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Abstract	   The	   temperature	   and	   opacity	   structure	   of	   planet	   forming	   accreHon	   disks	  
(PFAD),	  which	  is	  shaped	  by	  the	  local	  dust	  content	  in	  the	  disk,	  is	  directly	  influenced	  by	  
the	   underlying	   turbulence	   present	   within.	   	   The	   dynamic	   acHvity	   generaHng	   this	  
turbulence	   (arising	   from	   several	   recently	   idenHfied	   mechanisms),	   in	   turn,	   is	  
determined	  by	  the	  local	  thermodynamics	  which	  is	  largely	  set	  by	  the	  local	  abundance	  
of	  dust	  so	  that	  the	  two	  processes	  are	  inHmately	  linked	  [3-‐13].	  In	  this	  talk	  we	  present	  
the	   results	   of	   a	   study	   in	  which	   the	   temperature/opacity	   fields	   arising	   from	   global	  
turbulent	   disk	   evoluHon	  models	   [14-‐15]	   are	   used	   to	   assess	  which	   of	   the	   currently	  
considered	   linear	   instability	   mechanisms	   are	   likely	   to	   be	   operaHonal	   in	   driving	  
hydrodynamic	  turbulence	  in	  stably	  straHfied	  PFADs.	  Some	  preliminary	  results	  include	  
(i)	   currently	   published	   global	   disk	   models	   with	   parametrized	   turbulent	   intensiHes	  
appear	   to	   give	   rise	   to	   opaciHes	   that	   are	   self-‐consistent	  with	   the	   small-‐scale	   linear	  
instabilitles	   driving	   turbulence,	   (ii)	   the	   verHcal	   shear	   instability	   [5-‐8]	   and	   the	  
convecHve	  overstability	  [12-‐13]	  appears	  to	  operate	  robustly	  in	  the	  1-‐100	  AU	  range	  in	  
both	  early	  and	  mid	  epochs	  of	  young	  disks,	  while	  the	  zombie	  vortex	  instability	  [9-‐11]	  
generally	  occurs	  in	  the	  outer	  parts	  of	  the	  disk	  (>50-‐100	  AU)	  and	  becomes	  prominent	  
during	  evolved	  epochs	  of	  PFADs.	  	  
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Disk	  EvoluHon	  Models	  [15-‐16]	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  VerHcal	  Shear	  Instability	  (VSI)	  [5-‐8]	  
Ingredients:	   	   Disk	   radial	   temperature	   dependence	   results	   in	   verHcal	  
(baroclicnic	  shear)	  but	  also	  verHcally	  stably	  straHfied	  against	  convecHon.	  
	  Short	  cooling	  Hmes	  -‐	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  opaciHes	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Mechanism:	  Linear.	  Angular	  mom.	  exchange	  b/w	  radial-‐verHcally	  adjacent	  
fluid	   elements	   results	   in	   lower	   final	   energy	   state.	   	   Sloping	   convecHon	  
(Earth’s	  weather	  layer	  analog)	  
Quality:	  	  Axisymmetric	  rad.	  short,	  nearly	  incompressible	  moHons.	  	  
Secondary	  TransiHon:	  	  Non-‐axisymmetric	  RWI	  
Turbulent	  response:	  	  	  	  

Ωτ <<1.

α ~10−4 −10−3

κ r <1 cm
2 / gm.

Figure	  1.	  	  Plot	  
showing	  vorHcity	  
field	  of	  num.	  sim.	  of	  
fully	  developed	  VSI.	  	  
	  
	  
Leq	  image	  -‐	  	  	  	  Disk	  
midplane.	  	  Right	  
panel:	  verHcal	  cut.	  
From	  ref	  [8].	  

H / R = 0.2, Ωτ = 0.1Dust	  accumulaHon:	  Viable	  
primary	   parent	   bodies	   of	  
terrestrial	   planetesimals	  
grew	   to	   100	   km	   sizes	  
b e f o r e	   h e a H n g	   a n d	  
collisional	   disrupHon	   [4].	  	  
Growth	  to	  these	  scales	  via	  
sHcking	   physics	   involves	  
o v e r c om i n g	   v a r i o u s	  
barriers	  in	  the	  mm-‐10’s	  km	  
r a n g e 	   ( b o u n c i n g ,	  
collisional	  disrupHon,	  driq,	  
g r a v i t a H o n a l ) .	  	  
EffecHveness	   of	   each	  
mechan i sm	   i nvo l ve s	  
clarifying	   turbulent	   state	  
of	   gaseous	   cold	   disks.	  	  
Turbulent	   concentraHon	  
( TC )	   a n d	   s t r e am i n g	  
instabi l iHes	   (S I )	   a l so	  
i nvo l ved	   i n	   p a rH c l e	  
collecHon	   –	   la@er	   stage	  
process.	   	  Pebble	  accreHon	  
might	  be	  playing	  a	  role	  too	  
[4,16].	  

