if a standard gas-to-dust mass ratio of 100 is assumed, these high dust surface densities would result in a gravitationally unstable disk up to ~60 au (i.e., Toomre Q parameter >1). If this was the case, we would expect the disk to display nonaxisymmetric features. The high degree of axisymmetry of TW Hya, together with the current estimates of its gas surface density (e.g., Zhang et al. 2017), imply that local dust-to-gas mass ratios ≳ 10 would be required to explain the high dust surface densities predicted with amax = 10−50 μm. Additionally, the solutions with amax = 10−50 μm require an extremely cold disk, with Td < 15 K at r = 20 au. In contrast, midplane temperature estimations based on C18O observations yield values around 27 K at 20 au (Zhang et al. 2017), more in line with the temperature predicted with amax > 200 μm. The physical conditions obtained with amax = 10−50 μm are, thus, likely physically unrealistic, so in the remainder of this discussion we focus on the solutions with amax > 200 μm.
Nevertheless, these two families of solutions should be easily distinguishable with more observations. As shown in Fig. 10, the emission predicted within these two amax ranges starts to differ significantly at frequencies higher than ~400 GHz (λ < 0.75 mm; ALMA Band 8; although see Sect. 5.3) because of the required low temperatures for amax = 10−50 μm. Furthermore, the emission differs slightly at frequencies lower than ~50 GHz (λ > 6 mm; ALMA Band 1, or VLA’s Q Band and Ka Band) due to the steeper βχ at this amax range. Alternatively, one could take advantage of the fact that both ranges of amax present very different values of the albedo at (sub)millimeter wavelengths: ω ~ 0 for amax = 10−100 μm, whereas ω ~ 0.9 for amax > 200 μm. These different albedos would produce distinctive continuum polarization patterns. In particular, if amax > 1 mm, the high albedos of these larger particles would produce linearly polarized emission dominated by self-scattering (Kataoka et al. 2015). So far, only a low S/N detection of (sub)millimeter polarized continuum emission toward the disk of TW Hya has been reported (Vlemmings et al. 2019). The polarization angle of the emission shows a toroidal geometry, indicating an origin different than self-scattering. However, polarized emission is only detected in the outer regions of the disk (r > 40 au). More observations of the continuum polarized emission of TW Hya at multiple wavelengths are needed to place further constraints on the dust maximum grain size based on dust self-scattering.
	[image: thumbnail]	Fig. 8 Spectral energy distribution (SED) of the central source of emission located inside the 3 au cavity in TW Hya. The orange triangles indicate the fluxes estimated from our high angular resolution observations at 0.87, 1.3, 2.1, and 3.1 mm (see insets in Fig. 1). The blue empty circle indicate the VLA 9 mm flux of TW Hya (Menu et al. 2014), while the filled blue circle shows the estimated free–free contribution at this wavelength reported by these authors. The dashed lines depict the spectral indices of the central source inferred from our observations. The dotted lines show different extrapolations of this source’s flux up to 9 mm, demonstrating that the free–free emission at this position is higher than previously thought.



