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Abstract

In order to model the favorable conditions for planetary formation, we have designed a hydrodynamical
numerical model for the spreading of protoplanetary disks based on a self-consistent coupling between the disk
thermodynamics, photosphere geometry and dynamics (Baillié & Charnoz., 2014, ApJd 786, 35). We retrieved
the recurrent observational properties of protoplanetary disks around young Classical T Tauri type stars. The
proper treatment of the disk geometry lead to the apparition of non-irradiated zones. Here, we show the
iImportance of the disk composition: using a full-opacity model, our disk temperature takes into account the
various changes of phases of the disk components. This is crucial for estimating the resonant torques that a
planet would experience: corotation and Lindblad torques are very sensitive to the discontinuities in surface-
mass density and temperature gradients. From these torques, we show that there are some preferential zones S ——
for planetary embryos to accumulate and that some regions could be totally depleted in planetary cores. Orion Nebula

PRC95-45¢c - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’Dell (Rice University), NASA

-DIDEROT

7
oc
<l
o

HD97048, Lagage et al., 2007

n - Photc_)sphere .
Problematic Model e N
¢ Disk lifetime ~ a few 10° years 1D + 1D numerical viscous spreading hydrodynamical code '
(Beckwi.th & Sargent., 1996., Hartmann5et al., 1998) from Baillié & Charnoz, 2014.
* Type linward migration ~ 10° years Evolution of an initial Minimum Mass Solar Nebula :
(Artymowmz, 1993, Ward, 1997) . Stellar irradiati
e Planetary formation ~ 10°’ years _ . _ _ _ L : WA e
(PO”aCk etal.. 1996) o Irradlatlon heatlng e viscous he atlng e radlatlve cool I ng I J__,__......-----"'“"""“ _________________________________________________________________________________________________________________________________________________________________________________________________________ r ;
e coupling dynamics & thermodynamics (turbulent viscosity) PO, r
Need to slow down inward migration. * coupling temperature & photosphere geometry (— shadowing) R Y
¢ realistic opacity model (Semenov et al., 2003) ""‘Sfraf,?;;;.ife
. . ‘e ; o Phers..,
Possible planet trapping at O-torque radii g”_fzmgzarctan( i +arctan(H 0"”?‘*‘-*) e
(Lyra et al., 2010, Bitsch & Kley, 2011, Hasegawa & Pudritz, 2011) i ‘ T T :
x >T —h — H ﬁdHﬁh—}a - - radi T
. - 3 — —
and geometry provide favorable conditions ¢ o viscous soreadi 02 — 0 \ f,._(v RV F) Lynden-Bell and Pringle, 1974
for planet trapping ? v preading ot ror\ Or
Influence of the disk composition Planetary migration torques
m Temperature ] .
on the midplane temperature i | Lindblad torque : | | | |
;folfatﬂeorgaﬁ'\c\i K A planetary embryo interacts with the disk, create spiral density waves at resonance
efractory organics . . . . . .
: : TooilicFeS 680K locations and yield angular momentum to the disk — inward type | migration.
OpaC|ty reﬂeCtS the phaseS Of the d|Sk Olivine, pyroxene (El{e,Mg] silicates) | 1500 K Goldreich & Tremaine, 1979, Ward, 1997, Hasegawa & PUdl’itZ, 2011b )
components as a function of the temperature. . B / /+H O o
. . Lindblad — — a0 [
Strong influence of the water ice and Wavenumber ~ continuous function of r Jr J—Hypp, O%OT
s : : 10 _ =
silicate sublimation. Lk — torque density N —d By jg drdz
) - 1w OZ0F
I i
NE 0.1 3 .
