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57. 

円盤乱流をより一般化した場合の、ダスト分布や成長への影響を議論 
・乱流は円盤ガス進化、ダスト分布、ダスト成長に大きな影響 
・α円盤モデルでは、  、  の乱流を仮定することが多い 
・この関係が成り立たない場合、特に、乱流スケールがより小さい場合の惑星形成への影響を調べた 
・乱流サイズスケールがより小さい場合には、同じαの値でも、 
　・ダスト層がより薄く沈澱する 
　・ダストの相対速度が上がり、サイズはより小さい状態でfragmentationする
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Scales not relevant
for true turbulence

Figure 1. A cartoon showing turbulent kinetic energy spectra E(k) as a function of spatial wavenumber k for two di↵erent
cases: ⌦L = ⌦K and ⌦L > ⌦K . Note that when ⌦L exceeds ⌦K the largest energy containing length scale of the turbulence
shifts towards right. As this is the governing scale setting the turbulent dynamics, transport and di↵usion properties get altered.

starting with the usual formulation

(D, ⌫) ⇠ LVL ⇠ ↵̃cH ⇠ ↵̃H
2⌦K , (1)

where c is the local sound speed and we have used H ⌘
c/⌦K , where H is the local gas scale height. In this case,
c and H are considered as the characteristic velocity and
length scales of the system. Now, if the ansatz ⌦L = ⌦K

is valid, then Eq. (1) can be re-written as

(D, ⌫) ⇠ LVL ⇠ L
2⌦L ⇠ L

2⌦K . (2)

Combining equations 1 and 2 gives L
2 = ↵̃H

2 or L =p
↵̃H. Substituting L back in LVL = ↵̃cH reveals

VL =
p

↵̃c. (3)

Often invoked in the form ↵̃ = V
2
L/c

2, this result is
widely used to calculate particle relative velocities in
growth models (e.g. Ormel & Cuzzi 2007; Birnstiel et al.
2010, 2016; Estrada et al. 2016; Sengupta et al. 2019).
The estimate ↵̃ is also used as a measure of turbulent
intensity in forced turbulence models, i.e., based on root
mean square (rms) velocities (Gole et al. 2020, see sec-
tion 3.2 for more discussion).

2.2. The general case ⌦L > ⌦K

The above usual ansatz does not address cases where
⌦L > ⌦K , which may be the case in realistic turbu-
lence. In order to address cases where the traditional
assumption ⌦L = ⌦K is invalid (as occurs in at least the
highly relevant VSI regime; Nelson et al. 2013; Stoll &
Kley 2016), the analysis of section 2.1 must be general-
ized. For the general situation we denote the turbulence
(di↵usion) parameter as ↵ (rather than ↵̃). Starting
once again with Eq. (1), we write the frequency of the

largest eddy as ⌦L ⇠ VL/L, where VL is the velocity of
the largest (energy containing) eddy and L is the corre-
sponding length scale. We define ⌦L/⌦K ⌘ R

0, where
R

0 is twice the traditional Rossby number Ro (Cushman-
Roisin 2011).

With this, Eq. (2) now reads as

(D, ⌫) ⇠ LVL ⇠ L
2⌦L ⇠ R

0
L

2⌦K (4)

As before, setting this result equal to Eq. (1) in terms
of ↵, we get

L =

r
↵

R0 H. (5)

Using Eq. (5), the velocity VL for the largest eddy can
be written as

VL = L⌦L =

r
↵

R0 R
0
H⌦K =

p
R0↵c, (6)

which is equivalent to the expression Eq. (3). Thus,
while L and VL change form, their product does not,
and we recover

(D, ⌫) ⇠ LVL = ↵cH. (7)

From Eq. (6), ↵ can be related to ↵̃ as

↵ =
V

2
L

R0c2
=

↵̃

R0 . (8)

In the limit of ⌦L = ⌦K , R
0 ! 1 and the general case

reduces to ↵ = ↵̃. Also, substituting the above expres-
sion into Eq. (6) demonstrates its equivalence to Eq.
(3).

It is noteworthy that a similarity can be drawn be-
tween the expression for the di↵usive ↵ found in Eq. (8)
and the one given by Youdin & Lithwick (2007, see their
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Scales not relevant
for true turbulence

Figure 1. A cartoon showing turbulent kinetic energy spectra E (k) as a function of spatial wavenumber k for two di ! erent
cases: " L = " K and " L > " K . Note that when " L exceeds" K the largest energy containing length scale of the turbulence
shifts towards right. As this is the governing scale setting the turbulent dynamics, transport and di ! usion properties get altered.

starting with the usual formulation

(D, ! ) ! LVL ! "̃ cH ! "̃ H 2! K , (1)

where c is the local sound speed and we have used H "
c/ ! K , where H is the local gas scale height. In this case,
c and H are considered as the characteristic velocity and
length scales of the system. Now, if the ansatz ! L = ! K

is valid, then Eq. (1) can be re-written as

(D, ! ) ! LVL ! L 2! L ! L 2! K . (2)

Combining equations 1 and 2 gives L 2 = "̃ H 2 or L =#
"̃ H . Substituting L back in LVL = "̃ cH reveals

VL =
#

"̃ c. (3)

Often invoked in the form "̃ = V 2
L /c 2, this result is

widely used to calculate particle relative velocities in
growth models (e.g. Ormel & Cuzzi 2007; Birnstiel et al.
2010, 2016; Estrada et al. 2016; Sengupta et al. 2019).
The estimate "̃ is also used as a measure of turbulent
intensity in forced turbulence models, i.e., based on root
mean square (rms) velocities (Gole et al. 2020, see sec-
tion 3.2 for more discussion).

2.2. The general case! L > ! K

The above usual ansatz does not address cases where
! L > ! K , which may be the case in realistic turbu-
lence. In order to address cases where the traditional
assumption ! L = ! K is invalid (as occurs in at least the
highly relevant VSI regime; Nelson et al. 2013; Stoll &
Kley 2016), the analysis of section 2.1 must be general-
ized. For the general situation we denote the turbulence
(di" usion) parameter as " (rather than "̃ ). Starting
once again with Eq. (1), we write the frequency of the

largest eddy as ! L ! VL /L , where VL is the velocity of
the largest (energy containing) eddy and L is the corre-
sponding length scale. We define ! L / ! K " R! , where
R! is twice the traditional Rossby number Ro (Cushman-
Roisin 2011).

