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Abstract. A calibration of Hx 2s both 2 chromespheric dizgnostic and an age indicator is presested, complementing the works
previously doze on this subject (Herbig 1985, Pasquini & Pallavicini 1991). The chromosphenc diagnostic was built with 2
statistically significant sanple, covering nine years of observalions, snd imcluding 175 solar neighbochood stans, Reganding
the age indicator, the presence of stars for which very acourate ages are determined, such 2s those belooging 1o clusters and
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I 7 I E I o I & I E 1 % kinemmatic groups, lends confidence 10 our analysis, We also investigale the possibélity thal staes of the same age might have
- — gone through different tracks of chromospheric decay, identifying - within the same age range - effects of metallicity and
mass. These parameters, however, as well as age, seem o be significant only for éwarf stars, losing their meaning when
3 fe) - we analyzc stars in the subgiant branch. This resslt sugpests thal, in these evolved stiry, the emission mechasism cannol be
magretohydrodynamacal in nature, in agreemerns with recent models (Fawzy et al. 2002c, and references therein). The Sun is
- fowmud 1o be @ typical star in its Ho chromaspheric Bux, for its age, mass and metallicity. As a byproduct of this wark, we
o developed an method 1o m P from the wizgs of Ha, which means the suppressica of the eror
- inherers 10 the viscal procedure used in the literature.
— Key words. stars: activity - stars pheses - stars: ch Juas: SPECLIOSCOPIC
Galaxy: solar neighbourhood ~ Tine: formation
(@] -
o
= 1. Introduction of a good calibration of Ha is a drawhack for several rea-
. soms. First, the line is less sensitive 1o transient nomens
1 Losing angular through d stellar winds, ;ikg,ﬂ;m:s. curun;‘d m;:n?;e:l.wm mdl:oc;li;:d mf;r:ic ex-
g ” cool mainds:‘q_uuncl;dﬂ:rf_s have ;lw;;mdu:iun mn;i:zmsl_\‘ al extremely energetic phe a that Bood the X-ray
& braked, re f“S efficiency of .r -“i"",m““ 0N and ultraviolet spectra with energy, but barely affect the visible.
o i xf:ﬂucn.ly. their degree of g:hnxnmpbm:.t activity. BcFa“K o Second, it has the property of characterizing the mean chro
this, the chromospheric filling observed in high opacity spec- maspheric flux in a better way than Call H and K because,
el tral lifws can Ix u'a.lmL\'.«l into 2 potential im}iralur af 2ge, & ing less ch | filling, phase Sulations within
() quantity which is still one of the most uncertain parameters in ivity eyels are g'mr.h' seduced: the errors in compuiing
8 3 stellar sstrophysics. the flux - due, for instance, o normalization and determina-
o O Although this scenario bas & remarkable simplicity, itis 8 jion of effective temperstures - largely overcame the intrinsic
o - subject which has remained langely unexploredin 8 quantitative  megularion. Third, the modern solid state detectors have higher
oC o) @) way. Among the works which have been published, most tend efficiency in the red, behaving inversely to the old
Q o - to focus on the H and K lines of Call (e.g. Sk ich 1972, Hi pla‘n‘s Also, the studied stars - solar type anes
P e ¥ Lot = oy ‘ 7
O (o) C O 0 2] Linsky et al. 1679), in which the chums?hafn}: CMISSION 15 nyye their maximum Aux in the visible region, favoring better
o o more obvious, but also more affected by trunsient phenomena sccurscy in narrow band photometry centered on Ha.
@ and phase modulation. The Ha line, slthough widely used o ) . .
o O C 00 T messure chromospheric activity in solar physics, has received '\‘v”nh‘lf"" i '_i"_d‘d ot present any advantage, the
0o C 5 o Bl less attention in relation to this particular problem, and the lack  eed for another diagnostic is crucial. As said befare, the ma-
(@) jority of warks which attacked the problem until the 80s ana-
&o o * Basod on abservations collected st Observaléeio do Pico das Dias,  1yzed only the calcium lines, cansidering them representative
operamed by the Laboraiorio Nacicaal de Astrofisics, CNPy, Brazil,  ©F the radiative losses in the chromosphere. The core of Ha,
1 I 1 ' 1 X 1 i 1 A 1 1 ** Table § is caly available in electronic form at the however, is formed in different regions (Schoolman 1972), thus

responding differently to changes in the physical conditions of

Artcie publshed by ED Sciences and avaliable at bip: e, aanda crg o




Estdgio de Verdo (2002) - Space Telescope

Tenth Annual Summer
Students Invasion

David Soderblom, drs@stsci.edy

nis year was the tenth
anniversary of the Institute’s
Summer Student Program. For
2002, we receved about 100
applications from students in the U.S.
and abroad. Of these, we selected
17 undergraduates and Z high school
seniors from the US and € foreign
countries to come to the Institute for a
summer of astronomical research.

Each student is assigned to a
member of the scientific staff, who
supervises their research activities and
mentors them. The students spend 10
weess at the Institute, wnere each
works closely with staff astronomers
and meets other students from different
packgrounds with similar motivations.
Tneir supervisors focus ther attention
on productve research actwities for an
ntensive period, usually involving
Hubble observatons. The results are
mutually beneficial. Indeed, many of
today's front-rank astronomers had
similar oppertunities during their college
years to help guide ther early career
choices. The research experience and
the encounter with an cbservatory
are also helpful when applying to
graduate schools.

The Institute’s research funds
the Director’s Discretionary Fund and
staff research grants—support the
Summer Student Program.

We will post information about the
2003 Summer Student Program at httpy/
www.stsci.edu/stsci/summer.shtml
shortly after December 1, 2002.
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Gap Year - Cerro Tololo (2003-2004)

Lyra et al. (2006)
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ABSTRACT

Context. Ages derived from low mass stars still contracting onto the main sequence often differ from ages derived from the high mass
ones that have already evolved away from it.

Aims. We investigate the general claim of disagreement between these two independent age determinations by presenting UBVRI pho-
tometry for the young galactic open clusters NGC 2232, NGC 2516, NGC 2547 and NGC 4755, spanning the age range ~10-150 Myr
Methods. We derived reddenings, distances, and nuclear ages by fitting ZAMS and isoch to color- itudes and color—color di-
agrams. To derive contraction ages, we used four different pre-main sequence models, with an empirically calibrated color-temperature
relation to match the Pleiades cluster sequence.

Resuits. When exclusively using the V vs. V — I color-magnitude diagram and empirically calibrated isoch there is cc Y
between nuclear and contraction ages for the studied clusters. Although the contraction ages seem systematically underestimated, in
none of the cases do they deviate by more than one standard deviation from the nuclear ages.

Key words. Galaxy: open clusters and associations: general — galaxies: star clusters — stars: formation — techniques: photometric —
Hertzsprung-Russell (HR) and C-M diagrams
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Novos dados em um antigo problema (Herbig
1962) que as idades de contragdo (furn-on) e
nucleares (furn-off) ndo pareciam
concordar.
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Formacgdo Planetdria

"Planetas se formam em discos de gas e poeira”




Doutorado (Out 2004 - Fev 2009)
Universidade de Uppsala, Suécia

A hipotese dos planetesimais (Safronov 1969)

De poeira a pedras
um -> cm: Forgas de van der Walls
cm -> km: ainda um milagre....

