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Abstract

Context. Young stellar objects (YSOs) are surrounded by protoplanetary disks, which are the birthplace of young planets. Ring and gap structures are observed among evolved protoplanetary disks, often interpreted as a consequence of planet formation.

Aims. The pre-Main Sequence (pre-MS) star MP Mus hosts one of the few known examples of protoplanetary disks within 100 pc. Previously, a disk ring structure, with a radius of 80–85 au, was detected in scattered light via near-infrared polarimetric imaging. This ring structure may be indicative of the disk clearing process. Although such ring structures were not seen in the ALMA Band 6 images, some features were detected at ∼50 au.

Methods. In this paper, we analyzed new ALMA Band 7 observations of MP Mus in order to investigate the details of its disk substructures.

Results. By subtracting the continuum profile generated from Band 7 data, we discovered a ring structure in the Band 7 dust continuum image at ∼50 au. We calculated the overall dust mass as 28.4 ± 2.8 M⊕ at 0.89 mm and 26.3 ± 2.6 M⊕ at 1.3 mm and the millimeter spectral index α0.89–1.3 mm ∼2.2 ± 0.3 between 0.89 mm and 1.3 mm. Moreover, we display the spatial distribution of the spectral index (αmm), estimating values ranging from 1.3 at the inner disk to 4.0 at a large radius. Additionally, we observed an extended gas disk up to ∼120 au, in contrast with a compact continuum millimeter extent of ∼60 au.

Conclusions. We conclude that there are strong indicators for an active radial drift process within the disk. However, we cannot discard the possibility of a dust evolution process and a grain growth process as responsible for the outer disk structures observed in the ALMA continuum imaging.

Key words: techniques: interferometric / planets and satellites: formation / protoplanetary disks / circumstellar matter -stars: individual: MP Mus / stars: pre-main sequence