With this, Eq. (2) now reads as

(D, ! ) ! LVL ! L 2! L ! R!L 2! K (4)

As before, setting this result equal to Eq. (1) in terms
of " , we get

L =

!
"
R! H. (5)

Using Eq. (5), the velocity VL for the largest eddy can
be written as

VL = L! L =

!
"
R! R!H ! K =

#
R!" c, (6)

which is equivalent to the expression Eq. (3). Thus,
while L and VL change form, their product does not,
and we recover

(D, ! ) ! LVL = " cH. (7)

From Eq. (6), " can be related to "̃ as

" =
V 2

L

R!c2 =
"̃
R! . (8)

In the limit of ! L = ! K , R! $ 1 and the general case
reduces to " = "̃ . Also, substituting the above expres-
sion into Eq. (6) demonstrates its equivalence to Eq.
(3).

It is noteworthy that a similarity can be drawn be-
tween the expression for the di" usive " found in Eq. (8)
and the one given by Youdin & Lithwick (2007, see their

presented. We Þnd that the CO ßuxes and disk masses inferred from dust continuum tentatively correlate with the
CO emission sizes. We constrain dynamical stellar masses, geometries, temperatures, the CO column densities and
gas masses for each disk. The best-Þt temperatures at 100 au are 17-37 K, and decrease radially with the power-law
exponent q 0.05-0.76. The inferred CO column densities decrease radially with the power-law exponent p 0.2-3.1.
The gas masses estimated from13CO (2-1) are 0.001! 0.2M Sun . The best-Þt CO column densities point to severe
CO freeze-out in the disks. The DL Tau disk is an outlier, and has either stronger CO depletion or lower gas mass
than the rest of the sample. The CO isotopologue ratios are roughly consistent with the observed values in disks and
the low-mass star-forming regions.

Length and Velocity Scales in Protoplanetary Disk Turbulence
Debanjan Sengupta, Je ! rey N. Cuzzi, Orkan M. Umurhan, Wladimir Lyra ! In the theory of protoplanetary
disk turbulence, a widely adoptedansatz, or assumption, is that the turnover frequency of the largest turbulent eddy,
! L , is the local Keplerian frequency! K . In terms of the standard dimensionless Shakura-Sunyaev! parameter that
quantiÞes turbulent viscosity or di! usivity, this assumption leads to characteristic length and velocity scales given
respectively by

"
! H and

"
! c, in which H and c are the local gas scale height and sound speed. However, this

assumption is not applicable in cases when turbulence is forced numerically or driven by some natural processes such
as Vertical Shear Instability. Here we explore the more general case where! L # ! K and show that under these
conditions, the characteristic length and velocity scales are respectively

!
! /R !H and

"
! R!c, where R! $ ! L / ! K is

twice the Rossby number. It follows that ! = ! t/R !, where
"

! tc is the root-mean-square average of the turbulent
velocities. Properly allowing for this e! ect naturally explains the reduced particle scale heights produced in shearing
box simulations of particles in forced turbulence, and may help with interpreting recent edge-on disk observations;
more general implications for observations are also presented. ForR! > 1 the e! ective particle Stokes numbers are
increased, which has implications for particle collision dynamics and growth, as well as for planetesimal formation.

Small and Large Dust Cavities in Disks around mid-M Stars in Taurus
Yangfan Shi, Feng Long, Gregory J. Herczeg, Daniel Harsono, Yao Liu, Paola Pinilla, Enrico Ragusa, Doug
Johnstone, Xue-Ning Bai, Ilaria Pascucci, Carlo F. Manara, Gijs D. Mulders, Lucas A. Cieza ! High-angular
resolution imaging by ALMA has revealed the near-universality and diversity of substructures in protoplanetary disks.
However, disks around M-type pre-main-sequence stars are still poorly sampled, despite the prevalence of M-dwarfs
in the galaxy. Here we present high-resolution ( 50 mas, 8 au) ALMA Band 6 observations of six disks around mid-M
stars in Taurus. We detect dust continuum emission in all six disks, 12CO in Þve disks, and 13CO line in two disks.
The size ratios between gas and dust disks range from 1.6 to 5.1. The ratio of about 5 for 2M0436 and 2M0450
indicates e" cient dust radial drift. Four disks show rings and cavities and two disks are smooth. The cavity sizes
occupy a wide range: 60 au for 2M0412, and 10 au for 2M0434, 2M0436 and 2M0508. Detailed visibility modeling
indicates that small cavities of 1.7 and 5.7 au may hide in the two smooth disks 2M0450 and CIDA 12. We perform
radiative transfer Þtting of the infrared SEDs to constrain the cavity sizes, Þnding that micron-sized dust grains may
have smaller cavities than millimeter grains. Planet-disk interactions are the preferred explanation to produce the
large 60 au cavity, while other physics could be responsible for the three 10 au cavities under current observations
and theories. Currently, disks around mid-to-late M stars in Taurus show a higher detection frequency of cavities than
earlier type stars, although a more complete sample is needed to evaluate any dependence of substructure on stellar
mass.

JWST Observations of Young protoStars (JOYS): Linked accretion and ejection in a
Class I protobinary system
" ukasz Tychoniec, Martijn L. van Gelder, Ewine F. van Dishoeck, Logan Francis, Will R. M. Rocha, Alessio
Caratti o Garatti, Henrik Beuther, Caroline Gieser, Kay Justtanont, Harold Linnartz, Valentin J. M. Le
Gouellec, Giulia Perotti, Dev Rangaswamy, Beno”t Tabone, Thomas P. Ray, Nashanty G. C. Brunken, Yuan
Chen, Patrick J. Kavanagh, Pamela Klaassen, Katerina Slavicinska, Manuel GŸdel, Goran …stlin ! Accretion
and ejection sets the outcome of the star and planet formation process. The mid-infrared wavelength range o! ers
key tracers of those processes that were di" cult to detect and spatially resolve in protostars until now. We aim to
characterize the interplay between accretion and ejection in the low-mass Class I protobinary system TMC1, comprising
two young stellar objects: TMC1-W and TMC1-E with 85 au separation. With the James WebbSpace Telescope
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・乱流の円盤への役割 
　・円盤ガス粘性として働く　→　ガス円盤の時間進化を引き起こす 
　・ダストの相対速度を駆動　→　ダスト衝突を引き起こす　→　成長・破壊を引き起こす 

