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Reversals of the Earth’s
Magnetic Field

Recent paleomagnetic and geochronologic data provide
information on time and frequency of field reversals.

Allan Cox, Richard R. Doell, G. Brent Dalrymple
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ment in techniques of determining the
stability and reliability of rock magnet-
ism for ining past g goeti
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Steady and Oscillatory zm-dynamos
W, Deinzer, H.-U. v. Kusserow and M. Stix

field directions, and partly as a result
of the vast increase in paleomagnetic
data available. Although many of these
paleomagnetic studies have focused on
the problems of continental drift and
polar wandering, interest in the rever-
sal problem has also continued up to
the present, and the observations of
the early workers have been amply
The directi of
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Summary. Using the model of Deinzer and Stix (1971)
of an xerdynamo we investigate the problem whether
the preferred magnetic field mode s steady or oscil-
latory for any particular strength and spatial distribu-
tion of the induction effects (2<ficct and non-uniform
rotation). We find that a spatial separation of these two
effcets favours the steady modes, in contrast 1o an earlier

magnetization in many tens of thou-
sands of rock samples, with ages in the
range 0 to 30 million years, show a
strikingly bimodal distribution; the di-
rections are grouped about either the

Pole reversals are imprinted in the seafloor —ESA/AOES/Medialab

present

of Stoenbeck and Krause (1969). The steady

modes have dipoletype symmetry if the dynamo-
number is positive, and quadrupoletype symmetry if
the dynamo number is negative. The possible relevance
of the steady dipole solutions to the dypamo operating
in the Earth's interior is discussed.

Key words: dynamo — x-¢ffect — differential rotation
geomugnelism

1. Introduction

It has been suggested by several autbors (Packer, 1955;
Steenbeck and Kravse., 1969a; Deinzer and Stix, 1971
Roberts and Stx, 1972; Kohler, 1973) that the mean
magnetic field of the Sun governing the 22-year cycle
B an oscillatory solution of an “zo-dynamo”™: Non-
uniform rotation creates toroidal magnetic flux from
poloidal field components, and the “a-effect”, an em.f.
«B paralil to the mean field existing in cyclonic convec-
tion, causes toroidal currents to Now and so to regenerate
1he poloidal field.

Are xe-dynamos always oscillatory, or do steady
solutions also exist! Or, more preci vhich type of
solution i “dominant” {or “preferred”) in a particul
maodel in the sense that it is marginally stable for smaller
values of the relevant Reynolds bers?

tation, R is the radius of the sph A e ] clert)
magnetic diffusivity which in our models will be treated
as a constant. In the most oflen investigated case only
two magnetic Reynolds numbers. R, and R, arc
relevant, and the frequencics and growth rates of the
solutions solely depend on their product. P.

The models mentioned above show that in order to
oblain oscillatory solutions with mean fields migrating
from the poles towzrd the equator we must sequire that
P<Q With this sign of P Levy's model has preferred
oscillatory solutions if the induction effects are confined
10 the outer third of the sphere. Whea P> 0, however, the
model favours the steady mode irrespective of the
positions of the induction effects (Stix, 1973). Thus, the

Parker (1971) has argued that steady solutions are
preferred when the dynamo consists of a full sphere or
a thick spberical shell such as the liquid core of the
Earth; osaillatory modes should dominate in a thin
spherical shell dynamo such as the solar conveetion
zone. Roberts (1972) computed solutions of 3 number of

i still not clear: we shall therefore investigate
the question of oscillatory versus steady solutions
further, using the model of Deinzer and Stix (1971 we
shall refer to this article as “Paper I"). This model has
the advantage of having a more realistic latitude
distribution of a(a cosd) than Levy's model, although
the radial dependence of « and dw/dr is 34l in the form
of 3-functi But this form enables us to caleulate

2c-dynamos and found that oscillatory solutions were
domi even in ing a full sphere;
they could however be made steady by means of a

strong) idi i ion. Stix (1973)

found that the dynamo model of Levy (19723) has both
steady and oscillatory solutions: which of these is
preferred depends on the exact position of the rings of
cyelones in Levy’s model and on the sign of the “dynamo
number” 2

PR R SR doR

n n

where @ is a characteristic value of a in the northem
hemisphere, Aw & the total amount of differential ro-

solutions for a wide range of the cbaracteristic param-
elers, r; and ry (the rdial position of shear and a-cfoct)
and P, without a large expenditure of computing. We
shall soz in Section 111 how the {ry, ry) parameter space
is divided into regions of steady and oscillatory solu-
tions. We shall also sec thav if stcady solutions are
possible, they are of dipole-type parity in the case P>0
and of quadrupole-type parity when P<0.

If P> 0, steady dipolur solutions are plausible (Parker
1970; p. 399; see also the review of Robents, 1971,
P 171): Consider a dipole feld as shown in Fig. 1a. If
the rate of rotation is larger in the outer parts of the

© European Southern Observatory « Provided by the NASA Astrophysics Data System

Fig 7a-f. Meridian sections of dipolar magnetic fields, for the dynamo numbers P= {389, 5400, 7198, 3000, 500, 0, with &, and 4w both positive.
The corresponding cigenvalues are marked with labels a-fin Fig. 3a. The right-hand sides show the lines of force of the poloidal field, and curves
of constant toroidal field strength are drawn on the left-hand sides. All contours are drawn at equal spacing of the stream function A - x -sinf on
the right and the field strength B on the left. Encircled dots and crosses have the same meaning as in Fig. 1. The inner dashed circle indicates the
shear wrl;uell;t: outer indicates the a-effect surfuce. Only the northern hemisphere is shown; the ficlds are antisymmetric with respect to the
equatorial pl

0

Fig S and b, Corves of positive fa) and negative (b) dynamo numbers
P for steady dipole (1) and quadeupole (b) solutions in the (x,, x;)-
jparameter space. The hatched region at the lower right has the same
contours since the diagram is completely symmetric with respect
16 the line x, = x;. In the regions between the two limiting curves
oscillatory modes dominate; this is also the case within the small
portion of Fig. 5b around x, =05 and 0755 x, <1, Some dynamo
numbers, Py, on the limiting curves are given

Fig. 10. The Earth as an aw-dynamo, with x, =09, x,=0.6
Pyy = 1558. On the left the mantle is hatched. See also the deseri
of Fig. 7
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19th MHD Days 2024

2-4 Dec 2024
Leibniz Institute for Astrophysics Potsdam (AIP)
Mo. 02/12 Di. 03/12
14:00 Opening Oliver Gressel 09:00 Magnetic Fields and Cosmic Ray Electrons (CREs) in Halos of Star Forming Disk Galaxies Ralf-Juergen Detmar
Lecture Hall, Maria Margaretha Kirch Buitding, Leibniz Institute for Astrophysics Potsdam (AlP) 14:00 - 14-10 Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 09:00- 09:20

1500

16:00

Interplays between dynamo and magneto-rotational instanilities Axel Brandenburg

Lecture Hall, Maria Margaretha Kirch Building, Leibniz institute for Astrophysics Potsdam (AIP) 14:10 - 14:50
Sunspot simulations with potential field initial conaitions Markus Schmassmann
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Patsdam (AlP) 14:50 - 15:10

Solar magnetic tornadoes ignite ambient shock waves: The surprising story of how torsional Alfvén waves can dissipate
Oskar Steiner

Break

Lecture Hall, Maria Margaretha Kirch Bullding, Leibniz institute for Astrophysics Potsdam (AlP) 1530 - 16:00
Harmonically forced and synchronized dynamos Frank Stefani
Lecture Hall, Maria Margaretha Kirch Building, Leibniz institute for Astrophysics Potsdam (AlP) 16:00 - 16220
Orbit-Spin Coupling ana Variations in the Length of the Hale Cycle James Shirley
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Polsdam (AIP) 16:20 - 16:40

Deep cyclic magnetic activity of the Sun by assimilating long-term observed photospheric magnetograms in a 3D dyna...
Gopal Hazra

Evaluating solar-like pehavior in extra-long non-kinematic flux-transport solar dynamos Fadil Inceogiu

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 17:00 - 17:20

10:00

11:.00

12:00

Zooming-in on radio relics: How density fluctuations explain the Mach number discrepancy, microgauss magnetic field...
Joseph Whititngham

Cosmic magnetic fields: A new window to the fundamental physics of the early Universe Jennifer Schober
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 09:40 - 10:00
Early magnetic field growth in galaxy clusters; the crucial contribution from galaxy formation physics Larissa Teviin
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Poisdam (AlP) 10:00 - 10:20

Turbulent plasma flow, its energies and structures: velocity vortices, magnetic field cocoons and plasmoids Peir Jelinek

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 10:20 - 10:40
Break

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 10:40 - 11:00
Tayler Instability Revisited Valentin Skoutney
Lecture Hall, Maria Margaretha Kirch Building, Leibniz institute for Astrophysics Potsdam (AlP) 11:00 - 11:20

Stability of toroidal magnetic fields in radiative stellar interiors Giovanni Licciardello

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 11:20 - 11:40

Stanility of toroidal magnetic fields in radiative stellar interiors: insights from direct numerical simulations and stellar e...
Domenico G. Medliri

MHD and the Formation of the Magnetic Solar System - A didactically oriented approach Ulrich von Kusserow

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Poisdam (AlP) 12°00 - 12:20
Group photo
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Poisdam (AlIP) 12:20 - 12:30
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19th MHD Days 2024

2—4 Dec 2024

Leibniz Institute for Astrophysics Potsdam (AIP)

Liguig metal MHD flows in the water-cooled lead lithium test blanket module for ITER Leo Buhler
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 14:00 - 1420
Corner-mode instability of Rayleigh-Bénard convection in a vertical magnetic field Thomas Boeck
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 1420 - 14:40
Convective instabilities in liquid metal duct flow in a fringing magnetic field Chiara Mistrangelo
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 14:40 - 15:00
Two-dimensional Radiative MHD Rayleigh-Bénard Convection in Moiten Salts Panxin Li
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 15:00 - 15220
3D magneto-convective instabilities of liquia metal flow in a generic engineering-relevant model geometry Biao Lyu
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 1520 - 15:40
Break

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institite for Astrophysics Potsdam (AlP) 15:40 - 16:00
The Hall Effect in Neutron Stars Rainer Hollerbach
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 16:00 - 1620
Dynamo action in a precessing cylinder. Andre Giesecke
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP) 16:20 - 16:40

Nonlinear flow transition in a precessing cylinder and its potential for hydromagnetic dynamo action at the DRESDYN f...
Thomas Gundrum

Characterizing dynamo coefficients in accretion disk turbulence Oliver Gressel

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 17:00-1720

Global R-MHD simulations of Transition Disks Eleftheria Sarafidou

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 1720 -17:40

Mi. 04/12
09:00 Mociel reduction for MHD turbulence Wolf-Christian Malier
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 09:00 - 09:20
Exact Nonlinear Decomposition of Ideal-MHD Waves Using Eigenenergies Abbas Raboonik
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP) 09:20 - 09:40

10:00

11:00

12:00

As a matter of dynamical range — scale-dependent energy dynamics in magnetized turbulence and pushing simulation I...