1 Introduction
Stars are born from molecular clouds. Due to the conservation of angular momentum, newborn stars are surrounded by dust and gas-rich circumstellar disks, known as protoplanetary disks, which are the formation sites of young planets. In the protoplan-etary disk phase (gas-rich), dust particles grow and may form objects large enough to accrete gas from the disk in a runaway process. Also, substructures such as gaps and rings are generated, potentially by planet formation and/or other processes. After roughly ten million years, photoevaporation dissipates the gas disk, leaving behind a debris disk (e.g., Williams & Cieza 2011) which may then evolve into a mature planetary system.
The structure and evolution of the protoplanetary disk provide crucial information on planet formation (Williams & Cieza 2011; Andrews 2020; Pinte et al. 2023). High spatial resolution observations have discovered substructures inside the circumstellar disk, potentially indicating their ongoing planet formation process (see Andrews et al. 2018; Long et al. 2018), as early as during the protostellar stage (Segura-Cox et al. 2020). The bright and dark ring structures have been a topic of great debate as they are expected to be detected as a consequence of already formed (proto)planets on the disk (Zhu et al. 2014; Pérez et al. 2015). However, there are other mechanisms that can also form or show these structures, without requiring the presence of protoplanets, such as an effect of dust opacity due to grain growth (Birnstiel et al. 2015), hydrodynamic instabilities (Ward & Hahn 2000; Takahashi & Inutsuka 2014), magnetohydrodynamic instabilities (Gressel et al. 2015; Flock et al. 2015), fast pebble growth near condensation fronts (Zhang et al. 2015), and dust rings induced by sintering (Okuzumi et al. 2016; Okuzumi & Tazaki 2019; Hu et al. 2019). Regardless of their origin, these ring structures are excellent places to accumulate and concentrate large dust grains (e.g., Zhu et al. 2014; Flock et al. 2015; Ruge et al. 2016; Sierra et al. 2017, 2019), and their presence among disks of all ages (e.g., van der Marel et al. 2016; Andrews et al. 2018; Shi et al. 2024) becomes a great indicator that the formation of rings is a necessary first step for the formation of terrestrial planets (Carrasco-González et al. 2016; Kuwahara et al. 2024).
The sizes of even the brightest and largest protoplanetary disks in any given molecular cloud are ∼100 au (Williams & Cieza 2011), whilst the median size of most disks is ∼14 au (Dasgupta et al. 2025). For spatially resolving disks in nearby star formation regions (∼140 pc), observations with subarcsecond resolutions are required. Thus, observations with the Atacama Large Millimeter/submillimeter Array (ALMA) became crucial to resolve structures in disks. In the past decade, ALMA has provided data that revolutionized our understanding of the spatial properties of protoplanetary disks. This includes constraints on the distribution of millimeter sized dust grains, the kinematic parameters of molecular gas, and the disk chemical structures (see Andrews 2020; Huang et al. 2018; Öberg et al. 2021). High resolution ALMA data will also assist us in distinguishing different disk clearing mechanisms (e.g., photoevaporation and grain growth), providing constraints to the theoretical models, and finally placing an accurate diagnosis of the evolutionary stage of the planetary system.
Here, we focus on submillimeter observations obtained with ALMA of the disk around MP Mus, also known as PDS 66 or Hen 3-892: A star of 1.2 ± 0.2M⊙, K1 spectral type and an age of 3.1 ± 0.9 Myr (Asensio-Torres et al. 2021). According to Gaia DR3, the distance of MP Mus is 97.8 pc (Gaia Collaboration 2023), placing it among the three known, actively accreting, near solar mass stars within 100 pc. The other two nearby, roughly solar-mass pre-main sequence (pre-MS) stars that display evidence for ongoing accretion are TW Hya and V4046 Sgr (Kastner & Principe 2022). The young nature of MP Mus was originally reported by Gregorio-Hetem et al. (1992), based on the infrared excess and a strong Ha emission feature in the spectrum. This star is located in the nearest OB association Scorpius-Centaurus and was originally considered a member of the Lower Centaurus Cruz (LCC) subgroup (Mamajek et al. 2002), with an estimated age of 17 Myr. Later, MP Mus was classified as a member of the ∊ Chamaeleon Association (CA), which has a much younger age of 38 Myr (Torres et al. 2008; Murphy et al. 2013; Dickson-Vandervelde et al. 2021). A younger age of the system, 7 Myr, is also supported by the strength of the Li absorption line at 6708 Å (Weise et al. 2010) and the star's position near the boundary of the ∊ CA and the youngest (∼8 Myr) LCC subgroup (Varga et al. 2024). Applying contemporaneous near-UV observation from the Hubble Space Telescope (HST) and ground-based optical spectrum, (Ingleby et al. 2013) measured the mass accretion rate as 1.3 × 10-10 M⊙ yr-1, placing it at the lower mass accretion range of pre-MS stars.
The measurement of the circumstellar disk properties of MP Mus started almost two decades ago. First, the total dust mass of the disk has been estimated to be 5 × 10-5 MΘ or 1.6 M⊙ (Carpenter et al. 2005). Using the N-band (8-13 μm) spectra and infrared Spectral Energy Distribution (SED) up to 1 mm, Schütz et al. (2005) discovered grain growth in the circumstellar disc. Later on, Bouwman et al. (2008) detected circumstellar silicate dust grains in the disk of MP Mus, applying mid-infrared spectra from the Spitzer satellite. The first scattered light image of MP Mus was taken by the NICMOS on HST (Cortes et al. 2009), with an estimated disk radius of 170 au. Kastner et al. (2010) established the presence of a significant gaseous component within the MP Mus disk via detection of 12CO(3-2) emission and estimated the gas disk radius as ∼ 120 au. With the development of the laser guiding near-infrared observations, a disk ring was detected around 80 auby the Gemini Planet Imager (Wolff et al. 2016). The dip of the surface brightness between the bright optically thick inner disk and the ring structure at 80 au indicates an ongoing clearing process inside the disk plane, consistent with the classification of a transitional disk. Similarly, (Avenhaus et al. 2018) discovered a ring structure at 85 au and an inclination of30 deg using the SPHERE instrument located in ESO/VLT. In addition, no accreting sub-stellar component was detected by the Hα emission inside the disk cavity down to the 12 mag contrast of the central star (Zurlo et al. 2020).
Ribas et al. (2023) presented ALMA observations of MP Mus down to 4 au resolution in the 1.3 mm bandpass (Band 6). They found an optically thick disk with a radius of 60±5 au, with the possible exception of a barely resolved outer ring at ∼50 au. The mismatch between the gap locations detected in scattered light and dust continuum indicates that the ring structure seen in the near-infrared might only be a shadow cast by a puffed inner disk. The molecular gas (e.g., 12CO) emission spreads widely to a radius of 130 au. They also measured the millimeter spectral index (αmm) and found an inhomogeneous distribution of the αmm value. This result indicates that the optically thick emission arises from high albedo dust grains residing in the inner 30 au of the disk (α < 2). Subsequently, Grimble et al. (2024) analyzed the structure and composition ofMP Mus using the Spitzer IRS spectrum and ALMA Band 6 image, with radiative transfer models. In this work, the authors found that a density gap (i.e., a ring at 80 au) fits the observational SED better than disk shadowing, within the limitations of the modeling.
2 Observations and data reduction
In this study, we present and analyze ALMA observations of MP Mus from two Cycle 5 programs at 1.3 mm (Band 6; 2017.1.01419.S PI Claudio Cáceres; 2017.1.01167.S P.I.: Sebastián Pérez) and one Cycle 8 program at 0.89 mm (Band 7; 2021.1.01205.S PI: Claudio Cáceres). For the continuum analysis, we focus on Band 7 observations, and for comparison, we used the extended configuration of 2017.1.01167.S in Band 6 since it has the best resolution between the two datasets. The rms of the compact configurations for both datasets are systematically higher than the one of the extended configurations. In addition, the compact configurations Band 7 dataset showed issues during the phase calibration. After combining the compact and extended configurations we did not see an improvement in the rms nor in the image quality, thus we decided to use only the extended configurations of Band 7 and Band 6 for the continuum analysis. However, for line analysis, we used the combined compact and extended configurations of each data set. The details of the different data sets are summarized in Tables B.1 and B.2, including the corresponding correlator configurations.
For data reduction, we used the standard pipeline calibration provided by the ALMA staff using the Common Astronomy Software Applications package, (CASA; McMullin et al. 2007) version 5.6.1-8-10.14. We detected continuum emission from the disk with a high peak Signal to Noise ratio (S/N > 100). After this, we performed selfcalibration to the extended configurations for each band; first excluding all channels with emission lines and then, using mtmfs deconvolver, Briggs weighting, a robust value of 0.5 and -0.5, and nterms=2. In addition, selfcalibration was performed on the combined compact and extended configurations for the line analysis. To properly combine these datasets, we found the peak of the disk continuum emission by fitting a 2D Gaussian shape to each dataset. Then, we applied CASA tasks fixvis and fixplanets to set the phase center to a common coordinate to finally use concat task to concatenate both data sets.
For Band 7, we performed a five-step phase only calibration. We sought solutions over 60 s intervals on the first four steps and solutions over 45 s on the fifth step. By doing so, we improved the root mean square (rms) noise by 60% and S/N of the emission peak by 215% (from 125 to 394) for a robust value of r = 0.5 and an improvement of 30% on S/N (from 107 to 141) for a robust value of r = -0.5. For Band 6 observations, we performed a similar four step phase only calibration and sought solutions over 35 s for the first and second steps, and solutions over 25 s for the third and fourth steps. In this case, the rms noise is reduced by 80% and S/N is improved by 800% (from ~40 to ~320) for both robust values: r = 0.5 and r = -0.5.
Table 1 
Continuum parameters of the extended configurations in Band 7 and Band 6 used in this study.