De planetesimais a embrides planetdrios
km -> 1000 km: Gravidade

De embrides planetdrios a planetas
Planetas terrestres: Protoplanetas colidem
Planetas gigantes: Atraem envoltérios gasosos




Turbuléncia

Turbuléncia em discos é devido a
Instabilidade Magnetorotacional

MRI

t=0.2 /88yr Rotagdo

: R d
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campo magnhético
e 1 Instdvel se a velocidade
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Disco Magnetizado distancia
Lyra et al. (2008a)



The Pencil Code

Pencil € um software para resolver equagdes diferenciais parciais,
aplicado principalmente a turbuléncia magnetohidrodinamica.

Citado em 350+ publicagdes.

The Pencil Code

Documentation

Highlights

Autotests

Download

Meetings

References

Contact

Latest changes ...

The Pencil Code is a high-order finite-difference code for compressible hydrodynamic flows with
magnetic fields. It is highly modular and can easily be adapted to different types of problems.
The code runs efficiently under MPI on massively parallel shared- or distributed-memory
computers.

The Pencil Code or equivalent codes have been used for many different applications in a (more or
less) astrophysical context. Examples are

Outflows from
accretion discs

Turbulence
simulations

Dynamo
experiments

Available as open source: Pencil-Code.googlecode.com

Pencil News

The next Pencil Code
User Meeting will be
in summer 2014.

|more...

Get Pencil

There are several
ways how to get the

code. [more...

Learn Pencil

Quick start guide for
beginners, samples,

manual & [more...]




The Pencil Code

Contribuo para o Pencil desde 2005.

The Pencil Code

Home
News Contact

Documentation Detailed questions regarding the code and its usage can be discussed on our public mailing list.

Highlights

Autotests The current core-development team consists of:

Download Axel Brandenburg (brandenb@nordita.org)

Meetings Sven Bingert
Philippe-A. Bourdin

References
Boris Dintrans

Wolfgang Dobler
Beashane pode Nils E. Haugen
Anders Johansen

Petri Kapyld

Wladimir Lyra

e Dhruba Mitra
e Matthias Rheinhardt

All the people involved in this project are listed here.




The Pencil Code

Workshops anuais pra avaliar a evolugdo Organizei o Pencil Code Meeting de
do programa, e decidir os novos rumos. 2009 em Heidelberg

The Pencil Code Pencil Code User Meeting 2009

24-28 August 2009 Heidelberg - Germany
n— Home

e A ¥ List of registrants
] Meetings
News [? overview |
- |
About the meeting
Documentation ¥ Program About the meetin
Hluhllqhh ¥ Arrival The Pencil Code User Meeting is an annual meeting dedicated to the Pencil Code. The purpose of the meeting is to bring regular

users and core developers together to discuss scientific and technical progress since the last meeting, to instigate collaborative
projects and to allow new users to learn more about the code and to interact with other users and developers. The Pencil Code
Meeting 2009 will be held August 24-28 2009 at the Max-Planck Institute for Astronomy (MPIA) in Heidelberg, Germany.

Autotests 4 support

Download About the Pencil Code
About the Pencil Code

The Pencil Code is a multipurpose code for massively parallel computing. It includes optionally hydrodynamics, magnetic fields,
radiation, ionization, multi-species dust dynamics with coagulation, self-gravity and particles. It is developed and maintained under
Subversion (SVN) by around 25 people with check-in permission and has been downloaded by around 500 registered users (without
check-in permission). The code is tested nightly on several platforms and provides an excellent pedagogical tool for professional
scientists as well as students to implement new code within an organized framework.

References

Contact

Latest changes ...

Topics
Here are some example topics that the meeting aims at covering:

® Recent science results obtained with the Pencil Code

® Physics recently added to the code, such as particle collisions

® Recently added visualization techniques, such as on-the-fly 3D rendering and spherical slices
® Technical issues

® Future improvements to the code
in Géttingen, Max Planck Institute for Solar System .o ..
Research (Germany).

07-11 Jul, 2014: 10th meeting [notes]

17-20 Jun, 2013: 9th meeting [notes] in Lund, Lund Observatory (Sweden). News
18-21 Jun, 2012: 8th meeting [notes] in Helsinki, Physics Department (Finland). - The meeting is now open for registration (March)
- Registration is now closed (July)
24-28 Oct, 2011: 7th meeting [notes] in Toulouse, Observatoire Midi-Pyrénées (France). - We acknowledge partial funding from the D: he Forsch inschaft (DFG - German Research Foundation)

26-30 Jul, 2010: 6th meeting [notes] in New York, American Museum of National History (USA). Organization

— . . _ in Heidelbera. Max Planck Institute for Astronomv . -
If you have questions concerning the meeting please contact Wladimir Lyra.



Uma pequena amostra...
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WIad i m i r Lyra Jet Propulsion Laboratory
California Institute of Technology
Sagan Fellow 4800 Oak Grove Drive, Pasadena CA 91109

wlyra-at-caltech.edu wlyra-at-jpl.nasa.gov
tel: +1-626-395-8551 tel: +1-818-393-2487

° I

Home Circumstellar Disks and Planet Formation

My current research interests revolve around the processes taking place in circumstellar disks,
with emphasis on their importance for planet formation. As these disks are gaseous,
hydrodynamics is a component of paramount importance. Since the central equation of
hydrodynamics (the Navier-Stokes equation) is non-linear, we have to resort to numerical
Publications simulations in order to progress in our understanding. You can find here some movies of my
computer models.

cv

I Research

Talks

Out h All simulations were done with the Pencil Code, a an open source, collaborative, high order
utreac finite difference MHD code that is highly modular and versatile. I have been a co-developer of

Teaching Pencil since 2005.

Links The videos are also available in my YouTube channels: channel 1 and channel 2.



Concentragdo de seixos e pedras em turbuléncia MHD

A&A 479, 883-501 (20
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Global magnetohydrodynamical models of turbulence
in protoplanetary disks

] O 5 0 l. A cylindrical potential on a Cartesian grid and transport of solids
W. Lyra', A. Johansen®, H. Klahe”, and N. Piskunov'

Space Physics, Uppsala Astro | Observatoey, Box 515, 751 20 Upgralss, Swedes

. Konigstuhl 17, 69117 Heldelberg, Germany
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Colapso gravitacional em planetesimais

Johansen et al. (2007)
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Formagdo planetdria
por vortices na zona inativa

Astronomy
trophysics

Lerrer 10 THE Enrror

Embryos grown in the dead zone

Assembling the first protoplanetary cores in low mass self-gravitating
circumstellar disks of gas and solids*

W. Lyra', A. Johansen®, H. Klahe', and N. Piskunov'

Depertment of Physics and Astronomy, Uppsala Astronamical Otservatory, Box 515, 75120 Uppsala, Swoden

c-mail: wlyra@astro.wa, se

! Leiden Observatory, Leiden University, PO Box 95135, 2300 RA Leaden, The Netherlands

7 Max-Planck-Enstitut fir A K

hl 17, 69117 Heidelberg, Germany

Received 16 July 2008 [ Accepted 10 October 2008

ABSTRACT

Cantext [ the boeders of the dead zoaes of protoplanstary disks, the inflow of gas peodoces 2 local dezsity maximum that triggess
the Rosshy wave instability. The vortices that form are efficient in trapping solids.