Philipp Grete

Solving plasma problems using adaptive multiphysics coupling.

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AlP)
Spatio-temporal correlation in three-dimensional incompressible MHD turbulence
Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP)
Break

Leciure Hall, Maria Margaretha Kirch Building, Leibniz institute for Astrophysics Poisdam (AIP)
thd.

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP)
Capturing and modeling the launching of a jet around a forming massive star

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP)
Non-ideal MHD processes in astrophysical jets

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP)

Impact of magnetically-driven jets and radiative feedback on the formation of massive stars

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institure for Astrophysics Potsdam (AlP)
Closing

Lecture Hall, Maria Margaretha Kirch Building, Leibniz Institute for Astrophysics Potsdam (AIP)

Simon Candelaresi
10:00 - 1020
Raguel Mausle
10:20 - 10:40

10:40- 11:00

11:00- 1120

Andre Ofiva

11:20- 11:40

Giancario Mattia

11:40 - 12:00

Joshua Barquero Alvarado
1200 - 1220

Rainer Arit

12:20 - 12:30
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Magnetic Activity Areas, Sunspots, Flares and Coronal Mass Ejections
SDO/NASA/GSFC/M. Druckmiiller (PM-NAFE

X3.1 Flare, October 24, 2014

SDO AIA 304A, 171A, 211A, PM-NAFE processing & HMI

P
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Sunspot 2192

© 2015 Miloslav Druckmiiller







. <~ _The Magnetic Sun, Cor’onL\ andiSolar Wind
»v/SBO’/NASA/GSFC/M. Druckmuller (PM-NAFE)/U. v. Kusserow (Editing)




Encounter 13
2022-09-01 02:00 UT
Speed: 70.31 km/s
Distance: 53.74 Rs
Carr Lon: 210.41°
FOV Range at 0° Lat:

[ 12.49, 097.76] Rs
\
0° 15° 30°
NASA Parker Solar Probe / WISPR; WISPR.NRL.NAVY.MIL

Conversion of measured signals into audio signals during a coronal mass ejection
NASA/Johns Hopkins APL/Naval Research Laboratory/Brendan Gallagher/Guillermo Stenborg/Emmanuel Masongsong/Lizet Casillas/Robert Alexander/David Malaspina




Aurora Borealis - Alexander Gerst, ESA
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Infrared images of protostellar disk-jet structures taken with the James Webb Space Telescope. a Molecular clouds, b jets in the constellation Cygnus, c L 1527
NASA/ESA/CSA/STScl/K. Pontoppidan (NASA-JPL) /). Green (STScl) (2), NASA/ESA/CSA/STScl
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Infrared images of the James Webb Space Telescope of stellar winds and Herbig-Haro objects of protostellar systems. a HH 46/47, b L 1527, c HH 2011
NASA/ESA/CSA/STScl/). DePasquale/A. M. Koekemoer, J. DePasquale/A. Pagan/A. M. Koekemoer, T. Ray (DIAS Dublin)
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Proplyds in a the Orion Nebula, b Proplyd 473-245, ¢ Proplyd 181-825 Gas clouds and radiation bursts of jet-like bundled winds and accretion disks in the vicinity
NASA, ESA, M. Robberto (Space Telescope Science Institute/ESA), the Hubble Space Telescope of the young stars XZ Tauri, HL Tauri and V1213 Tauri in the constellation Taurus
Orion Treasury Project Team and L. Ricci (ESO) ESA/Hubble und NASA, ALMA (ESO/NAOJ/NRAO), (Editing: U. v. Kusserow)
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5,000 Exoplanets: Listen to the Sounds of Discovery (until March 21, 2022) - NASA/JPL-Caltech/M. Russo, A. Santaguida (SYSTEM Sounds)
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EXOPLANET EXPLORATION

NASA EXOPLANET ARCHIVE | | | BRI,

A SERVICE OF NASA EXOPLANET SCIENCE INSTITUTE

Home About Us Data Tools Support Login
5,787 570 7,341 s o
Confirmed Planets o TESS Confirmed Planets = TESS Project Candidates ™ y Candidate statistics .
11/06/2024 11/04/2024 11/02/2024 ;
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Explore the Archive

e Advanced Search -»> Discovery Method
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Cumulative Counts vs Discovery Year
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| Transit Surveys 130,041,578 Light Curves
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Launched in April 2018, TESS is
surveying the sky for two years to

@ Transi

find transiting exoplanets around the
brightest stars near Earth.

@ Confirmed Planets -»

1995 2000 2005 2010 2015 2020
@ ExoFOP-TESS -» Discovery Year
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Orbit of the four exoplanets around the star HR 8799- Jason Wang et al.
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Hannes O. G. Alfvén
(1908-1995)
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Carl-Fr. v. Weizsacker
(1912-2007)

Fred Hoyle
(1915-2001)
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Simple models for the formation of the solar system through a collision processes, b turbulence and ¢ within the framework of the modern nebular hypothesis
U. v. Kusserow, J. S. Wettlaufer, B. Saxton/NSF/AUI/NRAO
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(1823-1895) (1913-1988)

Sherburne W. Burnham Charles Ro
(1838-1921)

Michel Mayor

Gibor Basri
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Jean-Frangois Donati

Lyman Spitzer
(1914-1997)

Leon Mestel
(1927-2017)

George H. Herbig Mark J. McCaughrean
(1920-2013)
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Chin-Fei Lee

Frank H.-S. Shu
(1943-2023)

Nikolay Shakura
Rashid Sunyaev

Steven Andrew Balbus

John Hawley
(1958-2021)
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Historical Discoveries related to the Formation of Extrasolar Star

Systems and our Solar System also under Magnetic Influence

300 Aristarch von Samos (310- Erstetlung der Hypothese zum heliczentrischen
w. Chr. 230 v. Chr.) Welthild
1543 Nikolaus Kopernikus (1473- | Nachweis des Umiaufes der Planeten um die Sonne,
1543} der Umdrehung der Erde um die elgene Achse
1600 William Gilbert In selnem Buch ,De Magnete” beschreibt er die Erde
(1544-1603) als einen groBen Magnet, worauf er aufgrund der
breitenabhdngigen Inklination von Magnetnadel
schloss
1609, Gallleto Galiled Teleskopische Entdeckung der Umildufe van Manden
1610 (1564-1642) des lupiters sowie der \
1609- lohannes Kepler Formulierung seiner drel Gesetze zum Umlauf der
1619 {1571-1630) Planeten auf elliptischen Bahnen um die Sonne
1630 René Descartes Modell dber den Ursprung des Sonnensystems
(1596-1650)
1684 |saac Newton Bewels der Glltigkeit der drel Keplerschen Gesetze
{1643-1727)
1687 Isaac Newton veraffentlichung der Grundlagen der klassischen
{1643-1727) Mechanik und des universellen Gravitationsgesetzes
um 1704 lige Ver dung des Begriffs , Sonnensystem"”
1734 Emanuel Swedenborg Entwicklung einer ersten Nebelhypothese zur
{1688-1772) Entstehung des Sonnensystems
1749 George-louis Leclerc |dee zur Entstehung des Sonnensystems durch
(1707-1788) ZusammenstoB der Sonne mit Kometen
17585 Immanuel Kant Aussagen (ber die Vielfalt der Sterne in der
(1724-1804) Milchstrae, die von Planetensystemen umgeben sind
Theorlen zur Planetenentstehung in Urnebeln durch
Anziehungs- und chaotische AbstoR krdfte
1766 Johann Daniel Titius (1729- | Aufstellung einer empirisch ermittelten Beziehung tber
1796) den Abstand der Planeten von der Sonne
1772 Johann Elert Bode Verdffentlichung der Titius-Bode-Regel zum Abstand
{1747-1826) der Planeten von der Sonne
1796 Plerre-Simon Laplace {1749- | Entwicklung der Nebularhypothese zur Entstehung des
1827) Sonnensystems, wonach Planeten durch
Zentrifugalkrafte, Abkuhlungs- und
Verdichtungsprozesse in konzentrischen, die Sonne
umgebenden Gasringen entstehen
1781 Friedrich Wilhelm Herschel | Entdeckung des Uranus
(1738-1822)
1846 Johann Gottfried Galie Entdeckung des Neptun
[1812-1910
Heinrich Louis d'Arrest
(1822-1875)
1852 John Russell Hind Entdeckung des jungen, von der Masse her

(1823-1895)

sonnenahnlichen variablen Sterns T Tauri im Sternbild

des Stiers

https://ulrich-von-

1851,1952
1956,1966

Harold C. Uray
(1893-1981)

Entwicklung eines kasmochemischen Gas-Staub
Entstehungsmodells filr das Sonnensystem, bei dem
auch die lonisation, die Beschleunigung geladener
Gaspartikel und ein dadurch vermittelter
Drehimpulstransport eine zentrale Rolle spielen kinnte

1951,1962
1981

Louls Jacot
(1906 -7)

Vielzahl von |deen zur Sonnensystem-Entstehung:
Verwirbelungen in Wirbeln, Planetenbildung durch
Materieauswurf aus der Sonne, spiralfGrmige
Planetenorbits, Mondentstehung aus dquatorialen
Ausbuchtungen der Planaten, Erklarbarkeit der
Unterschiede zwischen inneren und dulleren Planeten
durch Wirbelverhalten

1955,1960

Fred Hoyle
11915-2001)

Entwicklung der Idee zur Sonnensystem-Entstehung,
dass ein magnetisches Drehmoment zwischen der
Protosonne und der sie umgebanden Scheibe eine
magnetische Kopplung und den Transport von
Drehimpuls bewlirkt haben kénnte

18955

Bernard F. Burke (1928~
2018)
Kenneth Linn Franklin
(1923-2007)