5.3 The optically thick inner disk (r < 20 au)
Our analysispredicts significantly different dust densities and maximum particle sizes in the innermost regions compared to the rest of the disk. The range of amax values predicted by our model at r < 20 au jumps from ≳ 3 mm to ~300−700 μm, while Σd reaches extremely high values of around 10 g cm−2. These values are entirely consistent with the results obtained by Ueda et al. (2020), who modeled the SED of the inner disk of TW Hya and found amax = 300 μm and Σd = 10 g cm−2 at 10 au. The ALMA observations modeled by these authors covered the same wavelengths analyzed in our study with the addition of 0.45 mm (ALMA Band 9), albeit at much lower angular resolution. Due to this lower resolution, their modeling focused onlyon the SED of the inner 10 au of the disk.
Despite the agreement between the analysis by Ueda et al. (2020) and our results at r < 20 au, the sudden decrease in particle size and the significant increase in dust surface density at r < 20 au are hard to explain. Additionally, if the required high dust surface densities were real, the disk would probably become gravitationally unstable between ~5 and ~ 15 au unless the gas-to-dust ratio at eachradius was ~10 (see Fig. 6). In fact, as shown in Fig. 7, these inner regions are not as well reproduced by our model. The reason why our relatively simple model faces these issues in this region is likely related to the extreme optical depths at these radii. Our model assumes that the dust is located in a geometrically thin layer in the midplane, but in reality the dust presents a vertical density distribution. Dust settling results in the larger particles accumulating in the midplane, while smaller particles are present up to higher regions above it (e.g., Fromang & Nelson 2009). If the disk is sufficiently dense, the vertical optical depth might reach values ≫ 1 above the midplane, where larger particles are not present. In principle, one could still find a good fit to the data as long as the emission at the multiple wavelengths was tracing the same regions of the disk. However, as one moves to longer wavelengths the optical depth decreases. Thus, the emission traces regions slightly closer to the midplane, hence with larger dust grains, potentially different temperatures, and tracing different column densities. This effect was explored by Sierra & Lizano (2020), who showed that the combination of settling and high optical depth might indeed result in an incorrect estimate of the maximum grain size if Σd ≳ 3 g cm−2. In particular, these authors demonstrated that, because of dust settling, the emission of a protoplanetary disk with amax = 1 cm (and p = 3.5) would present spectral indices <2 between 0.87 mm and 3 mm at radii where the dust surface density is high (i.e., radii with high optical depths). Estimating a value of amax from this emission without taking the dust vertical distribution into account would yield amax between ~ 300 and ~ 600 μm (see Fig. 8 in Sierra & Lizano 2020). This range of amax coincides with the values obtained by our model at r < 20 au and is also consistent with the results by Ueda et al. (2020), who did not include dust settling in their model.
In order to show whether this scenario is consistent with our observations of TW Hya, we computed the expected value of the optical depth at each radius as:
[image: equation](9)
where χi(amax,i, pi) is the dust extinction for each value of amax and p in our grid, and P(Σd,i, amax,i, pi|Ī(r)) is the posterior probability of our model at each cell of the grid, marginalized over Td. The results at 0.87 and 3.1 mm are shown in Fig. 11. We note that the values of the optical depth at r ≲ 19 au are highly uncertain due to the poor quality of our fit in these regions. Nevertheless, it can be clearly seen that the jump at r ~ 20 au is coincident with the region of the disk where the optical depth is larger than 1 at all wavelengths. Furthermore, the 0.87 mm optical depth at r ~ 20 au starts to increase significantly,reaching values ≫100. In other words, our observations are likely not probing the midplane at r < 20 au, but a layer above it.
At the same time, the potential change with wavelength in the height traced by our data can also be seenin the spectral index profiles. As shown in Fig. 4, the region with α <2.0 starts at lower radii when moving toward longer wavelengths. At r < 10 au the spectral index is below 2.0 at all wavelengths, suggesting extremely high optical depths at the four bands. Between 10 and 20 au, our observations likely trace layers well above the midplane at 0.87 and 1.3 mm, but deeper layers at 2.1 and 3.1 mm. This change in wavelength might be the cause why amax appears to decrease toward smaller radii (see Fig. 6).
Despite the apparent consistency between our results and the high optical depth scenario, we cannot firmly conclude that the estimated amax values of ~300 μm at r< 20 au are wrong. Nevertheless, reconciling the dust densities and particles sizes of the inner and outer disk would require invoking a complex scenario. For example, the dust grains might experience a sudden and significant increase in fragmentation efficiency at r ~ 20 au, resulting in a substantial decrease of maximum particle size paired with an increase in dust surface density because of the slower radial drift of these smaller particles. It is worth noting that Pinilla et al. (2017b) predicted a similar step in particle size and dust surface density when crossing the water snowline (assuming that ice-coated dust grains have a lower fragmentation efficiency). However, the temperature of the water snowline is ~ 180 K, whereas the temperature in TW Hya at r ~ 20 au should be ~22 K. This temperature is tantalizingly close to the temperature of the CO snowline (Zhang et al. 2015), but this volatile likely has a lower effect on dust coagulation and fragmentation than water given its lower abundance. Overall, we conclude that the high optical depth scenario is a more likely explanation of our results at r < 20 au.
If confirmed, this effect will be a crucial impediment to the measurement of dust masses and particle size distributions in the inner regions of protoplanetary disks. Importantly, these are the regions where most planets are thought to be formed, including the planets in our own Solar System (Raymond & Morbidelli 2020). Improving our understanding of planetesimal formation in these regions will depend on our ability to pierce into the dense and optically thick inner disk. Observing at longer wavelengths appears as the immediate alternative, but we note that if the 3 mm optical depth reaches values > 1 at r ~ 20 au, then the regions within 10 au might still be optically thick up to 7 mm. Observations at wavelengths between 7 mm and 1 cm are probably needed to better characterize the dust content in the inner regions of protoplanetary disks.
Admittedly, TW Hya is particularly bright for its age, but it is not an outlier in terms of brightness when compared to younger and more distant disks. In fact, the inner regions of protoplanetary disks appear to have a similar surface brightness at 0.87–1.3 mm, with the disk total flux being set mostly by its radial extent (e.g., Tripathi et al. 2017; Andrews et al. 2018b; Facchini et al. 2019). It is still possible that the inner regions of fainter disks are less optically thick, in which case observations of these systems might be better suited to characterize the dust content of the planet forming regions in disks. In any case, observations at longer wavelengths are crucial to improve the chances of piercing through the high optical depths of these regions. Right now, the Very Large Array (VLA) is the only observatory capable of providing reasonable sensitivity and angular resolution at these wavelengths, but these can only be achieved for a small number of bright disks. The extreme improvement in sensitivity and resolution expected from the Next Generation Very Large Array will be crucial to perform an accurate characterization of the dust content in the inner regions of protoplanetary disks in a larger and more representative sample (Andrews et al. 2018c).
	[image: thumbnail]	Fig. 9 Opacity laws used in the modeling of the multiwavelength observations. Left panels: absorption opacity (top), albedo (middle), and total extinction (bottom) at 1.3 mm as a function of maximum grain size (amax), for three values of the power-law index of the particle size distribution (p). The nine panels on the right show the spectral index of the absorption opacity (βκ ; top), the scattering opacity (βσ; middle), andthe total extinction (βχ; bottom) between the different wavelengths of our data, as a function of amax, and for p = 4.0 (left column), p = 3.5 (middle column), and p = 3.0 (right column). The vertical dashed line in all the panels indicates amax = 200 μm, the limit we set to separate between the two families of solutions in our analysis.



	[image: thumbnail]	Fig. 10 Spectral energy distribution (SED) of the dust thermal emission at 30 au. The red points with error bars indicate the emission at 0.87, 1.3, 2.1, and 3.1 mm at this radius. The different curves indicate the predicted SED for different combinations of parameters that are able to reproduce our data. The vertical dashed lines indicate the nominal frequencies of the ALMA Bands not used in this study, as well as the VLA Bands at λ < 1 cm. As can be seen, observations at ν > 400 GHz (ALMA Bands 8 or higher), or at ν < 50 GHz (ALMA Bands 1 or 2, or VLA’s Q Band and Ka Band) would help further constrain the particle size distribution in the disk.



	[image: thumbnail]	Fig. 11 Radial profile of the expected value of the optical depth at 0.87 (red) and 3.1 mm (blue), for our model with amax > 200 μm and a varying p. The expected value is computed from the posterior probability distribution of our model using Eq. (9).



