
Publications of the Astronomical Society of Japan, 0000, 00, 1–9
doi: 10.1093/pasj/xxx000
Advance access publication date: ⟨publication date⟩

Grain growth in protoplanetary disks in the Upper Scorpius
revealed by millimeter-wave spectral indices
Tau Bito1, Akimasa Kataoka2, Takahiro Ueda3, Luca Ricci4, Tilman Birnstiel5,6 and John Carpenter7

1Department of Astronomy, Kyoto University, Kitashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan
2National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan
3Center for Astrophysics | Harvard & Smithsonian, 60 Garden Street, Cambridge, MA 02138, USA
4Department of Physics & Astronomy, California State University Northridge, 18111 Nordhoff Street, Northridge, CA 91330, USA
5University Observatory, Faculty of Physics, Ludwig-Maximilians-Universität München, Scheinerstr. 1, 81679 Munich, Germany
6Exzellenzcluster ORIGINS, Boltzmannstr. 2, 85748 Garching, Germany
7Joint ALMA Observatory, Avenida Alonso de Córdova 3107, Vitacura, Santiago, Chile

Abstract
The measurement of dust size from millimeter-wavelength spectra provides direct constraints on grain growth in protoplanetary disks. The
spectral indices between 0.88 mm and 2.9 mm have been measured in multiple young star-forming regions, such as Taurus, Ophiuchus,
and Lupus, which have ages of 1-3 Myr. These spectral indices are as low as 2-3, suggesting that grains in disks are much larger than
those in the interstellar medium. In this study, we analyze the ALMA archival data of 23 disks in the Upper Scorpius region. The observed
wavelength is 2.9 mm in Band 3, the angular resolution is 3.′′3 × 2.′′1, which is not high enough to resolve the targets, and the rms noise is
below 0.075 mJy beam−1 for almost all sources. Together with the literature values of the Band 7 fluxes of the same targets, we find that the
average spectral index of the disks in the Upper Scorpius region is αmm =2.09±0.10, which is equal to or slightly smaller than those at the other
younger regions. To explain the relationship between the fluxes and spectral indices of the disks in the Taurus, Ophiuchus, Lupus, and Upper
Scorpius regions, we construct simple disk evolution models. The observations are best reproduced by models in which the inner radius of the
disk increases. This suggests that a substantial amount of dust mass must persist in the outer disk regions where the dust temperature is lower
than 20 K even at late evolutionary stages. These findings offer key insights into the grain growth and the temporal evolution of protoplanetary
disks.
Keywords: protoplanetary disks — planets and satellites: formation — radio continuum: planetary systems

1 Introduction

Planet formation begins with the growth of micron-sized dust par-
ticles within protoplanetary disks, eventually leading to the for-
mation of planetesimals, terrestrial planets, and the cores of gas
giants. Dust grains in these disks grow by sticking together, frag-
menting into smaller ones or drifting radially, depending on the
disk properties (Birnstiel 2024).

The grain size in disks is observationally deduced from the mil-
limeter spectral index of the dust continuum emission. If the disk
is optically thin and the radiation is emitted in the Rayleigh–Jeans
regime, the relationship α ≃ β +2 holds, where α is the spectral
index of the flux density (Fν ∝ να), and β is the spectral index of
the mass absorption dust opacity coefficient (κν ∝ νβ). Under this
assumption, β depends on the maximum grain size amax and over-
all grain size distribution (Natta et al. 2007). The typical value of
β is 1.7 for interstellar medium (ISM; Finkbeiner et al. 1999). As
the grain size increases from micron sizes, β initially stays nearly
constant, then rises at the opacity cliff around amax = λ/(2π),
and subsequently starts to decrease (e.g., Beckwith & Sargent
1991; Miyake & Nakagawa 1993; Draine 2006; Ricci et al. 2010b;
Birnstiel et al. 2018). Multi-wavelength observations in regions
like Lupus, Taurus, and Ophiuchus have detected spectral indices
lower than those of ISM, supporting the theory of grain growth
within these disks (Tazzari et al. 2021; Ricci et al. 2010b, 2010a).

However, the validity of this discussion diminishes in regions
with optically thick areas (Ricci et al. 2012) or thermal emis-
sion deviating from the Rayleigh-Jeans regime. Advances in
high-resolution imaging and spectral analysis, especially with the
Atacama Large Millimeter/Submillimeter Array (ALMA), have
enabled spatially resolved studies of disk structures (Pérez et al.
2012; Tsukagoshi et al. 2016; Andrews et al. 2018; Macías et al.
2021). These observations have uncovered intricate substructures,
such as rings and gaps, which may influence spectral interpre-
tations and affect our understanding of dust evolution (Andrews
2020). In particular, the localized dust distribution and/or the com-
pactness of disks make them more optically thick than they ap-
pear, highlighting the need for observations at longer wavelengths
where the disk is more optically thin (Carrasco-González et al.
2019; Ueda et al. 2022; Guidi et al. 2022).

Photometric surveys are essential for investigating the temporal
evolution of dust in disks in a statistical way. The temporal evolu-
tion of dust within disks has been studied by comparing individual
objects at different evolutionary phases (Class 0, I, II) within the
same region (Lada & Wilking 1984; Andre et al. 1993; Tobin et al.
2020) or through global comparisons on a region-by-region ba-
sis (Ansdell et al. 2016; Barenfeld et al. 2016; Testi et al. 2022).
Upper Scorpius is a nearby star-forming region with an estimated
age of around 5–10 Myr (Pecaut & Mamajek 2016), significantly
older than the other regions such as Taurus and Lupus (∼1-3 Myr;
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Alcalá et al. 2017), offering crucial insights into the temporal evo-
lution of dust in disks.