Entdeckung vom lupiter ausgehender Aushriiche
dekametrischer, polarisierter Radiowellen, die auf die
Existenz eines starken jovianischen Magnetfeldes
schliefen lassen, in dem hochenargetische Elektranen
beschleunigt werden

1956

Leon Mestef
(1927-2017)
Lyman Spitzer
(1914-1857)

Anhand der Polarisation stellarer Strahlung, die beim
Auftreffen auf interstellaren Staub verschletert wird,
schlieRen sie auf die Gegenwart magnetischer Felder
Bestimmung der minimalen ,kritischen” Masse, von
der ab kalte, elektrisch perfekt elektrisch leitende,
magnetisierte Interstellare Wolken aufgrund
ausreichender Eigengravitation kollableren kénnen
Gewinnung tiefer Erkenntnisse Uber den Einfluss
magnetischer Felder auf die Fragmentation von
Molekiilwolken, Gber die Bed, bipol;
Diffusion auf die Entkopplung von Magnetfeldern und
Materie fiir den Kollaps von Molekilwolken
Beriicksichtigung nichtlinearer MHD-Terme in der
magnetischen indukti leich fillr nur teilwel
lonisiertes Plasma

1957

Hannes O. G. Alfvén
(1908-1855)

Entwicklung der Vorstellung von der Existenz eines
Interplanetaren Magnetfeldes, das mit dem

Sar getragen wird

Eugene M. Parker
(1927-2022)

Einfithrung des Begriffs ,Solar Wind”

1960-
1978

William H. McCrea (1904-

1998}

Entwicklung der .Flocken/Protoplanet™Hypothese,
nach der sich die Sonne und die Protoplaneten in einer
galaktischen Waolke entwickelten, in der flockenartige
Turbulenzen durch Agglomeration fir die Ausbildung
einer jungen Protosonne, Rotationsinstabilitaten fir eln
Auselnanderbrechen in klelnere Protoplaneten und die
zentral gelegene grifere junge Sonne sorgten.

1962

Evry Schatzman
{1920-2010)

Entdeckung der Bedeutung magnetischer Felder fir die
Abbremsung von Sternen

Akkretionsscheiben durch einsetzende magnetische

2000 Alan Boss MNachweis moglicher Fragmentation rotierender Wolken
ferund her 1 bel ambipal
Materiediffusion in Simulationsrechnungen
2000 Arieh Konigl Erklarung der Jet durch den ,hoop-stress”
Ralf E. Pudritz [, Reif ") In helikalen Magnetfeldern
2002 Francesca Bacciott Entdeckung der Rotation protostellarer Jets
wa [ o I
2003 Richard B. Larson Grundlegende Arbeit Gber die Physik der
Sterner
2003 Christlan Fendt Erste numerische Abschitzungen zu magnetischen
i il Ausfli aus zirk i en
Akkretionsscheiben
2004 Richard M. Crutcher Beobachtung von Waolkenkernen mit darin el
miagnetischen Feldern der Flussdichte 1 Milligauss,
woraus er schloss, dass Turbulenzen zu schwach fir die
Verformung von Magnetfeldern sein knnten
2006 Derek Ward-Thomson Nachweis fiir die Einflussnahme sowohl von
Turbulenzen als auch Magnetfeldern auf die Aushildung
und Entwicklung prastell Wolkenk
2008 Antonio Chr i Aufstellen der H h dass Jet Rotation schon in
ua frihen Evolutionsphasen varhanden sein kénnte, und
dass dadurch Oberschilssiger Drehimpuls wegtragen
wird, wodurch der Protostern an Masse gewinnen kann
2013 Martina M. R Erste dreldi ionale MHD-Simulation angereg
uv.a. Wellen in Akkretionsschelben durch bipolare stellare
»wodurch sich 5p en
2014 Deniss Stepanovs Erste MHD-Modellierung episodischen AusstoBes von
Christian Fendt iejets, die durch oszil Schei ¥
Somayeh Sheikhnezami Prozesse werden
2021 Lotfi Ben-laffel Erste Entdeckung der Signatur eines Magnetfeldes
u.a. eines

Die Farbkodierung der Schrift kennzeichnet historische Ereignisse im Zusammenhang
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On the Formation of the Magnetic Solar System

* Structure and dynamics of the heliocentric Solar System

* Discovery of magnetic fields in the Solar System

* Early Models of the Formation of the Solar System

* Early observations and theories on the development of star systems

e Advanced computer-aided analytical modeling

* Theories on influence of magnetic fields on the development of star systems

» Age of discoveries with the HST, VLT, VLA ...

* Era of sophisticated numerical simulations

* Age of discoveries with ALMA, SOFIA, ...

Age of Discovery with the JWST, ELT, SKA, ngVLA, ...
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Magnetic fields areslikely to direct the gas into orbit around the black hole in the cen'tré of the Milky Way |
NASA / SOFIA;NASA fHST* :
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ESA and the Planck Collaboration, HAWC
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Determination of the orientation of interstellar magnetic fields based on the orientation of dust grains using the polarization of
the radiation emitted by a star behind them (a) or by asymmetric dust particles themselves (b). - U. v. Kusserow (after A. Lazarian)
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Molecular Cloud

20 000 AU
Prestellar Core B T-Tauti Star Class 2

Evolution of Prestellar Cores and Protostars, Pseudodisks and Accretion Disks in a Magnetized Molecular Cloud Protostar Class 0 Debis Disk Class 3
U. v. Kusserow
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Hubble Space Telescope (HST) NASA

Atacama Large Millimeter/submillimeter Array (ALMA) ESO James Webb Space Telescope (JWST) NASA

European Large Telescope (ELT) ESO
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Determination of the Magnetic Flux Density B
(strength, orientation, direction)

Zeeman effect splitting Component in the line of sight to the observer (Bygg)
Stokes parameter .
C t in the pl f the sky (B .
Synchrotron radiation omponent in the plane of the sky (Bpos) Hanle effect o '
Faraday rotation Galactic magnetic field models * lon-to-neutral linewidth ratio

L .. ¢ Atomic alienmentRatio of perpendicular
Polarization of dust emission g perp

Polatization of statlight (dust quenching) to parallel velocity fluctuations

U. v. Kusserow



Generation and Transport of Magnetic Fields

* Generation of galactic magnetic fields by the Bierman battery
effect (1)

* Existence of magnetic seed fields in molecular clouds

* Dynamo processes (2) in prestellar cores and protostars (2)

* Accretion disk dynamo processes (2)

* Magnetic field transport in accretion disks and protostellar
wind systems (3)

* Dynamo processes in protoplanets

* Dynamo processes in protomoons
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U. v. Kusserow, S. Sanchez/A. Fournier/J. Aubert, U. Torkelsson/A. Brandenburg



Model image of
“Frozen” in Magnetic Field Lines
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Tower Jet
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Angular Momentum Transport Processes in Star Formation

Angular momentum exchange due to the passage of star formation regions through
the galactic spiral arms

Angular momentum exchange between by collisions of molecular and dust clouds
Angular momentum exchange between prestellar cores/pseudodisks and the
surrounding clouds, rotating with different speeds

Removel of angular momentum by magnetohydrodynamic Alfvén-waves after the
generation of magnetic fields

Angular momentum exchange between gas and dust particles (streaming instability)

Angular momentum transport due to friction processes, hydrodynamic instabilities
and the magnetorotational instability (MRI) in accretion disks

Removal of angular momentum in magnetized protostellar and disk winds

Migration processes due to angular momentum exchange between gas particles,
pebbles, planetesimals and protoplanets and the accretion disk

Angular momentum transfer through contact between the accretion disk and the
molecular clouds bordering it

Angular momentum input through streamers flowing into the protoplanetary disk
from outside

Effective angular momentum removal from the magnetosphere of the young pre-
main sequence star by continuous magnetized stellar wind and coronal mass
ejections

Angular momentum transport in young multiple star systems
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Zeeman-Doppler-Imaging study of Il Pegasi - PEPSI/K. G. Strassmeier et al. Stellar environment Il Pegasi with a magnetic-field extrapolation out to 2.2 stellar radii




Inflow of matter from the accretion disk via the magnetosphere to the protostar - C. Fendt MPIA Heidelberg Toroidal winding of magnetic fields in "Tower Jets" - Gakai
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Turbulence and Accretion in 3D Global
MHD Simulations of Stratified Protoplanetary Disk
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Turbulent Evolution in a Protoplanetary Disk - M. Flock




Accretion, disk-jet simulation
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Results of MHD simulations of accretion ejection including magnetic field generation by a disk dynamo - C. Fendt et al.
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Design of the future MRI/TI experiment - F. Stefani et al. (FZDR)

Setup of the PROMISE Experiment - F. Stefani et al. (FZDR)
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The magnstorotational mmstability (MRI) plays an essential role in the formation of stars
and black holes. By destabilizing hvdrodynamically stable Keplerian Hows, the MREI
triggers turbulence and enables outward transport of angular momentum in accretion & 4
discs. We present the results of a liguid metal Taylor-Couotte experiment under the

inHuence of helical magnetic belds that show typical features of MRI at Beyvnolds numbers - 500 1000 1500 t(s)
of the order 1000 and Hartmann pumbers of the order 10, Particelar ocus 1= lad on an C

improved experiment in which split end caps are used to minimize the Ekman pumping.

Nachweis der Wirksamkeit der Magnetorotations-Instabilitdt (MRI) fiir den Akkretionsprozess mit Hilfe des Potsdam-ROssendorf Magnetic InStability Experiments - G. Rudiger et al.




Experimental Confirmation of the Standard Magnetorotational Instability Mechanism
with a Spring-Mass Analogue

Derek M.H. Hung,? Eric G. Blackman,** * Kyle J. Caspary,? Erik P Gilson,? and Hantao Ji*-%: 1

l:Deparhmmlt of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA
2 Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543, USA
3 Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
4 Laboratory for Laser Energetics, University of Rochester, Rochester NY, 14623, USA
(Dated: December 13, 2018)

The Magnetorotational Instability (MRI) has long been considered a plausibly ubiguitous mecha-
nism to destabilize otherwise stable Keplerian flows to support radially ontward transport of angular
momentum. Such an efficient transport process would allow fast accretion in astrophysical objects
such as stars and black holes to release copious kinetic energy that powers many of the most lu-
minous sources in the universe. But the standard MRI under a purely vertical magnetic field has
heretofore never been directly measured despite numerous efforts over more than a decade. Here
we report an unambiguous laboratory demonstration of the spring-mass analogue to the standard
MRI by comparing motion of a spring-tethered ball within different rotating flows. The experiment
corroborates the theory: efficient outward angular momentum transport manifests only for cases
with a weak spring in quasi-Keperian flow. Our experimental method accomplishes this in a new
way, thereby connecting solid and fluid mechanics to plasma astrophysics.