・これまでの仮定：α円盤モデル (Shakura & Sunyaev 1973) 
　・ 　（D：拡散、ν：粘性、c：等温音速、H：ガススケールハイト) 
　・乱流の最大渦は、 　（ΩL：largest eddy、Ωk：ケプラー角速度) 
　　・これよりもタイムスケールの大きいeddyはケプラー回転で壊れる 
　　・この仮定のもとで、ダストの空間分布や相対速度が計算されてきた 

・近年の乱流の計算 
　・ の場合がある 
　　・VSI のような乱流の計算結果 
　　・この場合はダスト成長等の描像は？ 
　・その場合の数値計算を

Length and Velocity scales in turbulent nebula. 3

<latexit sha1_base64="/5SrUXBZCqLvNFA65cdXf5/k2ZA=">AAACCHicbVC7SgNBFJ31GeMramnhYCLEJuwGfJRBG8sI5gHJEmYnN8mQ2ZllZjYhLClt/BUbC0Vs/QQ7/8bJo9DEAxcO59zLvfcEEWfauO63s7K6tr6xmdpKb+/s7u1nDg6rWsaKQoVKLlU9IBo4E1AxzHCoRwpIGHCoBf3biV8bgNJMigczisAPSVewDqPEWKmVORmSAYg4DEDhXL5/3uRSdBXr9gxRSg5zrUzWLbhT4GXizUkWzVFuZb6abUnjEIShnGjd8NzI+AlRhlEO43Qz1hAR2iddaFgqSAjaT6aPjPGZVdq4I5UtYfBU/T2RkFDrURjYzpCYnl70JuJ/XiM2nWs/YSKKDQg6W9SJOTYST1LBbaaAGj6yhFDF7K2Y9ogi1Njs0jYEb/HlZVItFrzLwsV9MVu6mceRQsfoFOWRh65QCd2hMqogih7RM3pFb86T8+K8Ox+z1hVnPnOE/sD5/AFx/pme</latexit>

wavenumber (k) !"
<latexit sha1_base64="FJnaYt8+ox7yKWq3LN8acnaLqQY=">AAACDHicbVC7SgNBFJ31GeMramkzmAixCbuCj1K0sUgRwTwgCTI7uZsMzs4sM3eVEPIBNv6KjYUitn6AnX/j5FGo8cDA4ZxzuXNPmEhh0fe/vLn5hcWl5cxKdnVtfWMzt7Vdszo1HKpcS20aIbMghYIqCpTQSAywOJRQD28vRn79DowVWl1jP4F2zLpKRIIzdNJNLl9oSa26EiJkxuj7Ai2D6mKPWs4k0EKxfFBwKb/kj0FnSTAleTJF5Sb32eponsagkEtmbTPwE2wPmEHBJQyzrdRCwvgt60LTUcVisO3B+Jgh3XdKh0bauKeQjtWfEwMWW9uPQ5eMGfbsX28k/uc1U4xO2wOhkhRB8cmiKJUUNR01QzvCAEfZd4RxI9xfKe8xwzi6/rKuhODvybOkdlgKjktHV4f5s/NpHRmyS/ZIkQTkhJyRS1IhVcLJA3kiL+TVe/SevTfvfRKd86YzO+QXvI9vaSCZ6g==</latexit>

!" Length scale (L )

<latexit sha1_base64="3+FSwQbikjF32bp1ledjFL+eg0A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBhMhXsJuwMcxKAGPEYwJJEuYnXSSIbOzy8yssIT8hhcPinj1Z7z5N04eB00saCiquunuCmLBtXHdbyeztr6xuZXdzu3s7u0f5A+PHnWUKIYNFolItQKqUXCJDcONwFaskIaBwGYwup36zSdUmkfywaQx+iEdSN7njBordWoS1SAlxVLtvNjNF9yyOwNZJd6CFGCBejf/1elFLAlRGiao1m3PjY0/pspwJnCS6yQaY8pGdIBtSyUNUfvj2c0TcmaVHulHypY0ZKb+nhjTUOs0DGxnSM1QL3tT8T+vnZj+tT/mMk4MSjZf1E8EMRGZBkB6XCEzIrWEMsXtrYQNqaLM2JhyNgRv+eVV8lgpe5fli/tKoXqziCMLJ3AKJfDgCqpwB3VoAIMYnuEV3pzEeXHenY95a8ZZzBzDHzifPwmekGI=</latexit> E
ne

rg
y

(E
)

<latexit sha1_base64="SxCKw10fDI3l8ethFfoB0i6/1Vg=">AAACCXicbZDLSgMxFIYzXmu9VV26CbaCqzJT8LIRim4EBSvYC7RlyKRn2tAkMyQZoZRu3fgqblwo4tY3cOfbmLaz0NYfAh//OSfJ+YOYM21c99tZWFxaXlnNrGXXNza3tnM7uzUdJYpClUY8Uo2AaOBMQtUww6ERKyAi4FAP+pfjev0BlGaRvDeDGNqCdCULGSXGWn4OtyhIAypb74HEhdatgC7xb85TuC74ubxbdCfC8+ClkEepKn7uq9WJaCLstZQTrZueG5v2kCjDKIdRtpVoiAntky40LUoiQLeHk01G+NA6HRxGyh5p8MT9PTEkQuuBCGynIKanZ2tj879aMzHhWXvIZJwYkHT6UJhwbCI8jgV3mAJq+MACoYrZv2LaI4pQm43O2hC82ZXnoVYqeifF47tSvnyRxpFB++gAHSEPnaIyukIVVEUUPaJn9IrenCfnxXl3PqatC046s4f+yPn8AX9QmPA=</latexit>

When ! L = ! K

<latexit sha1_base64="ev3j7+os989GcfhfsLREYnYjqn8="></latexit>

Largest length scale
(L, ! K )