In this study, we analyze ALMA Band 3 data at a wavelength of
2.9 mm for disks in the Upper Scorpius (USco) region and derive
spectral indices by comparing it with Band 7 data. We then exam-
ine how these spectral indices differ from those in other regions.
We also make a simple model to consider the effects of optically
thick and cooler regions. The goal of this paper is to gain insight
into dust growth in the disk by comparing observations by region
and by comparing models with observations.

2 Sample Selection and Observation
In this study, we used ALMA Band 3 observation data of
23 disk-bearing young stellar objects (YSOs) in the Upper
Scorpius star-forming region. These observations were obtained
on June 20 and 22, 2016 (project ID: 2015.1.00819.S, PI: Ricci
L.). The observed disks correspond to the brightest objects
in the Band 7 survey (Barenfeld et al. 2016) with the excep-
tion of 2MASS J1653456-2242421. The derived stellar proper-
ties are given in Table 1. Stellar spectral types and disk types
were taken from Luhman & Mamajek (2012) and Luhman &
Esplin (2020), respectively. Distances were calculated using
the parallaxes of Gaia Collaboration et al. (2023), except for
J16141107-2305362, J16014086-2258103, J16135434-2320342
and J16062196-1928445. For these objects, the average distance
of the other objects (141.6 pc) was applied.

The continuum spectral windows of the observations were cen-
tered on 97.995, 99.932, 109.995, and 111.995 GHz with band
widths of 1.875 GHz and channel widths of 15.625 MHz, respec-
tively. The array configuration used forty-five 12 m antennas for
the 11 faint samples (with Band 3 fluxes less than approximately
0.9 mJy) and forty-one 12 m antennas for the 12 bright samples
(with Band 3 fluxes greater than approximately 0.9 mJy) with
maximum baselines of 331.0 m. The integration times are 9 min
per source on the faint targets and 3 min per source on the bright
targets, achieving an rms noise of 28 and 67 µJy/beam, respec-
tively. Data calibration and imaging were performed using CASA
4.5.2 and 4.5.3 (McMullin et al. 2007). We extracted continuum
images from the calibrated visibilities by averaging over the con-
tinuum channels. The average continuum beam size, adopting nat-
ural weighting, was 3.3×2.1 arcsec2 (≈ 460×280 au2 at the dis-
tance of these sources).

We measured continuum flux densities by fitting point-source
to the visibility data with uvmodelfit in CASA. We confirmed
that all objects were unresolved in continuum images produced
by the CASA tclean task. The point-source model has three free
parameters: integrated flux density (Fcont), right ascension offset
from the phase center (Da), and declination offset from the phase
center (Dd). The initial parameters for the fit were the same for all
objects: Fcont = 0.005 Jy, Da = 0.0, Dd = 0.0.

3 Results
3.1 Flux at 2.9 mm and spectral indices
Table 2 summarizes our results for the 2.9 mm continuum flux
densities and disk-integrated spectral indices. Note that the uncer-
tainties of the fluxes are statistical errors and do not include the ab-
solute flux calibration error, which is estimated to be 5% for Band
3 data according to the ALMA technical handbook. No emission
lines were detected.

Fig. 1. Spectral indices between 0.88 and 2.9 mm as a function of inte-
grated 1 mm flux for USco disks (blue), Lupus (red; Tazzari et al. 2021)
, Taurus (orange; Ricci et al. 2010b) and Ophiuchus (brown; Ricci et al.
2010a). The uncertainties in the flux measurements, shown as blue hor-
izontal bars in the figure, are due to a 10% calibration uncertainty. The
errors on the spectral indices, shown as blue vertical bars, are propagated
from the flux uncertainties at the two wavelengths. The dark shaded re-
gion represents the sensitivity cut-off of our ALMA observations which is
caused by the difference between the fluxes at 0.88 and 2.9 mm.

The flux at 2.9 mm from the brightest disk is 51.824 ±
0.021 mJy, which is 690 times the noise. The faintest one is
0.335 mJy, which is 20 times the noise. Spectral indices αmm

were computed using the 0.88 mm fluxes measured by Barenfeld
et al. (2016) and assuming a simple power law between 0.88 and
2.9 mm : Fν ∝ ναmm . Their errors include the 10% flux calibra-
tion error. The mean spectral index is αmm = 2.09± 0.10.

3.2 Comparison to other regions
To compare the spectral indices between star-forming regions, fig-
ure 1 shows the spectral indices as a function of the 1 mm flux
of the brightest disks in the regions of Lupus, Taurus, Ophiuchus,
and Upper Scorpius. The 1 mm fluxes were calculated under the
assumption of constant spectral indices between the 2.9 mm and
0.88 mm data. The spectral indices of disks in Lupus are taken
from Tazzari et al. (2021) and those in Taurus and Ophiuchus are
taken from a compilation by Ricci et al. (2010a) and Ricci et al.
(2010b), where the scaled flux densities are recalculated with the
corrected distances (see Appendix).

The fluxes of disks in USco are significantly lower than those in
the other regions, corresponding to lower disk masses. The mean
spectral index of disks in Upper Scorpius is αmm = 2.09± 0.10,
while those in Lupus, Taurus and Ophiuchus are 2.2, 2.3 and 2.2
respectively. There are many more disks with spectral indices be-
low 2 in the USco region than in other regions. The overall trend is
that the smaller the flux, the smaller the spectral index. Note, how-
ever, that J16020757-2257467 has a relatively small F1mm but a
large α of 2.7, and thus deviates from this trend.