Aims. We aimn 10 assess the possability of gravitational collapse of the solids within the Rossby vortices.

Mothods. We perform global simulaticas of the dynamics of gas and solids in 2 low mass zoa-magnetized self-gravitating thin
prosoplanetary disk with the Pencil Code. We use multiple particle species of radius 1, 10, 30, and 100 cm. The dead zone is modelled

s a region of kow viscosity,

Raslfs, The Rossby vortices excited in the edges of the dead zooe are ellicient partiche traps. Within 5 orbits afler their sppearance,
the solids achieve critical density and undergo gravitational collapse into Mars sized objects. The velocity dispersions are of the
orcer of 10 ms™' for newly formed embryos, later Jowesing 1o Jess than 1 ms™ by drag force cooling. After 200 arbits, over 300
gravitationally bosnd embryos were formed, 20 of them being mare massive than Mass, Their mass spectrum follows a power law of

index =23 £ 02

Koy words. accretion, sceretion disks — instabilites - stars: planctary systems: formaton

1. Introduction

The formation of planets is one of the major unsolved prob-
lems in modern astrophysics. In the standard core accretion sce-
nario, sub-um grains sssemble into progressively larger bodies
through electrostatic interactions (Natia et al. 2007), eventually
growing into centimeter and meter sized boulders. Growth be-
yond this size, however, is halied since these boulders have very
poor sticking properties nnd are easily destroyed by collisions
at the velocities to be prevalent in i llar disks
(Benz 2000). Furthermore, centimeter and meter sized solids are
loosely decoupled from the gas, but remain sufficiently small
w0 be affected by significant gas drag. The resulting hesdwind
from the sub-Keplerian gas reduces their angular momentum and
forces them into spiral uajnclun':s anto the star in timescales as
('nxt as a few th | years (Weidenschilling 19773).

hanism for ov g these b was p d
by Kr:t.k: & Lin (2007). In the putvmu of sufficient ionization,
the gaseous disk couples with the ambient weak magnetic field,
which triggers the growth of the magneto-rotational instabelity
(MRI; Balbus & Hawley 1991). In its saturated state, 3 vigotous
turbulence drives accretion onto the star by means of magnetic

is stalled. As the radial inflow proceeds froen the outer disk, gas
aocamul.u:s al the snowline. Since embedded solid bodies move
Is gas o maxima (Haghighi; & Boss 2003), the
L pased by Kretke & Lin (2007) is po-
tentially an efficient paruclc trap. Thu scenario was further ex-
plored by Brauer et al. (2008), who demonstrated that as solids
concentrate at this local pressure maximum, raptd growth into
kil sized pl imals occurs by coagul
Krtlh:‘nl,(’(m) phasized that an identical by
is supposed 1o oocur elsewhere in the disk. lonization ought to
be present in the very inner disk due to the high lemperatures,
as well as in the outer regions where the gas is sufficiently thin
for cosmic rays o 7 1o the disk midplane and provide
ionization throughouwt. In b however, P are
oo low and gas columns too thick 1o allow sufficient ioniza-
tion either by collisions or by cosmic rays. In the midplane of
this region, the gas is neutral and the twurbulence is Largely sup-
pressed (Gammae 1996). As in the snowline, the accretion flow
from the MRI-active regions halts at the borders of this “dead”
zone, where the gas then accumulates.
Tb:sc models have been tested only by one-dimensional
, and these tests have therefore not benefitted froen

and kinetic stresses. However, in the water J jon front
( dine) the abund: of Aakes effectively re-
moves free electrons from the gas, lowering the degree of ioniza-
ton. The twrbulence is weakened locally and the aceretion Sow

* Appendices A-C are caly available in electromc form
wthitp: //www, aanda.org

an imteresting development. As shown by Varnidre & Tagger
(2006), the density pileup at the border of the dead zone triggers
the Rossby wave instability (RWI: Li et al. 2001). The azimuthal
symmetry of the problem is broken and long-lived anticyclonic
vortices are formed as the waves break and coalesce. Such en-
tities are of significant interest because, by rotating clockwise

Article published by EDP Sciences
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A&A 497, 865888 (2009)
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1. Introduction

Astronomy
trophysics
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Planet formation bursts at the borders of the dead zone
in 2D numerical simulations of circumstellar disks

W. Lyra', A. Johansen®, A. Zsom’, H. Klahr', and N. Piskunov'

Depertment of Physics and A Uppsala A
c-mail: wlyra@astro.w,se
? Leiden Observastory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherkands
7 Max-Planci-Institut fir Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany

al Observatory, Box 515, 751 20 Uppsalza, Sweden

Received 31 October 2008 [ Accepiad 23 Febroary 2008

ABSTRACT

Cantext As accretion in prosoplanctary disks is esablad by turbulent viscosity, the border belween active and issctive (dead) soncs
comstitules @ location where there is an abrugt change in the accretion fow. The gas accumulation that cosees triggens the Rossby
wave bility, which i tumn o enticyclozic vortices. It bas been suggested that the tapping of solids within them leads
10 & burst of planet foemation om very shoet limescales.

Aims. We stedy in the formation and evolution of the vortices in greater detadl, focusing on the imphications for the dysamics of
embedded solid particles and planet formation.

Mathods. We performed two-d ional global si of the dy of gas and solids in 2 noco-magnetized thin peotoplan-
ctary disk with the Pencil code. We used muitiple particle species of radius 1, 10, 30, and 100 cm. We computad the particles’
gravitational inleraction by a particle-mesh method, translating the particles” number density into surface densily and computing the
coeresponding self-gravitational posential via fast Fourier transtforms. The dead zome is modeled as a regyon of low viscosity. Adiabatic
and locally isothermal equations of state are used.

Rasuls, The Rossby wave instabilily is trigpered under & variety of conditions, thes making vortex formsation a robust process, [nside
the vortices, fast accumulation of solids occurs and the perticles collapse into objects of planetary mass ca timescales as shoet as
five orbats. Because the drag focce 1s size-dependent, serodynamical sorung ensces within the vortical motica, and the first bound
structeres formed are composed prisnarily of simalarly-sized particies, [ addtion to crosion duc 10 ram peessure, we identify gas tides
from the massive voctices s 4 disrupting agest of formed protoplanctary embryos. We find evidence that the backreaction of the drag
force from the particles onto the gas modifies the evolutica of the Rosshy wave instability, with vortices being launched caly at later
times if this term 15 d from the - Even though the gas is not initially gravitstionally unstable, the voctices
can grow 10 @ = | = Josally isothermal runs, which halts the inverse cascade of enengy towards sealler winvenumbers. As a resull,
vartices in models without self-gravity tend 10 rapadly merpe towards 8 25 = 2 ce m = | mode, while models with self-gravily retain
dominazs higher order modes (m = 4 or s = 1) for loager times. Na:ulfgnmm:g cisks thus show fewer and stronger vortices.
We also estimate the collisional velocity history of the particles that compose the mast massive emiteyo by the end of the simdation,
fimding that the vast mjorily of them never expericacal a collision with ancther particle a1 speeds faster than | ms ', This result
lends further suppoet to previcus stocdies showing that vortices provide 2 foe plazet £

Key words. accretion, accretion disks - hydrodynamics - instabilities - stars: planetary systemns: formation
meshods: numerical - turbulence

Such problems severely hinder growth 1o kmesize by coagula-

than growth (Benz 2000; Sirono 2004; Ormel & Cuzzi 2007).