5.4 The dust content at r > 20 au and its impact on planet formation
While the high optical depth of the inner disk prevents us from reproducing the multiwavelength data in those regions, our model is much more successful at r > 20 au. Our results constrain fairly well the dust surface density, although the obtained maximum grain size differs significantly between the model with a fixed slope for the particle size distribution (p = 3.5) and the model with a varying p. As noted above, the p = 3.5 model is able to constrain amax at almost all radii > 20 au, with smaller grain sizes at the gaps, and larger ones at the rings (Fig. 5). On the other hand, if p is allowed to vary the model can only set a lower limit of ~1 mm to amax. This model, however, is able to robustly constrain p at 20 < r < 60 au, with steeper slopes (i.e., higher p) at the gaps, and flatter slopes (lower p) at the rings (Fig. 6). These apparently different results are in fact indicating similar physical conditions, since a flatter slope of the particle size distribution will result in a higher abundance of large dust particles.
The fact that a model with a varying p is only able to set a lower limit to amax suggests that fixing p could significantly affect the estimates of amax when analyzing multiwavelength data. Including p as a free parameter allows us to account for the uncertainties on this parameter in the estimates of dust density and maximum grain size. Unfortunately, it will be challenging to further constrain the grain size even with more observations, since amax > 1 mm produce very similar SEDs at λ < 1 cm (despite requiring dust surface densities that can be different by a factor of 2; see Fig. 10). Given the correlations between the four parameters in our model (see Figs. B.1 and B.2), tighter constraints on the dust temperature would help narrow the posterior of amax. These could be placed by using a more complete radiative transfer modeling that considers the irradiation of the disk by the central star. However, this analysis would require a significant computational effort that would probably limit the parameter space explored by the model.
Despite this uncertainty, our model places an important constraint: amax must be larger than 1 mm at 20 < r < 60 au. In recent years, multiwavelength and polarization observations of the (sub)millimeter dust emission have yielded conflicting results regarding the dust particle sizes in protoplanetary disks. While the spectral behavior of the dust emission indicates the presence of dust particles larger than 1 mm (e.g., Menu et al. 2014; Pérez et al. 2015; Tazzari et al. 2016; Macías et al. 2018), the polarized emission of many disks has been interpreted as the result of self-scattering from particles that cannot be larger than ~ 100 μm (Kataoka et al. 2016a,b, 2017; Hull et al. 2018; Dent et al. 2019). A possible explanation of this discrepancy could lie in the incorrect (yet common) assumption of optically thin emission made by some previous multiwavelength analysis. However, more recent studies considering the effects of optical depth recovered similarly large particles (Carrasco-González et al. 2019; Macías et al. 2019). Our analysis has considered the effects of self-scattering and optical depth, showing that dust particles must be larger than 1 mm in TW Hya. The cause of this discrepancy must hence lie on a more fundamental assumption. Recently, Kirchschlager & Bertrang (2020) showed that the self-scattering polarization pattern of disks could be consistent with larger dust particles than previously estimated if nonspherical dust grains were assumed. A careful reanalysis of previous polarization observations is still required, but nonspherical grains appear as a promising scenario to reconcile the different dust particle measurements.
As mentioned above, our analysis also shows that the ringed substructures in TW Hya are reproduced with higher dust densities paired with higher abundances of large dust particles (denoted by the flatter slopes of the particle size distribution) at the position of the rings. We note that we have modeled images that are convolved to a circular 0.″05 beam. Even though this resolution allows us to resolve the two widest gaps in TW Hya (D26 and D42, see Fig. 2), some emission from the rings will contaminate these features. Therefore, the contrast in Σd and in amax and/or p between rings and gaps is probably larger than predicted by our model. Higher angular resolution observations are needed to better constrain the dust content in the gaps.
Nonetheless, our results confirm that the rings in TW Hya are the result of accumulations of large dust particles. The radial variations in spectral index, with lower values at the rings and higher in the gaps, had been interpreted as a potential indication of this segregation of dust particles (Tsukagoshi et al. 2016). However, a similar trend could also be reproduced with variations in optical depth (Huang et al. 2018a). Our multiwavelength analysis resolves this dichotomy between larger particles and higher optical depth, providing new insights on the radial structure of the particle size distribution in the disk of TW Hya.
The actual value of the maximum dust grain size is not only important to robustly constrain the optical depth and dust density in disks, but it also has important implications on the ability of disks to form planetesimals. Most current models of planetesimal formation predict that growth through the streaming instability is required to bypass the main barriers in dust coagulation, thus explaining the formation of planetary systems on reasonable timescales (Raymond & Morbidelli 2020, and references therein). While alternative mechanisms such as secular gravitational instability (Youdin 2011) may also play a role in the formation of planetesimals, the streaming instability has the most success in reproducing many properties of the Solar System (Nesvorny et al. 2019; Raymond & Morbidelli 2020). The underlying physical mechanism behind this instability is the gas drag on dust grains (and its back-reaction onto the gas). Therefore, a concentration of millimeter- and centimeter-sized particles, which experience the highest gas drag forces, is required to trigger this instability (Carrera et al. 2015; Yang et al. 2017). Our results suggest that particles of this size are present in protoplanetary disks, and that rings substructures are ideal places to accumulate them and harbor the necessary conditions to trigger planetesimal formation.
5.5 Insights on the origin of disk substructures
Our results can be used to constrain the origin of the ring substructures in TW Hya. Most physical mechanisms that have been proposed to form such substructures in protoplanetary disks involve the onset of a gas pressure bump trapping large dust particles (e.g., MHD effects: Johansen et al. 2009; Bai & Stone 2014, 2017; planet-disk interactions: Zhu & Stone 2014; Bae et al. 2017; Zhang et al. 2018). However, ring substructures in the (sub)millimeter emission of disks have also been proposed to form due to changes in the grain properties across different snowlines of volatiles (e.g., Okuzumi et al. 2016; Pinilla et al. 2017b). The exact impact of each particular snowline is still unclear, since different ices could have different sticking properties (e.g., Pinilla et al. 2017b) and different physical processes could take place near the snowlines (e.g., Ros & Johansen 2013; Bitsch et al. 2014).
Given the potential uncertainties in the temperature profile predicted by our model, as well as the uncertainties in the sublimation temperatureof volatiles, we cannot exactly pinpoint the position of the multiple snowlines in the disk. However, from the dust temperatureprofile predicted by our analysis, the only major volatile snowline that could coincide with the substructures at r > 20 au is the CO one (Tsub = 23−28 K; Zhang et al. 2015). As mentioned in Sect. 5.3, we cannot firmly discard that the CO snowline has an effect in the change in particle size at r < 20 au, but it wouldnot be able to explain the rest of the disk substructures. Furthermore, our analysis indicates that the ring substructures at r > 20 au in TW Hya are associated with accumulations of larger particles, so we can at least discard effects that result in the formation of rings of smaller particles, such as the process dubbed as dust sintering (Okuzumi et al. 2016). This process predicts that, as dust grains get close to a particular snowline, the sublimation of ices from their surface could make the grains more fragile, hence resulting in a more efficient fragmentation into smaller dust particles. Therefore, rings would be formed as local enhancements of dust density due to the accumulation of these smaller particles, which experience a weaker gas drag than their parent larger particles (Okuzumi et al. 2016). Besides the jump in maximum particle size at r ~ 20 au (see Sect. 5.3), our results are inconsistent with this scenario, as also suggested by other recent studies (e.g., Macías et al. 2019; Carrasco-González et al. 2019). Therefore, we conclude that snowlines are unlikely to be the driving mechanism of most ring substructures in TW Hya, as already found in other protoplanetary disks (e.g., Huang et al. 2018b; Long et al. 2018; van der Marel et al. 2019).
Distinguishing between the different mechanisms that produce ring substructures associated with gas pressure bumps is more complicated (e.g., Ruge et al. 2016). In principle, the contrast in dust surface density between rings and gaps could be used to place some constraints on the amplitude of the pressure perturbations, which could provide insights on its origin. Planet-disk interactions can produce a wide variety of gas density perturbations depending on the gas viscosity, the mass of the perturbing planet, or other disk properties (Zhang et al. 2018). On the other hand, zonal flows driven by MRI turbulence should produce relatively shallow gas density perturbations (~ 10−20%; Simon & Armitage 2014). The variation in disk resistivity caused by the transition in disk ionization fraction at the so-called dead zone might produce a more prominent gas pressure bump (Flock et al. 2015). However, this bump has also been predicted to result in the appearance of vortices (Ruge et al. 2016).
Our relatively limited angular resolution prevents us from obtaining accurate estimates of this contrast in density, but we can estimate lower limits at the two wide gaps in TW Hya (D25 and D41). From the predicted dust surface density, we estimate contrasts ≳ 2. It is unclear how to translate from a contrast in dust surface density to the amplitude of the underlying gas density perturbation, but it seems unlikely that MRI-driven zonal flows are able to produce such deep gaps (Simon & Armitage 2014). The high degree of axisymmetry displayed by TW Hya also appears hard to reconcile with the dead zone scenario (Ruge et al. 2016). This would leave planet-disk interactions as the most likely origin for the D25 and D41 gaps.
If confirmed, a planet origin for the ring substructures in TW Hya would in fact pose a somewhat circular conundrum: if dust traps are needed to form planets, and the ring substructures are caused by planets, then it is unclear how the first generation of planets formed. A general answer to this question requires the study of a larger sample of disks, which is hence out of the scope of this paper. Nonetheless, the older age of TW Hya might ease this tension if other physical mechanisms were the cause of disk substructures at an earlier evolutionary stage. These early substructures could have helped form the first generation of planets, whose interaction with the disk could have then dominated the formation of substructures in the system, shaping the disk into its current morphology.