4 Discussion
The observed millimeter spectral indices of protoplanetary disks
provide a key diagnostic of the physical properties of the dust
they contain. The evolution of dust disks is governed by a range
of complex processes such as sticking growth, radial drift, vis-
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Table 1. Stellar properties.

Source SpT Disk Type R.A. Dec. Distance
(2MASS) (ICRS) (ICRS) (pc)

J16113134-1838259 K5 Full 16:11:31.34 -18.38.25.9 132.1±1.2
J16042165-2130284 K2 Transitional 16:04:21.65 -21.30.28.4 145.3±0.6
J15583692-2257153 G7 Full 15:58:36.92 -21.30.28.4 167.2±0.6
J16090075-1908526 K9 Full 16:09:00.75 -19.08.52.6 137.4±0.4
J16082324-1930009 K9 Full 16:08:23.24 -19.30.00.9 137.7±0.4
J16142029-1906481 M0 Full 16:14:20.29 -19.06.48.1 139.9±1.0
J16154416-1921171 K5 Full 16:15:44.16 -19.21.17.1 126.7±1.3
J16075796-2040087 M1 Full 16:07:57.96 -20.40.08.7 136.8+2.5

−2.4

J16072625-2432079 M3.5 Full 16:07:26.25 -24.32.07.9 144.5±0.6
J16024152-2138245 M4.75 Full 16:02:41.52 -21.38.24.5 140.4±1.2
J16054540-2023088 M2 Full 16:05:45.40 -20.23.08.8 138.7±0.8
J16135434-2320342 M4.5 Full 16:13:54.34 -23.20.34.2 ∗ 141.6±1.8
J16123916-1859284 M0.5 Full 16:12:39.16 -18.59.28.4 135.5±0.4
J15582981-2310077 M3 Full 15:58:29.81 -23.10.07.7 141.0±1.0
J15530132-2114135 M4 Full 15:53:01.32 -21.14.13.5 143.1±1.0
J16020757-2257467 M2.5 Full 16:02:07.57 -22.57.46.7 140.6±0.4
J16111330-2019029 M3 Full 16:11:13.30 -20.19.02.9 153.8±0.7
J16141107-2305362 K2 Full 16:14:11.07 -23.05.36.2 ∗ 141.6±1.8
J16181904-2028479 M4.75 Evolved 16:18:19.04 -20.28.47.9 139.7±1.2
J16035767-2031055 K5 Full 16:03:57.67 -20.31.05.5 142.9±0.4
J16062196-1928445 M0 Transitional 16:06:21.96 -19.28.44.5 ∗ 141.6±1.8
J16001844-2230114 M4.5 Full 16:00:18.44 -22.30.11.4 162.3+11.6

−10.1

J16014086-2258103 M4 Full 16:01:40.86 -22.58.10.3 ∗ 141.6±1.8

Notes: Stellar spectral types and disk types were taken from Luhman & Mamajek (2012) following Barenfeld
et al. (2016). We use the definitions of the evolutionary stages of disks adopted by Espaillat et al. (2012).
Distances are computed using Gaia DR3 measurements (Gaia Collaboration et al. 2023). Values marked with
* have been averaged from other sources as the data for Gaia DR3 were not available.

cous spreading with gas (Lynden-Bell & Pringle 1974), gap for-
mation by protoplanets (e.g., Dipierro et al. 2015) and magnetic
field effects (Flock et al. 2015). A comprehensive treatment of
these mechanisms is beyond the scope of this paper. Instead, we
construct a set of parametric disk models to explore how different
modes of mass loss affect millimeter observables. These models
are not designed to reproduce specific physical processes of disk
dispersal, but rather to identify the necessary dust grain proper-
ties that are consistent with the observed millimeter emission from
dust disks. In this section, we first describe the setup of our simple
models and then discuss the resulting implications.

4.1 Simple disk models
Excluding variations in dust composition or grain size, the struc-
ture of a simple dust disk can be characterized by three free pa-
rameters: the inner radius (Rmin), the outer radius (Rmax), and
the normalization of the surface density (Σ0). Now, the surface
density distribution is given by

Σ(r) =

{
Σ0

(
r

1au

)−1
(Rmin < r < Rmax)

0 (otherwise).
(1)

We adopt a r−1 surface density profile, which is shallower than
that of the minimum-mass solar nebula model (Hayashi 1981)
but still consistent with recent observational constraints suggest-
ing moderately declining profiles (Law et al. 2021).

We consider four scenarios (Cases A–D), each varying one pa-
rameter to represent a different mode of disk mass loss, while
holding the others fixed. In Case A, the outer disk radius de-

creases from 1000 au to 1 au, while the inner radius and the sur-
face density normalization are kept constant at Rmin = 0.1 au and
Σ0 =4.23 gcm−2. In Case B, the inner disk radius increases from
0.1 au to 100 au, with Rmax = 100 au and Σ0 = 4.23 gcm−2

fixed. In Case C, the surface density normalization decreases from
42.3 to 0.0423 gcm−2, while the inner and outer radii remain at
0.1 au and 100 au, respectively. Case D follows the same setup
as Case C, in which the surface density normalization is reduced
while keeping Rmin = 0.1 au and Rmax = 100 au fixed, but with
additional gaps imposed in the disk. Specifically, Σ(r) is set to
zero for 20 au < r < 55 au, 75 au < r < 90 au, mimicking the
gap structure observed in HD 163296 (Doi & Kataoka 2023). The
surface density profile is then renormalized such that the initial to-
tal dust mass is 1000M⊕, and subsequently reduced until the mass
reaches 1M⊕.

According to Testi et al. (2022), most of the stellar luminosities
in these regions fall within the range of 0.01 to 1L⊙. Stars in
USco tend to be fainter than those in other regions, but the mean
luminosity of our sample is 0.25L⊙ because we are using only the
brighter ones within USco.