The ill fate of the building blocks of planets in gaseous disks
around young stars stands as one of the major unsolved prob-
lems in the theory of planet formation. Beginning with micron-
sized interstellar dust graim coagulation moedels predict growth
to centimeter and meter size (“knknuhxllmg 1980); Dominik
et al. 2007) in the denser en of a circ llar disk.
Such bodies, however, are large enough to have already decou-
pled skightly from the sub-Keplerian gas, yet still small enough
to be subject 1o 2 significant gas drag. The resulting hesdwind
drains their angular momentum, leading them into spiral tra-
Fectories towards the star, on timescales as short as & hundred
years &t JAU (Weidenschilling 1977a). Another acute problem
s that such bodies have poor sticking properties and 2 low
threshold velocity for fragmentation (Chokshi et al. 1593), such
that collisions between them usually lead to destruction ruther

tion (Brauer et al. 2008a).

In view of these problems, other roules for breaching the
meter size barrier have been pursued. A distine! alternative is
gravitational instsbility of the layer of solids (Safronov 1969;
Lytleton 1972; Goldreich & Ward 1973; Youdin & Shu 2002).
When the dust aggregates had grown to centimeter and meter
size the gas drag is reduced and the solids are pushed to the mid-
plane of the disk due to the stellar gravity. Although such bodies
do not have enough mass 1o stract each other individually, sed-
imentation increases the solids-1o-gas ratio by urdm ufmugm
tude when compared to the interstellar value of 1072, 1t was then
hypothesized (Safronov 1969) that due to the high densities of
this midplane Layer, the solids could collectively achieve critical
number density and undergo direct gravitstional collapse. Such a

Article published by EDP Sciences

Lyra et al. (2009b)
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Standing on the shoulders of giants

Trojan Earths and vortex trapping in low mass
self-gravitating protoplanetary disks of gas and solids

W. L \1.1 . A. Johansen®, H. Klzhe’, and N. Piskunov'

Uppsals Astronomical Otservatory, Box 515, 75120 Uppsala, Swoden

. PO Box 9513, 2300 RA Lo
' Max-Planck-Erstitut fiir Astronomic, Konigstuhl 17, 17 Heidk
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ABSTRACT

Cantext Centimeter and meter-sized solad particles in protoplanetary disks are trapped within Jong-lived, bigh-pressure regicas,
opportunitics for ol Is and planclary ©
e pasoous disks by & giant planet pertwrber, T
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The Alpha Centauri binary system™:**

Atmospheric parameters and element abundances
G. F. Porto de Mello, W. Lyra***, and G. R. Keller'

Universidade Fedenal do Rio de Janzizo, Observatdrio do Valoago, Ladeira do Pedro Azslmsa, 43, CEP: 20080.090,
Rio de Janeiro, RS, Branl

c-mail: gustavodov . ufrj.br

Received 23 Apeil 2008 / Accepted 20 Jeme 2008

ABSTRACT

Context The o Centasei binary system, owing 10 its duplicity, peoximily and teightness, and its compoments” likeness o the Sun,
is a fendamental calibeating object for the theory of stellar structere and evolution and the determination of stcllar atmospbenic
perameters. This role, Bowever, is hindered by a considerable disagreement in the published analyses of its stmospheric parameters
and abuzcances.

Aims. We report 8 new spectrosoopie amalysis of both compaonents of the o Centaun system, compure published analyses of the
system, amd aticmpt 10 quastify the discrepancics still extant in the delermizations of the almospheric parametens and sbundances of
these stars.

Mathods. The analysis is differential with respect to the Sun, based ca spectrz with B < 35000 and signal-to-noise ratio >1000,
wmd employald spectroscopic and photometric methods 1o obtain as mamy imdependent Ty delermisations as possible, We also chock
the stmaspheric parameters for consistency against the results of the dysamical smalysis and the positicas of the companents in 4
theoretical HR dingram.

Aosuts. The spactroscopic pheric p of the system are found to be T\ « (5847 = 27) K, [Fe/H] =« +0.24 = 003,
logg=434012,md & = 1,46 £ 003 kms ', for a Cen A, and Toy = (5316 £ 28) K, [Fo'H] = +0.25 « 004, logg = 444 £ 015,
wd £ = 1.28+0.15 kms ' for @ Cen B. The parameters were derived from the simultzneous excitation & icaization equilibriz of Fe
and Fe it lines. 705 were also obtaimed by fitting theoretical profiles to the Her lize and from photometric calibrtions.

Porto de Mello et al. (2008)
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The baroclinic instability in the context of layered accretion

Self-sustained vortices and their magnetic stability in local compressible
unstratified models of protoplanetary disks

W. Lyra'? and H. Klah'

Max-Planc- Institut fir Astronomie, Konigstuhl 17, 69117 Heidelberg, Germany

* American Muscum of Natural History, Department of Astrophysics, Contral Park West a 79th Streat,
New Yook, NY 10024-5192, USA

e-mail: wlyradaznh.org

Received 11 Asgust 2010 / Accepted 29 November 2010
ABSTRACT

Cantext Twhulence and angular momentum transport in accretion disks remains a topic of debate. Wich the realization that dead
poaes are robust feateres of protloplanctary disks, the scarch for bydrodysamical sowces of terbulence continues. A possible sowree
is the barockimic instability (BI), which bas been sha-n 1o caist in unnugndm‘.l non-tarotropic disks,

Aims. We 2im to verify the existezce of the b lity in 3D d cishs, as well as ies aneerplay with other instabilities,
namely the magnetso- -rotational imstability (MRI) aml Ihc lmunﬂo-clhp(\nl instability,

We parformed Jocal | s of disks with the Prsven. Core, The entropy gradient that generates
the barochinic instabality is linearized and incloded in the and ensrgy o in the sheanzg box appraximatson. The
model is compeessible, so excitation of spiral density waves is allowed and angular momentum trazspoct can be measured.

Rasus, We find that the vortices generated and sustained by the barcclinic imsgability in the purely hydrodymmical regime do not
survive when mageetic fickls are includad. The MRI by far supemsedes the BI in growth rate sed strength at saluration. The resulling
turbelence is virtually identical 10 2n MR1.only scemano. We measured the inerizsic vorticity peofile of the vortex, finding lictle racial
varistion in the voriex core. Neverthel the coce is disrup by an MHD bélity, which we identify with the magneso-ellipac
instability, This instatility has nearly the same range of emstable wavelengihs as the MRI, but bas higher growth rates. In fact, we
identify the MRI &= a limating case of the magneto-clliptic instability, when the voetex aspect ratio tends 1o infimty (pure shear low)
We isalated its effect on the voriex, Ending that a strong bet unstable vertical magnetic field leads to channel flows inside the voriex,
which strelch it agart. When the Geld is decreasal or resistivity is used, we find that the vortex swvives until the MRI develops in
the bax, The veetex u then dn(m,o, by the strain of the swrounding urbsdence, Constant azimuthal fickls and zoro net Mux Gelds

also lead to vortex d y quenches bodh when the Reynolds number of the kegest vertical
wavelength of the box is near unity. ' o o -
Conclusians, We coclude thar vortex and sclf- by the barcclinic imstability in prosoplanctary disks is viable J. Fluid Mech. (2012), vol. 698, pp. 358-373. (© Cambridge University Press 2012 358

only in low sonization, ic., the dead zone, Our resulls are thus in sccondamce wilh the layered accretion pasadigm, A taroclisicly
unstable dead zoae showld be chamctenzed by the presence of large-scale vortices whose cores are elliptically unstable, yet sustained
by the berochinic feedbaci. Since magnetic felds destroy the vortices and the MR omweighs the Bl, the active layers are enmodified.

