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Effects of scattering and dust grain size on the temperature structure
of protoplanetary discs: a three-layer approach

Akio K. Inoue,'™™ Akinori Oka? and Taishi Nakamoto?
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Figure 4. The schematic diagram of the two- and three-layer models. We are considering an annulus clipped from a flaring disc surrounding a young star as
shown in the left-hand picture. In the annulus, we consider two or three layers as shown in the right-hand pictures. Each layer is assumed to be isothermal
with a temperature T. The fluxes crossing the boundaries of layers are denoted as H'P or H9°"" depending on their direction. We set the direction of arrows
in the right-hand pictures as the positive direction for the fluxes. The subscript of each quantity indicates the layer associated with the quantity: ‘s’ for the

super-heated layer, ‘m’ for the middle layer and ‘i’ for the interior. The quantities with the subscript ‘“*” are associated with the radiation from the central star
and HY is the stellar flux at the top of the annulus. See also Table 1 for notations.
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Forgan et al. 2011
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BRI TE (Magneto-Rotational Instability; MRI)

Hawley & Balbus 1991
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Flock et al. 2011
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Turbulence and Accretion in 3D Global
MHD Simulations of Stratified Protoplanetary Disk
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A graphical summary of the structure of magnetically driven
low-ionization disks is given in Figure |. From the accreting
star out to the critical radius R,, where T < 10° K, the entire
disk is coupled to the field because collisional ionization of
afkali metals is effective. At larger radii the disk has an active
layer near the surface where cosmic-ray ionization is effective,
and a dead zone near the midplane. The dead zone will come
into thermal equilibrium with the base of the active layver {and

Gammie 1996
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Figure 6: The dependence of the ionization rate ( on the column density AY, measured from the
disk surface. Contributions from the three three main sources of non-thermal ionization are shown:
(a) stellar X-rays, evaluated at 1 AU (as a function of radius, ¢ oc r=2) using the Turner & Sard




Sano et al. 2000
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FIG 7E Unstable regions (striped) for the cases of (a) the plasma beta at the midplaneb ¥ 100 and (b)b ¥ 1000 for the Pducial model {same asin Fig. 1).
The dotted curve denotes the scale height of the disk, z¥ H{r). In the region above the curv%j

.. MHY¥ 1, thEinstability does not et ectively work because the
wavelengths of the unstable modes are larger than the scale height of the disk. The regio'r(H)elow the curvej MH ¥ 1 is stable because the magnetic
dissipation is et ective and corresponds to Gammiels (1996) “dead zone ll res
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Figure 2: Illustration of how critical disk radii, delimiting different physical regimes relevant to
angular momentum transport and planet formation, scale with accretion rate M. Temperatures
are mid-plane values, the cooling time scale is defined as t.oo = Zcz / 20Te4ff, and the Toomre
Q@ parameter Q = ¢,Qk/mGY. The plot is based upon a one-zone vertical model (calculated as
described, e.g., by Frank, King & Raine 2002) of a steady-state o disk around a 0.5 M, star, with
a = 1072. The opacity includes contributions from water ice, amorphous carbon, silicates and
graphite (Z. Zhu, private communication). The calculation is approximate: the radial dependence
of stellar irradiation is assumed to follow the Chiang & Goldreich (1997)) form, independent of both
time and disk accretion rate.
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(Hartmann et al. 1998; Muzerolle et al. 2000). The average accretion rate in Tr
37 (including the upper limits but excluding the G-type stars, marked here with
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Fic. 12.—Accretion rate vs. mass in Tr 37. The size of the filled circles and
open triangles (upper limits) is proportional to the age. Very small circles rep-
resent the globule population (aged ~1 Myr). Ages for G-type stars tend to look
larger (~10 Myr; G stars are marked by large open circles) but are highly
uncertain. The data are consistent with the study of Calvet et al. (2004), whose
data are between the dashed lines, and with the M aM? trend observed by Natta
et al. (2004), although our sample contains stars spanning a smaller parameter
area in both accretion rate and mass. This trend appears independently of age in