Adopting the midplane temperature profile

Tmid(r) =
(

ϕL∗

8πr2σSB

)0.25

[K] (2)

as used in Huang et al. (2018), and assuming a stellar luminosity
of L∗ = 0.25L⊙ and a flaring angle of ϕ = 0.04, we obtain the
following expression:

Tmid(r) = 100
(

r

1au

)−0.5

[K]. (3)

This temperature profile is used consistently across all four mod-
els, and is assumed to remain constant over time.
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Table 2. Continuum flux measurements and 0.88− 2.9 mm spectral indices.

Source Beam Size rms F2.9mm F0.88mm αmm

(arcsec× arcsec) (mJy beam−1) (mJy) (mJy)
J16113134-1838259 3.31×2.08 0.075 51.824±0.021 903.56± 0.85 2.43± 0.09
J16042165-2130284 3.27×2.08 0.038 5.122±0.021 218.76± 0.81 3.19± 0.10
J15583692-2257153 3.25×2.08 0.042 5.033±0.021 174.92± 0.27 3.01± 0.10
J16090075-1908526 3.29×2.07 0.041 3.313±0.022 47.28± 0.91 2.26± 0.10
J16082324-1930009 3.28×2.07 0.042 3.147±0.022 43.19± 0.81 2.22± 0.10
J16142029-1906481 3.30×2.07 0.047 3.193±0.021 40.69± 0.22 2.16± 0.10
J16154416-1921171 3.31×2.08 0.046 2.068±0.021 23.57± 0.16 2.07± 0.10
J16075796-2040087 3.27×2.07 0.300 2.643±0.021 23.49± 0.12 1.86± 0.10
J16072625-2432079 3.24×2.08 0.047 1.054±0.021 13.12± 0.24 2.14± 0.10
J16024152-2138245 3.24×2.07 0.042 1.109±0.021 10.25± 0.19 1.89± 0.10
J16054540-2023088 3.27×2.07 0.045 0.991±0.022 7.64± 0.15 1.73± 0.10
J16135434-2320342 3.27×2.08 0.038 1.202±0.021 7.53± 0.13 1.56± 0.10
J16123916-1859284 3.22×2.14 0.037 0.467±0.015 6.01± 0.29 2.17± 0.11
J15582981-2310077 3.17×2.14 0.027 0.651±0.015 5.86± 0.18 1.87± 0.10
J15530132-2114135 3.17×2.14 0.032 0.681±0.015 5.78± 0.14 1.82± 0.10
J16020757-2257467 3.19×2.14 0.030 0.219±0.015 5.26± 0.27 2.70± 0.12
J16111330-2019029 3.22×2.14 0.026 0.758±0.015 4.88± 0.16 1.58± 0.10
J16141107-2305362 3.23×2.15 0.029 0.705±0.015 4.77± 0.14 1.62± 0.10
J16181904-2028479 3.23×2.14 0.021 0.521±0.015 4.62± 0.12 1.85± 0.10
J16035767-2031055 3.22×2.14 0.033 0.453±0.015 4.30± 0.39 1.91± 0.13
J16062196-1928445 3.21×2.14 0.029 0.616±0.015 4.08± 0.52 1.61± 0.15
J16001844-2230114 3.18×2.14 0.025 0.359±0.015 3.89± 0.15 2.02± 0.11
J16014086-2258103 3.22×2.14 0.023 0.335±0.015 3.45± 0.14 1.98± 0.11

Note: F0.88mm are reported by Barenfeld et al. (2016).

We adopted a dust opacity

κν = 2.7
(
ν

ν0

)β

[cm2 g−1], (4)

while ν0=341 GHz (0.88 mm), following Barenfeld et al. (2016).
For each model, we test five values for the opacity index, β =
0,0.5,1.0,1.5,2.0 as an indicator of dust grain size (Ricci et al.
2010b). These values correspond to opacities at 2.9 mm of ap-
proximately κ ≈ 2.7, 1.5, 0.82, 0.45, and 0.25 cm2 g−1, respec-
tively.

We calculated the flux density and spectral index using the fol-
lowing formula:

Fν =

∫ Rmax

Rmin

2πr
Bν(1− e−τ)

d2
dr, (5)

Bν =
2hν3

c2
1

exp( hν
kT

)− 1
, (6)

αmm =
ln(F341GHz/F105GHz)

ln(341/105)
, (7)

where τ = κΣ is the optical depth and d is the distance.

For each case, we calculate the flux at 140 pc and the spectral
index αmm. In all models, the disk is assumed to be face-on.

4.2 Result of model calculations
Figure 2 shows the result of the calculation. In case A, the spec-
tral index αmm rises once as Rmax decreases and then approaches
2. This is because in the larger disks, due to the lower tempera-
tures in the outer part of the disk, the dust radiation was out of the
Rayleigh-Jeans regime and αmm was smaller than β + 2. Then,
the inner part of the disk is optically thick, thus approaching the
spectral index of blackbody radiation.

In case B, since the inner part of the disk has a small area, its
contribution to the total disk flux is small, and hence the total flux
and αmm remain nearly constant as long as Rmin ≲ 10 au. As
Rmin is increased beyond that, αmm approaches a value smaller
than the expected β+2 since only dust in optically thin and low-
temperature region remains. At the triangles (▲), Rmin = 90 au,
and optical depth is τ < 0.15 in such outer region.

In cases C and D, αmm increases monotonically with decreasing
surface density. This is due to the extended optically thin region.
Compared to case C, case D has a little smaller flux when look-
ing at the same dust mass. Also, the ratio of the change in αmm

to the change in flux is larger. However, there are no significant
differences in the models with and without the gap.