	  	  	  	  	  	  	  	  	  	  	  	  	  Zombie	  Vortex	  Instability	  	  (ZVI)	  [9-‐11]	  
Ingredients:	   	   Flow	   profiles	   deviaHng	   from	   Keplerian	   –	   jet-‐like.	   	   3D	  
disturbances.	  	  Long	  cooling	  Hmes:	  
Mechanism:	   Linear.	   Resonance	   between	   Doppler	   shiqed	   Rossby	   wave	  
frequency	  and	  buoyancy	  oscillaHon	  at	  criHcal	  layer.	  
Quality:	  	  Nonlinear	  generaHon	  of	  jet	  flows	  at	  criHcal	  layers.	  Spreading.	  
Secondary	   TransiHon:	   	   ZVI	   (self-‐replicaHng	   jets/vorHces)	   and	   non-‐
axisymmetric	  Rossby	  Wave	  Inst.	  	  Turbulent	  downscale	  enstrophy	  cascade.	  	  
Turbulent	  response:	  	  	  	  

Ωτ >>1 ↔ κ r > 50 cm
2 / gm.

α ≤10−3

unperturbed Brunt-Väisälä frequency. In the rotating
frame, the governing equations are

@v=@t ¼ "ðv $ rÞv"r!
!0

þ fv' ẑ" ð!" !0Þg
!0

ẑ; (1)

@!=@t ¼ "ðv $ rÞ!; (2)

r $ v ¼ 0; (3)

where ! is the pressure head. When Eqs. (1)–(3) are
linearized about "VðxÞ and "!ðzÞ, the eigenmodes are pro-
portional to eiðkyyþkzz"stÞ. When the initial density "! is
stably stratified or constant, plane Couette flow is neutrally
linearly stable (i.e., s is real, and eigenmodes neither grow
nor decay).

Critical layers.—The eigenequation for the eigenmodes
of Eqs. (1)–(3) is a generalization of Rayleigh’s equation
[13] and is a 2nd-order ordinary differential equation. The
coefficient of the highest-derivative term is

½ "VðxÞ " s=ky)f½ "VðxÞ " s=ky)2 " ð "N=kyÞ2g: (4)

Eigenmodes of an ordinary differential equation are sin-
gular at locations x* where the coefficient of the highest-
derivative term is zero. There they form critical layers [13].
For fluids with constant density, critical layers obey
"Vðx*Þ ¼ s=ky. We refer to these as barotropic critical
layers. For "N ! 0, expression (4) shows that there are
eigenmodes with barotropic critical layers, but our compu-
tations show that they are difficult to excite and never form
vortices. However, there is another class of eigenmodes
with critical layers; they have "Vðx*Þ " s=ky + "N=ky ¼ 0,
and we call them baroclinic critical layers. Weak baroclinic
critical layers were shown to exist in nonrotating, stratified
flows [14], but we believe that this is the first study of these
layers in flows with f, "N, and j"j of the same order (as near
the midplane of a PPD). With anticyclonic shear (f"< 0),
as in a PPD, all of our calculations with "N ’ f ’ j"j fill the
domain with zombie vortices when the initial finite-
amplitude perturbation is sufficiently large (see below).
To verify our computations, flows were computed with
two independent codes. At the x boundaries, one code
enforced an outward-going wave condition, and the other
used the shearing sheet approximation [15]. The codes
produced similar results.
We show that the new finite-amplitude instability works

by first creating large-amplitude vortex layers at the critical
layers. The curl of Eq. (1) gives

