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Length and Velocity Scales Iin 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,

I L, Is the local Keplerian frequency! ¢ . In terms of the standard dimensionless Shakura-SunyaeV parameter that
guantibes turbulent viscosity or di! usivity, this assumption leads to characteristic length and velocity scales given
respectively by TH and !¢, in which H and c are the local gas scale height and sound speed. However, thi:
assumption is not applicable in cases when turbulence is forced numerically or driven by some natural processes su
as Vertical Shear Instability. Here we explore the more general casg where, # ! ¢ and show that under these
conditions, the characteristic length and velocity scales are respectlvely I /R'H and ! R'c, whereR'$ ! (/! ¢ i
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 el ect naturally explalns 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. FdR' > 1 the el ective particle Stokes numbers are
Increased, which has implications for particle collision dynamics and growth, as well as for planetesimal formation.
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Figure 2. a: Kinetic energy spectra for two different wavenumbers: ks = 3 (blue star) and 6 (orange diamond). The largest
energy containing eddy coincides with the injection scales. Note the inertial range in both cases follow a —4/3 power law instead
of —5/3 which is due to the rotation of the system. b: The variation of V,%,./R’ with the tangential Reynolds stress %Ww
and R’ calculated based on the KE spectrum and Eq. (16). The relationship shows a power-law with exponent 0.91 &+ 0.05 for
ks = 6, close to our expectation of unity, and 0.71 £ 0.03 for ky = 3 (see section 3.2 for details).
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Figure 3. a: Calibration for R’ as a function of forcing energy injection, given in terms of the forcing parameter f, for two
different injection wavenumbers: kf = 3 (blue star) and ks = 6 (orange diamond). The straight lines are the power-law fits for
each data set. For fixed energy injection, R’ increases with ks. b: Calibration for « (corrected by R') vs fo for ks = 3 (blue
star) and ky = 6 (orange diamond). c¢: Variation of & with f for kf = 3 and 6. Note that the values of & is almost the same for
two different injection scales. With & ~ V ms>/c* over the full inertial range, & is expected to reflect the total energy injected
into the system, irrespective of the injection scale. d: Variation of a with R’ for kf = 3 and 6. A power-law fit for y = az®
gives b = 0.98 + 0.07 for kf = 3 and 1.02 £ 0.02 for k; = 6 (see section 3.5).
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