3 Results
The ALMA Band 7 observation provides a high spatial resolution of 0.07×0.05″ that complements the previous Band 6 observations that reach a resolution of 0.06×0.04″ (Ribas et al. 2023), both with a robust value of -0.5. In this section, we will analyze the disk structures from these Band 6 and 7 observations, in terms of the continuum images and radial profiles, and their CO spectral line counterparts.
3.1 Dust continuum
3.1.1 Continuum images
We present synthesized continuum images at 0.89 mm (Band 7) and 1.3 mm (Band 6) from the selfcalibrated data described in Sect. 2. We applied the tclean algorithm with mtmfs deconvolver and “nterms=2”. We adopted a robust value of r = 0.5, which is an intermediate value between the angular resolution and S/N, and also consistent with the analysis made by (Ribas et al. 2023). Additionally, we applied r = -0.5 to explore the disk with a better angular resolution (-5 au at 98 PC), thus observing small scale substructures. The resulting beam sizes are 0.09 × 0.07″ at 0.89 mm and 0.12″ × 0.10″ at 1.3 mm for r = 0.5; and 0.07″ × 0.05″ at 0.89 mm and 0.11″ × 0.09″ at 1.3 mm for r = -0.5. The estimated rms for Band 7 are 4.8 × 10-5 [Jy/beam] for r = 0.5 and 5.8 × 10-5 [Jy/beam] for r = -0.5 and for Band 6 are 4.1 × 10-5 [Jy/beam] for r = 0.5 and 3.9 × 10-5 for r = -0.5 (see Table 1). We only used selfcalibrated extended configurations to produce the continuum images and deprojected brightness profiles. To estimate continuum fluxes, we applied aperture photometry on these images with a 5-σ mask. The measured continuum fluxes are 388 ± 39 mJy at 0.89 mm and 168 ± 17 mJy at 1.3 mm. The maximum recoverable scales (θMRS), based on the most extended antenna configuration we used in this study (with a minimum baseline of 92 m in Band 6 and 41 m in Band 7, see Table B.1), are 2.7″ and 1.8″ at 0.89 mm and 1.3 mm, respectively1. Both values are larger than the observed angular size of the disk. In Fig. 1, we present the Band 7 image with r = -0.5 on both linear and logarithmic scales. A ring structure at 0.45-0.50″ or ~45-50 au (assuming d = 98 pc) is detected.
3.1.2 Continuum radial profiles
The radial profile of a circumstellar disk carries valuable information on the disk morphology, therefore revealing substructures such as rings and gaps. Additionally, it also provides the intensity distribution, which will further infer the spatial distribution of dust grains and gas molecules in the disk.
The disk inclination angle (i) and position angle (PA) of MP Mus were measured as 32° and 10° based on a 2D Gaussian fit to the 0.89 mm dust continuum in Band 7, which is in total agreement with estimations made from Band 6 at 1.3 mm dust continuum (Ribas et al. 2023) and scattered light observations (e.g., Avenhaus et al. 2018). To confirm the existence of the substructures in the disk, we deprojected the continuum image adopting the aforementioned disk inclination and PA. We then extracted the azimuthal average radial profile, as the average intensity within concentric rings centered at the peak intensity of the source. The central location is also estimated by the 2D Gaussian fit. These profiles are presented in Fig. 2.
The continuum profiles are extended until ~60 au in Band 7, a similar result to that in (Ribas et al. 2023). While Band 6 profiles are apparently smooth, in Band 7, some structures are seen. With a robust value of r = -0.5 in the Band 7 profile, we discovered what seems to be a little bump at ~50 au that could correspond to the ring structure observed in Fig. 1 since they are at the same location at ~45-50 au. Moreover, this bump is in total agreement with the feature found by Ribas et al. (2023) in Band 6. In addition, from the Band 7 profiles, it seems that a second bump emerged at ∼60 au, but this is a very low S/N feature.
	[image: thumbnail]	Fig. 1 ALMA Band 7 continuum images of MP Mus at 0.89 mm using the selfcalibrated extended configuration with a robust value of r = -0.5. The synthesized beam size (white ellipse) is shown in the bottom left corner. Left: linear scale; Right: logarihtmic scale.