e Steady state, uniform mass flux : Z«r - 2 001 Corotation torque (horseshoe drag) Lo(re) ., ( OmT Il ))
. o - " - 1s.entro — ; i — rp ¥ = - rp
// Observations (Andrews et al., 2009, Isella et al., 2009) § ool may slow down or reverse migration. hent 2 Olnr Olnr "
oooor — .\ Ward, 1991, Paardekooper et al., 2010, Bitsch et al., 2014 r Tn(-rp)l { (81112(;'1 o 3
1 10 100 1000 10000 hsbaro = T T gV P/ T
e Temperature plateauxatT_ . Temperature (K) Tiotal = Diindblad + Thsbaro 4 Dhsentro , ; | S
Figure 2 : Opacity variations with local temperature Very sensitiveto 2 and T gradients_ ?E%Eft?on
e Gradient discontinuities in surface mass (from Semenov et al., 2003) —~ Depleted zones
- I Snowline
density and temperature. Directly estimated from the hydrodynamical o
—~ evolution rather than from power-law fits. G ]
E 106 T T T T T T T ' ""LO' 'r""" 105% | HLOI lrnun_ \x/ :_??»»»_é:««««g_
> Sk —1 Oy ro - E —1 Oy r E . . ag S ﬁ+ <
£ 10 108 yr 0% 100 yr - For a 10 M_ planet in an initial MMSN. = € -
41 _ X : ] .
2 10 o ‘ [ . > 0for8.8<r<9.8AU
qc) 1 03 B 5 10 : IN aa 10 e
O : 02 ] Steady state: -'é i & 1 08 < I < 1 1 4 AU 30
2 shallower 2 10% ... alternatively >0 and <0 R (AU)
2 10 | profile GE) i Figure 6 : Radial profile of the Lindblad, corotation and total
Outer regions kee = 10"L _ : -
“8) 10° - longer memory of B : torques/_ajter 1 Myr for M_=10 M®. Gray: shadowed regions.
< 10"l ... ... . . ntialconditions 1000 N —p—————— ——————— : . T
3 1500 [ at :10000 310000 'c
0.1 1 10 100 1000 0.1 1 10 100 1000 N e 4l : - o : _— .
Disk Midplane Radius (AU) Disk Midplane Radius (AU) ' 1000} Ll ;1000 : = O-torque radius ~ eqU|I|br|um radius
. _ . . . . “c Al ] > etraps at 9.8 AU & 11.4 AU
Figure 3 : Evolution of the surface-mass density and temperature radial profiles for an initial MMSN. : INE ai : 11000 -3
’ ’ ° ° g S00[K ol | o c e deserts at 8.8 AU & 10.8 AU
. @ | ; =i 4100 ~— 5o)
10000 f ™10 31000 e Shadowed regions outside O f - 0 _ |
- ] 3 the temperature plateaux ~ il At : 1 3100 ¢ /[ Bitsch et al., 2011 : eq. radius at
NI PR B adi-c R Qlivine, pyroxene _ _ _ _ — i L - ——— Traps . .
1000 CII I T . 0.8 ETOO |'_.§ —500 i : : Depleted zones§ 8 12_5 AU for 20 M@—planet_
E i _ 0N L N L Refractory organics _ _ _ ) - il 3 I | T EREC R e R Snowline ] i,
R E B e ereens - - - Jo 6y 410 5 ® Sharp edge at the heat ~10000 A e 1 Jio <
A < R i B - A - B I B | a : © iy .
= TOOFRL L IEE B O\ L 1. ] 3 transition barrier 0 10 2 (AU) 20 30 ” Eq. radius correlated with density
- ; and temperature irregularities.
10 1o, 1o, ° Enlarged snow and Figure 7 : Radial profile of the total torque after 1 Myr
F I 3 g g with temperature and surface mass density radial S ——
[ \ j i Su_b“m_atlo_n Zones, profiles. Shadowed regions are displayed in gray. 01 T Snowline - ]
i 00 00 migrating inward. LT T onsitong w % :
0.1 1 10 100 1000 E X Depleted zones . T N E
Disk Midplane Radius (AU) e Multiple migrating trap and 3 200 K em .
Figure 4 : Mid-plane temperature radial prOf"e 6; o N o e desert (o) ulations ~ E 4+ +T A / M b V% E
after 1 Myr. Shadowed regions in gray. The = . 2 1: A T POPp E o il +;+gé§_5<x‘>é‘x’§ X o ++>j$+§f§ “ .
ratio of the viscous heating contribution over < PR § oo X X X W% ¥ FE
the total heating is presented in red, the § 4 ¢ OB e Traps at r ~1 AU until 1000 yr v 100 Kisge X % +3
grazing angle profile in yellow and the optical g . I oo X
depth profile in blue. [ ° 0.6 ] - S
S 2y iz g 04 ;" 5 e Correlation between a desert OF ook woooods .., ., s