Sets ! , StK & coupling

<latexit sha1_base64="twlwMLu1frT9tBkzHv06coxPx3Q=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTiayMU3XThooJ9QBPKZDpph04mcWZSKKF/4saFIm79E3f+jdM2C209cOFwzr3ce0+QcKa043xbhZXVtfWN4mZpa3tnd8/eP2iqOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxjeTf3WiErFYvGoxwn1I9wXLGQEayN1bfv+xlNPUmce5skAT2pdu+xUnBnQMnFzUoYc9a795fVikkZUaMKxUh3XSbSfYakZ4XRS8lJFE0yGuE87hgocUeVns8sn6MQoPRTG0pTQaKb+nshwpNQ4CkxnhPVALXpT8T+vk+rw2s+YSFJNBZkvClOOdIymMaAek5RoPjYEE8nMrYgMsMREm7BKJgR38eVl0jyruJeVi4fzcvU2j6MIR3AMp+DCFVShBnVoAIERPMMrvFmZ9WK9Wx/z1oKVzxzCH1ifP5dFk6Y=</latexit>

L =
!

! H

<latexit sha1_base64="/5SrUXBZCqLvNFA65cdXf5/k2ZA=">AAACCHicbVC7SgNBFJ31GeMramnhYCLEJuwGfJRBG8sI5gHJEmYnN8mQ2ZllZjYhLClt/BUbC0Vs/QQ7/8bJo9DEAxcO59zLvfcEEWfauO63s7K6tr6xmdpKb+/s7u1nDg6rWsaKQoVKLlU9IBo4E1AxzHCoRwpIGHCoBf3biV8bgNJMigczisAPSVewDqPEWKmVORmSAYg4DEDhXL5/3uRSdBXr9gxRSg5zrUzWLbhT4GXizUkWzVFuZb6abUnjEIShnGjd8NzI+AlRhlEO43Qz1hAR2iddaFgqSAjaT6aPjPGZVdq4I5UtYfBU/T2RkFDrURjYzpCYnl70JuJ/XiM2nWs/YSKKDQg6W9SJOTYST1LBbaaAGj6yhFDF7K2Y9ogi1Njs0jYEb/HlZVItFrzLwsV9MVu6mceRQsfoFOWRh65QCd2hMqogih7RM3pFb86T8+K8Ox+z1hVnPnOE/sD5/AFx/pme</latexit>

wavenumber (k) !"
<latexit sha1_base64="FJnaYt8+ox7yKWq3LN8acnaLqQY=">AAACDHicbVC7SgNBFJ31GeMramkzmAixCbuCj1K0sUgRwTwgCTI7uZsMzs4sM3eVEPIBNv6KjYUitn6AnX/j5FGo8cDA4ZxzuXNPmEhh0fe/vLn5hcWl5cxKdnVtfWMzt7Vdszo1HKpcS20aIbMghYIqCpTQSAywOJRQD28vRn79DowVWl1jP4F2zLpKRIIzdNJNLl9oSa26EiJkxuj7Ai2D6mKPWs4k0EKxfFBwKb/kj0FnSTAleTJF5Sb32eponsagkEtmbTPwE2wPmEHBJQyzrdRCwvgt60LTUcVisO3B+Jgh3XdKh0bauKeQjtWfEwMWW9uPQ5eMGfbsX28k/uc1U4xO2wOhkhRB8cmiKJUUNR01QzvCAEfZd4RxI9xfKe8xwzi6/rKuhODvybOkdlgKjktHV4f5s/NpHRmyS/ZIkQTkhJyRS1IhVcLJA3kiL+TVe/SevTfvfRKd86YzO+QXvI9vaSCZ6g==</latexit>

!" Length scale (L )
<latexit sha1_base64="fsJThMRs9DGwLVyYBBq0B/u2uRY=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha99FjBfkATy2S7aZduNnF3o5TQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4loQ0S81i2A1SUM0EbmmlO24mkGAWctoLhzcRvPVKpWCzu9CihfoR9wUJGUBvp3lMPUmce8mSA41q3VHYqzhT2InFzUoYc9W7py+vFJI2o0ISjUh3XSbSfodSMcDoueqmiCZIh9mnHUIERVX42vXpsHxulZ4exNCW0PVV/T2QYKTWKAtMZoR6oeW8i/ud1Uh1e+RkTSaqpILNFYcptHduTCOwek5RoPjIEiWTmVpsMUCLRJqiiCcGdf3mRNE8r7kXl/PasXL3O4yjAIRzBCbhwCVWoQR0aQEDCM7zCm/VkvVjv1sesdcnKZw7gD6zPH/3nktg=</latexit>!

! H

<latexit sha1_base64="3+FSwQbikjF32bp1ledjFL+eg0A=">AAAB83icbVDLSgNBEOyNrxhfUY9eBhMhXsJuwMcxKAGPEYwJJEuYnXSSIbOzy8yssIT8hhcPinj1Z7z5N04eB00saCiquunuCmLBtXHdbyeztr6xuZXdzu3s7u0f5A+PHnWUKIYNFolItQKqUXCJDcONwFaskIaBwGYwup36zSdUmkfywaQx+iEdSN7njBordWoS1SAlxVLtvNjNF9yyOwNZJd6CFGCBejf/1elFLAlRGiao1m3PjY0/pspwJnCS6yQaY8pGdIBtSyUNUfvj2c0TcmaVHulHypY0ZKb+nhjTUOs0DGxnSM1QL3tT8T+vnZj+tT/mMk4MSjZf1E8EMRGZBkB6XCEzIrWEMsXtrYQNqaLM2JhyNgRv+eVV8lgpe5fli/tKoXqziCMLJ3AKJfDgCqpwB3VoAIMYnuEV3pzEeXHenY95a8ZZzBzDHzifPwmekGI=</latexit> E
ne

rg
y

(E
)