@!z=@t ¼ "ðv $rÞ!z þ ð! $ rÞvz þ ðfþ "Þð@vz=@zÞ;
(5)

where ! is the relative vorticity ! , r' ðv" "VðxÞŷÞ.
Vortex layers form at baroclinic critical layers because
the z component of the velocity vz of the neutrally stable
eigenmode is singular there. Equation (5) shows that the
generalized Coriolis term ðfþ "Þð@vz=@zÞ creates !z.
Within the baroclinic critical layer, the singular @vz=@z
is nearly antisymmetric about x ¼ x*; on one side of the
layer vz ! 1, and on the other vz ! "1; thus, the last
term in Eq. (5) creates a large-amplitude vortex layer
centered at x* made of dipolar segments with one side
cyclonic (!zf > 0) and the other anticyclonic (!zf < 0)
[c.f. Fig. 1(a)]. Barotropic critical layers do not form vortex
layers; although their eigenmodes’ vy is singular, vz is
everywhere finite. From this point on, we use nondimen-
sional units with the units of time 1= "N and length
jðL "NÞ=ð2#"Þj, where L is the periodicity length in y.
Thus, ky in expression (4) is 2#m=L, wherem is an integer.
Baroclinic critical layers have ky ! 0, and expression (4)
shows that they are at

x* ¼ "ðs+ 1Þ=m: (6)

Equations (1)–(3) and their boundary conditions are invari-
ant under translations in y and z, and also under translation
in x by $ when accompanied by a streamwise boost in

FIG. 2. Zombie vortices sweep outward from the perturbing
vortex at the origin in the x-z plane (at y ¼ 0). Anticyclonic !z

is black (darkest is !z=f ¼ "0:2) and cyclonic is white (lightest
is !z=f ¼ 0:2). This is the same flow as in Fig. 1. The domain
has jzj - 4:7124 and is larger than shown. (a) t ¼ 128= "N.
Critical layers with s ¼ 0 and jmj ¼ 1, 2, and 3 are visible.
Diagonal lines are internal inertio-gravity waves with shear, not
critical layers. (b) t¼480= "N. 1st generation vortices near jxj¼1
and 1=2 have rolled up from critical layers with s ¼ 0 and
jmj ¼ 1 and 2, respectively. (c) t ¼ 1632= "N. 2nd generation
jmj ¼ 1 vortices near jxj ¼ 0 and 2 were spawned from the 1st
generation vortices near jxj ¼ 1. Another 2nd generation of
jmj ¼ 1 vortices is near jxj ’ 1=2 and 3=2, which were spawned
by the 1st generation near jxj ¼ 1=2. (d) t ¼ 3072= "N. 1st, 2nd,
and 3rd generation vortices.
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Figure	  2.	  	  Plot	  showing	  Hme	  sequence	  of	  verHcal	  vorHcity	  field	  of	  num.	  sim.	  of	  fully	  
developed	  ZVI	  [9].	  Leq	  image	  -‐	  Disk	  midplane	  (x-‐rad.,	  y-‐azi).	  	  Right	  image:	  verHcal	  cut.	  	  
The	  spreading	  self-‐replicaHng	  quality	  of	  the	  process	  evident.	  

Figure	   5.	   Turbulent	   Rosseland	  mean	   opaciHes	   given	   in	   units	   of	   cm2/gm.	   	   Degree	   of	   turbulence	   is	   given	  
by	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  	  	  This	  figure	  derived	  from	  results	  of	  Fig.	  4.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  ConvecHve	  Overstability	  (COV)	  [12-‐14]	  
Ingredients:	  	  Keplerian	  flow	  with	  radial	  entropy	  gradient.	  	  3D	  disturbances.	  	  
Medium	  cooling	  Hmes:	  
Mechanism:	  Buoyant	  instability	  affected	  by	  epicyclic	  oscillaHons.	  
Quality:	  	  VerHcal	  vorHcity	  rolls.	  	  Complex	  flow	  structure.	  
Secondary	  TransiHon:	  	  EllipHc	  instability	  but	  vortex	  not	  destroyed.	  
Turbulent	  response:	  	  	  	  

Ωτ ~1 ↔ κ r ~1− 50 cm
2 / gm.

α ~10−4 −10−3

Figure	  3.	  	  Plot	  showing	  Hme	  sequence	  of	  verHcal	  vorHcity	  field	  of	  numerical	  
simulaHon	  of	  fully	  developed	  COV	  [12].	  	  Uniform	  state	  develops	  into	  verHcal	  
vorHcity	  roll	  which	  develops	  small	  scale	  structure	  via	  ellipHcal	  instability.	  	  Vortex	  
conHnually	  fed	  by	  the	  underlying	  linear	  convecHve	  overstability.	  