4.3 Evidence of grain growth

Figure 3 compares the models with the observations. Note that it
is not our goal to explain the disk evolution with a single simple
model. Rather, the aim is to investigate trends in how fluxes and
spectral indices change depending on how mass loss proceeds, in
order to constrain parameters such as disk radius.

The first important point is that no model can explain the USco
observations, where α is less than 2, unless β is sufficiently small.
Figure 3 suggests that, irrespective of the specific mass loss pro-
cess, β must be 0.5 or less in some of the faint USco disks. As
discussed in Ricci et al. (2010b); Birnstiel et al. (2018); Tazzari
et al. (2021), β is correlated with dust size. Adopting the dust
model from Ricci et al. (2010b), β = 0.5 corresponds to a maxi-
mum grain size of 3 mm for q = 2.5, or 1 cm for q = 3.0, where q
is the power law index of the grain size distribution, n(a) ∝ a−q .
While a degeneracy exists between the maximum grain size and
the slope of size distribution, such low β values can only be repro-
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Fig. 2. Calculated spectral indices between 0.88 and 2.9 mm. The upper left panel shows case A, corresponding to a model with decreasing Rmax. The
upper right panel shows case B, corresponding to a model with increasing Rmin. The lower panels show cases C and D, corresponding to models with
decreasing Σ0. case C (lower left) has no gap in the disk, while case D (lower right) has. In each panel, different colored lines indicate different values of
β. The stars (⋆) indicate the reference model, with 0.1 au for the inner edge, 100 au for the outer edge, and 100M⊕ for the dust mass. Moving from one
marker to the next corresponds to a tenfold change in dust mass.

duced with both a flat dust size slope (q≲ 3) and a large maximum
grain size (amax ≳ 3 mm). Upper Scorpius is much older (5-10
Myr; Pecaut & Mamajek 2016; Posch et al. 2024) than the other
three regions (1-3 Myr; Alcalá et al. 2017). Given this, at least
for these USco objects, grain growth may have progressed further
than in younger disks. For the other objects, a model with β = 1
can account for both young and old disks, making it difficult to
determine whether dust grains grow further as disks evolve from
younger to older stages.

Secondly, dust must be present in the cooler region of the disk.
If all the dust were in the high temperature region, αmm could
not be less than 2 because Rayleigh-Jeans approximation would
hold. In case A, α approaches 2 because the dust will eventually
be distributed only in the high-temperature region near the sun.
This model cannot explain the low values of αmm of USco disks.
To explain objects with α = 1.5 and α = 1.75 solely as a result
of deviation from the Rayleigh–Jeans regime, the dust tempera-
ture must be 11.1 K and 20.9 K, respectively. These temperatures
correspond to radial distances of r = 81 au and r = 23 au when
the stellar luminosity is 0.25L⊙. The models of uniformly de-

creasing surface density (case C and D) also fail to explain the
extremely low αmm ∼ 1.6 even with the models with β = 0. Even
when including the uncertainties, the observed data points lie be-
low the β = 0 model curves. This suggests that simple models in
which the surface density uniformly decreases across the disk are
not sufficient to explain the observations. Only case B reproduces
the small spectral indices, suggesting that dust must remain in the
outer, cooler regions as the protoplanetary disk evolves.

We note that the actual disk evolution is expected to be much
more complex than our model. A comparison between the data
obtained in this study and more detailed disk population synthesis
models (e.g., Delussu et al. 2024) is left for future work.

4.4 Effect of non-thermal emission

We showed that, under the assumption that the emission is purely
thermal emission from dust, the presence of large dust in low-
temperature regions is necessary to explain the low spectral indices
observed in USco. However, according to Hendler et al. (2020),
R68 (radius containing 68% of the total flux) of disks in USco is
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Fig. 3. Observation vs. Model Comparison. Figures 1 and 2 are combined. For figure 2, the horizontal axis is converted from flux at 0.88 mm to at 1mm.

around 30 au. In such disks, it is unclear whether dust with tem-
perature low enough to deviate from the Rayleigh-Jeans limit can
dominate the disk emission.

Another possible explanation for the small spectral indices is
non-thermal emission from ionized gas. In the central regions near
the star, free-free emission from ionized jets or disk winds is likely
present (Carrasco-González et al. 2016; Rota et al. 2024). Here, we
examine the amount of non-thermal emission required to explain
the small spectral indices. Assuming that F0.88mm is entirely due
to thermal dust emission, we calculated the thermal emission com-
ponent of F2.9mm under the assumption of spectral indices of ther-
mal dust emission αthermal = 2.0, 2.5, 3.0, and 3.5. By comparing
these results with the observation, we estimate the contribution of
non-thermal emission to the total flux (Table 3). The equations
used for the calculations are as follows:

F2.9mm,thermal = F0.88mm,observed

(
0.88

2.9

)αthermal

, (8)

F2.9mm,nonthermal = F2.9mm,observed −F2.9mm,thermal. (9)

Assuming αthermal = 2.5, the source J16135434-2320342,
which has the lowest observed spectral index of 1.56, shows
that the proportion of non-thermal emission is 67% (0.8 mJy at
2.9 mm). For reference, the free-free emission of HL Tau, a much
younger object with high accretion rate (∼ 10−7M⊙/yr; White
& Hillenbrand 2004), is estimated to be ∼ 0.7 mJy at 2.9 mm

(Carrasco-González et al. 2016). It is unclear whether older USco
disks with lower accretion rates (< 10−8M⊙/yr; Manara et al.
2020) would exhibit a similar level of free-free emission.