<latexit sha1_base64="flIA3FSwl7jTUNj71sAAEyXG0QM="></latexit>

Largest scale (L )
if ! L = ! K

<latexit sha1_base64="rWXAwkHxyT4NfajPjE3GZlGvp7M=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNoFXbFVyMEbVJYRDEPyC7h7mQ2GTL7cGZWCMsWNv6KjYUitn6EnX/j5FFo4oELh3Pu5d57vJgzqSzr28gtLC4tr+RXC2vrG5tb5vZOQ0aJILROIh6JlgeSchbSumKK01YsKAQep01vcDXymw9USBaFd2oYUzeAXsh8RkBpqWMWry8ceS9U6vgCSOoAj/uQpbcHWVbtmCWrbI2B54k9JSU0Ra1jfjndiCQBDRXhIGXbtmLlpiAUI5xmBSeRNAYygB5taxpCQKWbjp/I8L5WutiPhK5Q4bH6eyKFQMph4OnOAFRfznoj8T+vnSj/3E1ZGCeKhmSyyE84VhEeJYK7TFCi+FATIILpWzHpg05D6dwKOgR79uV50jgq26flk5vjUuVyGkceFdEeOkQ2OkMVVEU1VEcEPaJn9IrejCfjxXg3PiatOWM6s4v+wPj8ATAjmHU=</latexit>

L =

!
!
R! H

<latexit sha1_base64="6tNwRYxhD3bCVzeRtDUlY0xmwVI=">AAACCXicbZDLSgMxFIYzXmu9VV26CbaCqzJT8LKSohtBwQr2Am0ZMumZNjTJDElGKKVbN76KGxeKuPUN3Pk2pu0stPWHwMd/zkly/iDmTBvX/XYWFpeWV1Yza9n1jc2t7dzObk1HiaJQpRGPVCMgGjiTUDXMcGjECogIONSD/uW4Xn8ApVkk780ghrYgXclCRomxlp/DLQrSgMrWeyBxoXUroEv8m/MUrgt+Lu8W3YnwPHgp5FGqip/7anUimgh7LeVE66bnxqY9JMowymGUbSUaYkL7pAtNi5II0O3hZJMRPrROB4eRskcaPHF/TwyJ0HogAtspiOnp2drY/K/WTEx41h4yGScGJJ0+FCYcmwiPY8EdpoAaPrBAqGL2r5j2iCLUZqOzNgRvduV5qJWK3knx+K6UL1+kcWTQPjpAR8hDp6iMrlAFVRFFj+gZvaI358l5cd6dj2nrgpPO7KE/cj5/AIDdmPE=</latexit>

When ! L > ! K

<latexit sha1_base64="iTg0JxQxv91YT/lJ08JCt+HsUAs=">AAACHXicbVDLSsNAFJ3UV42vqEs3g0VwVZLia1l047KCfUATymRy2w6dTMLMRAilP+LGX3HjQhEXbsS/cdpmoa0HBs6ccy/33hOmnCntut9WaWV1bX2jvGlvbe/s7jn7By2VZJJCkyY8kZ2QKOBMQFMzzaGTSiBxyKEdjm6mfvsBpGKJuNd5CkFMBoL1GSXaSD3nzKcgNEi7QaRmlAOOckFiRpXv24PEtAqIcJibnx4yhRUlHHpOxa26M+Bl4hWkggo0es6nHyU0i80oyolSXc9NdTAuRk5sP1OQEjoiA+gaahYAFYxn103wiVEi3E+keULjmfq7Y0xipfI4NJUx0UO16E3F/7xupvtXwZiJNNMg6HxQP+NYJ3gaFY6YBKp5bgihkpldMR0SSajJS9kmBG/x5GXSqlW9i+r5Xa1Svy7iKKMjdIxOkYcuUR3dogZqIooe0TN6RW/Wk/VivVsf89KSVfQcoj+wvn4AQ+2iBw==</latexit>

Particle dynamics
governed by

this scale

<latexit sha1_base64="L9srNg7LzSG9eZ+z94+Ypnpb9Ko="></latexit>

Largest length scale
(L, k f , ! L )

Sets ! , StL & coupling

<latexit sha1_base64="T+ctDtaaxSIPXFKBtOwXy33c1ts=">AAACGnicbVC7TgMxEPTxDMcrQEljESFRRXdIPMoIGsogCETKRZHP2QMLn32y15GiKN9Bw6/QUIAQHaLhb3BCCiBMNZrZ1e5MWkhhMYo+g5nZufmFxdJSuLyyurZe3ti8stoZDg2upTbNlFmQQkEDBUpoFgZYnkq4Tu9OR/51D4wVWl1iv4B2zm6UyARn6KVOOU44KAQTXnAmwVKlkRqQ0GMKkyTMtKFoHFB0JnUSFIdOuRJVozHoNIknpEImqHfK70lXc5f7O1wya1txVGB7wAwKLmEYJs5Cwfgdu4GWp4rlYNuDcbQh3fVKl47eyLRCOlZ/bgxYbm0/T/1kzvDW/vVG4n9ey2F23B4IVTj0qb4PZU5S1HTUE+0KAxxl3xPGjfC/Un7LDOO+LBv6EuK/kafJ1X41PqwenO9XaieTOkpkm+yQPRKTI1IjZ6ROGoSTe/JInslL8BA8Ba/B2/foTDDZ2SK/EHx8AVNuoRM=</latexit>

Scales not relevant
for true turbulence

Figure 1. A cartoon showing turbulent kinetic energy spectra E (k) as a function of spatial wavenumber k for two di ! erent
cases: " L = " K and " L > " K . Note that when " L exceeds" K the largest energy containing length scale of the turbulence
shifts towards right. As this is the governing scale setting the turbulent dynamics, transport and di ! usion properties get altered.

starting with the usual formulation

(D, ! ) ! LVL ! ÷" cH ! ÷" H 2! K , (1)

where c is the local sound speed and we have usedH "
c/ ! K , whereH is the local gas scale height. In this case,
c and H are considered as the characteristic velocity and
length scales of the system. Now, if the ansatz! L = ! K

is valid, then Eq. (1) can be re-written as

(D, ! ) ! LVL ! L 2! L ! L 2! K . (2)

Combining equations 1 and 2 gives L 2 = ÷" H 2 or L =#
÷" H . Substituting L back in LVL = ÷" cH reveals

VL =
#

÷" c. (3)

Often invoked in the form ÷" = V 2
L /c 2, this result is

widely used to calculate particle relative velocities in
growth models (e.g.Ormel & Cuzzi 2007; Birnstiel et al.
2010, 2016; Estrada et al. 2016; Sengupta et al. 2019).
The estimate ÷" is also used as a measure of turbulent
intensity in forced turbulence models, i.e., based on root
mean square (rms) velocities (Gole et al. 2020, see sec-
tion 3.2 for more discussion).