both the globule and the bulk (4 Myr old on average) population, even thougl46

accretion rates for the younger stars tend to be higher, as expected from the
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Figure 2. Surface density (Z) distribution with time for a purely viscous disk
(¢ = 0.01, initial disk mass 0.1 Mg) around a 1 M, star. The dashed line
shows X at the start of the simulation, + = 0. X with radius is shown for
different instances of time indicated in the upper right-hand corner. The surface
density gradually decreases with time as the disk spreads, and the disk mass
is > 1073 Mg at 10% yr. The disk is optically thick to stellar photons until
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Figure 4. Evolution of the surface density distribution for the same disk/star
system as Figure 2 but which is irradiated only by FUV photons (Lryy =
1072-1073 Lo, ®ryy = 0, Ly = 0). The disk loses mass rapidly due to a
combination of accretion and FUV photoevaporation and at ~3.5 x 10° yr,
FUYV photons burn a gap in the inner disk. The disk is then photoevaporated by
direct illumination of the inner gap as the outer disk continues to deplete. The
remaining torus-like disk is eroded at both the inner and outer regions, while
the intermediate regions survive the longest.
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Figure 10: A classical disk thermal instability is a possibility if the accretion rate through the inner
disk is such that that the mid-plane temperature approaches T' ~ 10* K, at which point hydrogen
becomes ionized and the opacity x(7T) rises rapidly. Under these conditions there can be multiple
solutions (an “S-curve”) for the local equilibrium vertical structure at fixed r and X, with the stable
possibilities being a quiescent state of low accretion rate, and an outburst state with a much higher
temperature and accretion rate. Provided that these states are sufficiently well-separated, it is then
possible to set up a global limit cycle in which the inner disk as a whole cycles between quiescent

and outburst behavior.

53



Boley et al. 2008

Dead zone —» EHAETFE — MIEN

77.3yr (=1 orp) log X (g em™) 77.0 yr (= 2.4 orp) log £ (g cm™®)

5

10
4

5
3

0
2

5
1

=10
]

AU -0 -5 0 5 10 AU .10 -5 0 5 10
Standard 102«
107 « 10 x
77.0yr(=240p)  log X (gem?) 77.1yr(=240m)  log £ (gcm?)

5 5

10
4 4

5
3 3

0
) 2

-5
q 1

=10
0 0

AU AU 10 5 0 5 10




EoxhiE

BADABRIAN,
BHUFISHRINIELED?

104
103~ —
%
E
(5]
' 107 - —
o
b
10 —
] | |

N !
r(Au)

Fig. 1. Surface densities, o, obtained by restoring the planets to solar composition and spreading
the resulting masses through contiguous zones surrounding their orbits. The meaning of the ‘error

bars’ is discussed in the text.

10

100

Weidenschilling 1977

‘ Minimum Mass Solar Nebula (MMSN) model

gcm’

R<2.7AU

R>27AU

S (R)= 17008;—R 6"
I &g 6
%711§U+ g cm
| %)
N Sdust (R) :_I_ . 3/2
107 | ae R 0) >
9 130 + gam
gen®) I 1 AUg
10%+ .
10 4
Lk i
Hayashi€ 7 JL
) KyotoE T /L
|010_, 10°
r(au.)
Fig. 1. Surface densities of rocky, icy and

gaseous materials in the solar
nebula as a function of the dis-
tance from the sun.

Hayashi 1981

55



& X

Armitage, Philip J. 2011. Dynamics of Protoplanetary Disks. Annual Review of
Astronomy and Astrophysics, vol. 49, issue 1, pp. 195-236

Beckwith, Steven V. W. Sargent, Anneila I. Chini, Rolf S. Guesten, Rolf. 1990. A
survey for circumstellar disks around young stellar objects. Astronomical Journal.
vol. 99, March 1990, p. 924-945

Boley, Aaron C. Durisen, Richard H. 2008. Gravitational Instabilities, Chondrule
Formation, and the FU Orionis Phenomenon. The Astrophysical Journal, Volume
685, Issue 2, pp. 1193-1209

Chiang, E. I. Goldreich, P. 1997. Spectral Energy Distributions of T Tauri Stars with
Passive Circumstellar Disks. Astrophysical Journal v.490, p.368

Chushiro Hayashi . 1981. Structure of the Solar Nebula, Growth and Decay of
Magnetic Fields and Effects of Magnetic and Turbulent Viscosities on the Nebula.
Progress of Theoretical Physics Supplement, No. 70, pp. 35-53

Dullemond, C. P. Natta, A. Testi, L. 2006. Accretion in Protoplanetary Disks: The
Imprint of Core Properties. The Astrophysical Journal, Volume 645, Issue 1, pp.
L69-L72

Flock, M. Dzyurkevich, N. Klahr, H. Turner, N. J. Henning, Th. 2011. Turbulence
and Steady Flows in Three-dimensional Global Stratified Magnetohydrodynamic
Simulations of Accretion Disks. The Astrophysical Journal, Volume 735, Issue 2,

article id. 122
56



2% Xk

Forgan, Duncan. Rice, Ken. Cossins, Peter. Lodato, Giuseppe. 2011. The nature
of angular momentum transport in radiative self-gravitating protostellar discs.
Monthly Notices of the Royal Astronomical Society, Volume 410, Issue 2, pp. 994-
1006.

