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Abstract:  The temperature and opacity structure 

of planet forming accretion disks (PFAD), which is 
shaped by the local dust content in the disk, is directly 
influenced by the underlying turbulence present within.  
The dynamic activity generating this turbulence, in 
turn, is determined by the local thermodynamics which 
is largely set by the local abundance of dust so that the 
two processes are intimately linked.  In this talk we 
present the results of a study in which the tempera-
ture/opacity fields arising from global turbulent disk 
evolution models are used to assess which of the cur-
rently considered linear instability mechanisms are 
likely to be operational in driving hydrodynamic turbu-
lence in stably stratified PFADs.  Some preliminary 
results include (i) currently published global disk mod-
els with parametrized turbulent intensities appear to 
give rise to opacities that are self-consistent with the 
small-scale linear instabilies driving turbulence, (ii) the 
vertical shear instability and the convective overstabil-
ity appears to operate robustly in the 1-100 AU range 
in both early and mid epochs of young disks, while the 
zombie vortex instability generally occurs in the outer 
parts of the disk (>50-100 AU) and becomes promi-
nent during evolved epochs of PFADs.   

Setting and Motivation:  One of the main out-
standing questions in planet formation theory centers 
on the question of particle accumulation in the face of 
various growth barriers in the 1-10 cm particle size 
range [1,2].  The evolving abundance and distribution 
of dust particles is sensitive to the degree of small 
scale turbulent mixing, e.g. [2], which is a function of 
disk location and evolutionary epoch. Locations in the 
disk where particle growth is largely thought to occur 
are non-magnetized (1-100 AU).  Until only recently, 
these regions were referred to as Dead Zones (DZ)  
because they had been predicted to be effectively lam-
inar because no non-MHD instabilities had been identi-
fied there to be operative [1].  

The last five years has seen a substantial revision in 
our understanding of hydrodynamic routes to turbu-
lence in PFAD’s as several linear instability mecha-
nisms have been identified and demonstrated to lead to 
turbulence in DZs  [3-4]. Among these linear processes 
include: (i) the vertical shear instability “VSI” [5-7], 
(ii) the Zombie Vortex instability “ZVI” [8-9] and (iii) 
the Convective Overstability “COV” [10-11].   

These relatively localized small-scale instabilities 
occur in stable vertically stratified disk sections. Their 
presence or absence depends upon the thermal relaxa-

tion timescalesτ r  of the disk material, which are set 
by the optically thick/thin radiative processes, and are 
a function of both the radius and vertical location with-
in the disk: (1) The VSI becomes active 
whenτ r < 0.1τ orb where τ orb is the local disk orbit 
time [6], (2) ZVI is active in the opposite regime where 
τ r >10 − 20τ orb [9], while COV is expected to be ac-
tive in a window centered on τ r ≈ τ orb [11].  For all 
linear instability mechanisms, the degree of emergent 
turbulent activity, as measured by the inverse of the 
turbulent Reynolds number,α ≡ 1/ Returb , broadly falls 
in the range of α = 10−4 −10−3  . 

However, examining the long term evolution of 
global PFAD models while concomitantly resolving 
the underlying dynamical turbulence mechanisms still 
remains a computationally expensive proposition.  
Dimensionally  reduced models of PFAD evolution 
that take into account growth and transport of dust 
necessarily requires parametrizing the momentum 
transport induced by the turbulence mechanisms using 
familiar α − disk modeling.  Recent results of [12,13] 
which describe vertically integrated axisymmetric disk 
evolution models predict the density, temperature, 
opacity and dust particle distribution as a function of 
disk location and epoch for input values of dust porosi-
ty and turbulent α in addition to other gross properties 
of the circumstellar system.  The evolving nature of the 
thermal relaxation times are intimately connected to 
the development of the Rosseland/Planck mean opaci-
ties which are a sensitive function of the input values 
of α .   

As such, the thermal structure and opacity distribu-
tion of a disk depends upon particle growth which, in 
turn, depends upon the degree of underlying turbulent 
intensity. However, the very same turbulence and its 
intensity, as described above with regards to the opera-
tion of these linear instability mechanisms, depends 
upon the opacities.  Whether or not these two sides of 
the planet formation narrative are consistent with one 
another is critical and remains unanswered. 

Aims:  The main goals of this study are to take the 
results of vertically integrated axisymmeric global disk 
models of  [12-13], with assumed values of dust poros-
ity and turbulent intensity, and reconstruct  the opacity 
structure as a function of the PFAD’s vertical and radi-
al coordinates using the methodology detailed in [13].  
With these opacities in hand we calculate the resulting 
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thermal relaxation times and assess which of the 
aforementioned instability mechanisms are consistent-
ly operating and where in the PFAD.  There is one 
previous attempt at answering this question [14]. 

Some Preliminary Results: We have analyzed the 
results of ECM-16 assuming the dust porosities are 
zero (general results to be presented at lecture and up-
coming future publication):  
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Fig. 1. Rosseland mean opacities after 2 ×105 years.  
Opacities quoted in units of cm2/gm. H is the local 
pressure scale height. 
 

Thermal structure and Rosseland mean opacities .  
For the purposes of this discussion we will assume the 
Rosseland mean and Planck mean opacities are equiva-
lent.  We find that the temperature profiles are largely 
locally isothermal (with midplane to lid temperature 
variations of less than 1 K) with radial ( R ) tempera-
ture dependence given by T ~ R−3/7 for disk radii >3 
AU, typical of flared disks [15].  Fig 1. shows a profile 
of the internal opacities at a model where t = 2 ×105  
years. 
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Fig. 2. Derived thermal relaxation times after 2 ×105   
years.τ r  in unit of local orbit times (1 solar mass star). 

 
Thermal relaxation times.  The thermal relaxation 

times can be very roughly represented as either domi-
nated by radiative diffusion (optically thick) or radia-
tive cooling (optically thin) regimes and is given by [6] 
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where Cv ,σ ,Δ  are respectively the specific heat at 
constant volume, Stefan-Boltzmann constant, and the 
size of the fluid structure of interest.  For optically 
thick conditions, Fig. 2 showsτ r for fluid structures 
with scales Δ = 0.05H .  Such scales are typical of the 
VSI [5,7]. 

 
Predicted Location of Instabilities, α = 4 × 10−4, t = 2 × 105 yr
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Fig. 3. A PFAD butcher diagram indicating locations 
where various instabilities are operating based on out-
put of [12]: 2 ×105 years, α = 4 ×10−4 and dust porosi-
ties of zero.   

The fate of the various instabilities over time.  Fig. 
3 displays a first-pass prediction of which instability 
may or may not be operating in a given location of a 
PFAD model at early times (2 ×105 years).  Each 
mechanism considered has unique spatial scales for 
optimal operation included (not described here). The 
VSI dominates the turbulence in the range 3-90 AU 
while the COV occurs generally in the inner disk (<3 
AU).  The ZVI is prominent in outer solar nebula 
(>100 AU).  
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