In any case, we note that there still remain several uncertainties about the magnetic flux evolution or the different MHD effects in disks (Bai & Stone 2017). For example, recent global MHD simulations including ambipolar diffusion predict the formation ofring substructures due to the onset of MHD winds, with contrasts that are much larger than for MRI-driven zonal flows (Riols et al. 2020). Measurements of the magnetic field’s strength and morphology will be key to understand the importance of the many potential MHD effects. Although unresolved in our analysis, the remaining ring substructures between ~ 30 and ~ 38 au appear to be shallower and could potentially be associated with zonal flows. Higher angular resolution observations are needed to better characterize these substructures.
5.6 On the total dust mass of TW Hya
By integrating the expected value of the dust surface density obtained with our multiwavelength analysis, we can also obtain an estimate of the total mass of solids in the disk of TW Hya. As noted above, our results at r < 20 au are likely incorrect, which prevents us from obtaining a robust total disk mass. However, we can measure the dust mass at r > 20 au. From the posteriors for amax > 200 μm we obtain a dust mass at r > 20 au of [image: equation] for the model with p as a free parameter, and [image: equation] with a fixed p = 3.5.
In order to obtain an estimate of the total dust mass we assume that the dust surface density profile at r < 20 au follows a power law:
[image: equation](10)
where Σd,20 is the dust surface density at 20 au. By exploring values of γ between 1 and 1.5, we estimate a range of total dust masses of 250−330 M⊕ for the model with p as a free parameter. The range of dust masses decreases to 210−310 M⊕ if p is fixed to 3.5. In comparison, the total gas mass in TW Hya has been estimated to be around 0.05 M⊙ using Herschel observations of HD line transitions (Bergin et al. 2013). Our estimated dust masses for the model with a varying p would thus translate into global gas-to-dust mass ratios of 50−70, consistent with a slight depletion of gas due to MHD winds (e.g., Bai et al. 2016) or photoevaporative winds (e.g., Owen et al. 2011) at the advanced age of TW Hya. Following this same procedure we would estimate a range of dust masses of 880−1210 M⊕ if amax < 200 μm, implying a gas-to-dust mass ratio 14−19. As discussedabove, these dust mass and gas-to-dust mass ratios are likely unrealistic (see Sect. 5.2). It should be noted that these estimates represent global gas-to-dust mass ratios, but much higher values are likely found locally. The radial extent of the millimeter dust (~ 70 au) is much lower than that of the gas (~200 au; Huang et al. 2018a), and dust settling is expected to significantly increase the dust abundance in the midplane compared to the disk atmosphere. Therefore, the local gas-to-dust mass ratio in the disk midplane at r < 50 au could be much lower than 50.
Demographic studies of protoplanetary disks performed with ALMA and earlier (sub)millimeter observatories suggest an apparent conflict between the measured dust masses of disks and the expected amount of solids in exoplanetary systems (e.g., Andrews & Williams 2005; Najita & Kenyon 2014; Manara et al. 2018). In short, the dust mass of protoplanetary disks appears to be too low to form exoplanetary systems such as the ones detected so far. This discrepancy could indicate that planetesimals and planets form earlier than expected, and hence a large amount of solids in disks would already be accumulated in large bodies that are not traced by ALMA. This scenario would also be consistent with the prevalence of disk substructures in relatively young disks, assuming their origin is related to planet-disk interactions (e.g., ALMA Partnership et al. 2015; Andrews et al. 2018a).
Nevertheless, an alternative explanation is that dust mass measurements from disk surveys are significantly underestimated. These measurements are obtained from a flux at (sub)millimeter wavelengths assuming that the dust emission is optically thin, a single dust temperature, and a single value for the dust opacity (e.g., Andrews et al. 2013; Ansdell et al. 2016; Pascucci et al. 2016; Barenfeld et al. 2016; Cieza et al. 2019). Recent studies modeling protoplanetary disk spectral energy distributions (SEDs) have shown that, if physical disk models are used, a factor ~ 3 higher dust masses can be obtained (Ballering & Eisner 2019; Ribas et al. 2020). These models naturally included the effects of optical depth and more realistic dust temperature and density distributions, but still assumed a smooth disk structure as well as a constant maximum grain size with radius. The overall effect of disk substructures on such a modeling is unclear, but they could still potentially result in dust mass underestimates if disk substructures are accumulating significant amounts of dust mass.
Even though our model is relatively simple (i.e., geometrically thin and vertically isothermal), our multiwavelength analysis does account for the presence of disk substructures, as well as a dust grain size distribution that varies with radius. Therefore, it is worthwhile comparing our dust mass estimates with the masses that one would obtain following the same procedure as (sub)millimeter disk surveys. Assuming the same standard dust opacity law (κ = 10 cm2 g−1 at 1000 GHz, with β = 1) and dust temperature (20 K) as Andrews & Williams (2005), a dust mass of 54 ± 5 M⊕ would be obtained from our 0.87 mm flux of 1540 ± 150 mJy. A similar dust mass of 57 ± 6 M⊕ would be obtained from our 1.3 mm flux of 575 ± 30 mJy. These masses are between a factor of 4.5 and 5.9 lower than the total dust mass estimated with our multiwavelength analysis. This difference is slightly higher than the differences found with SED modeling using physical disk models (Ballering & Eisner 2019; Ribas et al. 2020). Therefore, while accounting for optical depth effects and more accurate dust opacities (i.e., including absorption and self-scattering opacities) might be the biggest contributor to the underestimation of dust masses by the large (sub)millimeter surveys, accounting for radial changes in amax and p might yield even higher dust masses. As shown in Fig. 11, the optical depth at 0.87 mm is higher than 1 up to r ~ 55 au, so the optically thin assumption is surely far from valid for TW Hya.
Overall, our larger mass does alleviate the discrepancy between the mass of solids in the disk and the mass of exoplanetary systems, but the difference might still require the trapping of some solid mass in larger bodies. In any case, given the more advanced age of TW Hya and the potential planet origin for some of the substructures in its disk, it would not be surprising that a significant amount of solids is already in the form of planets and/or planetesimals.
6 Summary and conclusions
We present new ~50 milliarcsecond angular resolution ALMA observations of the 3.1 mm continuum emission of the protoplanetary disk around TW Hya. We pair the analysis of this new data with a reanalysis of archival high resolution ALMA data at 0.87, 1.3, and 2.1 mm. Our observationsresolve the main substructures in the disk at the four wavelengths, including the central cavity at 3 au.
We find a bright compact source of free–free emission at the position of the star at 2.1 and 3.1 mm. The spectral index between 2.1 and 3.1 mm at this position is 0.6–0.7. Our estimated fluxes and spectral indices imply a higher free–free contribution at centimeter wavelengths than previously thought. The bright free–free emission at 3.1 mm also suggests that this source is likely associated with an ionized jet that still harbors an optically thick component at 3.1 mm. The presence of optically thick free–free emission at such a high frequency is usually neglected, especially for a protoplanetary disk with a relatively low mass accretion rate such as TW Hya. The free–free emission at 3.1 mm might suggest a smaller injection radius of its radio jet than usually assumed.
The multiwavelength high resolution observations have allowed us to characterize the dust content in the disk of TW Hya and within its substructures. Even though our data can in principle be reproduced with amax < 50 μm or amax > 1 mm, the former values for the particle size imply unrealistically high dust surface densities, as well as unphysically low dust temperatures. We hence conclude that the maximum grain size in TW Hya is > 1 mm. Future observations at shorter or longer wavelengths could easily confirm this.
The inner 20 au of TW Hya appear to be too optically thick to accurately characterize its dust content. This region displays spectral indices <2, which likely indicate extremely high optical depths dominated by self-scattering. Due to the combined effect of this high optical depth and dust settling, our 1D slab model is unable to reproduce the data. Observations at 7− 10 mm are needed to study the optically thinner emission that can trace regions closer to the midplane. This effect might hinder our ability to study the most important planet-forming regions in protoplanetary disks.
At r > 20 au, the maximum grain size at each radius is constrained to be >1 mm. Our model with the slope of the particle size distribution fixed to p = 3.5 finds clear radial fluctuations in amax associated with the rings and gaps in the disk. When letting p vary in our model, no radial trend in amax is seen. Instead, we find significant radial variations in p, with flatter slopes at the position of the rings. Overall, our analysis shows that the rings in TW Hya are produced by accumulations of millimeter- and centimeter-sized particles, likely associated with annular gas pressure bumps in the disk. These rings are therefore ideal locations to trigger the formation of larger planetesimals through the streaming instability.
Finally, we estimate a total dust mass 250−330 M⊕, which would imply a global gas-to-dust mass ratio between 50 and 70. This dust mass value – which is estimated considering the effects of optical depth and self-scattering, as well as a varying density profile, dust size distribution, and temperature profile – is between a factor of 4.5 and 5.9 higher than the mass one would estimate from the 0.87 mm or 1.3 mm fluxes of TW Hya following the standard approximations used in disk demographic studies. The main factor causing this difference is likely the high optical depth at 0.87–1.3 mm, given that our modeling indicates that the disk is optically thick up to r ~ 55 au at this wavelength. This difference in mass measurements might partially explain the discrepancy between the mass of exoplanetary systems and the disk masses predicted by ALMA surveys, but the early locking of solid mass in planetesimals is still a likely possibility.
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Appendix A  Modeling results for amax < 200 μm
Figures A.1 and A.2 show the radial marginalized posteriors of our dust characterization modeling for amax < 200 μm, fixing p = 3.5 or including p as a free parameter in the model, respectively. Additionally, Fig. A.3 shows the observed intensity profiles and model profile with maximum posterior probability for this same range of amax. As mentioned above, we interpret these solutions as physically unrealistic, but show them here for completeness.
	[image: thumbnail]	Fig. A.1 Posterior probability distributions of the model parameters fitted to the multiwavelength observations, focusing on the family of solutions with smaller maximum grain sizes. The figure shows the same as Fig. 6 but for amax < 200 μm.