2.2. The general case! L > ! K

The above usual ansatz does not address cases where
! L > ! K , which may be the case in realistic turbu-
lence. In order to address cases where the traditional
assumption! L = ! K is invalid (as occurs in at least the
highly relevant VSI regime; Nelson et al. 2013; Stoll &
Kley 2016), the analysis of section2.1 must be general-
ized. For the general situation we denote the turbulence
(di " usion) parameter as " (rather than ÷" ). Starting
once again with Eq. (1), we write the frequency of the

largest eddy as! L ! VL /L , where VL is the velocity of
the largest (energy containing) eddy andL is the corre-
sponding length scale. We deÞne! L / ! K " R!, where
R! is twice the traditional Rossby number Ro (Cushman-
Roisin 2011).

With this, Eq. ( 2) now reads as

(D, ! ) ! LVL ! L 2! L ! R!L 2! K (4)

As before, setting this result equal to Eq. (1) in terms
of " , we get

L =

!
"
R! H. (5)

Using Eq. (5), the velocity VL for the largest eddy can
be written as

VL = L ! L =

!
"
R! R!H ! K =

#
R!" c, (6)

which is equivalent to the expression Eq. (3). Thus,
while L and VL change form, their product does not,
and we recover

(D, ! ) ! LVL = " cH. (7)

From Eq. (6), " can be related to ÷" as

" =
V 2

L

R!c2 =
÷"

R! . (8)

In the limit of ! L = ! K , R! $ 1 and the general case
reduces to" = ÷" . Also, substituting the above expres-
sion into Eq. (6) demonstrates its equivalence to Eq.
(3).

It is noteworthy that a similarity can be drawn be-
tween the expression for the di" usive " found in Eq. (8)
and the one given byYoudin & Lithwick (2007, see their
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MorÞll 1985; Weidenschilling & Cuzzi 1993), given that
early works were more focused on accretion disks around
compact objects where trans-sonic turbulence used to
be widely believed. Moreover, to study the properties
of solid particles (hereafter called simply ÒparticlesÓ) in
the disk as they grow by collisional sticking and evolve
radially by drift and di ! usion (e.g.,Estrada et al. 2016,
2022; Estrada & Cuzzi 2022), it has become necessary
to separate the velocity and length scale properties of
the turbulence that inßuence the particles (Cuzzi et al.
2001).

A common assumption in such studies is that the
turnover time of the largest, energy-containing, eddy
of the nebula turbulence equals the local orbital time
(Shakura & Sunyaev1973). Shakura et al. (1978, Ap-
pendix I and page 184) worked through an energy dis-
sipation argument that implied " L = " K , and a logical
chain resulted similar to that given in section 2.1 below
(see Appendix A for more details). The " L = " K as-
sumption had been made earlier bySafronov(1972), and
there has been some numerical support for this assump-
tion under certain conditions (Coleman et al. 1992).

As simulations of particle collisions and growth in
turbulence have become more detailed, it has also be-
come important to reasonably estimate particle veloci-
ties given VL (V¬olk et al. 1980). Weidenschilling (1997)
adopted the scaling ofShakura et al. (1978), and Cuzzi
et al. (2001) independently reproduced the scaling of
Shakura et al. (1978) in the form most often used to-
day, as described below in section2.1. Dubrulle (1992)
generalized the discussion to eddy frequencies" L > " K

and " L < " K , but concluded that " L ! " K for self-
generated nebula turbulence.Dubrulle (1992) even pro-
posed a scaling ofL relevant to these conditions, but
without connecting it to ! in any clear way. The idea
that large eddy frequencies in turbulence could signiÞ-
cantly exceed the orbit frequency has also been discussed
in the context of midplane turbulence generated by a
settled particle layer (Cuzzi et al. 1993; Sekiya 1998),
but has never been explored using direct numerical sim-
ulations.

" L = " K seems to be a sensible assumption given that
the disk is rotating, and thus any radial or azimuthal ve-
locity deviation will be subsequently dominated by the
Coriolis force, leading to a Keplerian turnover time (e.g.
Cuzzi et al. 2001). While reasonable for the magnetoro-
tational instability (MRI, Balbus & Hawley 1991), this
result does not appear to be generally valid for turbu-
lence generated by e.g., Vertical Shear Instability, where
Stoll & Kley (2016) measure eddy lifetimes much shorter
than Keplerian, of the order of 0.1" ! 1

K . Sengupta &
Umurhan (2023) Þnd similarly short eddy lifetimes for

the turbulence generated by the settled particle layer
at the disk midplane. Incidentally, even for the MRI,
Johansen et al.(2006) Þnd eddy lifetimes to be shorter
than Keplerian in the case of forcing by a su# ciently
strong externally imposed vertical magnetic Þeld.

Taken all in all, these results suggest that the tendency
of the Coriolis force to impose a Keplerian turnover time
will be in competition with other external forcing agents
acting on the system. If these other forcing agents
exert greater strength or amplitude, then the Coriolis
force becomes less inßuential, potentially resulting in
the turnover time of the largest eddies deviating from
Keplerian. It is this case we investigate in this paper.

In this contribution, we numerically assess the prop-
erties of externally forced turbulence under conditions
of a rotating, sheared nebula ßow, under the general
condition " L " " K . The utility of the work is to al-
low for initial conditions in forced simulations of tur-
bulence with particles that satisfy simultaneously the
critical nebula parameters ! and " L . Without actually
knowing what the appropriate turbulent frequency " L

is, the relevant particle Stokes number St# ts" may be
incorrectly deÞned Ð here,ts is the aerodynamic stop-
ping time of the particles. This appears to be the case
in many prior simulations of particle behavior in nebula
turbulence for which the particle properties are deÞned
by an " K -based Stokes number (Birnstiel et al. 2010;
Estrada et al. 2016; Sengupta et al. 2019; Gole et al.
2020), which we deÞne as StK = ts" K , and in which
the possibility of " L > " K was not considered. In this
paper we will introduce and utilize injection scale eddy
Stokes number deÞned hereafter by StL = ts" L .