Jynamics (MHD)- turtsdence -

doi:10.1017/jfm.2012.95

Koy words, scerelion, scoretion disks — hydrodynamics — instabilities — mayg
methods: numerical

On the connection between the magneto-elliptic
and magneto-rotational instabilities

1. Introduction

Turbulence is the preferred mechanismn for
circumstellar disks, and the magneto-rotational tnsubxlm ( \1Rl
Balbus & Hawley 1991) is the preferred route to turbulence.
However, the MRI requires suflicient ionization since the mag-
netic field and the gas must be coupled, so it should not be ex-
pected o occur in regions of low wonization such as the “dead
zone” (Gammie 1996; Turner & Drake 2009). Therefore, the
search for hydrodynamical sources of turbelence continues, if
only to provide some residual sccretion in the desd zone. A
distinct possibility is the baroclinic instsbility (BI; Klahr &
Bodenheimer 2003; Klahr 2004), the interest in which has been
recently rekindled (Petersen et al. 20074,b; Lesur & Papaloizou
2010).

A baroclinic flow is coe where the pressure depends on

both density and temperature, as opposed to a b mic fow
where the pressure only dcp:m!s on density. In such a flow, the
DOn-axyssi ic rfaces of consy

Article published by EDP Sciences

density p (isopycnals) and surfaces of coastant pressure p (iso-
bars) g vorticity. Math b ,' this | into a
non-zero baroclinic vecior, V X (-p 'Wp) = p'Vp x Vp
Baroclinicity has long been known in atmospheric dynamics
be responsible for turbulent pat on planets and for weather
patterns of Rossby waves (plancl.u'y waves), cyclones, and anti-
cyclones on Earth.

The difference between the baroclinic instability of weather
patterns oa planetary atmospheres and the baroclinic instsbility
in accretion disks is that the former is linear, whereas the latter
is nonlinear (Klahr 2004; Lesur & Papaloizou 2010). This is be-
cause in accretion disks, the disturbances have % overcome the
strong Keplerian shear thal causes perturbations o be heavily
dominated by restoring forces in all Reynolds numbers.

The nature of the instability was clarified in the work of
Petersen et al. (20072b), who highlighted the importance of fi-
nite thermal inertia. When the thermal time is comparable to the
eddy turnover lime, the voriex is sble 1o establish an entropy

Page 1 0f 20

Lyra & Klahr (2011)

Krzysztof A. Mizerski't and Wladimir Lyra>*
! Department of Mechanics and Physics of Fluids, Institute of Fundamental and Technological Research,
Polish Academy of Sciences, Pawinskiego 5B, 02-106, Poland

2 Department of Astrophysics, American Museum of Natural History, 79th Street at Central Park West,
New York, NY 10024-5192, USA

3 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA
91109, USA

(Received 11 July 2011; revised 24 January 2012; accepted 16 February 2012;
first published online 30 March 2012)

It has recently been suggested that the magneto-rotational mstablhty (MRI) is a
limiting case of the magneto-elliptic instability (MEI). This limit is obtained for

Mizerski & Lyra (2012, J. Fluid Mech.)
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ORBITAL MIGRATION OF LOW-MASS PLANETS IN EVOLUTIONARY RADIATIVE MODELS: AVOIDING
CATASTROPHIC INFALL

WLADIMIR LYRA!, SUME-JAN PAARDEKOOPER?, AND MORDECAI-MARK MAC Low!
1 Department of Astrophysics, American Museum of Natural History, 79th Street at Central Park West, New York, NY 10024, USA;
wlyra@amnh.org, mordecai@amnh.org
2 Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Wilberforce Road, Cambridge CB3 OWA, UK
Received 2009 December 25; accepted 2010 March 30; published 2010 May 4

ABSTRACT

Outward migration of low-mass planets has recently been shown to be a possibility in non-barotropic disks. We
examine the consequences of this result in evolutionary models of protoplanetary disks. Planet migration occurs
toward equilibrium radii with zero torque. These radii themselves migrate inwards because of viscous accretion and
photoevaporation. We show that as the surface density and temperature fall the planet orbital migration and disk
depletion timescales eventually become comparable, with the precise timing depending on the mass of the planet.
When this occurs, the planet decouples from the equilibrium radius. At this time, however, the gas surface density
is already too low to drive substantial further migration. A higher mass planet, of 10 Mg, can open a gap during the
late evolution of the disk, and stops migrating. Low-mass planets, with 1 or 0.1 Mg, released beyond 1 AU in our
models avoid migrating into the star. Our results provide support for the reduced migration rates adopted in recent
planet population synthesis models.

Key words: accretion, accretion disks — hydrodynamics — methods: numerical — planet-disk interactions —
protoplanetary disks — radiation mechanisms: general
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The 2014 call for Sagan Fellowship applications is now available; applications are due November 7, 2013.
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Sagan Program

The Sagan Program is administered for the Exoplanet Exploration Program . R
by NExScI, and it includes both the Sagan Fellowship Program and the NASA's Carl Sagan Fellowships
Sagan Exoplanet Summer Workshop. 41 INSPIRING THE NEXT GEWERATION

OF EXOPLANET EX

The Sagan Fellowship Program supports outstanding recent postdoctoral
scientists to conduct independent research that is broadly related to the
science goals of the NASA Exoplanet Exploration area. The primary goal of
missions within this program is to discover and characterize planetary
systems and Earth-like planets around nearby stars. Fellowship recipients
receive financial support to conduct research at a host institution in the US
for a period of up to three years (subject to annual review and availability of
funds from NASA). Find the application and other information here and
meet current and past Sagan Fellows here.

I was born and raised in Rio de Janeiro, Brazil, where I also did my undergraduate in Astronomy, with a bachelor thesis
and published spectroscopy work on the chromospheric activity of Solar-type stars. Before graduate school, I was a
research assistant at CTIO - La Serena, ESO - Garching, and Lisbon Observatory, working on optical and infrared
photometry of young stellar objects. It was by that time that I decided to take the bold step from stellar observer to planet
theorist.

My interest in astronomy started before elementary school, and planets were the focus of that interest. Moreover, although
the combination of mountain tops, dark skies, and big telescopes is pretty exciting, I missed dealing with quantitative
physics. Therefore, for my Ph.D. in Uppsala, I chose a topic on theory, and began working on magnetohydrodynamical
simulations of turbulence in circumstellar disks and planet formation. Turbulence is the greatest unsolved problem of
classical physics, and planet formation is a very ancient question. "How did the Earth come to be?". Virtually every
society in recorded history tried at some point to answer this question.