Analogues of standard MRl in a purely vertical magnetic field

FIG. 4. Experimental apparatus and diagnostics. a
Schematic of the modified Taylor-Couette device [48], with
the inner and outer cylinder radii of r1 = 6.9 cm and
ra = 20.3 cm respectively, and the height of h = 39.7 cm.
The device was filled with water to a depth of 31.1 cm and
the top was open to allow access. A GoPro HERO4 camera
was partially submerged to minimize optical distortion. The
camera was supported by an attachment and co-rotated with
the ring (yellow) at {25. A l-inch-diameter neutrally buoyant
test mass (red) was tethered by an unstretched spring to a ver-
tical post and held by a spring-loaded jaw-clamp. At t =0 a
release line (not shown) was pulled from above allowing the
vertical spring to relax, releasing the mass. b Photograph of
the test mass and release mechanism. The camera is visible
at the top of the image.



Laser experiment for the study of aceretion dynamics of Young Stellar Objects:
design and scaling

G. Revet."? B. Khiar.? J. Béard.* R. Bonito.® S. Orlando.® M. V. Starodubtsev,? A. Ciardi.® and J. Fuchs*27

YLULI - CNRS, Ecole Polytechnigue, CEA: Université Paris-Saclay; UPMC
Univ Paris 06: Sorbonne Universités - F-91128 Palaiseau cedex, France
*Institute of Applied Physies, 46 Ulyanov Street, 603950 Nizhny Novgorod, Russia
*Flash Center for Compulational Science. Department of Astronomy
& Astrophysies, The Universily of Chicago, IL. United States
YLNCMI, UPR 3228, CNRS-UGA-UPS-INSA, 31400 Toulouse, France
*INAF (Istituto Nazionale di Astrofisica) - Osservatorio Astronomico di Palermo, Palermo, ltaly
“LERMA, Observatowre de Paris, PSL Research Umiversity, CNRS,
Sorbonne University, UPMC Univ. Paris 06, F-75005, Pans, France
TELI-NP, "Horia Hulube:" National Institule for Physics and Nuclear Engineering.
30 Reactorulus Street, RO-077125, Bucharest-Magurele, Romarnia

A new experimental set-up designed to investigate the accretion dynamics in newly born stars is
presented. [t takes advantage of a magnetically collimated stream produced by coupling a laser-
generated expanding plasma to a 2 x 10" G (20 T) externally applied magnetic field. The stream
is used as the accretion column and is launched onto an obstacle target that mimies the stellar
surface. This setup has been used to investigate in details the accretion dynamics, as reported in
Ref. [1]. Here, the characteristies of the stream are detailed and a link between the experimental
plasma expansion and a 1D adiabatic expansion model is presented. Dimensionless numbers are
also caleulated in order to characterize the experimental fow and its closeness to the ideal MHD
regime. We build a bridge between our experimental plasma dynamics and the one taking place in
the Classical T Tauri Stars (CTTSs). and we find that our set-up is representative of a kigh plasma
3 CTTS accretion case.

B-Field lines

Obstacle

L
i o shocks

Primary Target -
Jjet formation

aceretion column,

pel

\ compressed magnetic _———————>"

B=20T field lines

FIG. 1. Schematic of the accretion experiment performed using a magnetically collimated supersonic flow generated by a laser.
The plasma generation and expansion takes place at the primary target location (left side of the image). The jet formed via
the interaction with the 2 x 10° G (20 T' ) magnetic field is launched onto a secondary, obstacle target, where the laboratory
accretion takes place. As a spatial scale indication, note that the cavity tip is located at ~ 0.6 em from the primary target
surface, for a magnetic field of 2 x 10° G (20 T') and a laser intensity as the one use at the ELFIE laser facility (see main text).
The colors used in the schematic are meant to give indication of the higher density zones (darker) vs. the lower density zones
(lighter), the shading of colors used is in no sense quantitative. Ref. [1] displays results of that accretion setup for a distance
between the primary and the obstacle target of about 1.2 em.

Laboratory crrs
B-Field [T] 20 50.10—¢
Material CaHaCl (PVC) H
Atomic number 10.4 1.28
Stream Stream
Spatial transversal scale [mm] 0.1 0.5 1079
Charge state 2.5 1
Electron Density [em#) 1 x 1018 1 = 104
lon density [em 3] 1.9 = 107 1 = 10*
Density [g em 7] 3x 107" 2 % 1078
Te [eV] 10 0.22
Ti [eV] 10 0.22
Flow velocity [km s ') 100 — 1000 500
Sound speed [km s '] 31 74
Alfven speed [km s 325 304
Electron mean free path [em] 2.7 x 1077 0.7
Electron collision time [rs| 2x 1074 35
Ion mean free path [cm)] 1.4 % 107° 1
Ion collision time [ns] 1.4 % 1077 2.4 x 10°
Magnetic diffusion time [rns] 45 4 x 10
Electron Larmor radius [em] 3.8 % 107° 2% 1072
Electron gyrofrequency [s™ '] 1.4 % 10% 1.2 x 10%
Ion Larmor radius [cm] 1x10® 1
Lon gyrofrequency [s71] 6 x 104 5.2 x 10*
Electron magnetization 0.7 30
lon magnetization 1.4 % 10~% 0.9
Mach number 24 L
Alfven Mach number 2.3 1.6
Reyvnolds 5 108 6 x 10!
Magnetic Revnolds 68 4 » 10
Peclet 7 x 107 6 x 10”
Biher Tone 1672 7Tx107¢
ﬁduvl 10 B
Euler number 2.9 1.6
Alfven number 2.5 % 1073 2.1 % 1073

Parameters of the laboratory accretion stream, with respect to
those of the accretion stream in CTTSs, for the incoming stream
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Laboratory formation of a scaled protostellar jet by
coaligned poloidal magnetic field

B. Al BERTAZZ|, A CIARDI, M. NAKATSUTSUMI, T. VINCI, J. BEARD, R. BONITO, J. BILLFTTE, M. BORGHESI, Z BURKLEY, [...J, AND .. FUCHS +19 authors

SCIENCE - 17 0ct 2014 - Vol 346, Issue 6207 - pp. 325-328 - DOL 10.1126/science 1259694

Stellar outflows replicated in miniature

Astronomers observe tight bright jets beaming from the poles of many celestial
objects. But what focuses them so well? Albertazzi et al. recreated a scaled-down
plasma jet in a laboratory setting to match the behavior of those in young stellar
objects. The experiments show that the jets are collimated by a poloidal magnetic
field aligned with the same axis. A conelike shock also emerges, as the expanding
plasma is abruptly confined by the magnetic field.

Abstract:

=

Although narrow bipolar jets of matter have been observed to emerge from a wide variety of
astrophysical systems, the question of their formation and morphology, past their launching by
magneto-centrifugal forces, 1s still open. Our scaled laboratory experiments, representative of
outflows from young stellar objects (YSOs), reveal that stable collimation of the entire flow into
a narrow jet can result from the presence of a large-scale poloidal magnetic field that is
consistent with observations. The observed plasma flow focuses and creates an interior cavity,
giving rise, close to the source, to a standing conical shock from which the jet emerges. Together
with astrophysical full-scale simulations, we conclude that this can also explain recently
discovered X-ray emission features observed from low-density regions at the base of protostellar

jets, such as the well-studied jet HH 154.
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Fig. 1. Laboratory demonstration of jet formation by axial magnetic field. (A) Plasma
integrated density measured 20 ns after the laser irradiation (coming from the right) of a CH
target (left) immersed in the z-oriented 0.2 MG magnetic field. Four spatially patched images are
used (see E). Shaded areas are linear interpolation in between observed sections of the jet. (B-C)
Abel inverted density maps in the case with (B) and without (C) magnetic field, and (D) lineouts
(along the dashed lines shown in B and C), show the cavity region, and plasma convergence on
axis, induced by the magnetic field. The error bars on (D) represent the difference in the plasma
density retrieved from the upper and lower measured phase maps (see Methods).
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3D simulation of jet formation and collimation in a young star system
embedded in a 5 mG axial magnetic field
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Formation of planetesimals and planets from dust and gas with possible influences of magnetic fields
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Cosmic Magnetic Fields:

From Planets, to Stars and Galazies
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The role of magnetic fields
for planetary formation

Anders Johansen

Leiden Observatory, Leiden University, P.O. Box 9513, 2300 RA Leiden, The Netherlands
email: ajohan@strw.leidenuniv.nl

Abstract. The role of magnetic fields for the formation of planets is reviewed. Protoplanetary
disc turbulence driven by the magnetorotational instability has a huge influence on the early
stages of planet formation. Small dust grains are transported both vertically and radially in
the disc by turbulent diffusion, counteracting sedimentation to the mid-plane and transporting
crystalline material from the hot inner disc to the outer parts. The conclusion from recent efforts
to measure the turbulent diffusion coefficient of magnetorotational turbulence is that turbulent
diffusion of small particles is much stronger than naively thought. Larger particles — pebbles,
rocks and boulders — get trapped in long-lived high pressure regions that arise spontaneously
at large scales in the turbulent flow. These gas high pressures, in geostrophic balance with a
sub-Keplerian/super-Keplerian zonal flow envelope, are excited by radial fluctuations in the
Maxwell stress. The coherence time of the Maxwell stress is only a few orbits, where as the
correlation time of the pressure bumps is comparable to the turbulent mixing time-scale, many
tens or orbits on scales much greater than one scale height. The particle overdensities contract
under the combined gravity of all the particles and condense into gravitationally bound clusters
of rocks and boulders. These planetesimals have masses comparable to the dwarf planet Ceres.
I conclude with thoughts on future priorities in the field of planet formation in turbulent discs.