Turbulence,	  Where?	  	  A	  Butcher’s	  Diagram	  	  	  

Figure	  6	  As	  derived	   from	  1D	  disk	  evoluHon	  models	   (Fig.	  4).	   	   The	  mutually	  exclusive	  
cooling-‐Hme/opacity	  requirments	  of	  the	  3	  primary	  turbulence	  mechanisms	  means	  that	  
any	  one	  part	  of	  a	  pp-‐disk	  DZ	  has	  some	  turbulent	  acHvity.	  	  Time	  corresponds	  to	  200,000	  
yr.	  and	  	  	  	  	  	  Indicates	  scale	  of	  turbulent	  dynamics	  (in	  terms	  of	  scale	  height	  H).	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Degree	  of	  turbulence	  	  

Predicted Location of Instabilities,∆ =0.05H, α =0.0004, t = 2 × 105 yr
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The bulk of particles in the inner nebula have StM10−3

causing them to drift at a much slower rate, and to be retained
for longer periods before being lost with an ensuing increase in
mass enhancement. Outside the water ice EF, we see a similar
trend in StM as in case F, but at smaller values because the
fragmentation size has not been reached.

Finally, the internal density of dust and migrator particles
(red and magenta curves, middle panel) retains interesting
variability. In general, the internal density profiles are
characterized by decreases just outside the various EFs; this
is due to enhancement in the evaporating species as it diffuses
back across the EF and condenses on to dust and migrator
particles. The radial range over which the density decreases is
due not only to vapor condensation but to the diffusion and
advection of smaller dust grains. The interplay is quite complex
though, as we will see below from gas and dust accretion rates.
In particular, the density variation outside the water ice EF for
case BF does not span the same radial extent as in case F,
because the EF has been relatively stationary over the
simulation time in case BF. However, its edges are less sharp
because of the more significant outward advection and
diffusion of smaller icy grains.

The radial velocities of the various particle sizes plotted in
Figure 6 (middle panel) are lower than for case F, reflecting
slower radial migration of smaller particles. The location
where Vd

- becomes similar to the gas radial velocity is

slightly further outward due to the smaller particle size, and
in fact occurs just outside the organics EF. The inward drift
of lucky particles reaches a minimum speed at this point, and
increases inwards up to the silicate EF which is at the inner
edge of the computational grid. The more complex behavior
seen in the dust and gas accretion rates compared to case F
again emphasizes that there is inward advection of material in
the inner regions, although at speeds less than the gas
velocity, but also outward diffusion at EFs further affecting
the accretion rate. The gas accretion rate shows variation
through the organics and water ice EFs, because particles
containing most of the mass are small and traveling with the
gas. The mass accretion rates of both the gas and dust become
more similar at these points implying that the dust is
apparently influencing the gas evolution even though the
solids-to-gas-ratio is not near unity. The reason is probably
because opacity peaks lead to temperature gradient fluctua-
tions, that lead to radial viscosity variations through the
sound speed c, and thus corresponding variations in the gas
radial flow.

3.4. Fragmentation, Bouncing, and Mass Transfer (MTBF)

The process of mass transfer (in high-velocity collisions)
encompasses an abbreviated range of conditions (Section 2.4.4),
but can have a significant effect on certain aspects of particle

Figure 7. Fiducial model with mass transfer, bouncing, and fragmentation
(MTBF). Panel descriptions same as Figure 3. In general, the MTBF case is
quite similar to BF with the exception that growth in the migrators is slightly
faster, and particle sizes are a bit larger. Overall, the enhancements one finds in
both the dust and vapor in the inner nebula are similar to the BF case, except
that more mass appears in the dust and less in the vapor. The temperatures in
the silicate rich region are slightly hotter as well. See the text for details.