	[image: thumbnail]	Fig. 2 Continuum deprojected radial profiles of MP Mus using selfcalibrated extended configurations for Band 6 (2017.1.01167.S) and Band 7, with robust values of 0.5 and -0.5. Their respective 1σ uncertainties are presented as shades around the solid lines. The faint dotted lines in the bottom part of the figure correspond to 5σ detection limits from the rms, calculated for each dataset and each radial bin.



3.1.3 Frank radial profile
Here, we used the FRANKENSTEIN software (Frank; Jennings et al. 2020) to construct a 1D radial profile from the visibilities of the continuum in Band 7, to perform an in depth study of the MP Mus. Frank calculates super resolution radial profiles of protoplanetary disks assuming azimuthal symmetry, an assumption that is in agreement with previous observations of MP Mus (Avenhaus et al. 2018). Using a fast (<1 min) Gaussian process, the Frank software fits the visibilities directly and reconstructs a 1D radial brightness profile nonparametrically. The inclination and position angle values derived from Frank are consistent with the previously adopted results. We then compare it with the one previously calculated in Band 6 by Ribas et al. (2023) and with the continuum radial profiles (see Fig. 3).
From the reconstruction of Frank profiles, we noticed that the bump at ∼45-50 au is present, which is in total agreement with the continuum image and the continuum radial profile in Band 7.
	[image: thumbnail]	Fig. 3 Radial profiles of the continuum for MP Mus using selfcalibrated extended configurations in Band 7 and frank radial profile reconstruction from the visibility of Band 6 (from (Ribas et al. 2023) and Band 7.



3.1.4 Dust continuum versus 12CO profiles
The micrometer sized dust grains that reflect starlight are distributed out to greater distances than the larger particles responsible for the millimeter continuum (e.g., Garufi et al. 2018; Ansdell et al. 2018). Also, models of transitional disks show that small grains extend to larger radii than large grains (e.g., Villenave et al. 2019). All of this is expected since small grains are predicted to be well coupled with the gas. On the other hand, large grains are much less decoupled from the gas and under the effects of radial drift, settle to the disk midplane (Barrière-Fouchet et al. 2005).
Moreover, if we look at the 12CO line profiles in Fig. 4, where smaller dust grains sizes are coupled to the gas, the disk is much more extended than ∼60 au (the millimeter dust grains extension), reaching a disk extension of ∼ 110 au for 12CO(2-1) and ∼120 au for 12CO(3-2), which results in total agreement with the relation found by Andrews (2020) of RCO ≥ 2Rmm based on 0.9 mm data from Öberg et al. (2011), Simon et al. (2017), Ansdell et al. (2018), and Facchini et al. (2019).
	[image: thumbnail]	Fig. 4 Continuum radial profiles compared with 12CO radial profiles, with the same label definition as Fig. 2.