Gammie, Charles F. 1996. Layered Accretion in T Tauri Disks. Astrophysical
Journal v.457, p.355

George B. Rybicki. Alan P. Lightman. 1985. Radiative Processes in Astrophysics .
Wiley-VCH

Gorti, U. Dullemond, C. P. Hollenbach, D. 2009. Time Evolution of Viscous
Circumstellar Disks due to Photoevaporation by Far-Ultraviolet, Extreme-
Ultraviolet, and X-ray Radiation from the Central Star. The Astrophysical Journal,
Volume 705, Issue 2, pp. 1237-1251

Hartmann, Lee. Kenyon, Scott J. 1996. The FU Orionis Phenomenon. Annual
Review of Astronomy and Astrophysics, Volume 34, 1996, pp. 207-240
Hasegawa, M. Ohtsuki, K. Nakazawa, K. Nakagawa, Y. 1988. Chapter 16.
Gravitational Scattering between Planetesimals and Their Statistical Behavior.
Progress of Theoretical Physics Supplement, No. 96, pp. 175-195

Hawley, John F. Balbus, Steven A. 1991. A Powerful Local Shear Instability in
Weakly Magnetized Disks. II. Nonlinear Evolution. Astrophysical Journal v.376,

p.223
57



& X

Herbig, G. H. 1977. Eruptive phenomena in early stellar evolution. Astrophysical
Journal, Part 1, vol. 217, Nov. 1, 1977, p. 693-715

Inoue, Akio K.. Oka, Akinori. Nakamoto, Taishi. 2009. Effects of scattering and
dust grain size on the temperature structure of protoplanetary discs: a three-layer
approach. Monthly Notices of the Royal Astronomical Society, Volume 393, Issue
4, pp. 1377-1390

Miyake, Kotaro. Nakagawa, Yoshitsugu. 1993. Effects of particle size distribution
on opacity curves of protoplanetary disks around T Tauri stars. Icarus, vol. 106, p.
20

Nakamoto, Taishi. Nakagawa, Yoshitsugo. 1994. Formation, early evolution, and
gravitational stability of protoplanetary disks. Astrophysical Journal, Part 1 (ISSN
0004-637X), vol. 421, no. 2, p. 640-650

Nishida, S. 1983. Collisional Processes of Planetesimals with a Protoplanet
under the Gravity of the Proto-Sun. Progress of Theoretical Physics, Vol. 70,

No. 1, pp. 93-105

Oka, Akinori. Nakamoto, Taishi. Ida, Shigeru. 2011. Evolution of Snow Line in
Optically Thick Protoplanetary Disks: Effects of Water Ice Opacity and Dust Grain
Size. The Astrophysical Journal, Volume 738, Issue 2, article id. 141

58



& X

Sano, Takayoshi. Miyama, Shoken M. Umebayashi, Toyoharu. Nakano, Takenori.
2000. Magnetorotational Instability in Protoplanetary Disks. Il. lonization State and
Unstable Regions. The Astrophysical Journal, Volume 543, Issue 1, pp. 486-501.
Sicilia-Aguilar, Aurora. Hartmann, Lee W. Furész, Gabor; Henning, Thomas.
Dullemond, Cornelis. Brandner, Wolfgang. 2006. High-Resolution Spectroscopy in
Tr 37. Gas Accretion Evolution in Evolved Dusty Disks. The Astronomical Journal,
Volume 132, Issue 5, pp. 2135-2155

Sicilia-Aguilar, Aurora. Hartmann, Lee. Calvet, Nuria; Megeath, S. T. Muzerolle,
James; Allen, Lori; D'Alessio, Paola. Merin, Bruno. Stauffer, John. Young, Erick.
Lada, Charles. 2006. Disk Evolution in Cep OB2: Results from the Spitzer Space
Telescope. The Astrophysical Journal, Volume 638, Issue 2, pp. 897-919
Weidenschilling, S. J. 1977. The distribution of mass in the planetary system and
solar nebula. Astrophysics and Space Science, vol. 51, no. 1, Sept. 1977, p. 153-
158

SH —pBT A L MEE E 1999.FH T 4FH—RAFTHHERDMIE.
FEE. pp272

59