| | | (S O2f e ] population and the heat 10! 102 103 10* 103 108 107
Figure 5 : Time evolution of the snowzone 10' 102 10® 10* 10° 10° 107 10" 102 10°> 10* 10° 10° 107 transition barrier Time (yr)
: : T4 Evolution Time (yr) Evolution Time (yr)
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Conclusions Perspectives
e Steady state reached in ~ 1 Myr : observationnal constraints retrieved e Molecular cloud collapse + proto-sun evolution
e Temperature plateaux at the disk components phase changes e Photo-evaporation
¢ Enlarged snowline migrating inward and stabilizing below 2 AU e Variable turbulent viscosity, deadzones
e Migration torques are very sensitive to 2 and T gradients e Observationnal characterization of temperature plateaux and shadowed regions
¢ Realistic geometry and disk composition favor planet traps and deserts e Multiple planets
References
S. M. Andrews, D. J. Wilner, A. M. Hughes, C. Qi, and C. P. Dullemond. Protoplanetary Disk Structures in Ophiuchus. ApJ, 700:1502-1523, Aug. 2009. A. Isella, J. M. Carpenter, and A. |. Sargent. Structure and Evolution of Pre-main-sequence Circumstellar Disks. ApJ, 701:260-282, Aug. 2009.
P. Artymowicz. On the Wave Excitation and a Generalized Torque Formula for Lindblad Resonances Excited by External Potential. ApJ, 419:155, Dec. 1993. D. Lynden-Bell and J. E. Pringle. The evolution of viscous discs and the origin of the nebular variables. MNRAS, 168:603—637, Sept. 1974.— 47 —
K. Bailli¢ and S. Charnoz. Time Evolution of a Viscous Protoplanetary Disk with a Free Geometry: Toward a More Self-consistent Picture. ApJ, 786:35, May 2014. W. Lyra, S.-J. Paardekooper, and M.-M. Mac Low. Orbital Migration of Low-mass Planets in Evolutionary Radiative Models: Avoiding Catastrophic Infall. ApJ, 715:L68-L73, June 2010.
S. V. W. Beckwith and A. |. Sargent. Circumstellar disks and the search for neighbouring planetary systems. Nature, 383:139-144, Sept. 1996. S.-J. Paardekooper, C. Baruteau, A. Crida, and W. Kley. A torque formula for non- isothermal type | planetary migration - |. Unsaturated horseshoe drag. MNRAS, 401:1950-1964, Jan. 2010.— 48
B. Bitsch and W. Kley. Range of outward migration and influence of the disc’s mass on the bmigration of giant planet cores. A&A, 536:A77, Dec. 2011. J. B. Pollack, O. Hubickyj, P. Bodenheimer, J. J. Lissauer, M. Podolak, and Y. Greenzweig. Formation of the Giant Planets by Concurrent Accretion of Solids and Gas. Icarus, 124:62—85, Nov. 1996.
B. Bitsch, A. Morbidelli, E. Lega, and A. Crida. Stellar irradiated discs and implications on migration of embedded planets. II. Accreting-discs. A&A, 564:A135, Apr. 2014. D. Semenov, T. Henning, C. Helling, M. ligner, and E. Sedimayr. Rosseland and Planck mean opacities for protoplanetary discs. A&A, 410:611-621, Nov. 2003.
P. Goldreich and S. Tremaine. The excitation of density waves at the Lindblad and corotation resonances by an external potential. ApJ, 233:857—-871, Nov. 1979. W. R. Ward. Horsehoe Orbit Drag. In Lunar and Planetary Science Conference, volume 22 of Lunar and Planetary Science Conference, page 1463, Mar. 1991.
L. Hartmann, N. Calvet, E. Gullbring, and P. D’Alessio. Accretion and the Evolution of T Tauri Disks. ApJ, 495:385, Mar. 1998. W. R. Ward. Protoplanet Migration by Nebula Tides. Icarus, 126:261-281, Apr. 1997.
Y. Hasegawa and R. E. Pudritz. The origin of planetary system architectures - I. Multiple planet traps in gaseous discs. MNRAS, 417:1236-1259, Oct. 2011.




	Diapo 1