3.2 Parameters calculation
3.2.1 Disk masses
Submillimeter observations are ideal for estimating disk masses (see examples in Andrews & Williams 2005). At a scale much larger than 10 au, the continuum emission is assumed to be optically thin; therefore, the observed flux, Fν, is directly related to the disk mass. Here, we use the following relation to estimate the disk dust mass (Hildebrand 1983):
[image: equation](1)
where d = 98pc is the distance to MP Mus from Gaia DR3. We assume Bν ≈ 2ν2kT/c2, since the Planck function is close to the Rayleigh-Jeans regime, a temperature of T = 20 K and κν ∼ 3 cm2g-1 as the dust opacity at 0.89 mm (Ricci et al. 2012b) and 1.3 mm (Andrews et al. 2011). This results in (8.53 ± 0.85) × 10-5M⊙ or 28.4 ± 2.8M⊕ at 0.89 mm and (7.88 ± 0.79) × 10-5 M⊙ or 26.3 ± 2.6 M⊕ at 1.3 mm as upper limits. In addition, by assuming that MP Mus has properties similar to a median disk in Taurus, we use the linear relations derived by Cieza et al. (2008) (see Eqs. (1), (3)) to estimate the total disk mass from the observed flux.
[image: equation](2)
[image: equation](3)
These relations come from modeling the IR and submillimeter SED of observations presented by Andrews & Williams (2005, 2007), with a disk temperature of T = 20K, which is the median disk calculated by Andrews & Williams (2005), and a dust opacity of κν = 10[ν/1200 GHz] cm2 g-1 that simply assumes a gas-to-dust mass ratio of 100 (Williams & Cieza 2011; Cieza 2016). These results on total disk masses of 15.43 ± 1.55 MJup at Band 7 and of 14.2 ± 1.44 MJup at Band 6. However, dust opacities at millimeter wavelengths have a great dependence on grain size distribution, structure, and composition of the disk, therefore, their values still remain highly uncertain (Birnstiel et al. 2018; Birnstiel 2024).
3.2.2 Spectral index
In protoplanetary disks, the millimeter spectral index (αmm) has a strong dependence on the grain size distribution and, therefore, it is a widely used parameter to investigate grain growth in circumstellar disks among several star forming regions (e.g., Ricci et al. 2012a; Ribas et al. 2017; Ansdell et al. 2018; Tazzari et al. 2021). At millimeter wavelengths, the thermal emission of a disk, integrated over its surface, is dominated by the emission of the outer, optically thin region. By assuming that the dust emission from the disk is optically thin and in the RayleighJeans limit regime (unless the disk would be abnormally cold), the wavelength dependence of the integrated flux is expressed as [image: equation], where βmm is the dust opacity index. Thus, we can fit the observed submillimeter and millimeter SED between two frequencies with [image: equation], where the sub-mm/mm spectral index is related to the dust opacity index by αmm = βmm + 2.
We calculated a spectral index between Band 6 and Band 7 as [image: equation] by using the integrated fluxes values calculated in Sect. 3.1. However, this value only represents an average spectral index in the disk, without the information of the spatial distribution. In addition, based on more recent millimeter observations at different wavelengths of several protoplanetary disks, the opacity index and, by extension, the spectral index, may change with the radius (Guilloteau et al. 2011; Pinilla et al. 2014; Birnstiel 2024). In order to study the spatial variation of a, we combined 0.89 mm and 1.3 mm observations to produce a spectral index map. To join the data, we set a common phase center estimated by a 2D Gaussian fit, and then we used the tclean task with mtmfs deconvolver, nterms=2, which internally sets a common beam size between the two visibility data sets. We also probe with different robust values (0.5, 0.0, and -0.5). The resulting alpha images were used as the spectral index map, and it is shown in Fig. 5 along with its deprojected radial profiles. As expected, the spectral index (α0.89-1.3 mm), is variable through the disk, increasing with radius, starting with a value of ∼1.2 at the inner radius and finishing with a value of ∼4 for r = 0.5. For a further discussion, see Sect. 4.2.
4 Discussion
41 Millimeter substructure in Band 7
With the new dataset with high angular resolution in Band 7 (∼5 au), we are able to observe a small outer ring that has been revealed at ∼50 au from the continuum emission at 0.89 mm. However, there are still no signs of an inner cavity.
In previous works at millimeter wavelengths, MP Mus appeared to be a smooth disk, although it has a ring structure in scattered light (Avenhaus et al. 2018). Ribas et al. (2023) reached a similar angular resolution at 1.3 mm (∼4 au) as our Band 7 data, observing a smooth disk with the possibility of a barely resolved outer ring at ∼50 au. This is an interesting scenario, where the angular resolutions are similar in both bands and the structure is revealed at 0.89 mm observations, confirming the features found at 1.3 mm by (Ribas et al. 2023), which may be more pronounced at Band 7 since it has a larger S/N emission than that at Band 6. To emphasize the structure, we made a brightness profile multiplying the brightness intensity by r2, shown in Fig. 6, where a peak is shown between 45-50 au, which matches the observed outer ring in the continuum image at 0.89 mm.
To understand the reasons why we are not able to observe the same structure in the 1.3 mm continuum, we convolved the 0.89 mm continuum image with the beam size of the 1.3 mm continuum image and then corrected the images to a common phase center, estimated by a 2D Gaussian fit. The resulting image, along with its residual image, are shown in Fig. 7. The ring structure seems to disappear with the convolution to the larger beam size, suggesting that there is not enough angular resolution to resolve the structure in our 1.3 mm image. However, the ring structure is clearly presented in the residual image (see the right panel of Fig. 7).
In addition, Pinilla et al. (2014) compared data from Ricci et al. (2012b), who presented millimeter fluxes and integrated spectral indices of ∼50 classical disks in Taurus, Ophiuchus, and Orion star forming regions with data of transitional disks in Taurus, Perseus, Lupus, Ophiuchus, and, among others (references therein). They found that the mean value of the integrated spectral index for a typical protoplanetary disk corresponds to a value of [image: equation] in comparison to a value of [image: equation] for transitional disks. Also, the values estimated on previous works are consistent with both, classical and transitional disks: Cortes et al. (2009) found a value of α3 mm-12 cm = 2.4 ± 0.1 and Ribas et al. (2023) found values of α0.89-1.3 mm = 2.4 ± 0.3, α1.3-2.2 mm = 2.12 ± 0.11 and α0.89-2.2 mm = 2.25 ± 0.13. From the spectral index estimated for MP Mus (α0.89-1.3 mm ∼ 2.2), its value is more concordant with classical protoplanetary disks, added to the fact that it does not present a large inner cavity, a necessary feature for MP Mus to be classified as a transitional disk.
	[image: thumbnail]	Fig. 5 Top : spectral index maps of MP Mus between 0.89 mm and 1.3 mm, with different Briggs robust values: 0.5, 0.0, and -0.5. Bottom : deprojected α0.89-1.3 mm radial profiles. The horizontal dashed line represents the Rayleigh-Jeans limit (αmm = 2).



	[image: thumbnail]	Fig. 6 Radial brightness profile of Band 7 continuum of MP Mus multiplying by r2 to emphasize the feature. A robust value of r = -0.5 was used for this profile.