Keywords. Diffusion — instabilities — MHD — planetary systems: protoplanetary disks — solar
system: formation — turbulence
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Three-dimensional Global Simulations of Type-II Planet-disk Interaction with a Magnetized Disk
Wind: I. Magnetic Flux Concentration and Gap Properties

1,2

Yuniko Aoyamal'? ANp Xue-NinG Barl'3

Institute for Advanced Study, Tsinghua University, Beijing 100084, China
2 Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100084, China

3 Department of Astronomy, Tsinghua University, Beijing 100084, China

ABSTRAC Iog10p/20mld1 0.9 Vf/g 1.1 -15 150/52%'""’ 0 Iog1°p/g°m'd1 0.9 V?/:J/K 1.1 -15 ‘130/5205'"'”
TRACT 115 16 - 0 1115 18
- L I A - L B L |

Giant planets embedded in protoplanetary disks (PPDs) can create annulus density gaps around
their orbits in the type-II regime, potentially responsible for the ubiquity of annular substructures (a) t=3p (b) t =30 70
observed in PPDs. Despite of substantial amount of works studying type-II planet migration and gap
properties, they are almost exclusively conducted under the viscous accretion disk framework. How-
ever, recent studies have established magnetized disk winds as the primary driving disk accretion and
evolution, which can co-exist with turbulence from the magneto-rotational instability (MRI) in the
outer PPDs. We conduct a series of 3D global non-ideal magneto-hydrodynamic (MHD) simulations
of type-II planet-disk interaction applicable to the outer PPDs. Our simulations properly resolve the
MRI turbulence and accommodate the MHD disk wind. We found that the planet triggers the poloidal
magnetic flux concentration around its orbit. The concentrated magnetic flux strongly enhances angu-
lar momentum removal in the gap, which is along the inclined poloidal field through a strong outflow
emanating from the disk surface outward of the planet gap. The resulting planet-induced gap shape
is more similar to an inviscid disk, while being much deeper, which can be understood from a simple
inhomogeneous wind torque prescription. The corotation region is characterized by a fast trans-sonic
accretion flow that is asymmetric in azimuth about the planet and lacking the horseshoe turns, and

log10 p/p0 o V Ve B /B log,, p/povmid vV Vi B,/B.

the meridional flow is weakened. The torque acting on the planet generally drives inward migration, @ T qq o SR ylou- e - o WS BT
though the migration rate can be affected by the presence of neighboring gaps through stochastic, _ - [ E N = E T o e

planet-free magnetic flux concentration.

Figure 1. Snapshots of simulation results at ¢ = 3, 30, 100, and 140 7p in the fiducial run Mt1Am3. In each panel, the bottom
slice shows the midplane density, the left and right vertical walls show ¢-averaged vy /vk and Bg/B.,o, respectively, and the
Keywords: Extrasolar gaseous giant planets, Magnetohydrodynamical simulations, Protoplanetary blue iso-surface marks a constant density of p = pomia € >, where po,mia = poR™%. The black lines on the right wall show
the contours of equi-spaced azimuthally-averaged poloidal magnetic fluxes. Along the three axes (z = Rsin¢, y = Rcos ¢, z),

disks, Planet formation
’ the black ticks have a uniform spacing of 5 in code units.
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Figure 2. R-¢ plots of surface density (top) and vertical magnetic field averaged within |z| < H (bottom) normalized by the quantities are averaged in 0 < ¢ < 27 and 130 < ¢/7p < 140. The vertical and horizontal grey dashed lines show R = Rp +
CRE H : 3 5 — and z/H =-3,-2, -1, 0, 1, 2, 3 from bottom to top, respectively. The orange dash-dotted and green lines correspond to the disk
initial values and surface density normalized by the average at the orbit (middle), at ¢t = 10, 30, 100, and 140 7p from left to surface (z/H = 3.5) and Alfvén surface where the poloidal velocity equals to the poloidal Alfvén velocity. Note that vk is based

right. The time average is taken over 10 7p before the quoted values. The grey dashed circles correspond to R = Rp = rg. on cylindrical coordinates, and B.o.mia is the initial vertical field in the midplane.
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Artist's illustration of exoplanets PDS 70 b and c - J. Olmsted (STScl) Illustration of the forming exoplanet PDS 70b collecting material from a circumplanetary disk
McDonald Observatory—University of Texas, Y. Zhou (UT Austin)
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ABSTRACT

It has been considered that large satellites around gas phmets form in sim cireumplanetary dises (CPDs). However, dust particles
supplied into CPDs drift toward the central planets before they grow into satellitesimals, building blocks of the satellites. We
investigate the dust growih in laminer CPDs with magnetic wind-driven aceretion. In such laminar discs, dust particles can seitle
on to the mid-plane and grow large by mutual collision more efficient than in classical turbulent CPDs. First, we earmy y out 3!3 tocal
MHD simulations of 8 CPD including all the non-ideal MHD effects (Ohmic Hall effect, and ambi We
investigute if the disc sceretion can be governed by magnetic wind-driven aceretion and how luminar the dise con be. in a situation
where the magnetic dise wind can be launched from the disc. Secondly, we model 1D steady CPDs consistent with the results of
the MHD simutations and caleulate the sieady radial distribetions of the dust profiles in the mnce]ll:d dises, tking account of the

mals can form in such CPDs if the dust-u

1o the discs is larger than (.02, which is 50 times smaller than

the critical value i PDs. This

be satisfied when enough amount of dust piles up at the gas pressure bump,

created by the plancts. This result shows that satellitcsimals would form in liminer CPDs with magnetic wind-driven accretion.

Key words: accretion, accretion discs — MHD — planets and satellites: formation.

1 INTRODUCTION

Inis generally accepad ities arowrsl

urn formed from small sobid materials nside their circumplanetary
Alises (CPDs), byproducts of the gas sconetion of the gas planets, like
planets form in protoplasetary dises (PPDs). There are manly two
o xitur formation seenarios for the major satellits: the sateliitesimal-
actrition scemao (e.g. Mosqueira & Estrada 2003; Casup & Ward
2006 and the pebble-accretion scenario (Slibaike o al. 2019:
Ronnet & bobansen 2020). Thse former needs @ ot of saellitesimals
ikm sized or larper). building blocks of e satelbes, bot the
st litesatmal Forrarion s aor easy. Dust panicles supplied 1o the disc
auickly grow 1o pebbles {cm-m sized) hy their mutual eollision, but
they then full into the central planets due o the hesdwind neceiving
Trom the gas ib-Keph d. Shibudke o al. (2087)
ownd tat the én st formation of suelliestnsals 3 diffieull unless
the dust-10-gas mass ratio of the inflow on 1o the CBDs s larger
than unity, which is not realistic (Homea et ol 2020; Szuldgyl,

Previuus work: CPL e
(Shakira & Sumyaey 1973}, where their dynamics and evolution are
govensed by single parmeler o, the streagth of te wirbulence of
the discs, in the Heerature of the satellite formation (e.g. Shibaike
etal. 2017} However, the o parameter can be distinguished ineo two
dafferent kinds of ;nnmzm based on the plyviacal pupeme: Lbc
effichency of the angular
mengm«t dist particles. oy The former detenmines the evolution
of the gas socretion dise and the latter excies the motion of dus
(and gas) partiches (Yomdin & Lithwick 2007} If oe i high, the
s surface densaty s low and thereby the drift time-scale of pebble
can be long. On the other bomel if o 15 low, e collisdon rate
remasing high a4 e particles senle on the mid-plae, provided the
collisiin speed b not determined by e diffiseon, snd this particles
prow gquickly. Didkowska & Dullemond (2018} found thar thic is
effective foe the planelesimal formation in PPDs. In ihis paper, we
imyestigate i also works in the sarellitesimal formation.

In thee case of PPD5. the tvo \uaknsu[n cun be different when the

TrUnSpRT, o,

Binkert & Surville 2022). O Seutdgyi
2006 and Bavygin & Morhsdells { 2020 argued et i the discs lave
swrong tadial outflows on the mid-planes, the paricles can pile up
at the poasts where the iaward drift and the outward sdvection are
balanced amd sotedlitesimals form by the streaming instability from
the gathered particles. In this work, we propose ancthes solution 1o
avend the drft harrier s the saellitednal formation.

* E-mail: yuhutoshibaike® nibe. ch

the magnetic
1umm It bsas been eonsidered that the most effective accretion
mechanisan of PPDs s the magneto-rottional instababity (MRI)
(Balbus & Hawley 1991, 19983, However, Gammie {199%) found
that o of the no-ideal magnetohydrodynomic (MHD) effects,
Ohbemic sesistivity prevents the MBI sround the mid-pline, which
15 culled “dead-rone’, while it i active only i the surface of the
disc. In that case, the disc becomes a layered strciure and the gas
Moy bnwand oaly =t the upper Layer. Okumimi & Hirose (2001)
Dok ive MHD ciamabati o shenved thar

layered accretion occurs andar ~ 530y in the inner regions of
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PPDs. O the other hand, Bai {201 3D

Effective dust groweh in laminar CPDs 5445

including all three non-ideal MHID effects {Otimic resistiviry, Hall
effect, amd ambipolar diffusion) and focsd that the MR is dead not
only on the mid-pline but also ot the whole beight of the dises’
Therefore, PPDs would be laminar rather than lurbalent In that
e, the angular momeniin 15 transponted af the serfice of e dise
where the large-scale magnetic field lines are bent. This sceretion
mechuniim s called magnetic wind-driven scoretion. becmise gas
escapes from the dise along with the magnetic field lines, which 15
called dise wind (see also Section 2.2 for detailed explamstions).
Bai (2015) argoed that oa 2 10 as by o sample estimate from
the outcomse value of the s vertical velocity Auctustion of the
simubation resuls

Most of the numerieal chnsulations of CPD: caleulsted in provious
wintks are not MHID but hydrody naumses (HD). Machida, Tnutsuka &
Marsansoco (20064 and Gressel et al. (2003) carrted oul global 3D
MHD simustations of CPDs, though the fommer was sdeal, and the
tatte iiscluded oaly Obmic resistivity. They found that jet structures
can form around the centre of the CPDs like the star formation
process. In the simulation by Gressed el al (2013), MRIis active at
the surface layers of the CPDs but s dead inside the discs. 1t has also
been considered that MRI s dead i most of the regions of CPDs
other than the surfaces becanse of e short typical length scale of
the dises (Pujli et al. 2014; Keith & Wardle 2014; Tumer, Loe &
Sano 2004; Fufil et al. 20173, These works caleubsted the Elasser
number and the plasma beta of CPDs in 1D dise models. In this
wotk, we carry out 3D local non-ideal MHD simulations of CPDs
o investigate if the discs are lamimar wsd the magnetic wind-de

in Jocal 3D sratified shearing boxes, reproducing four
different locations in o CPD, r = 3, 10, 30, and 100 &, where r is
the distance Trom the central plaet, and &) is the Jupiter radios,

Here we pat two stmplifications i the CPD simulations. Fiest,
we do mot sel the vetical gas inflow 1o CPDs as the boundary
condition. The inflowing boundary condation in such shearing box
simulations has not been iwestigated well so far. In addition, the
inflovwing boandary condition can easily bneak the smulation Such
disc-wind smulations taking into acconnt the mflow effects is a
futune clallenge. Nevertheless, we discuss if the dise has enough
potential 1o launch the wind even with the inflow by using the
sinmdation results, i Section 4.1 Second. we do not consider any
hoeizoatal gas Bow either, becanse shearing box simulations do nof
have the concept of imwardfoutward directions.