2. GENERALIZING THE COMPONENTS OF !

2.1. The current ansatz " L = " K

We Þrst revisit the original ansatz which is generally
assumed to be true in literature in cases where the tur-
bulence parameter is calculated from numerical simula-
tions. We shall call this ÷! , the turbulence intensity when
" L = " K .

Cuzzi et al. (2001) restated the separation of the L
and VL components of" based on the ansatz that the
largest scale eddies in the nebula would have eddy fre-
quency " L = " K . Situations where " L < " K generally
corresponds to slow currents rather than ßuctuating ed-
dies, such as gently varying zonal ßows.

These structures do not survive longer periods due to
the Coriolis e! ect introduced by rotation ( Zahn 1989;
Cuzzi et al. 2001).

When the ansatz" L = " K is assumed true, ÷! relates
to the length and velocity scales in a speciÞc way by
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bulence with particles that satisfy simultaneously the
critical nebula parameters ! and " L . Without actually
knowing what the appropriate turbulent frequency " L

is, the relevant particle Stokes number St# ts" may be
incorrectly deÞned Ð here,ts is the aerodynamic stop-
ping time of the particles. This appears to be the case
in many prior simulations of particle behavior in nebula
turbulence for which the particle properties are deÞned
by an " K -based Stokes number (Birnstiel et al. 2010;
Estrada et al. 2016; Sengupta et al. 2019; Gole et al.
2020), which we deÞne as StK = ts" K , and in which
the possibility of " L > " K was not considered. In this
paper we will introduce and utilize injection scale eddy
Stokes number deÞned hereafter by StL = ts" L .

2. GENERALIZING THE COMPONENTS OF !

2.1. The current ansatz " L = " K

We Þrst revisit the original ansatz which is generally
assumed to be true in literature in cases where the tur-
bulence parameter is calculated from numerical simula-
tions. We shall call this ÷! , the turbulence intensity when
" L = " K .

Cuzzi et al. (2001) restated the separation of the L
and VL components of" based on the ansatz that the
largest scale eddies in the nebula would have eddy fre-
quency " L = " K . Situations where " L < " K generally
corresponds to slow currents rather than ßuctuating ed-
dies, such as gently varying zonal ßows.

These structures do not survive longer periods due to
the Coriolis e! ect introduced by rotation ( Zahn 1989;
Cuzzi et al. 2001).

When the ansatz" L = " K is assumed true, ÷! relates
to the length and velocity scales in a speciÞc way by
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(Doi & Kataoka 2023), or ! ! 4.5 " 10! 3 (Pizzati et al.
2023).

We underscore that particle layer thicknesses are sen-
sitive to ! , not ÷! (section 4 and Þgure4). It is interest-
ing to note that, while uncertainties remain signiÞcant
(especially in St), the estimated ! from the analyses
of particle scale heights seem to be consistently smaller
compared to the ones obtained from the turbulent line
broadening, and this is just what would be expected
from the di! erence between values of particle height de-
rived from ÷! and ! if R" > 1.

It is possible to combine the independent and distinct
observational constraints discussed above (onh/H from
particle layer thicknesses andVrms from spectral line
observations) with other observed constraints on particle
size and gas disk surface mass density (eg.,Carrasco-
Gonz«alez et al.2019; Mac«õas et al.2021; Doi & Kataoka
2023) to actually constrain the critical value of R" and
thus the nature of the underlying processes causing disk
turbulence in the Þrst place. We sketch the logic by
which this may be done in Appendix H.

5.2. R" and Sc: e! ects on global particle redistribution

Here we comment on howR" may a! ect particle radial
distributions. As noted in section 1, the ratio " /D # Sc
(the Schmidt number) is usually taken as unity; indeed
there has been some confusion in the literature as to
the deÞnition of Sc itself (seeJacquet et al. (2012) and
Estrada & Cuzzi 2016, their Appendix B). As shown
in section 3.2, this quantity is the same as the ratio
< v "

r v"
! > /V 2

rms = 1 /R ". To our knowledge Hughes &
Armitage (2010, 2012) represent the most complete (or
only) study of the role of variable Sc in global redistribu-
tion of particles undergoing growth, drift, and di ! usion.
They only varied Sc from 0.5-2.0, and over this range
found the e! ects minor. Unsurprisingly, (what we Þnd
as) the more realistic case Sc< 1 favors di! usion over
drift or advection, leading to a slightly greater retention
of small particles in outer disks after longer times. To
the degree that future studies of di! erent kinds of neb-
ula turbulence might be found to favor larger values of
R", the implications for particle radial transport might
need to be reassessed. This would include studies where
the radial structure of a particle band is used to infer the
properties of the local particle size and/or" (Dullemond
et al. 2018).

5.3. E! ects on Collision Velocities and Particle
Growth

Following V¬olk et al. (1980), Ormel & Cuzzi (2007)
derived closed-form solutions for the collision velocities
for particles in the turbulent nebula for three di ! erent

regimes: (1) the tightly coupled particles whents < t " ,
where t" is the stopping time at the Kolmogorov scale
(their equation 27); (2) the inertial range regime where
t" < t s < t L (their equation 28); and (3) the heavy
particle limit when ts > t L (their equation 29). The re-
sponse of a particle to turbulence is determined by StL ,
which is a factor of R" larger than the StK assumed by
previous studies along these lines (e.g.,Zsom et al.2010;
Birnstiel et al. 2010; Estrada et al. 2016; Sengupta et al.
2019, 2022). This has di! erent implications in the three
di! erent particle size ranges, as noted below. Regarding
the equations below, recall that Ormel & Cuzzi (2007)
deÞnedSt with the meaning of StL , while at the time
implicitly associating it with St K as is done by all dust
growth models till date.