4.2 Indicators of grain growth and radial drift on the disk
As we mentioned before, the spectral index has been widely used to characterize the dust properties in protoplanetary disks, especially to constrain the maximum particle sizes in the submillimeter to centimeter range. The opacity spectral index, β, is sensitive to the maximum grain size of the disk, amax (e.g., Natta & Testi 2004; Draine 2006; Testi et al. 2014). When dust grains reach millimeter or larger sizes (αmax >> λ), the absolute value of dust opacity, κλ, decreases, β becomes smaller (β ∼ 0) and the emission follows the shape of a blackbody (αmm ∼ 2). Alternatively, smaller dust grains (αmax << λ, e.g., ISM like grains) have β ∼ 2. Another possible explanation for low values of β is regions of high optical depth, where Ricci et al. (2012a) has shown that this scenario would only be possible for the brightest and most massive disk. Thus, low values of β, and therefore, αmm are indicative of significant grain growth, high optical depth, or a combination of these two processes (Birnstiel 2024). From our derived spectral index a0.89-1.3 mm, we found a range of β between: 0.0-0.5.
On the other hand, compact disks at millimeter wavelengths are expected from radial drift models, where dust pebbles drift toward (local) pressure maxima present in the gas structure (e.g., Weidenschilling 1977), grain growth of the millimeter grains, and also due to line optical depth. These effects predict that millimeter continuum emission should be much more compact than the emission of gas tracers, particularly of the CO tracer (e.g., Facchini et al. 2017; Trapman et al. 2019).
Birnstiel & Andrews (2014) demonstrate that the combined effects of radial drift and (viscous) gas drag naturally produce a sharp outer edge in the dust distribution, where this edge feature forms before grain growth has made much progress in the outer disk, and remains over longer timescales. Also, the average dust-to-gas mass ratio of the disk should be lower than the canonical 1%, with the inner regions locally showing a higher value.
Furthermore, αmm is variable and increases its value as a function of the radius. In Fig. 5, we observed a value variation of α0.89-1.3 mm between 1.2 and 3.0-4.0 depending on the robust value we used, where the blackbody limit is reached at ∼30 au (α = 2). Since the spectral index is lower (αmm < 2) at the inner radius, it suggests that this part of the disk is optically thick, the information about dust sizes is lost and we are observing an elevated surface of the disk with the continuum emission at 1.3 mm and 0.89 mm, which could hide some structures in the midplane of the disk. For larger radii, where αmm > 2 and β remain in lower values (between 30 and 40 au), it could be possible that grain growth takes part as an effective process. In addition, in regions where dust growth is effective, assuming that dust opacity is dominated by absorption is far from reality; instead, for those large particles, the dust opacity should indeed be dominated by scattering (e.g., Birnstiel et al. 2018; Sierra et al. 2019).
Since the inner part of the MP Mus disk is optically thick, we only have information on the surface, indicating a larger population of grains than the observation, which could be translated into a higher dust-to-gas ratio. Also, MP Mus shows a compact disk in millimeter continuum (∼60 au) in contrast with gas tracers such as12CO lines, reaching a radius of ∼ 110-120 au (see Appendix C). Moreover, we obtained an estimated ratio of Rgas/Rdust ∼ 2, a value that is not large enough to demonstrate dust evolution, which requires an Rgas/Rdust > 4 (Trapman et al. 2019). Thus, it is likely that the radial drift is the most dominant process. However, identifying the dust evolution process from Rgas/Rdust requires modeling the disk structure, including the total CO content.
	[image: thumbnail]	Fig. 7 Continuum images of MP Mus. The beam sizes are shown in the lower left corner of each image. Left: Band 6 continuum of MP Mus with r = -0.5 and a beam size of 0.11″ × 0.09″. Right : Band 7 continuum of MP Mus convolved with the beam of Band 6 and r = -0.5. The beam size is 0.13″ × 0.1″.



	[image: thumbnail]	Fig. 8 Radial brightness profile of J and H Band from Sphere at scattered light in comparison with the Band 6 continuum with a robust value of r = 0.5. The vertical dashed line corresponds to the coronograph limit.



4.3 Comparison with disk opacity theory
Substructures in the disk of MP Mus have been identified in the scattered light images from SPHERE (Avenhaus et al. 2018), with a depression of its intensity between 25-75 au. However, on the ALMA Band 6 continuum image, there were no indications of substructures within the 80 au of the disk (Ribas et al. 2023), except for a feature at ∼50 au. In Fig. 8, we compare the radial profiles of the near-IR scattered light (1.65 μm) that shows apeak of intensity at 80 au with ALMA Band 6 continuum (1.3 mm), where the profile is extended until ∼60 au.
Birnstiel et al. (2015) proposed that the inconsistency between the near infrared and submillimeter observed disk profiles may be an effect of dust opacity due to dust evolution. Briefly, in the distribution of particle sizes as a function of radius, there is a disk region where the population of small grains is not replenished and fragmentation is inefficient. Hence, the turbulent diffusion cannot extend there, resulting in short dust growth and drift timescales, leading to the presence of smaller dust grains (see Fig. 1 of Birnstiel et al. 2015). Additionally, its predictions in the radial intensity profiles between scattered light and millimeter continuum could be in agreement with our observations at (25-50 au), where a dip in the scattered light is observed, whilst there is an absence in millimeter observations (see Fig. 3 of Birnstiel et al. 2015). However, the ring is detected at ∼(80 au), and at this radius, we have no signal from millimeter observations. Moreover, we detected a ring at ∼50 au, whose results are incompatible with the predictions for this effect, that it is based on the fact that there is no structure at 1.3 mm.
5 Conclusions
Protoplanetary disks are the birthplace of planetary systems, offering a unique view of the mechanisms of planet formation and disk evolution. Transitional disks, characterized by their gaps and rings, represent an intermediate stage between gas rich primordial disks and debris dominated systems. In this work, we studied the disk structure of MP Mus, as one of the closest disks to our solar system. At a distance of 97.8 pc, MP Mus is an excellent target for investigating detailed grain growth and disk evolution procedures. Previous studies of MP Mus revealed disk structures in the near-IR (due to scattering light) but a lack of resolved detections in the submillimeter data.
Here, we presented new observations of MP Mus obtained with ALMA Band 7 at 0.89 mm. These observations provide a higher spatial resolution of ∼5 au that complements previous Band 6 data at 1.3 mm which reaches a resolution of ∼4 au, allowing us to probe the disk morphology in greater detail. The spectral index (αmm) was mapped by combining multiband ALMA dust continuum data, enabling us to investigate the radial distribution of grain sizes and their implications for disk opacity and grain growth processes. Our key findings include:

	Detection of a ring structure: A ring was confirmed at ∼50 au at 0.89 mm dust continuum from the ALMA Band 7 data, a feature that was not observed in our Band 6 data due to its low spatial resolution;


	Extended gas disk: A gas disk was observed to extend up to ∼ 120 au in the 12CO tracer, significantly beyond the dust disk (∼60 au), consistent with theoretical predictions on the large gas disk radii due to radial drift. However, it can also be a contribution to dust evolution, but models for disk structure that include the total CO content are required;


	Spectral index variation: the radial variation of the spectral index in Band 6 and Band 7 showed a significant increase from ∼1.2 in the inner disk to ∼3.0-4.0 in the outer radius (∼55 au), depending on the robust value we used. This gradient reflects the changing optical depth and grain size distribution, suggesting active processes such as radial drift and dust trapping;


	Implications for grain growth: The detection of substructures at shorter wavelengths and their absence in Band 6 implies that millimeter sized grains dominate the emission in the observed regions, providing evidence of ongoing grain growth and evolution;


	Disk classification: Putting together the relation between spectral index and type of disks, and that there is no evidence of a large inner cavity in the disk, we cannot classify MP Mus as a transitional disk. However, the ring structure detected and the indications for the radial drift process suggest an interesting stage of evolution in the disk.



In summary, our results underline the complex interplay of physical processes shaping disks such as MP Mus. The presence ofa ring structure at 50 au and the radial variation of the spectral index provide critical information about disk clearing mechanisms and the initial stages of planet formation. Future theoretical modeling, coupled with more observational data (e.g., JWST and ALMA), will be the key to further understanding the dynamics and evolution of such systems.
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Appendix A  Line cube images
	[image: thumbnail]	Fig. A.1 Moment 0 Map of gas lines detected in Band 6 and Band 7 data.




Appendix B  Tables
Table B.1 
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ALMA correlator configuration log.


Appendix C  Line radial profiles
	[image: thumbnail]	Fig. C.1 Radial brightness profile of the continuum emission and absorption lines for MP Mus, combining the extended and compact configurations in band 6.




Appendix D  Gas disk radii
We measured the gas size by using the lines we had available. For this, we deprojected moment 0 images using position angle and inclination previously estimated by a 2D Gaussian fit of the continuum and then, extracted deprojected azimuthally averaged radial profiles of the gas emission lines. We considered the following definition for integrated disk flux:
[image: equation](D.1)
where s is the projected radial coordinate in the sky and I(s) is the observed intensity. We estimated the gas disk radius, Rgas, as the radius that contains 95% of the total flux. We obtained an R12CO(2-1) of 110.8 ± 8.9 au and an R12CO(3-2) of 121.7 ± 9.7 au.
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1 See ALMA Technical Handbook, Eq. (3.28) and Sect. 7.2.
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All Figures
	[image: thumbnail]	Fig. 1 ALMA Band 7 continuum images of MP Mus at 0.89 mm using the selfcalibrated extended configuration with a robust value of r = -0.5. The synthesized beam size (white ellipse) is shown in the bottom left corner. Left: linear scale; Right: logarihtmic scale.
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	[image: thumbnail]	Fig. 2 Continuum deprojected radial profiles of MP Mus using selfcalibrated extended configurations for Band 6 (2017.1.01167.S) and Band 7, with robust values of 0.5 and -0.5. Their respective 1σ uncertainties are presented as shades around the solid lines. The faint dotted lines in the bottom part of the figure correspond to 5σ detection limits from the rms, calculated for each dataset and each radial bin.
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	[image: thumbnail]	Fig. 3 Radial profiles of the continuum for MP Mus using selfcalibrated extended configurations in Band 7 and frank radial profile reconstruction from the visibility of Band 6 (from (Ribas et al. 2023) and Band 7.
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	[image: thumbnail]	Fig. 4 Continuum radial profiles compared with 12CO radial profiles, with the same label definition as Fig. 2.
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	[image: thumbnail]	Fig. 5 Top : spectral index maps of MP Mus between 0.89 mm and 1.3 mm, with different Briggs robust values: 0.5, 0.0, and -0.5. Bottom : deprojected α0.89-1.3 mm radial profiles. The horizontal dashed line represents the Rayleigh-Jeans limit (αmm = 2).
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	[image: thumbnail]	Fig. 6 Radial brightness profile of Band 7 continuum of MP Mus multiplying by r2 to emphasize the feature. A robust value of r = -0.5 was used for this profile.
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	[image: thumbnail]	Fig. 7 Continuum images of MP Mus. The beam sizes are shown in the lower left corner of each image. Left: Band 6 continuum of MP Mus with r = -0.5 and a beam size of 0.11″ × 0.09″. Right : Band 7 continuum of MP Mus convolved with the beam of Band 6 and r = -0.5. The beam size is 0.13″ × 0.1″.
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	[image: thumbnail]	Fig. 8 Radial brightness profile of J and H Band from Sphere at scattered light in comparison with the Band 6 continuum with a robust value of r = 0.5. The vertical dashed line corresponds to the coronograph limit.
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	[image: thumbnail]	Fig. A.1 Moment 0 Map of gas lines detected in Band 6 and Band 7 data.
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	[image: thumbnail]	Fig. C.1 Radial brightness profile of the continuum emission and absorption lines for MP Mus, combining the extended and compact configurations in band 6.
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      Table 1 

      Continuum parameters of the extended configurations in Band 7 and Band 6 used in this study.