The simulation baxes are arbiting the central planet with Kepler
angular velocity Oy = /G, where § iy the gravitational
constant and My = | M) {one Jupiter mass] is the auss of the central
planes. The simulstion are carred our with Canesian coardinates
(x.%, 2 Tor the radial, aeimuthal, and vertical damensions. Previous
MHD simulations in the inser regions of PPDs showed that the faal
properties do oot depend on the horizontal b stzes and resolitions.
{Bat & Stone 2013}, and we have confirmed that it 3 also s in our
cuses, This, we use I b with the vertieal amd hos; |
b sizes of 16 H, and (15 H, and the resolwtions of 25 and 8 cells
pet M, respectively, w!me H, i the gas scale height of e CPDs,
ey, whene ¢, &5 the sound speed.
and e, = /T jry. where k. T. and
B und mean molecular mass,

accretion dombnates the dise accretion. This i the first work that
carries oat 30 MHD ssmulations of CPDs with all the noa-ideal
MHD effects, but the simulations are perfirrmed ot in global but in
Lol sheiring boxes.

I Section 2, we perform 30 local poo-ideal MHD siemulati

respectively,

We st the gas temsperuture profile of the €PD as ¥ =
1600/ 10R;) - K, which b consistent with the ice mass fractions
af the Cialileun satellites fe.g Kuskoy & Kronrod 2003), uad s
the gas is 1 in gach simulstion box. Although e assumed

of a CPD. We consider siuations where the magnetic disc wind
can be launched from the disc and invesiigate if the disc siate
can be governed by the magnetic wind-Oriver accretion and .-
s much lacger than cas. In Section 3, we calculate the evolution
of dust particles in 1D CPDs modelled 1o be consistent with the
results of the MHD simubations and investigate the condition for the
satellatesimal formation. In Section 4, we estinate the region where
the dase wind 5 lanncbed agatnst the vertical gas inflow ignored in the
MHD simulatbons. We then discuss e resuls of MHD simulations
comparing with those of the previoas works, We also discuss the
feasibility of the obtained condition for the satellivesimal formation:
itean be nmﬂzumwhnmsug.mwmn W also pertonm the
pu nudies of imal formaion, We finally concld

this work i Section 5

2 NON-IDEAL MHD SIMULATIONS OF CPDS

21 Setups

We perform non-ideal MHD stmulations of 2 CPD with an open
source MHD code A’ (Stane et al. 2008). The ssmularions are

1Bai & Sime (2003) abo fund st the MRI is dead ot she while height

of PPOn by MHD simeilations inchuding (Hmic resistivity and ambipalar

diffusion.

*The wonl “disc wind” is used for general mass-loss fram PPDs, and it

baunches not paly fom magnetic wind.driven accretion discs but alsn from

MR turbulens disce (Surubi < al. 3015
y S Atk Ot

temperature is lower than that of wrbulent discs, we note that the
heating can occur ai high altiude in magnetic wind-riven scereton
dises, and the mid-plane temperaure can be lower (Mori, Bai &
Okuzuers 201%). As the mitial conditions, we sef the gas surface
densaty as £ = 100KA108; )% gem— (see Sectaon 4.2 for the
n:.m:m why wc chouse this profile) and the density distribution in

lib W i the s ratio of 01 pme-aized
dust particles a5 fi, = 1 % 107"

We also set the mitzal magnetic theld as ﬂ.. = (0.0, By where B,
45 chareterized by a parsmeter f = K oc? /7, whiich is assumed
as fo = W 10 this work. Depending on the disection of S the Hall
effect amplifies o dumps the magnenic held. We here mke 8, w be
algned with the dise mtation vector in whsch the muagnetic field =
amplified by the Hall effect.

We give the muagnetic diffusivities of the non-idead MHD effects
with caleulsting the balance berween the lonization and recom-
bination, basically following Mol et al (2019}, The magnetic
diffissiviies depend on the number densities of charged particles.
(ebevtons, jons, and charged dust panscles). The ionizadon sources
are cosmic rays, stellar X-ruys, and radiomsclides. The cosmie my
ionzation gage profile 15 described o Sane et al, (2000 wikich s
hased on Umebayashi & Nakano (1981). The ionization e of the
X-ny follows the fiming formuln consdstent with lpea & Glasgold
(1999) and Bai & Goodman (2009), but we negléct components
that direetly resch the dse surface. We se the X-my lemperiture
w be $keV and the Xoruy lominosity o be 2 = 10%ergs!.
Also, the location of the CPD s assumed 1o be 5 2au from the
protosun. The laner s the median value of the luminosity of
the Solar-mass stars i te Owlon Nebula Cluster (Caemire e al

MNRAS 518, 3444-3456¢ 2023)
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201 The rachonuclide jonization mie i set as o constant value
of 16 10-"s-! {Umebayashi & Nakano 2008). We conaader the
recombination in gas phase and on dust paacles, where we represent
boers and donized dust particles by a single species. We limit the 1otal
diffusivities 1 30004, & aveid the calculation time step 10 be oo
short.

We also consider the insizalion by farultraviolet rdiation (FUV)
above its penetrasion depth. The siellar FUV rays are. scamered
aroursd the wall of the gaps and partially enters the CPDs, which
is reduced to d percent of the steblar luminosity (Tumer et al. 20123
We assume the stellar FUV luminosity as 2 = 10" ergs~!, and 50
the FUV flux reaches 1o the CPDs s equivalent 1o the luminosity
af § % 10 ergs™, The stellar FUV luminosity is set 3 2 highes
value than that of the current sun because it chould have heen
luigher in the puat feg. Yang & Kmmbole 20120 The penetration
depth 5 then about (103 g em ™, Tollowing the onization models i
Pesee-Becker & Chiang (2011). We obtain the ioaization fraction of
3w M i the FUV Layer with o siniber treatmens wsed in Bl &
Steme (2013),

22 Results
221 Magnetic dise wind of CPDy
The obtained resubs of the four simalations a1 the differem places
are gualitatively samilar, so we focus on the sinulaion results at
r= 10K, Fig. | represents the vertical profilis of the density,
velocity, amd magnetic fields of the simulation result. These are
temporal and bortzontal average over the Lasy 10 orbits of the
total 50 orbits. However, afier the vertical profiles reach tsese states
showss in the figure, the profiles are almost sieady and have only
sinll vartation. These vertical profiles are like these of PPDs wath
wind-driven sccretion (e.2. Bas & Stome 2003

MNRAS SIE, 54445456 {2123}

i (Memic pesissivity £ A, Hiall effect (x ). ambipolar diffusion { Am), and plasena beta ()

The upper two panels of Fig. | show that the magnetic disc wind
is lounched from thee surfaces of the CPD i|z] = 4 H,)L ALjz] =
A H,, the density profile deviates {rom the equilibdum prodile given
2 the initial profile (upper lefi panel) and the g2 flows out vertically
{upper nighth. Thasis expladced by the behaviouar of the magnetac Geld
dlewer lefty. The gas is pushed up to the sarfaces of the CPD by the
tovoidal nuagetic field amplified at |2) < 4 #, The gas then gains
angular momentum via the poloidal fedd threading the dise around
its surfaces, thereby Bowing away ax the dise wind. The disc wind is
launched continnously in this siation.

The magnetic field profile can be explained by the Elsasser
nainbers of the diffusivinies {lower nght). The Elsasser number of &
diffusivity i is defived a5

S

Frvel i
where v, i the Alfvén speed. When the Ebasser number is less than
unity, the son-ideul MHD effects are stronger than the magneiic
induction due 1o the chear Bow, Around the mad-plane, the Olinie
diffusion is the dominant MHD process. Perurbations of magnetic
field are quickly diffused. and so the magnetic field s consgant.
In addition, wnbipolar diffusion dominales over the magnete
induction within 4 H,. For these reasons, the MRI norbulence is
Tully suppressed below &4, snd therefore the CPD s Laminar
Nevertheless, the Hall effect af : = 2-4 H; amplifies the magnetic
Theld. Aow fie. Hall-shear ility: Kunz 2008), The
amplified foroidal field diffuses into the CPD, 30 that the magnetic
fheld is s1all stromg even in the disc.

A

2.2.2 Magnetic wind-driven avcretion

The dise wind llowing out from the surfaces of CPDy takes the
dise angular momentum from the gas around the surfaces. The gas
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ABSTRACT
We present global hyﬂmd\n.nnuc {HDY) and with mesh reii af

ic (MHD) si
accreting planets embedded in ;rmnpian:tary disks fPFDs}_ The magnc!lznd disk includes Ohmic resistivity that
depends on the overlying mass column, leading o turbulent surface layers and a dead zone near the midplane.
The main resulbts are: (1) the acoretion flow in the Hill sphere is intrinsically three-dimensional for HD and MHD
models. Net inflow toward the planct is dominated by high-latitude flows. A circumplanetary disk (CPD) forms. Iis
midplane flows outward in a pattemn whose details differ between models. (2) The opening of a gap magnetically
couples and ignites the dead zone near the planet, leading 1o stochastic accretion. a quasi-turbulent fiow in the
Hill sphere. and a CPD whose structure displays high levels of variabiliey. (3) Advection of magnetized gas onto
the rotating CPD generates helical fields that launch driven outfl Durmg one specific
epoch, a highly collimated, one-sided jet s ohserved. (4) The CPD's surface density is ~30 g cm . small enough
for significant ionization and wrbulence to develop. (5) The accretion rate onto the planct in the MHD simulation
reaches a steady value 8 x 10~ My yr ' and is similar in the viscous HD runs. Our results suggest that gas accretion
onto-a forming giant planet within a magnetized PPD with a dead zone allows rapid growth from Satumian to
Jowian masses. As well as being relevant for giant planet formation. these results have important implications for
the formation of regular satellites sround gas giant planets.
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Key words; magnetohydrodynamics (MHD) —
protoplanctary disks
Chaline-only material: color figures

1. INTRODUCTION

Gas giant planets are widely believed to form via core nu-
clented accretion, & scenario that begins. with the formation of
a solid rock and ice core in a protoplanetary disk (PPD) by
the agglomeration of smaller bodies {planetesimals} and which
concludes with the accretion of a gaseous emvelope from the
surrounding nebula (Mizuno 1980). Althongh it has been sug-
gested that giant plancts may form throogh the direct gravita-
tional fragme niation of a massive PPD during its carly evolution
(Boss 19495), circumstantial evidence for core accretion having
operated inthe solar system is provided by the inferred existence
of significant cores in Satumn. Uranus, (e-g.. Saumon & Guillot
200} and Neptune, It can further be argued that the substantial
numbers of relatively low-mass super-Earth and Neptune-like
extrasolar plancts being discovered (e.g., Lissauer ct al. 201 1)
indicate that core accretion is a common mode of planctary
formation outside of the solor system.