The Sagan Exoplanet Summer Workshops are held annually and provide
opportunities for students, postdocs, and researchers to learn about the
engineering and scientific application of exoplanet-related techniques used
in the Exoplanet Exploration Program.

News Items
September 2011 : Former Michelson Fellow Remi Soummer leads a team,

Carl Sagan
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ROSSBY WAVE INSTABILITY AT DEAD ZONE BOUNDARIES IN THREE-DIMENSIONAL RESISTIVE
MAGNETOHYDRODYNAMICAL GLOBAL MODELS OF PROTOPLANETARY DISKS

Weanoar Lyra " AND MORDECAE-MagX Mac Low
Depantment of Astropt o Museurs of Namiral Hissory, 75th Street ax Central Park West, New York

“ Jet Propulsion Laboemory, Califoenia Inson < 3 H X L, CA 91108, USA
Received 2012 April

ABSTRACT
It has been \'_gps ed that the transition between magne! torotationally sctive and dead zones in protop
» the excitation u‘ vortices via Rossby wave xrﬂuhl (RWI). However, the only numerical
> netic field evolution is not folk
effect of wrbulence is p:mm:lv:rilu. by I.-'!l.n.l_'a visco \11) ‘v‘n.' #im o establish the phenoenenology of the fow in
three-dimensional resi stive-magnetohydrodynamical models. We mods e trans by a sharp
inner dead zone hn.:»Jur ing the PENciL Cone to simulate the flow. We
d in the dead side of the transition. We measure the mass sccretion rate finding
similar levels of Reynolds stress at the dead and aclive zones, &t the o = 1077 level. The vortex sils in a pressure
maximum -ll"d é.iu migrate, surviving unti u: endd of the simulation. A pressure maximum in the i
\Jl's sh be dis c\l by perasitical magne:
-.1:11: o ic modes are still nu
t. We conclude that the resistive transits
prob ml anetary disks, if st harp enough, can indeed exc
ks that relied on the alpha-disk approximation, and
caution against the use of overly reduced azimuthal coverage on modeling this transition
Key words: sccretion, accretion disks - instabilities - magnetohydrodyna (MHD) ~ methods: numerical
planets and satellites: formation - protoplanetary disks

Online-only matenial figures

1. INTRODUCTION Goodman 2005; Youdin & Johansen 2( leading o mtense
particle clump mg (Joh iz ) and subsequent
inu ( I

e - esimals
in p planet (unn:::iun heoey de : b th may foem fro ct g.\l.mm (Okuzumi et al. 2012) due to
solud bodies, fr intel ar dust grains 1 cky planetary the enhanced sticking properties of ices.

Ano process has been suggested, that combines several of
the advantages (as well as the ptu'nlcru.\ scenarios
described sbove, and is the subject of this work. Turbulence in
the largest scales of the flow, in the form of large-scale va
has been ind
and Tanga
two main reasons. First, pes are eguilibrium solutions of

) the Navier-Stokes eq: and thus are persistent structures
Brauer et al. 2008). in hydrodynamic flows, as seen in the Great Red Spot of Jupiter,
Ways 1o bypass this problem have focused on inhomo 4 remarkable high pressure voriex sisble since first spotted,
p.-rmu in L'r 1’.uv.. in urJv.r to trap paricles in their mi over three hundred years ago (Hooke 1665; Cas
ed 4 model in w ond is that the equilibrium i3 geo
i ul-a ’um: :md e pressure gradie
force will Jesd o
“hang & Oishi ortes the eye
0 and P:m et al 20 icl ed in s the s that unlv an lonic
mesoscale “zonal fows 2008b; Johansen et al. (Marcus 1993; Adams & Walking )
i 1 are local inversions in the ang.;l;u Godon i avio | ‘.NJ ), this h.cumu 8 very effective mec ’ur..sn
ty profile, b E L by spatial variations in magnet| C s :nlw u!'«q.—\\d in
essure. The particles themselves can give rise to the necessary
rating streaming fow develops
mto a traffic-jam instability (Youdin & Shu 2; Youdin &

ating
of the Spoe, where the authoe

SA Carl Saggan Fellow
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STEADY STATE DUST DISTRIBUTIONS IN DISK VORTICES: OBSERVATIONAL
PREDICTIONS AND APPLICATIONS TO TRANSITIONAL DISKS

Weanik Lyra' 245 axp Min-Kar Lo’
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seological & Planesary Saiences, Califormea Jastivate of
' Canadian Irstitete for Theoeetical Astroph {

ABSTRACT mm—dust

The Atscama Large Millimeter Amay has retumed images of transitional disks in which lange asymmetries are seen
in the distribution of millimeter sized dust in the outer disk. The explanation in vogue barrows from the vortex
literature and suggests that these ssymmetries are the result of dust trapping in giant vortices, excited via Rossby
wave instabelities & planetary gap edges. Due to the drag force, dust trapped in vortices will accumulate in the
center and diffusion is needed to maintsin 2 steady state over the lifetime of the disk. While previous work derived
semi-analytical models of the process, s paper we provide analytical steady-steady solutions ct solutions
exist for certain vortex models. The solution is determined by the vortex rotation prolile, gas scale height,
the vortex aspect ratio, andd the ratio of dust diffusion to gas-dust friction. In principle, all of these quantities can
be derived from observations, which would validate the model and also provide constrains on the strength of the
twrbulence inside the vortex core. Based on our solution, we derive quantities such as the gas-dus! coatrast, the
trupped dust mass, and the dust contrast at the same orbital location. We apply our model to the recently imaged

i(8,2) =epg (S +1)%2 exp

Oph [RS 48 system, finding values within the range of the observational uncertainties.

Key words: methods: amalytical - planet-disk interactions - planets and satellites: formation ~ protoplanetary

disks
Online-only matenial: color figures

1. INTRODUCTION

Transitional disks are 2 Ll.“ of circumstellar disks that lack a

significant near-infrared (1-5 pm) excess, while showing steep
slopes in mid-infrared (5 ’ﬂuml and far-infrared (- 20
excesses Lyy Ll.s“n..sl T-Tsuri disks lSl:un' tal
Skrutskie et al. | vin & Strom 1992; Wolk &
1996; Calvet et al. 2 fuzerolle u al. 2006; Sicilia
'\gullur etal. urri Currie & Sicilia-Aguilar
2011). This “opacity hole™ implies the shsence of optically
thick warm dust in the inner disk, with 2 dust wall generating
the mid-1R emission, followed by cold dust in the outer disk.
These observations, together with the age of these sysiems
(in the 1-10 Myt range; see, e.g., Currie 2010 for 2 review),
provide strong evidence that these are objects caught in the
evolutionary stage between gas-rich primordial and gas-poor
debris disks, hence their name.