Figure 8. Fiducial model with mass transfer, bouncing, and fragmentation
(MTBF). Panel descriptions are thesame as Figure 4. The overall trends are
similar to the BF case, especially in the outer nebula. Differences in the inner
nebula can be attributed to the evolution of the particle size distribution when
mass transfer is included. See the text for details.
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The bulk of particles in the inner nebula have StM10−3

causing them to drift at a much slower rate, and to be retained
for longer periods before being lost with an ensuing increase in
mass enhancement. Outside the water ice EF, we see a similar
trend in StM as in case F, but at smaller values because the
fragmentation size has not been reached.
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case BF does not span the same radial extent as in case F,
because the EF has been relatively stationary over the
simulation time in case BF. However, its edges are less sharp
because of the more significant outward advection and
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The radial velocities of the various particle sizes plotted in
Figure 6 (middle panel) are lower than for case F, reflecting
slower radial migration of smaller particles. The location
where Vd
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slightly further outward due to the smaller particle size, and
in fact occurs just outside the organics EF. The inward drift
of lucky particles reaches a minimum speed at this point, and
increases inwards up to the silicate EF which is at the inner
edge of the computational grid. The more complex behavior
seen in the dust and gas accretion rates compared to case F
again emphasizes that there is inward advection of material in
the inner regions, although at speeds less than the gas
velocity, but also outward diffusion at EFs further affecting
the accretion rate. The gas accretion rate shows variation
through the organics and water ice EFs, because particles
containing most of the mass are small and traveling with the
gas. The mass accretion rates of both the gas and dust become
more similar at these points implying that the dust is
apparently influencing the gas evolution even though the
solids-to-gas-ratio is not near unity. The reason is probably
because opacity peaks lead to temperature gradient fluctua-
tions, that lead to radial viscosity variations through the
sound speed c, and thus corresponding variations in the gas
radial flow.

3.4. Fragmentation, Bouncing, and Mass Transfer (MTBF)

The process of mass transfer (in high-velocity collisions)
encompasses an abbreviated range of conditions (Section 2.4.4),
but can have a significant effect on certain aspects of particle

Figure 7. Fiducial model with mass transfer, bouncing, and fragmentation
(MTBF). Panel descriptions same as Figure 3. In general, the MTBF case is
quite similar to BF with the exception that growth in the migrators is slightly
faster, and particle sizes are a bit larger. Overall, the enhancements one finds in
both the dust and vapor in the inner nebula are similar to the BF case, except
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the silicate rich region are slightly hotter as well. See the text for details.

Figure 8. Fiducial model with mass transfer, bouncing, and fragmentation
(MTBF). Panel descriptions are thesame as Figure 4. The overall trends are
similar to the BF case, especially in the outer nebula. Differences in the inner
nebula can be attributed to the evolution of the particle size distribution when
mass transfer is included. See the text for details.

20

The Astrophysical Journal, 818:200 (41pp), 2016 February 20 Estrada, Cuzzi, & Morgan

The bulk of particles in the inner nebula have StM10−3

causing them to drift at a much slower rate, and to be retained
for longer periods before being lost with an ensuing increase in
mass enhancement. Outside the water ice EF, we see a similar
trend in StM as in case F, but at smaller values because the
fragmentation size has not been reached.

Finally, the internal density of dust and migrator particles
(red and magenta curves, middle panel) retains interesting
variability. In general, the internal density profiles are
characterized by decreases just outside the various EFs; this
is due to enhancement in the evaporating species as it diffuses
back across the EF and condenses on to dust and migrator
particles. The radial range over which the density decreases is
due not only to vapor condensation but to the diffusion and
advection of smaller dust grains. The interplay is quite complex
though, as we will see below from gas and dust accretion rates.
In particular, the density variation outside the water ice EF for
case BF does not span the same radial extent as in case F,
because the EF has been relatively stationary over the
simulation time in case BF. However, its edges are less sharp
because of the more significant outward advection and
diffusion of smaller icy grains.

The radial velocities of the various particle sizes plotted in
Figure 6 (middle panel) are lower than for case F, reflecting
slower radial migration of smaller particles. The location
where Vd

- becomes similar to the gas radial velocity is

slightly further outward due to the smaller particle size, and
in fact occurs just outside the organics EF. The inward drift
of lucky particles reaches a minimum speed at this point, and
increases inwards up to the silicate EF which is at the inner
edge of the computational grid. The more complex behavior
seen in the dust and gas accretion rates compared to case F
again emphasizes that there is inward advection of material in
the inner regions, although at speeds less than the gas
velocity, but also outward diffusion at EFs further affecting
the accretion rate. The gas accretion rate shows variation
through the organics and water ice EFs, because particles
containing most of the mass are small and traveling with the
gas. The mass accretion rates of both the gas and dust become
more similar at these points implying that the dust is
apparently influencing the gas evolution even though the
solids-to-gas-ratio is not near unity. The reason is probably
because opacity peaks lead to temperature gradient fluctua-
tions, that lead to radial viscosity variations through the
sound speed c, and thus corresponding variations in the gas
radial flow.