Detailed one-dimensional (1D} models of gas giant planes
i ion indicate that pe occurs in two distinet
stages: {1} a guasi-static contraction phase during which the
envelope mass grows slowly over timescales = 1 Myr (Pollack
et al. 1996) and (2} a mnaway growth phase during which
the envelope accretes dynamically onto the planct. This laicr
phase normally arises once the envelope excoeds the core mass,
corresponding 10 3 total planet mass =35 M. Prior o runaway
gas accretion, the protoplanet remains embedded in the nebula
and the bloated envelope is envisaged to connect smoothly onto
the surrounding disk. During the runaway phase, however. the

methods: numerical — planets and satellites: fonmation —

planet contracts down to a size =3 Jupiter radii and gas accreti
is expected 1o ocour through a circumplanetury disk (CPD tf
forms by the flow of gas into the planct Hill sphere (Papaloiz
& Nelson 2005). We note that the 10 envelope calculatio
indicatc that plancts with Saturn-like masses (~0.2-0.64
arc likely 1o experience maximal gas accretion (Pollack et

19496}, as the flow onto the planct is relatively unimpeded

the compressional heating of the envelope for these mass
Although these 1D quasi-static calculations cannot determi
the details of the hydrodynamic (HD) flow, so some dou
remains about the acwall aceretion rate, it is noteworthy tf
cxtrasolar plancts with masses similar 1o Satum are commo
even though existing calculations suggest that once 3 pla
cnters the nmaway gas-scoretion phase it should grow rapic
beyond this mass if it is in the of 4 significi
gas reservoir. One motivation for performing the calculatio
presented in this paper is o address this issue and fo exami
whether or not a passible bottleneck exists that can prevent rap
growth of plancts in this mass range.

The formation of 2 gas giant planet throwgh gas aceretion a
the action of tidal torgues lead to the formation of an song
gap around the vicinity of the planet (Lin & Papaloizou 19
Bryden et al. 1999, Kley 1999, Lubow et al. 1999). This m
also herald the transition of the planet’s migration from ty
I {Ward [997) during the embedded phase to type I when
gap has formed (Lin & Papaloizou 1986, Nelson ct al. 200
Material then feeds onto the planct through the gap at the visco

¥ Dut of 720 confirmed extrasolar planets lised on exoplanats. arg.
sqproimateky | 70 have masses in the range 0.2-1 A,

a ! £ L] a

Figure 1. Midplane slices of kag(s ). Fram sop to botom: (o) MHD ran, ¢bi HD
mum with cooling. {cj iscthermal HD mun. Black conioars imdicaie the poiential
surfaces passing ihrough the Lagrange painds L1 and L.

(A coloc version of this fgure is available in ihe online jowmal )
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Figure 2. Meridional plane showing logipe) at the planet location (note the
separate color bars for the insets). From top to bottem: {a) MHD run, (b) HD
man with cooling, (cj isethermal HD un. Underdense layers above and below
the CPD are related to pairs of poloidal vortices.
{A color version of this figure is available in the anline journal.)
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Figure 12. Similar to Figure | 1, but for midplene slices of the gas density.
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{A color version of this figure is available in the online journal.)
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Figure 13. Radial-vertical slice of the logarithm of the plasma parameter,
fe= "p,l’Bz and projected magnetic field lines. Averages are taken over eight
planct orbits at the time corresponding to the last panclin Figure 11

(A color version of this figore is available in the online journal )
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Abstract. We ducmd\tepuwhdury o Tauneh an outflow from the close vicimity of a protoplanetary core considering & modef

scemanoe where ihe p led by & cire If

v accretion disk s located 10 a circum-siellor disk. For the

-l

circimeplanetary dnk atcretion rate we nasume Mo, = 6% 107" My v implying peak dusk temperaiures of shout 2000 5. The
estimated disk jonezation degree and Reynolids mimber allow for a sufficient coupling between the disk maner and the magnetic
fiedd, W finad theat the surface magnetic field strenoth of the proteplanet is probably st moee than 10 G, isdicating that the global
planctary mameiosphere is dommated by the crreum-planetary disk magnetic fleld of 230G, The existence of a gap between
circume-planetary disk and planet seems 1o be unlikety. The estmmed feld swengily and msss flow mies allow for ssympiotic
wutflow velocities of 260 km s~ . The everall outflew grametry will be governed by the orbital mdius, resembling o lollew wbe
ant come perpendscular the disk. The length of' the ourflow buailt up dursmg ome arbital perod 15 shoat 100 AL depending an the
wutflow velocity. Ourflows: from circum-planetary disks may be visible m shock excited emission lines along o iwbe of diameter
af the ocbital radius und thackiess of sbout 100 pridoplanetary radis. We denve paticle densities of 3000 cm-? s this layer.
Energetically, proteplanctary owutflows cannet survive the imeraction with a pososiellar ouflow. Due w the eificient angular
momentum femoval by the outflow, we expect the protoplanstary outflew 1o influence the sarly planet angular momentum
evalution. If this @ true, planets which have produced an outflow in carlier tmes will rotate slower o1 later tmes. The inass
evalutis of the planiet is, bowever, hardly affected as the ourflow mass loss rate will be sosall consrred to the mass accummulated

by the protoplanetary core.

ey words. 1SM: jets and ourflows — stars: planetary systems: formation - stars: plasetary systems: peotoplonetary disks

1. Introduction

With the discovery of exvasolar planets during the last decade
the scientific mterest in planct formation has been increased
substantially. In particular, with the help of the computational
power existing today, it has become possible to perform nu-
merical simulations of a circumstellar aceretion disk contain-
ing and building up an orbiting protoplanctary core (e.g. Kley
1994; Bryden et al. 1999; Lubow et al. 1999; Kley et al. 2001
D7 Angelo et al. 2002; Tanigawa & Watanabe 2002; D" Angelo
et al 2003xb; Bate et al. 2003}, Although differing n cer-
tain aspects {spatial resolution of the region close to the proto-
planet, number of dimensions ireated) these simulations havie
provided us with ihe same general resulis. In particular, the
simulations show bow tidl nteraction between the protoplanct
and the disk material opens up a gap in the circum-stellar ac-
cretion disk along the orbit of the planctary core. Mass accre-
tion in the circum-stetlar disk, however, continues across the
gap. The circum-stellar disk material entering the Roche lobe
of the protoplanet becomes captured and finally scereted by the
protoplanetary core. The simulations also demonstrate how the

* eemail: cfendtfaip. de

sccretion stream imitimbly affected by strong shocks waves
eventually builds up a ciroum-planetary sub-disk in almost
Keplerian rotation elose to the planet.

On the other hand. 0 the context of astrophysical jeis
it 15 well csiablished that outflow formation is cousally con-
nected to the presence of an accrefion disk and strong sag-
netic fields (see Blandford & Payne 19%2; Pudritz & Morman
1986; Camenzind 199(; Shu et al. 1994). This sttement hobds
for o wide range in outflow energy and spatinl scale — for
young stellar objects, microquasars and active galactic nuclei,
Observations as well as theorctical models strongly suggest
that astrophysical sources of outflows are (highly) magnetized.
The magnetic field is responsible for aceeleration and collima-
tion and for lifting the matter from the disk into the outflow.

In the scenanio of planet formation within a circum-stellar
accretion disk., the presence of 2 magnetic field can be expected
as well. A central protostellar dipolar magnetic ficld of 1000G
surface field stremgth may provide only about 20 pG st 5 AU
distance. This {(weak) fickd, however, may act as a sced ficld
for dynamo action taking place m the circum-stellor accretion
disk, in the protoplanciary core, or in the circum-planctary disk.
Muost of the present-day Solar system plancis carry a substantial
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Magnetized protoplanetary disk winds - U. v. Kusserow/C. Fendt (2023)



Entstehung des magnetischen Sonnensystems

Zirkumplanetare Scheiben, Jets - Circumplanetary Disks, Jets

C. Fendt (2003) Magnetically driven outflows from Jovian circum-planetary accretion disks

Z. Fu, S. Huang, C. Yu (2024) Boundary Layers of Circumplanetary Disks around Spinning Planets |l. Global Modes with Azimuthal Magnetic Fields
Y. 1. Fujii et al. (2017) Orbital Evolution of Moons in Weakly Accreting Circumplanetary Disks

O. Gressel, R. P. Nelson, N. J. Turner (2013) Global hydromagnetic simulations of a planet embedded in a dead zone: Gap opening, gas accretion, and
formation of a protoplanetary jet

L. Krapp et al. (2024) A thermodynamic criterion for the formation of Circumplanetary Disks

J. Li et al. (2024) Challenge of direct imaging of exoplanets within structures: disentangling real signal from point source from background light

N. Maeda et al. (2024) Delivery of Dust Particles from Protoplanetary Disks onto Circumplanetary Disks of Giant Planets

N. Oberg et al. (2022) Circumplanetary disk ices - |. Ice formation vs. viscous evolution and grain drift

A. Schneeberger, O. Mousis (2024) Impact of Jupiter's heating and self-shadowing on the Jovian circumplanetary disk structure