Further observations at longer wavelengths are required to iso-
late the thermal emission from non-thermal contributions and to
more accurately constrain its spectral index. Recently, detailed
microwave spectra covering 4–360 GHz have been investigated
for bright Taurus disks (Painter et al. 2025), enabling the quan-
tification of free-free emission contamination at each frequency.
Extending such studies to USco disks is crucial for understanding
the time evolution of protoplanetary disks. In addition, high angu-
lar resolution data will allow us to probe regions of the disk where
scattering and free-free emission are negligible, thereby providing
better constraints on dust grain sizes, particularly in regions where
thermal emission dominates. Such observations may also uncover
spatial variations in grain size across the disk.

5 Summary

We analyzed ALMA Band 3 (2.9 mm) observations of 23 disks in
the Upper Scorpius star forming region and compared them with
Band 7 (0.88 mm) data (Barenfeld et al. 2016) to calculate the
spectral indices. The observed spectral indices were compared
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Table 3. Estimated proportion of non-thermal emission to total flux.

Source F2.9mm αmm Proportion of non-thermal emission to total flux at 2.9 mm
(mJy) αthermal = 2.0 αthermal = 2.5 αthermal = 3.0 αthermal = 3.5

J16113134-1838259 51.824 2.4 — 0.08 0.49 0.72
J16042165-2130284 5.122 3.2 — — — 0.31
J15583692-2257153 5.033 3.0 — — — 0.44
J16090075-1908526 3.313 2.3 — 0.25 0.58 0.77
J16082324-1930009 3.147 2.2 — 0.28 0.60 0.78
J16142029-1906481 3.193 2.2 — 0.33 0.63 0.79
J16154416-1921171 2.068 2.1 — 0.40 0.67 0.82
J16075796-2040087 2.643 1.9 0.16 0.53 0.74 0.86
J16072625-2432079 1.054 2.1 — 0.34 0.64 0.80
J16024152-2138245 1.109 1.9 0.12 0.51 0.73 0.85
J16054540-2023088 0.991 1.7 0.27 0.59 0.77 0.87
J16135434-2320342 1.202 1.6 0.41 0.67 0.82 0.90
J16123916-1859284 0.467 2.2 — 0.32 0.62 0.79
J15582981-2310077 0.651 1.9 0.15 0.53 0.74 0.85
J15530132-2114135 0.681 1.8 0.19 0.55 0.75 0.86
J16020757-2257467 0.219 2.7 — — 0.30 0.61
J16111330-2019029 0.758 1.6 0.39 0.66 0.81 0.90
J16141107-2305362 0.705 1.6 0.36 0.64 0.80 0.89
J16181904-2028479 0.521 1.9 0.16 0.53 0.74 0.86
J16035767-2031055 0.453 1.9 0.10 0.50 0.72 0.85
J16062196-1928445 0.616 1.6 0.37 0.65 0.81 0.89
J16001844-2230114 0.359 2.0 — 0.43 0.68 0.82
J16014086-2258103 0.335 2.0 0.02 0.46 0.70 0.83
Notes: The proportion of non-thermal emission was calculated by assuming a spectral index for the thermal
emission αthermal and comparing it with the observations at 2.9 mm.

with four simple parametric models of disk mass loss. The key
conclusions of this paper are as follows:

1. The mean spectral index of the disks in USco is αmm = 2.1±
0.1, which is equal to or slightly smaller than those reported
in younger regions such as Lupus (αmm ≃ 2.2; Tazzari et al.
2021), Taurus (αmm ≃ 2.3; Ricci et al. 2010b), and Ophiuchus
(αmm ≃ 2.2; Ricci et al. 2010a).

2. The observed small αmm values in USco disks indicate that
grains have grown to a level where the millimeter opacity spec-
tral index β is below 0.5, even if other potential causes are
considered in models such as optically thick regions and low-
temperature regions.

3. The low values of αmm < 2 can only be produced when the
Rayleigh–Jeans approximation no longer applies. The tendency
of such low values in these old disks suggests that the relative
contribution of the cold outer disk must become more important
as would be the case for inside-out clearing.

Funding
This work was supported by JSPS KAKENHI Grant Number
JP22K03680.

T.B. acknowledges funding from the European Union un-
der the European Union’s Horizon Europe Research and
Innovation Programme 101124282 (EARLYBIRD) and fund-
ing by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under grant 325594231, and Germany’s
Excellence Strategy - EXC-2094 - 390783311. Views and opin-
ions expressed are, however, those of the authors only and do not
necessarily reflect those of the European Union or the European
Research Council. Neither the European Union nor the granting

authority can be held responsible for them.

Acknowledgments
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2015.1.00819.S. ALMA is a partnership
of ESO (representing its member states), NSF (USA) and
NINS (Japan), together with NRC (Canada), NSTC and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with the
Republic of Chile. The Joint ALMA Observatory is operated by
ESO, AUI/NRAO and NAOJ.

Appendix. Distances and corrected fluxes of
disks in Lupus, Taurus, and Ophiuchus
To calculate absolute disk fluxes, we used the parallax data (Gaia
Collaboration et al. 2023) and calculate the distances of disks.
Tables 4, 5, and 6 show the parallaxes, distances, and fluxes at
1 mm scaled at 140 pc.
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Table 4. Distances and corrected fluxes of disks in Taurus.