	[image: thumbnail]	Fig. A.2 Same as Fig. A.1, but for the model with p as a free parameter.



	[image: thumbnail]	Fig. A.3 Observed intensity profiles and model profiles with maximum posterior probability, focusing on the family of solutionswith smaller maximum grain sizes. The lines and colors are the same as Fig. 7 but for
amax < 200 μm.



Appendix B  Corner plots
We show the marginalized 2D posterior probability distribution between the different pairs of parameters in our model at some specific radii in the cornerplots in Figs. B.1–B.3. These plots are obtained from the results with amax > 200 μm of our model with p as a free parameter, and at the radii of 25 au (D25 gap), 30 au (B30 ring), and 45 au (B45 ring).
	[image: thumbnail]	Fig. B.1 Marginalized 2D posterior probability distribution between the different pairs of parameters in our amax > 200 μm model at the position of the D25 gap (r = 25 au). The red dots and vertical lines indicate the values of the parameters at the maximum of the posterior probability distribution (not marginalized). The vertical dotted orange line indicates the central value of the temperature prior, obtained from Eq. (6).



	[image: thumbnail]	Fig. B.2 Same as Fig. B.1, but at the position of B30 ring (r = 30 au).



	[image: thumbnail]	Fig. B.3 Same as Fig. B.1, but at the position of B45 ring (r = 45 au).
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1 This step is sometimes performed using the task fixplanets in CASA. However, this task only works if the data are in the FK5 celestial reference system. In order to keep our data in the ICRS system we used the table tool to manually change the coordinates of the field in the measurement sets.


2 We note that the difference between the spectral index at two different radii is not affected by the flux calibration error.