Explanations for the opacity hole gcn:r;lh fall in four dist
categories. These .xre namely, grain growth and dul setl
(Brauer et al. 2007; Dominik & Dullemond

al. 2012), photoevaporstion (Alexander e

; Pascucei & Sterzik 2009; Owen et al
d\n.:rm..xl interaction with close stellar or substellar co
wons (Ireland & Knms 2008), and planet formation vis dust

locking (Sufronov tleton 1972; (;uh.:uu'l & Ward
1973; Youdin & Sh -
ing (Papaloizou & B4; Lin & Pup:luuuu 1986

; Pasrdekooper & M

4 Sagn Felbow
 Both suthors contrituled eqaally w this work.

temxd to favor one process over another, and even census studies
of statisticall
be dominant
conflicting results in fact illustrate the heterogeneity o
tional disks, where 3 combination of all the suggested proce:
are needed 1o expla c i )
Muzerolle et al. 2010; Merin et al. 2010; Rosotti et al. 2013;
Clarke & Owen 2

Recemtly, high angular resolution imaging of the outer re
gions of transitional disks have become available, showing a
myriad of puzzling asymmetries that beg for explanation. These
asymmetnies come in the shape of spiral arms (Piétu et al. 20
Corder et al. : Muto et al. 2012; Tung et al. 2012), elliptical
dust walls (Isela et al. 2012), and non-axisymmetric dust clouds
(Oppenbeimer et al. : Brown et al i Casassus et al,

). In particular, giant hurus:nx: shaped dust distributions

are seen in inmgcs Ltil.-;m:d with L':n: (fumhirxd Arr;_\' for Re

le!l) altractive fur u'll.x ing »huc asymmetries,

y generally match the range of structures predicted by
hydrodynamical models of planet-disk interactions.

A deep gap is ooe of the c.\pv:a:lu'd structures, as the planet

i ici £ uthxl \mp.‘luum &

& Nelson 2012). The gas gap -.\.:lls constitule steep p—u\un:
gradients that, by modifying the rotational profile local

prone to excite what has been called the Rossby wave instability
(RWI; Lovelace & Hohlfeld 1978; Toomre 1981; Papaloizou &

Lyra & Lin (2013)

Lyra & Lin (2013)

LARGE-SCALE ASYMMETRIES IN THE TRANSITIONAL DISKS OF SAO 206462 AND SR 21

LAURA M. PEREzZ"?, ANDREA ISELLA®, JOHN M. CARPENTER®, CLAIRE J. CHANDLER'
Draft version February 5, 2014

ABSTRACT

We present Atacama Large Millimeter/submillimeter Array (ALMA) observations in the dust con-
tinuum (690 GHz, 0.45 mm) and 2CO J = 6 — 5 spectral line emission, of the transitional disks
surrounding the stars SAO 206462 and SR 21. These ALMA observations resolve the dust-depleted
disk cavities and extended gaseous disks, revealing large-scale asymmetries in the dust emission of
both disks. We modeled these disks structures with a ring and an azimuthal gaussian, where the
azimuthal gaussian is fnotivated by the steady-state vortex solution from Lyra & Lin (2013]. |Com-
pared to recent observations of HD 142527, Oph IRS 48, and LkHea 330, these are low-contrast (< 2)
asymmetries. Nevertheless, a ring alone is not a good fit, and the addition of a vortex prescription
describes these data much better. The asymmetric component encompasses 15% and 28% of the total
disk emission in SAO 206462 and SR 21 respectively, which corresponds to a lower limit of 2M .y,
of material within the asymmetry for both disks. Although the contrast in the dust asymmetry is
low, we find that the turbulent velocity inside it must be large (~ 20% of the sound speed) in order
to drive these azimuthally wide and radially narrow vortex-like structures. We obtain residuals from
the ring and vortex fitting that are still significant, tracing non-axisymmetric emission in both disks.
We compared these submillimeter observations with recently published H-band scattered light obser-
vations. For SR 21 the scattered light emission is distributed quite differently from submillimeter
continuum emission, while for SAO 206462 the submillimeter residuals are suggestive of spiral-like
structure similar to the near-IR emission.

Subject headings: protoplanetary disks




Discos de debris: Instabilidade Fotoelétrica
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Formation of sharp eccentric rings in debris disks
with gas but without planets

W. Lyra"?® & M. Kuchner*

‘Debris disks’ around young stars (analogues of the Kuiper Belt in
our Solar System) show a variety of non-trivial structures attri-
buted to planetary perturbations and used to constrain the pro-
perties of those planets'~. However, these analyses have largely
ignored the fact that some debris disks are found to contain small
quantities of gas*®, a component that all such disks should contain
at some level'™'". Several debris disks have been measured with a
dust-to-gas ratio of about unity*’, at which the effect of hydrodyn-
amics on the structure of the disk cannot be ignored'>". Here we
report linear and nonlinear modelling that shows that dust-gas
interactions can produce some of the key patterns attributed to
planets. We find a robust clumping instability that organizes the
dust into narrow, eccentric rings, similar to the Fomalhaut debris
disk'*. The conclusion that such disks might contain planets is not
necessarily required to explain these systems.

Disks around young stars seem to pass through an evolutionary phase
when the disk is optically thin and the dust-to-gas ratio £ ranges from 0.1
to 10. The nearby stars B Pictoris™**"'7, HD32297 (ref. 7), 49 Ceti (ref. 4)
and HD 21997 (ref. 9) all host dust disks resembling ordinary debris
disks and also have stable circumstellar gas detected in molecular CO,
Nar or other metal lines; the inferred mass of gas ranges from lunar
masses to a few Earth masses (Supplementary Information). The gas in

We present simulations of the fully compressible problem, solving
for the continuity, Navier-Stokes and energy equations for the gas,and
the momentum equation for the dust. Gas and dust interact dynami-
cally through a drag force, and thermally through photoelectric heating.
These are parametrized by a dynamical coupling time trand a thermal
coupling time 7 (Supplementary Information). The simulations are
performed with the Pencil Code*' !, which solves the hydrodynamics
on a grid. Two numerical models are presented: a three-dimensional
box embedded in the disk that co-rotates with the flow at a fixed dis-
tance from the star; and a two-dimensional global model of the disk in
the inertial frame. In the former the dust is treated as a fluid, with a
separate continuity equation. In the latter the dust is represented by
discrete particles with position and velocities that are independent of
the grid.

We perform a stability analysis of the linearized system of equations
that should help interpret the results of the simulations (Supplemen-
tary Information). We plot in Fig. la-c the three solutions that show
linear growth, as functions of & and n = kH, where k is the radial
wavenumber and H is the gas scale height (H=c, / /782, where ¢,
is the sound speed, Qy the Keplerian rotation frequency and y the
adiabatic index). The friction time ; is assumed to be equal to 1/Qy.
The left and middle panels show the growth and damping rates. The

Lyra & Kuchner (2013)
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Projetos

1. Formacdo Planetdria em modelos 3D-MHD.

* Modelos do gds com resistividade em 3D jd prontos.
* Adicionar particulas.
* Aluno de doutorado (Alex Richert) trabalhando no momento em
adicionar a gravidade das particulas.



Projetos

2. Conexdo entre modelos de vartices e observacgoes
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» Adicionar particulas de milimetros em modelos dinamicos,
» Rodar transporte radiativo para obter observaveis
* Contrastar com observacoes.



Projetos

3. Caracterizar a instabilidade fotoelétrica em
discos de debris e de transicdo
(Lyra & Kuchner, 2013, Nature)

Adicionar pressdo de radiagdo, arrasto de Poynting-Robertson,
fotoforese, turbuléncia, colisdes, etc....