Source parallax distance F1mm,140 pc

(marcsec) (pc) (mJy)
AA Tau 7.43± 0.09 134.6+1.7

−1.6 99.8+2.5
−2.4

CI Tau 6.24± 0.02 160.3+0.5
−0.5 411.4+2.7

−2.6

CW Tau 7.60± 0.04 131.6+0.7
−0.7 113.9+1.2

−1.2

CX Tau 7.89± 0.02 126.7+0.3
−0.3 15.6+0.1

−0.1

CY Tau 7.92± 0.02 126.3+0.3
−0.3 136.6+0.7

−0.7

DE Tau 7.81± 0.03 128.0+0.5
−0.5 57.7+0.4

−0.4

DL Tau 6.25± 0.02 160.0+0.5
−0.5 408.8+2.6

−2.6

DM Tau 6.94± 0.02 144.1+0.4
−0.4 221.4+1.3

−1.3

DN Tau 7.78± 0.02 128.5+0.3
−0.3 129.0+0.7

−0.7

DO Tau 7.22± 0.04 138.5+0.8
−0.8 215.3+2.4

−2.4

DR Tau 5.18± 0.03 193.1+1.1
−1.1 566.6+6.6

−6.5

DS Tau 6.32± 0.02 158.2+0.5
−0.5 35.8+0.2

−0.2

FM Tau 7.58± 0.02 131.9+0.3
−0.3 25.8+0.1

−0.1

FZ Tau 7.74± 0.03 129.2+0.5
−0.5 23.0+0.2

−0.2

GM Aur 6.32± 0.05 158.2+1.3
−1.2 540.3+8.7

−8.4

GO Tau 7.02± 0.02 142.5+0.4
−0.4 156.3+0.9

−0.9

HO Tau 6.08± 0.03 164.5+0.8
−0.8 49.7+0.5

−0.5

IQ Tau 7.60± 0.04 131.6+0.7
−0.7 104.2+1.1

−1.1

RY Tau 7.23± 0.20 138.3+3.9
−3.7 373.8+21.6

−19.9

SU Aur 6.37± 0.03 157.0+0.7
−0.7 62.9+0.6

−0.6

UZ Tau E 8.12± 0.45 123.2+7.2
−6.5 257.7+31.1

−26.4

Note: The parallaxes are from Gaia DR3 measurements (Gaia
Collaboration et al. 2023), and the distances are computed using
them. The scaled fluxes are calculated using data from Ricci
et al. (2010b).

Table 5. Distances and corrected fluxes of disks in Ophiuchus.

Source parallax distance F1mm,140pc

(marcsec) (pc) (mJy)
SR 4 7.42± 0.03 134.8± 0.5 80.3+0.7

−0.6

GSS 26 7.39± 0.02 135.3± 0.4 217.8± 1.2
EL 20 7.27± 0.21 137.6+4.1

−3.9 138.8+8.4
−7.7

DoAr 25 7.24± 0.04 138.1± 0.8 377.7+4.2
−4.1

EL 24 7.18± 0.06 139.3± 1.2 665.3+11.3
−11.0

EL 27 9.09± 0.85 110.0+11.3
−9.4 329.2+71.4

−53.9

SR 21 7.33± 0.03 136.4± 0.6 126.6± 1.0
YLW 16c 7.26± 0.08 137.7± 1.5 110.0+2.5

−2.4

IRS 49 7.17± 0.13 139.5+2.6
−2.5 37.3+1.4

−1.3

DoAr 33 7.06± 0.02 141.6± 0.4 52.2± 0.3
WSB 52 7.39± 0.05 135.3± 0.9 81.5± 1.1
WSB 60 7.41± 0.08 135.0+1.5

−1.4 137.0+3.0
−2.9

DoAr 44 6.83± 0.02 146.4± 0.4 156.7± 0.9
RNO 90 8.73± 0.03 114.5± 0.4 79.0± 0.5

Wa Oph 6 8.16± 0.02 122.5± 0.3 138.0± 0.7
AS 209 8.25± 0.03 121.2± 0.4 229.4± 1.7

Note: The parallaxes are from Gaia DR3 measurements (Gaia
Collaboration et al. 2023), and the distances are computed using
them. The scaled fluxes are calculated using data from Ricci
et al. (2010a).

Table 6. Distances and corrected fluxes of disks in Lupus.

Source parallax distance F1mm,140pc

(marcsec) (pc) (mJy)
Sz 65 6.52± 0.03 153.4± 0.7 58.9± 0.5
Sz 66 6.41± 0.03 156.0± 0.7 13.8± 0.1

J15450634-3417378 6.46± 0.14 154.8+3.4
−3.3 13.6± 0.6

J15450887-3417333 6.46± 0.14 154.8+3.4
−3.3 42.5+1.9

−1.8

Sz 68 6.52± 0.05 153.4± 1.2 137.4± 2.1
Sz 69 6.55± 0.07 152.7± 1.6 15.5± 0.3
Sz 71 6.44± 0.02 155.3± 0.5 149.0± 0.9
Sz 72 6.38± 0.02 156.7± 0.5 13.0± 0.1
Sz 73 6.34± 0.03 157.7± 0.7 28.2± 0.3
Sz 74 7.06± 0.39 141.6+8.3

−7.4 17.0+2.0
−1.7

Sz 75 6.49± 0.03 154.1± 0.7 68.7± 0.6
Sz 82 6.42± 0.02 155.8± 0.5 505.9± 3.2
Sz 83 6.35± 0.04 157.5± 1.0 388.3± 4.9
Sz 84 6.34± 0.04 157.7± 1.0 29.5± 0.4

Sz 129 6.24± 0.02 160.3± 0.5 171.2± 1.1
J15592838-4021513 6.52± 0.06 153.4± 1.4 220.4± 4.1
J16000236-4222145 6.23± 0.04 160.5± 1.0 114.5± 1.5
J16004452-4155310 6.36± 0.04 157.2± 1.0 159.0± 2.0