3.4. Fragmentation, Bouncing, and Mass Transfer (MTBF)

The process of mass transfer (in high-velocity collisions)
encompasses an abbreviated range of conditions (Section 2.4.4),
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because opacity peaks lead to temperature gradient fluctua-
tions, that lead to radial viscosity variations through the
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Rosseland Opacities κR , α =0.0004, t = 2 × 105 yr
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PP-‐disk	  turbulence:	   	  Un2l	  
recently,	   non-‐magneHzed	  
porHons	   of	   thin	   pp-‐disks	  
which	   are	   the	   locaHons	  
where	   planetesimals	   are	  
manufactured,	  thought	  to	  
be	   hydrodynamica l ly	  
inacHve.	   	   3	   promising	  
turbulence	   mechanisms	  
a r i s i n g	   f r om	   l i n ea r	  
instabili2es	   have	   been	  
idenHfied	  that	  can	  lead	  to	  
hydrodynamic	   turbulence	  
in	   pp-‐disks.	   	   (Other	  
non l inear /subcr iHca l	  
transiHons	   also	   possible	  
i nc lud ing	   subcr iHca l	  
baroc l in ic	   instab i l i ty	  
[3,17].)	  

Chondrules	   (leq)–	   mm-‐sized	  
grains	   of	   various	   flavors	   (e.g.	  
pyroxenes,	  olivenes	  and	  others)	  
Chondrites	   (right)–	   larger	  sized	  
bodies	   that	   are	   fragments	   of	  
asteroids	   (100	   km	   scales).	  	  
Show	   collecHon	   of	   chondrules	  
(of	  various	  types).	  

Bulk	   interiors	   of	   disks	   where	   planetesimals	   form	   are	   non-‐magneHzed.	   	   Listed	   blow	   are	  
various	  instability	  mechanisms	  idenHfied	  to	  lead	  to	  down-‐cascading	  turbulence.	   	  Note	  that	  
the	  turbulent	  Reynolds	  number	  	  	  	  	  	  	  	  	  	  	  	  	  relates	  to	  the	  “	  	  	  	  “	  	  parameter	  via:

The	  presence	  of	  turbulence	  depends	  upon	  the	  main	  opacity	  sources	  in	  the	  disk	  which,	  in	  turn,	  depend	  upon	  the	  
type,	  size	  and	  distribuHon	  of	  grains.	   	  The	  distribuHon	  and	  growth	  of	  grains	  depends	  back	  upon	  the	  underlying	  
turbulence	  in	  disk	  -‐-‐	  e.g.,	  consider	  that	  turbulent	  velociHes	  induce	  verHcal	  size-‐dependent	  loqing	  of	  dust	  which	  
prevents	  midplane-‐se@ling	  and	  subsequent	  drainage	  into	  the	  star.	  	  We	  examine	  the	  results	  of	  1-‐D	  turbulent	  disk	  
models	   that	   have	   detailed	   modeling	   of	   growth	   and	   driq	   of	   dust	   parHcles.	   	   Given	   their	   distribuHons,	   we	  
recalculate	  these	  “turbulent”	  opaciHes	  as	  a	  funcHon	  of	  disk	  posiHon	  and	  ask	  the	  next	  logical	  quesHon:	  	  
“are	  the	  disk	  turbulence	  mechanisms	  and	  subsequently	  arising	  turbulent	  opaciHes	  SELF-‐CONSISTENT”?

Figure	  4.	  	  Study	  undertaken	  to	  examine	  detailed	  growth	  of	  parHcles	  in	  simplified	  1-‐D	  disk	  models	  with	  
turbulence	  modeled	  using	  aformenHoned	  alpha-‐disk	  modeling.	  	  Above	  snapshot	  shows	  state	  of	  disk	  aqer	  200,000	  
yrs	  aqer	  formaHon.	  	  Mean	  temperatures,	  surface	  densiHes	  and	  dominant	  parHcle	  masses	  (indicated	  by	  dominant	  
size)	  shown	  as	  a	  funcHon	  of	  disk	  radius.	  	  These	  are	  used	  as	  inputs	  for	  calculaHng	  turbulence	  mechanisms	  below.	  

Returb , α α ≡ 1/ Returb .
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