3 In principle one can also vary the minimum particle size, but the effect of this quantity in the (sub)millimeter opacity is minimal as long as it remains small. We fix this value to 0.01 μm.
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	[image: thumbnail]	Fig. 1 Images of the dust thermal emission of the protoplanetary disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right). The inset in each panel shows a zoom of the inner
0.″2 region of the disk (i.e., 12 au), using an image with higher angular resolution. The rms, beam sizes, and flux densities of all images are listed in Table 2.
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	[image: thumbnail]	Fig. 2 Deprojected images (bottom half of each panel) and azimuthally averaged radial intensity profile (top half of each panel)of the disk of TW Hya at 0.87 mm (top-left), 1.3 mm (top-right), 2.1 mm (bottom-left), and 3.1 mm (bottom-right). The shaded color regions in each profile indicate the error of the mean at each radius, while the colored dashed lines show the standard deviation for comparison. The vertical lines mark the positions of the bright (dashed) and dark (dotted) rings in the disk. The top right insets in the radial profile panels show the geometric mean of the beam size of each image. We note that the vertical axis scale in the radial profile at 3.1 mm is intentionally cut to better display the disk emission. A better view of the disk inner region at this wavelength is shown in Fig. 3.
In the text



	[image: thumbnail]	Fig. 3 Azimuthally averaged radial intensity profile of the inner 30 au of the disk of TW Hya at 0.87 mm (top-left), 1.3 (top-middle), 2.1 (bottom-left), and 3.1 mm (bottom-middle), obtained from the higher resolution images shown in the insets of Fig. 1. In order to minimize the effects of the elongated beam at 2.1 mm, the radial profile at this wavelength was obtained by averaging the emission only within two 90° slices in PA across the minor axis of the beam. The inset in this panel shows the geometric mean of the full beam size, so the resolution of the profile will be slightly better than the one displayed by the inset. The lines and colored regions indicate thesame as in Fig. 2. The right panel displays the same four profiles in units of brightness temperature.
In the text



	[image: thumbnail]	Fig. 4 Spectral index radial profiles of the dust emission of the disk around TW Hya between 0.87 and 1.3 mm (left), 1.3 and 2.1 mm (middle), and 2.1 and 3.1 mm (right). These radial profiles were obtained by azimuthally averaging the spectral index maps obtained with the multiband imaging in tclean (see Sect. 2). The shaded colored regions indicate the error of the mean at each radii, computed as in the averaged radial intensity profiles. The Gaussian insets in the lower-right corner of each plot show the geometric mean of the beam size. The gray error bars in the lower-right corner of each plot indicate the maximum possible vertical shift of the spectral index profiles introduced by flux calibration systematic errors. We note that these shifts would affect all radii simultaneously, so they do not affect the relative shape of the spectral index profiles. The vertical dashed and dotted lines are the same as in Fig. 2.
In the text



	[image: thumbnail]	Fig. 5 Marginalized posterior probability distributions of the model parameters fitted to the multiwavelength observations assuming amax > 200 μm and with p = 3.5. In order to facilitate its visualization, the posterior probabilities are normalized to the maximum marginalized probability at each radius. The vertical dashed and dotted lines indicate the positions of the bright and dark ringsin the disk, respectively. The white dashed line in the left plot shows the temperature profile derived from Eq. (6), used as the reference for the temperature prior. The white dashed and dotted curves in the surface density plot show the dust surface density profiles for which the Toomre Q parameter equals 1, assuming a gas to dust ratio of 100 or 10, respectively. The red curve in each panel shows the expected value of the corresponding parameters at each radius, computed using Eq. (7).
In the text



	[image: thumbnail]	Fig. 6 Same as Fig. 5, but for the model with p as a free parameter.
In the text



	[image: thumbnail]	Fig. 7 Radial intensity profiles of the dust emission of the disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right) convolved to a circular 0.″05 beam. The colored shaded regions indicate the error bars at each radius (including the flux calibration error). The solid and dashed lines show the model intensity profile with maximum posterior probability for amax > 200 μm, using a varying p or fixing it top = 3.5, respectively. The Gaussian inset in the top-left panel displays the beam shape (the same at the four wavelengths). Our model is able to accurately reproduce the observed profiles at all radii except r < 20 au.
In the text



	[image: thumbnail]	Fig. 8 Spectral energy distribution (SED) of the central source of emission located inside the 3 au cavity in TW Hya. The orange triangles indicate the fluxes estimated from our high angular resolution observations at 0.87, 1.3, 2.1, and 3.1 mm (see insets in Fig. 1). The blue empty circle indicate the VLA 9 mm flux of TW Hya (Menu et al. 2014), while the filled blue circle shows the estimated free–free contribution at this wavelength reported by these authors. The dashed lines depict the spectral indices of the central source inferred from our observations. The dotted lines show different extrapolations of this source’s flux up to 9 mm, demonstrating that the free–free emission at this position is higher than previously thought.
In the text



	[image: thumbnail]	Fig. 9 Opacity laws used in the modeling of the multiwavelength observations. Left panels: absorption opacity (top), albedo (middle), and total extinction (bottom) at 1.3 mm as a function of maximum grain size (amax), for three values of the power-law index of the particle size distribution (p). The nine panels on the right show the spectral index of the absorption opacity (βκ ; top), the scattering opacity (βσ; middle), andthe total extinction (βχ; bottom) between the different wavelengths of our data, as a function of amax, and for p = 4.0 (left column), p = 3.5 (middle column), and p = 3.0 (right column). The vertical dashed line in all the panels indicates amax = 200 μm, the limit we set to separate between the two families of solutions in our analysis.
In the text



	[image: thumbnail]	Fig. 10 Spectral energy distribution (SED) of the dust thermal emission at 30 au. The red points with error bars indicate the emission at 0.87, 1.3, 2.1, and 3.1 mm at this radius. The different curves indicate the predicted SED for different combinations of parameters that are able to reproduce our data. The vertical dashed lines indicate the nominal frequencies of the ALMA Bands not used in this study, as well as the VLA Bands at λ < 1 cm. As can be seen, observations at ν > 400 GHz (ALMA Bands 8 or higher), or at ν < 50 GHz (ALMA Bands 1 or 2, or VLA’s Q Band and Ka Band) would help further constrain the particle size distribution in the disk.
In the text



	[image: thumbnail]	Fig. 11 Radial profile of the expected value of the optical depth at 0.87 (red) and 3.1 mm (blue), for our model with amax > 200 μm and a varying p. The expected value is computed from the posterior probability distribution of our model using Eq. (9).
In the text



	[image: thumbnail]	Fig. A.1 Posterior probability distributions of the model parameters fitted to the multiwavelength observations, focusing on the family of solutions with smaller maximum grain sizes. The figure shows the same as Fig. 6 but for amax < 200 μm.
In the text



	[image: thumbnail]	Fig. A.2 Same as Fig. A.1, but for the model with p as a free parameter.
In the text



	[image: thumbnail]	Fig. A.3 Observed intensity profiles and model profiles with maximum posterior probability, focusing on the family of solutionswith smaller maximum grain sizes. The lines and colors are the same as Fig. 7 but for
amax < 200 μm.
In the text



	[image: thumbnail]	Fig. B.1 Marginalized 2D posterior probability distribution between the different pairs of parameters in our amax > 200 μm model at the position of the D25 gap (r = 25 au). The red dots and vertical lines indicate the values of the parameters at the maximum of the posterior probability distribution (not marginalized). The vertical dotted orange line indicates the central value of the temperature prior, obtained from Eq. (6).
In the text



	[image: thumbnail]	Fig. B.2 Same as Fig. B.1, but at the position of B30 ring (r = 30 au).
In the text



	[image: thumbnail]	Fig. B.3 Same as Fig. B.1, but at the position of B45 ring (r = 45 au).
In the text





    
      Table 1 

      Summary of ALMA observations.