      
        


	ALMA Project code
	ALMA Band
	Robust value (r)
	Beam
	RMS (μJy/beam)
	Peak S/N





	2017.1.01167.S
	6
	0.5
	0.12″ × 0.10″
	41
	320



	
	6
	-0.5
	0.11″ × 0.09″
	39
	320



	




	2021.1.01205.S
	7
	0.5
	0.09″ × 0.07″
	48
	394



	
	7
	-0.5
	0.07″ × 0.05″
	58
	141





      

    

  
    
      Fig. 1 
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        ALMA Band 7 continuum images of MP Mus at 0.89 mm using the selfcalibrated extended configuration with a robust value of r = -0.5. The synthesized beam size (white ellipse) is shown in the bottom left corner. Left: linear scale; Right: logarihtmic scale.

      

    

  
    
      Fig. 2 
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        Continuum deprojected radial profiles of MP Mus using selfcalibrated extended configurations for Band 6 (2017.1.01167.S) and Band 7, with robust values of 0.5 and -0.5. Their respective 1σ uncertainties are presented as shades around the solid lines. The faint dotted lines in the bottom part of the figure correspond to 5σ detection limits from the rms, calculated for each dataset and each radial bin.

      

    

  
    
      Fig. 3 
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        Radial profiles of the continuum for MP Mus using selfcalibrated extended configurations in Band 7 and frank radial profile reconstruction from the visibility of Band 6 (from (Ribas et al. 2023) and Band 7.
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        Continuum radial profiles compared with 12CO radial profiles, with the same label definition as Fig. 2.
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        Top : spectral index maps of MP Mus between 0.89 mm and 1.3 mm, with different Briggs robust values: 0.5, 0.0, and -0.5. Bottom : deprojected α0.89-1.3 mm radial profiles. The horizontal dashed line represents the Rayleigh-Jeans limit (αmm = 2).
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        Radial brightness profile of Band 7 continuum of MP Mus multiplying by r2 to emphasize the feature. A robust value of r = -0.5 was used for this profile.

      

    

  
    
      Fig. 7 
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        Continuum images of MP Mus. The beam sizes are shown in the lower left corner of each image. Left: Band 6 continuum of MP Mus with r = -0.5 and a beam size of 0.11″ × 0.09″. Right : Band 7 continuum of MP Mus convolved with the beam of Band 6 and r = -0.5. The beam size is 0.13″ × 0.1″.
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        Radial brightness profile of J and H Band from Sphere at scattered light in comparison with the Band 6 continuum with a robust value of r = 0.5. The vertical dashed line corresponds to the coronograph limit.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Moment 0 Map of gas lines detected in Band 6 and Band 7 data.

      

    

  
    
      Table B.1 

      ALMA observation log.

      
        


	ALMA Project Code
	ALMA Band
	Date
	Time on source (min)
	Nant
	Baselines (m)
	PWV (mm)
	Flux Calibrator





	2017.1.01167.S
	6
	2017-11-16
	11.4
	44
	92 – 8283
	1.1
	J1427-4206



	
	6
	2018-01-15
	5.6
	46
	15 – 2387
	1.6
	J1427-4206



	




	2017.1.01419.S
	6
	2017-12-26
	16.7
	43
	15 – 2516
	0.34
	J1427-4206



	
	6
	2018-06-06
	8.3
	44
	15 – 313
	0.72
	J1427-4206



	




	2021.1.01205.S
	7
	2021-11-20
	24.2
	44
	41 – 3638
	0.36
	J1427-4207



	
	7
	2022-08-19
	6.0
	44
	15 – 1301
	0.32
	J1427-4206





      

    

  
    
      Table B.2 

      ALMA correlator configuration log.

      
        


	ALMA Project Code
	ALMA Band
	Central Freq. (GHz)
	Bandwidth (Mhz)
	Channels
	Spectral lines





	2017.1.01167.S
	6
	232.485
	2000
	128
	...



	
	
	244.984
	2000
	128
	...



	
	
	246.984
	20000
	128
	...



	
	
	230.531
	1875
	960
	12CO(2 – 1)



	




	2017.1.01419.S
	6
	217.550
	2000
	128
	...



	
	
	232.800
	2000
	128
	...



	
	
	219.494
	1875
	3840
	13CO(2 – 1), C18O(2 – 1)



	
	
	230.620
	234
	1920
	12CO(2 – 1)



	
	
	231.205
	234
	1920
	...



	




	2021.1.01205.S
	7
	343.609
	2000
	128
	...



	
	
	345.188
	117
	960
	...



	
	
	345.788
	117
	960
	12CO(3 – 2)



	
	
	355.067
	1875
	3840
	HCN(4 – 3)



	
	
	356.722
	938
	3840
	HCO+(4 – 3)





      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Radial brightness profile of the continuum emission and absorption lines for MP Mus, combining the extended and compact configurations in band 6.
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