The velocities for the tightly coupled small particles
in the sub-Kolmogorov regime are mostly dominated by
Brownian motion ( Sengupta et al.2019, see their Þgure
2) and are unlikely to change signiÞcantly. However,
with the R" e! ect included, the collision velocities" V12

between particles with large-eddy Stokes numbers St1L

and St2L (Equation 27 Ormel & Cuzzi 2007) for the
tight coupling limit becomes

" V 2
12 = R"2V 2

g (St1K $ St2K )2 (25)

Similarly, in the most important range (2) above, Eq.
(28) of Ormel & Cuzzi (2007) shows the collision veloc-
ity, which can be written with the new scaling included
as

" V 2
12 = R"V 2

g #St1K (26)

where the term # is only weakly dependent on StL for
StL % 1 (Ormel & Cuzzi 2007). Thus, Eq. (26), along
with Eq. ( 6), shows that the collision velocity is in-
creased by a factor ofR"1/ 2 for a given ! , and thus
particles reach the bouncing or fragmentation barriers
at physical sizes which are smaller by a related factor.

In the heavy particle limit, a higher St L with R" > 1
reduces collision velocities, allowing for bigger particles.
The modiÞed expression fromOrmel & Cuzzi (2007, Eq.
29) would read as:

" V 2
12 = V 2

g

!
1

1 + R"St1K
+

1
1 + R"St2K

"
(27)

5.4. Planetesimal Formation

Our results have implications for the process of plan-
etesimal formation, an outstanding problem in planet
formation theory.

For example, we have seen that turbulence withR" >
1 can signiÞcantly reduce the particle scale height (Þg-
ure 4) and increase#= $p/ $g at the midplane, for parti-
cles of some given StK or nominal physical size, relative
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They only varied Sc from 0.5-2.0, and over this range
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as) the more realistic case Sc< 1 favors di! usion over
drift or advection, leading to a slightly greater retention
of small particles in outer disks after longer times. To
the degree that future studies of di! erent kinds of neb-
ula turbulence might be found to favor larger values of
R", the implications for particle radial transport might
need to be reassessed. This would include studies where
the radial structure of a particle band is used to infer the
properties of the local particle size and/or" (Dullemond
et al. 2018).

5.3. E! ects on Collision Velocities and Particle
Growth

Following V¬olk et al. (1980), Ormel & Cuzzi (2007)
derived closed-form solutions for the collision velocities
for particles in the turbulent nebula for three di ! erent

regimes: (1) the tightly coupled particles whents < t " ,
where t" is the stopping time at the Kolmogorov scale
(their equation 27); (2) the inertial range regime where
t" < t s < t L (their equation 28); and (3) the heavy
particle limit when ts > t L (their equation 29). The re-
sponse of a particle to turbulence is determined by StL ,
which is a factor of R" larger than the StK assumed by
previous studies along these lines (e.g.,Zsom et al.2010;
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2019, 2022). This has di! erent implications in the three
di! erent particle size ranges, as noted below. Regarding
the equations below, recall that Ormel & Cuzzi (2007)
deÞnedSt with the meaning of StL , while at the time
implicitly associating it with St K as is done by all dust
growth models till date.

The velocities for the tightly coupled small particles
in the sub-Kolmogorov regime are mostly dominated by
Brownian motion ( Sengupta et al.2019, see their Þgure
2) and are unlikely to change signiÞcantly. However,
with the R" e! ect included, the collision velocities" V12
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and St2L (Equation 27 Ormel & Cuzzi 2007) for the
tight coupling limit becomes
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ity, which can be written with the new scaling included
as
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where the term # is only weakly dependent on StL for
StL % 1 (Ormel & Cuzzi 2007). Thus, Eq. (26), along
with Eq. ( 6), shows that the collision velocity is in-
creased by a factor ofR"1/ 2 for a given ! , and thus
particles reach the bouncing or fragmentation barriers
at physical sizes which are smaller by a related factor.

In the heavy particle limit, a higher St L with R" > 1
reduces collision velocities, allowing for bigger particles.
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29) would read as:
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5.4. Planetesimal Formation

Our results have implications for the process of plan-
etesimal formation, an outstanding problem in planet
formation theory.

For example, we have seen that turbulence withR" >
1 can signiÞcantly reduce the particle scale height (Þg-
ure 4) and increase#= $p/ $g at the midplane, for parti-
cles of some given StK or nominal physical size, relative

発表者注
・今回は VSI に着目してよりサイズの小さい乱流が起きている場合の分布を考えたが、 
　VSIは大局的な流れも作るのでダストをより巻き上げる可能性もある 
　(Dullemond et al. 2022)
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Fig. 4. Snapshots of the location of the particles (blue dots) 2.5 orbits after they were inserted at the midplane into the fully
developed VSI hydrodynamic model, for four values of St0. The coordinates are the cylindrical radius R in units of, and relative to,
r 0, and the cylindrical vertical height z above the midplane in units of r 0. The background image shows the vertical gas velocity
vz , where blue is upward and red is downward, in the same color scale as in Fig. 1. The gray dotted lines show the gas pressure
scale height for comparison. The lightblue dashed lines are the conveyor-belt estimate of the maximum vertical height of the dust
particles, Eq. (2) with an upper cap at z = hp (which is why the dashed and dotted lines overlap for St0 = 0 .01).

Fig. 5. Mean values of the particles as a function of time since their insertion into the hydrodynamics model. Left: The root-
mean-square of the z/r ratio of the particles. Right: the mean of the radius to initial radius ratio ( r (t)/r (t = 0) ), as a measure
of how strongly the particles have radially drifted inward since the time of insertion. For the St0 = 1 case the computation was
halted after 17 orbits, when the Þrst particles left the inner orbit of the model.

ily be explained by particles that have St ! 1, since they
remain in a thin layer in spite of a possible VSI operating in
the background. However, the dust rings seen in ALMA ob-
servations at ! = 1 .3 mm tend to have optical depths larger
than about 0.3 at that wavelengths (Dullemond et al. 2018).
For Oph 163131 in particular, Villenave et al. (2022) Þnd

with their radiative transfer modeling that the midplane
dust layer is partially optically thick.

We demonstrate in this section that having both St ! 1
and "1.3 mm ! 0.3 requires a vertically integrated dust-to-
gas ratio of at least Z ! 0.08, but likely Z ! 0.16. This
value increases linearly with increasingSt and "1.3 mm .
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