      
        


	Project
	PI
	Date
	On-source
	Baselines
	Frequencies
	Flux
	CASA



	code
			time (min)
	(m)
	(GHz)(a)
	cal.
	version(b)





	Band 7



	




	2015.1.00686.S
	S. Andrews
	2015 Nov. 23
	42.5
	23–14 321
	344.5, 345.8, 355.1, 357.1
	J1307-2934
	4.5.0



			2015 Nov. 30
	43.9
	27–10 804
	344.5, 345.8, 355.1, 357.1
	J1107-4449
	4.5.0



			2015 Dec. 01
	43.7
	17–10 804
	344.5, 345.8, 355.1, 357.1
	J1107-4449
	4.5.0



	2016.1.00629.S
	I. Cleeves
	2016 Dec. 30
	33.4
	15 – 460
	343.0
	J1037-2934
	4.7.2



			2016 Dec. 30
	21.7
	15–460
	343.0
	J1058+0133
	4.7.2



			2017 Jul. 04
	44.9
	21–2647
	343.0
	J1037-2934
	4.7.2



			2017 Jul. 09
	45.2
	17–2647
	343.0
	J1037-2934
	4.7.2



			2017 Jul. 14
	45.7
	19–1458
	343.0
	J1037-2934
	4.7.2



			2017 Jul. 20
	44.8
	17–3697
	343.0
	J1037-2934
	4.7.2



			2017 Jul. 21
	44.8
	17–3697
	343.0
	J1256-0547
	4.7.2



	2016.1.00173.S
	T. Muto
	2018 Jan. 23
	34.4
	15–1398
	336.5, 338.4, 348.5, 350.5
	J1107-4449
	5.4.0



			2018 Jan. 23
	34.4
	15–1398
	336.5, 338.4, 348.5, 350.5
	J1107-4449
	5.4.0



	




	Band 6



	




	2015.A.00005.S
	T. Tsukagoshi
	2015 Dec. 01
	40.2
	17–10 804
	224.0, 226.0, 240.0, 242.0
	J1037-2934
	4.5.0



	2016.1.00842.S
	T. Tsukagoshi
	2017 May 15
	10.8
	15–1121
	224.0, 226.0, 240.0, 242.0
	J1107-4449
	4.7.2



	2017.1.00520.S
	T. Tsukagoshi
	2017 Nov. 20
	42.5
	92–8548
	224.0, 226.0, 240.0, 242.0
	J1107-4449
	5.1.1



			2017 Nov. 23
	43.1
	92–8548
	224.0, 226.0, 240.0, 242.0
	J1058+0133
	5.1.1



			2017 Nov. 25
	42.1
	92–8548
	224.0, 226.0, 240.0, 242.0
	J1037-2934
	5.1.1



	




	Band 4



	




	2015.A.00005.S
	T. Tsukagoshi
	2015 Dec. 02
	43.3
	17–10 804
	138.0, 140.0, 150.0, 152.0
	J1307-2934
	4.5.0



	2015.1.00845.S
	C. Favre
	2016 Apr. 29
	41.2
	15–639
	145.0
	J1107-4449
	4.5.3



			2016 Apr. 29
	41.2
	15–639
	145.0
	J1037-2934
	4.5.3



	2016.1.00842.S
	T. Tsukagoshi
	2016 Oct. 21
	11.8
	18–1808
	138.0, 140.0, 150.0, 152.0
	J1307-2934
	4.7.2



			2017 Sep. 28
	39.1
	41–14 851
	138.0, 140.0, 150.0, 152.0
	J1107-4449
	4.7.2



			2017 Dec. 05
	11.8
	41–3637
	138.0, 140.0, 150.0, 152.0
	J1037-2934
	4.7.2



	




	Band 3



	




	2016.1.00229.S
	E. Bergin
	2017 Aug. 01
	43.0
	17–3108
	97.8
	J1037-2934
	4.7.2



	2018.1.01218.S
	E. Macías
	2019 Jun. 24
	43.5
	83–16 196
	90.5, 92.5, 102.5, 104.5
	J1037-2934
	5.4.0



			2019 Jun. 27
	43.5
	83–14 969
	90.5, 92.5, 102.5, 104.5
	J1307-2934
	5.4.0



			2019 Jul. 04
	43.6
	83–16 196
	90.5, 92.5, 102.5, 104.5
	J1307-2934
	5.4.0



			2019 Jul. 07
	43.7
	149–13 894
	90.5, 92.5, 102.5, 104.5
	J1307-2934
	5.4.0



			2019 Jul. 08
	43.5
	149–13 894
	90.5, 92.5, 102.5, 104.5
	J1307-2934
	5.4.0




      

      

Notes. (a) Central frequency of spectral windows used for continuum imaging. (b)CASA version used for data calibration.




    

  
    
      Table 2 

      Image processing and results.

      
        


	Band
	Central
	Wavelength
	Robust
	Beam shape
	rms
	Peak
	Flux density



		freq. (GHz)
	(mm)
			(μJy beam−1)
	S/N
	(mJy)(a)





	7
	346.8
	0.865
	–0.2
	0.″036 × 0.″028, PA = 73°
	26
	90
	1542 ± 3 (± 150)



	–
	346.8
	0.865
	–1.0
	0.″023 × 0.″018, PA = 86°
	48
	24
	1517 ± 8 (± 150)



	6
	233.0
	1.29
	0.0
	0.″036 × 0.″031, PA = −85°
	9.5
	135
	575.4 ± 0.9 (± 30)



	–
	233.0
	1.29
	–1.0
	0.″029 × 0.″025, PA = −84°
	20
	45
	511 ± 3 (± 30)



	4
	145.0
	2.07
	–0.6(b)
	0.″046 × 0.″039, PA = 46°
	12
	62
	151.1 ± 0.9 (± 8)



	–
	145.0
	2.07
	–1.0
	0.″045 × 0.″026, PA = 46°
	17
	34
	143.8 ± 1.7 (± 8)



	3
	97.5
	3.08
	0.5
	0.″052 × 0.″050, PA = −10°
	4.5
	164
	59.8 ± 0.3 (± 3)



	–
	97.5
	3.08
	–1.0
	0.″034 × 0.″033, PA = 74°
	13
	43
	42.3 ± 1.3 (± 3)




      

      

Notes. (a) Uncertainties in parenthesis include the nominal 10% (for Band 7) and 5% (for Bands 6, 4, and 3) absolute calibration uncertainties for ALMA. (b)A robust valueof − 0.6 together with uv-tapering of 0.″03 × 0.″001 (PA = 136°) was used to produce a more circular beam.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Images of the dust thermal emission of the protoplanetary disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right). The inset in each panel shows a zoom of the inner
0.″2 region of the disk (i.e., 12 au), using an image with higher angular resolution. The rms, beam sizes, and flux densities of all images are listed in Table 2.