Estudante de verdo (Leonardo Cassara, UFRJ-Berkeley) trabalhard em radiagdo.
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ORBITAL MIGRATION OF INTERACTING LOW-MASS PLANETS IN EVOLUTIONARY
RADIATIVE TURBULENT MODELS A PARAMETER STUDY FOR BAROCLINIC VORTEX AMPLIFICATION
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Received 2011 December 14; accepted 2012 Feb;uary 15; published 2012 April 13 ABSTRACT

ABSTRACT Recent studies have shown that baroclinic vortex amplification is strongly dependent on certain factors, namely, the
. . . . global entropy gradient, the efficiency of thermal diffusion and/or relaxation as well as numerical resolution. We

The torques exerted by a locally isothermal disk on an embedded planet lead to rapid inward migration. Recent conduct a comprehensive study of a broad range and combination of various entropy gradients, thermal diffusion

work has shown that modeling the thermodynamics without the assumption of local isothermality reveals regions and thermal relaxation timescales via local shearing sheet simulations covering the parameter space relevant for

where the net torque on an embedded planet is positive, leading to outward migration of the planet. When a region " .
with negative torque lies directly exterior to this, planets in the inner region migrate outward and planets in the protoplanetary disks. We measure the Reynolds stresses as a function of our control parameters and see that

outer region migrate inward, converging where the torque is zero. We incorporate the torques from an evolving there is angular momentum transport even for entropy gradients as low as = —dIns/dInr = 1/2. Values we
non-isothermal disk into an N-body simulation to examine the behavior of planets or planetary embryos interacting expect in protoplanetary disks are between 8 = 0.5-2.0 The amplification-rate of the perturbations, I, appears
in the convergence zone. We find that mutual interactions do not eject objects from the convergence zone. Small to be proportional to A% and thus proportional to the square of the Brunt-Viisild frequency (I' o« B2 o N2).
numbers of objects in a laminar disk settle into near resonant orbits that remain stable over the 10 Myr periods that The saturation level of Reynolds stresses, on the other hand, seems to be proportional to ﬂlll. This highlights the

we examine. However, either or both increasing the number of planets or including a correlated, stochastic force : P . f .
to drives orbit ings and mergers in the gence zone. These p can build gas importance of baroclinic effects even for the low entropy gradients expected in protoplanetary disks.

gwnl cores with masses of order 10 Earth masses from sub-Earth mass embryos in 2-3 Myr Key words: accretion, accretion disks — circumstellar matter — hydrodynamics — instabilities — methods:
Key words: methods: numerical — planets and satellites: ion — planet—disk i numerical - pl Y sy ~ turbul
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TURBULENT WAKES DESTROY GAPS AROUND HIGH-MASS PLANETS OR BROWN DWARFS
IN RADIATIVELY INEFFICIENT DISKS

ALEXANDER ].W. RICHERT!234, WLADIMIR LYRA345,
MORDECAI-MARK MAC LOW® & NEAL TURNER?
Draft version

ABSTRACT
Recent observations of gaps and non-axisymmetric features in the dust distributions of protoplan-
etary disks have been interpreted as evidence of embedded massive protoplanets. In this work,
we conduct two-dimensional, global, hydrodynamical simulations of disks with embedded proto-
planets with a range of planet-to-star mass ratios (1-10 M, for a 1 M, star) with and without

the assumption of local isothermality. We use the PENCIL CODE in polar coordinates for our mod-
els. We find that massive protoplanets (M 2 5 Mjyp) significantly heat nearby gas, which can drive
buoyant instabilities that produce sustained turbulence throughout the disk. We confirm that the
buoyant instabilities originate from shock heating in the planet’s inner and outer spiral wakes. The
effect is strongly dependent on the mass of the planet and the thermal relaxation timescale; for a
10 Myyp planet embedded in a purely adiabatic disk, the gaps and vortices typically associated with
planet-disk interactions are completel{ disrupted. We find that the effect is only weakly dependent
e.

on the initial radial temperature profile. The driven turbulence substantially increases the effective
Shakura-Sunyaev a-viscosity of the disk (to as high as & ~ 0.2 for the adiabatic, 10 My, case), leading
to inward mass transport rates much higher than in the locally isothermal case. This effect may ex-
plain the observed dearth of massive substellar companions at close separations—the brown dwarf
desert—as the turbulence generated by such objects in the disk causes the gas to be accreted rapidly
onto the central star, effectively halting further growth.

Subject headings: hydrodynamics — planet-disk interactions — planets and satellites: formation —
protoplanetary disks — shock waves — turbulence

Alex Richert, Penn State, Caltech-JPL; 2014
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The torques exerted by a locally isothermal disk on an embedded planet lead to rapid inward migration. Recent
work has shown that modeling the thermodynamics without the assumption of local isothermality reveals regions
where the net torque on an embedded planet is positive, leading to outward migration of the planet. When a region
with negative torque lies directly exterior to this, planets in the inner region migrate outward and planets in the
outer region migrate inward, converging where the torque is zero. We incorporate the torques from an evolving
non-isothermal disk into an N-body simulation to examine the behavior of planets or planetary embryos interacting
in the cunvergence wne We find that mutual interactions do not eject objects from Lhe convergence zone. Small
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Recent studies have shown that baroclinic vortex 1 ion is strongly dependent on certain factors, namely, the

global entropy gradient, the efficiency of thermal diffusion and/or relaxation as well as numerical resolution. We ; 5 H M d l b A M N H . 2 O 1 3
conduct a comprehensive study of a broad range and combination of various entropy gradients, thermal diffusion G s & - d e l e e r'9 ’ ¢

and thermal relaxation timescales via local shearing sheet simulations covering the parameter space relevant for E 5

protoplanetary disks. We measure the Reynolds stresses as a function of our control parameters and see that >

there is angular momentum transport even for entropy gradients as low as 8 = —dIns/dInr = 1/2. Values we

expect in protoplanetary disks are between B = 0.5-2.0 The amplification-rate of the perturbations, I, appears

to be proportional to % and thus proportional to the square of the Brunt-Viisild frequency (I o« g2 o N2).

The saturation level of Reynolds stresses, on the other hand, seems to be proportional to 8'/2. This highlights the

importance of baroclinic effects even for the low entropy gradients expected in protoplanetary disks.
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Recent observations of gaps and non-axisymmetric features in the dust distributions of protoplan- s

etary disks have been interpreted as evidence of embedded massive protoplanets. In this work, P ST 1. C I.l- h JPL . 2 O 1 4
we conduct two-dimensional, global, hydrodynamical simulations of disks with embedded proto- en n a e ’ G ec - P

planets with a range of planet-to-star mass ratios (1-10 Mj,p for a 1 My star) with and without
the assumption of local isothermality. We use the PENCIL CODE in polar coordinates for our mod-
els. We find that massive protoplanets (M 2 5 Mjyp) significantly heat nearby gas, which can drive
buoyant instabilities that produce sustained turbulence throughout the disk. We confirm that the
buoyant instabilities originate from shock heating in the planet’s inner and outer spiral wakes. The
effect is strongly dependent on the mass of the planet and the thermal relaxation timescale; for a
10 Mjyyp planet embedded in a purely adiabatic disk, the gaps and vortices typically associated with

planet-disk interactions are completel f, disrupted. We find that the effect is only weakly dependent
on the initial radial temnerature profile. The driven turbulence substantiallv increases the effective
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