Sz 133 8.62± 0.62 116.0+9.0
−7.8 34.3+5.5

−4.4

J16070854-3914075 5.84± 0.34 171.2+10.6
−9.4 99.3+12.7

−10.6

Sz 90 6.24± 0.02 160.3± 0.5 20.5± 0.1
Sz 91 6.27± 0.03 159.5± 0.8 —
Sz 98 6.40± 0.02 156.3± 0.5 211.6± 1.3

Sz 100 7.09± 0.13 141.0+2.6
−2.5 40.4+1.5

−1.4

J16083070-3828268 6.52± 0.03 153.4± 0.7 111.9± 1.0
J16083427-3906181 6.31± 0.03 158.5+0.8

−0.7 54.9± 0.5
Sz 108B 6.20± 0.06 161.3+1.6

−1.5 26.2± 0.5
Sz 110 6.35± 0.02 157.5± 0.5 14.7± 0.1

J16085324-3914401 6.13± 0.05 163.1± 1.3 19.9± 0.3
Sz 111 6.31± 0.02 158.5± 0.5 156.1± 1.0
Sz 113 6.23± 0.05 160.5± 1.3 22.4± 0.4
Sz 114 6.38± 0.02 156.7± 0.5 87.6+0.6

−0.5

Sz 118 6.19± 0.03 161.6± 0.8 60.4± 0.6
Sz 123 6.17± 0.02 162.1± 0.5 40.0± 0.3

J16124373-3815031 6.26± 0.02 159.7± 0.5 28.3± 0.2
Note: The parallaxes are from Gaia DR3 measurements (Gaia
Collaboration et al. 2023), and the distances are computed using
them. The scaled fluxes are calculated using data from Tazzari
et al. (2021). Sz 91 was not detected due to an erroneous obser-
vational setup.



Publications of the Astronomical Society of Japan (0000), Vol. 00, No. 0 9

Carrasco-González, C., Henning, T., Chandler, C. J., et al. 2016, ApJL, 821,
L16

Carrasco-González, C., Sierra, A., Flock, M., et al. 2019, ApJ, 883, 71
Delussu, L., Birnstiel, T., Miotello, A., et al. 2024, A&A, 688, A81
Dipierro, G., Price, D., Laibe, G., et al. 2015, MNRAS, 453, L73
Doi, K., & Kataoka, A. 2023, ApJ, 957, 11
Draine, B. T. 2006, ApJ, 636, 1114
Espaillat, C., Ingleby, L., Hernández, J., et al. 2012, ApJ, 747, 103
Finkbeiner, D. P., Davis, M., & Schlegel, D. J. 1999, ApJ, 524, 867
Flock, M., Ruge, J. P., Dzyurkevich, N., et al. 2015, A&A, 574, A68
Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2023, A&A, 674,

A1
Guidi, G., Isella, A., Testi, L., et al. 2022, A&A, 664, A137
Hayashi, C. 1981, Progress of Theoretical Physics Supplement, 70, 35
Hendler, N., Pascucci, I., Pinilla, P., et al. 2020, ApJ, 895, 126
Huang, J., Andrews, S. M., Dullemond, C. P., et al. 2018, ApJL, 869, L42
Lada, C. J., & Wilking, B. A. 1984, ApJ, 287, 610
Law, C. J., Teague, R., Loomis, R. A., et al. 2021, ApJS, 257, 4
Luhman, K. L., & Esplin, T. L. 2020, AJ, 160, 44
Luhman, K. L., & Mamajek, E. E. 2012, ApJ, 758, 31
Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603
Macías, E., Guerra-Alvarado, O., Carrasco-González, C., et al. 2021, A&A,

648, A33
Manara, C. F., Natta, A., Rosotti, G. P., et al. 2020, A&A, 639, A58
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007,

in Astronomical Society of the Pacific Conference Series, Vol. 376,
Astronomical Data Analysis Software and Systems XVI, ed. R. A. Shaw,
F. Hill, & D. J. Bell, 127

Miyake, K., & Nakagawa, Y. 1993, ICARUS, 106, 20
Natta, A., Testi, L., Calvet, N., et al. 2007, in Protostars and Planets V, ed.

B. Reipurth, D. Jewitt, & K. Keil, 767
Painter, C., Andrews, S. M., Chandler, C. J., et al. 2025, The Open Journal

of Astrophysics, 8, 134
Pecaut, M. J., & Mamajek, E. E. 2016, MNRAS, 461, 794
Pérez, L. M., Carpenter, J. M., Chandler, C. J., et al. 2012, ApJL, 760, L17
Posch, L., Alves, J., Mirét-Roig, N., et al. 2024, arXiv e-prints,

arXiv:2410.18080
Ricci, L., Testi, L., Natta, A., & Brooks, K. J. 2010a, A&A, 521, A66
Ricci, L., Testi, L., Natta, A., et al. 2010b, A&A, 512, A15
Ricci, L., Trotta, F., Testi, L., et al. 2012, A&A, 540, A6
Rota, A. A., Meijerhof, J. D., van der Marel, N., et al. 2024, A&A, 684, A134
Tazzari, M., Testi, L., Natta, A., et al. 2021, MNRAS, 506, 5117
Testi, L., Natta, A., Manara, C. F., et al. 2022, A&A, 663, A98
Tobin, J. J., Sheehan, P. D., Megeath, S. T., et al. 2020, ApJ, 890, 130
Tsukagoshi, T., Nomura, H., Muto, T., et al. 2016, ApJL, 829, L35
Ueda, T., Kataoka, A., & Tsukagoshi, T. 2022, ApJ, 930, 56
White, R. J., & Hillenbrand, L. A. 2004, ApJ, 616, 998