      

    

  
    
      Fig. 2 
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        Deprojected images (bottom half of each panel) and azimuthally averaged radial intensity profile (top half of each panel)of the disk of TW Hya at 0.87 mm (top-left), 1.3 mm (top-right), 2.1 mm (bottom-left), and 3.1 mm (bottom-right). The shaded color regions in each profile indicate the error of the mean at each radius, while the colored dashed lines show the standard deviation for comparison. The vertical lines mark the positions of the bright (dashed) and dark (dotted) rings in the disk. The top right insets in the radial profile panels show the geometric mean of the beam size of each image. We note that the vertical axis scale in the radial profile at 3.1 mm is intentionally cut to better display the disk emission. A better view of the disk inner region at this wavelength is shown in Fig. 3.

      

    

  
    
      Fig. 3 
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        Azimuthally averaged radial intensity profile of the inner 30 au of the disk of TW Hya at 0.87 mm (top-left), 1.3 (top-middle), 2.1 (bottom-left), and 3.1 mm (bottom-middle), obtained from the higher resolution images shown in the insets of Fig. 1. In order to minimize the effects of the elongated beam at 2.1 mm, the radial profile at this wavelength was obtained by averaging the emission only within two 90° slices in PA across the minor axis of the beam. The inset in this panel shows the geometric mean of the full beam size, so the resolution of the profile will be slightly better than the one displayed by the inset. The lines and colored regions indicate thesame as in Fig. 2. The right panel displays the same four profiles in units of brightness temperature.

      

    

  
    
      Fig. 5 
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        Marginalized posterior probability distributions of the model parameters fitted to the multiwavelength observations assuming amax > 200 μm and with p = 3.5. In order to facilitate its visualization, the posterior probabilities are normalized to the maximum marginalized probability at each radius. The vertical dashed and dotted lines indicate the positions of the bright and dark ringsin the disk, respectively. The white dashed line in the left plot shows the temperature profile derived from Eq. (6), used as the reference for the temperature prior. The white dashed and dotted curves in the surface density plot show the dust surface density profiles for which the Toomre Q parameter equals 1, assuming a gas to dust ratio of 100 or 10, respectively. The red curve in each panel shows the expected value of the corresponding parameters at each radius, computed using Eq. (7).

      

    

  
    
      Fig. 6 
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        Same as Fig. 5, but for the model with p as a free parameter.

      

    

  
    
      Fig. 7 
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        Radial intensity profiles of the dust emission of the disk around TW Hya at 0.87 (top-left), 1.3 (top-right), 2.1 (bottom-left), and 3.1 mm (bottom-right) convolved to a circular 0.″05 beam. The colored shaded regions indicate the error bars at each radius (including the flux calibration error). The solid and dashed lines show the model intensity profile with maximum posterior probability for amax > 200 μm, using a varying p or fixing it top = 3.5, respectively. The Gaussian inset in the top-left panel displays the beam shape (the same at the four wavelengths). Our model is able to accurately reproduce the observed profiles at all radii except r < 20 au.

      

    

  
    
      Fig. 8 
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        Spectral energy distribution (SED) of the central source of emission located inside the 3 au cavity in TW Hya. The orange triangles indicate the fluxes estimated from our high angular resolution observations at 0.87, 1.3, 2.1, and 3.1 mm (see insets in Fig. 1). The blue empty circle indicate the VLA 9 mm flux of TW Hya (Menu et al. 2014), while the filled blue circle shows the estimated free–free contribution at this wavelength reported by these authors. The dashed lines depict the spectral indices of the central source inferred from our observations. The dotted lines show different extrapolations of this source’s flux up to 9 mm, demonstrating that the free–free emission at this position is higher than previously thought.

      

    

  
    
      Fig. 10 
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        Spectral energy distribution (SED) of the dust thermal emission at 30 au. The red points with error bars indicate the emission at 0.87, 1.3, 2.1, and 3.1 mm at this radius. The different curves indicate the predicted SED for different combinations of parameters that are able to reproduce our data. The vertical dashed lines indicate the nominal frequencies of the ALMA Bands not used in this study, as well as the VLA Bands at λ < 1 cm. As can be seen, observations at ν > 400 GHz (ALMA Bands 8 or higher), or at ν < 50 GHz (ALMA Bands 1 or 2, or VLA’s Q Band and Ka Band) would help further constrain the particle size distribution in the disk.

      

    

  
    
      Fig. 11 
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        Radial profile of the expected value of the optical depth at 0.87 (red) and 3.1 mm (blue), for our model with amax > 200 μm and a varying p. The expected value is computed from the posterior probability distribution of our model using Eq. (9).

      

    

  
    
      Fig. A.1 
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        Posterior probability distributions of the model parameters fitted to the multiwavelength observations, focusing on the family of solutions with smaller maximum grain sizes. The figure shows the same as Fig. 6 but for amax < 200 μm.

      

    

  
    
      Fig. A.2 
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        Same as Fig. A.1, but for the model with p as a free parameter.

      

    

  
    
      Fig. A.3 
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        Observed intensity profiles and model profiles with maximum posterior probability, focusing on the family of solutionswith smaller maximum grain sizes. The lines and colors are the same as Fig. 7 but for
amax < 200 μm.

      

    

  
    
      Fig. B.1 
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        Marginalized 2D posterior probability distribution between the different pairs of parameters in our amax > 200 μm model at the position of the D25 gap (r = 25 au). The red dots and vertical lines indicate the values of the parameters at the maximum of the posterior probability distribution (not marginalized). The vertical dotted orange line indicates the central value of the temperature prior, obtained from Eq. (6).

      

    

  
    
      Fig. B.2 
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        Same as Fig. B.1, but at the position of B30 ring (r = 30 au).

      

    

  
    
      Fig. B.3 
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        Same as Fig. B.1, but at the position of B45 ring (r = 45 au).
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