Y. Shibaike, 5. Mori (2022) Effective dust growth in laminar circumplanetary discs with magnetic wind-driven accretion

Y. Shibaike, C. Mordasini (2024) Constraints on PDS 70 b and c from the dust continuum emission of the circumplanetary discs considering in situ dust evolution
A. G. Taylor, F. C. Adams (2024) Formation and Structure of Circumplanetary Disks and Envelopes during the Late Stages of Giant Planet Formation
A. G. Taylor, F. C. Adams (2024) Radiative Signatures of Circumplanetary Disks and Envelopes During the Late Stages of Giant Planet Formation
W. R. Ward, R. M. Canup (2010) Circumplanetary Disk Formation

Z. Zhu (2015) Accreting Circumplanetary Disks: Observational Signatures

https://ulrich-von-kusserow.de/index.php/buecher/magnetisches-sonnensystem-solare-eruptionen-sonnenwinde-und-weltraumwetter/entstehung-sonnensystem




!
ol I Jp

o
&

s rotostar =

- T

g “4‘| .
i
o
s
)

— e *
\é

|
v

\i‘ \ J- {(» ¢ ¥ o L f PR + ¥ b k ¢ &
Ty | ! i i [ i \ 4 ¢ @ @

ANy \¢ o \b ¢ 3 / 3\ ¥

- =

P B\ \\ ¥ AN ‘L v\ p 4 BN A et
N\ N \. \\ X é’ Y é & s & - o OECRS
R S RSN N TN ) — o e

—
NS e S % e e e

4-.»—9—9—9—9~a-—9,‘
- Rl | & = = EOE

Results of simulation calculations: electrically charged particles are pre-

“Ash rain” drifting outwards above the accretion disk near the protostar, driven by matter ejection in protostellar winds
ferentially transported poleward due to their binding to the magnetic
fields in collimated protostellar jet streams (above), neutral particles drift

Y. Tsukamoto/Kagoshima University, M. N. Machida, S. Inutsuka (Editing: U. v. Kusserow)
more strongly outwards because of centrifugal forces (below)
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Streams and Bubbles: Tidal Shaping of Planetary Outflows
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ABSTRACT

Planets lose mass to atmospheric outflows, and this mass loss is thought to be central in shaping
the bimodal population of gaseous giant and rocky terrestrial exoplanets in close orbits. We model
the escape of planetary atmospheres in three dimensional gas dynamic simulations in order to study Stream
their emergent morphology. Planetary outflows show a range of shapes from fast, isotropic outflows ¥ P——
bounded by bow shocks to slower motion confined to thin streams. We show that a crucial factor is o -
the role of the tidal gravity and orbiting reference frame in which planets lose mass. Flows can be
characterized by the dimensionless Rossby number evaluated at the scale of the Hill sphere. Flows
with a low Rossby number are significantly deviated and shaped by the stellar gravity, while those
with a high Rossby number are comparatively unaffected. Rossby number alone is sufficient to predict
outflow morphology as well as kinematic gradients across transit. The known exoplanet population
should span a range of outflow Rossby numbers and thus shapes. We can use this information to
constrain outflow physics and to inform observing strategies.

pr——
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Keywords: Exoplanet atmospheric dynamics, Tidal interaction, Transits ‘ " planet
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Interaction of stellar and planetary magnetic fields (a). Based on the results of computer simulations, different magnetic field topologies arise in the vicinity of the
planets depending on the relative orientation of stellar and planetary fields to each other (b and c) - A. Strugarek, compilation: U. v. Kusserow




¢ =V)X(T;XE)—VX(T]OD'VXE)'FV’X{UAD'(VXE) Xﬁ}—VX[VX{f?HD(V)XE) XE)}]




- » > S = ". o -‘ .:_‘\ oA ’ _ 4 ‘- ; .. ( N
B AN e - AN\ 3
< o AA h

Solar-like stellar winds and space weatherin a magnetic protoplanetary system - U. v. Kusserow/M. Druckmdiller
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3D simulation of a massive (Carrington scale) stellar coronal eruption initiated from a magnetogram - B. J. Lynch et al. (2019)
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THE ROLE OF TURBULENT MAGNETIC RECONNECTION IN THE FORMATION OF
ROTATIONALLY SUPPORTED PROTOSTELLAR DISKS

R. SaNTOs-Lima’, E. M. DE GouVEIA DAL PINO!, AND A. LAZARIAN?
! Instituto de Astronomia, Geofisica ¢ Ciéncias Atmosféricas, Universidade de Sdo Paulo, R. do Matio, 1226, Sdo Paulo, SP 05508-090, Brazil
? Department of Astronomy, University of Wisconsin, Madison, W1 53706, USA
Received 2011 Seprember 13; accepted 2011 December 8; published 2012 February 10

ABSTRACT

The formation of protostellar disks out of molecular cloud cores is still not fully understood. Under ideal MHD
conditions, the removal of angular momentum from the disk progenitor by the typically embedded magnetic field
may prevent the formation of a rotationally supported disk during the main protostellar accretion phase of low-mass
stars. This has been known as the magnetic braking problem and the most investigated mechanism to alleviate this
problem and help remove the excess of magnetic flux during the star formation process, the so-called ambipolar
diffusion (AD), has been shown to be not sufficient to weaken the magnetic braking at least at this stage of the disk
formation. In this work, motivated by recent progress in the understanding of magnetic reconnection in turbulent
environments, we appeal to the diffusion of magnetic field mediated by magnetic reconnection as an alternative
mechanism for removing magnetic flux. We investigate numerically this mechanism during the later phases of the
protostellar disk formation and show its high efficiency. By means of fully three-dimensional MHD simulations,
we show that the diffusivity arising from turbulent magnetic reconnection is able to transport magnetic flux to the
outskirts of the disk progenitor at timescales compatible with the collapse, allowing the formation of a rotationally
supported disk around the protostar of dimensions ~ 100 AU, with a nearly Keplerian profile in the early accretion
phase. Since MHD twrbulence is expected to be present in protostellar disks, this is a natural mechanism for
removing magnetic flux excess and allowing the formation of these disks. This mechanism dismisses the necessity
of postulating a hypothetical increase of the ohmic resistivity as discussed in the literature. Together with our earlier
work which showed that magnetic flux removal from molecular cloud cores is very efficient, this work calls for
reconsidering the relative role of AD in the processes of star and planet formation,

Key words: accretion, accretion disks - diffusion ~ ISM: magnetic fields ~ magnetohydrodynamics (MHD) -
stars: formation — turbulence

resistive urbulent

hydra ideal MHD

(1.4x107" gem™y

Figure 2. Face-on {top) and edge-on (botiom) density maps of the central slices of the collapsing disk modets listed in Table 1 st a time 1 =9 5 10" £ (20,03 Myr).
The armows in the top pancls represent the velocity field direction, and those in the bottom panels represent the magnetic field direction. From left 1o right columns:
(1) the pure hydrodynamic rotuting system, (2) the ideal MHD model, (3) the MHD model with an anomalous nesistivity 1Y times larger than the ohmic resistivity.
ie. = 1.2 10% e ' and (4) the turbulent MHD model with urbalence injected from ¢ = 0 until ¢+ = (L0135 Myr. ATl the MHD models have an initial vertical
magnesic field distribution with intensity B, = 35 pG. Each image has a side of 1000 AU
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APPLICATIONS OF FAST MAGNETIC RECONNECTION MODELS TO THE ATMOSPHERES OF THE SUN
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ABSTRACT

Partially-ionized plasmas consist of charged and neutral particles whose mutual collisions modify
magnetic reconnection compared with the fully-ionized case. The collisions alter the rate and locations
of the magnetic dissipation heating and the distribution of energies among the particles accelerated
into the non-thermal tail. We examine the collisional regimes for the onset of fast reconnection in two
environments: the partially-ionized layers of the solar atmosphere and the protoplanetary disks that
are the birthplaces for planets around young stars. In both these environments, magnetic nulls readily
develop into resistive current sheets in the regime where the charged and neutral particles are fully
coupled by collisions, but the current sheets quickly break down under the ideal tearing instability.
The current sheets collapse repeatedly, forming magnetic islands at successively smaller scales, till
they enter a collisionally-decoupled regime where the magnetic energy is rapidly turned into heat
and charged-particle kinetic energy. Small-scale, decoupled fast reconnection in the solar atmosphere
may lead to preferential heating and energization of ions and electrons that escape into the corona. In
protoplanetary disks such reconnection causes localized heating in the atmospheric layers that produce
much of the infrared atomic and molecular line emission observed with the Spitzer and James Webb
Space Telescopes.
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YSO Jets Magnetocentrifugally Driven by Reconnecting Atmospheric Avalanche Accretion Streams Above Inner
Circumstellar Disks
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ABSTRACT A

Fast, collimated jets are ubiquitous features of young stellar objects (YSOs). They are generally thought to B0 G0 005 G075 100 D125 G080 625 0050 3! 0100 0125 0.060 007

be powered by disk accretion, but the details are debated. Through 2D (axisymmetric) MHD simulations, we i

find that a fast (> 100 km/s) collimated bipolar jet is continuously driven along the north and south poles of e y "Bt 1'2 ot 1 20 R 1Tl
the circumstellar disk that is initially magnetized by a large-scale open poloidal field and contains a thermally ' b
ionized inner magnetically active zone surrounded by a dead zone. The fast jet is primarily driven magneto-
centrifugally by the release of the gravitational binding energy of the so-called “avalanche accretion streams™
near the boundary of an evacuated poloidal field-dominated polar region and a thick disk atmosphere raised by
a toroidal magnetic field. Specifically, the fast outflow is driven along the upper (open) branch of the highly A
pinched poloidal field lines threading the (strongly magnetically braked) accretion streams where the density is "
relatively low so that the lightly loaded material can be accelerated magneto-centrifugally along the open field
line to a high speed. The highly pinched poloidal magnetic fields threading the avalanche accretion streams tend
to reconnect, enabling mass to accrete to the center without dragging along the poloidal magnetic flux with it.
The reconnection provides a potential heating source for producing chondrules and calcium- and aluminum-rich R LR R T (T T R T R S T e R R T TR M 2 E R BT
inclusions (CAls). R [au] R fau] Riaul

Keywords: Accretion (14) — Jets (870) — Circumstellar disks (235) — Young stellar objects (1834)
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Abstract

During stellar evolution, especially in the pre-main-sequence phase, stellar structure and rotation evolve
significantly, causing rn:uor changes in the dynamics .-md global flows ol’ the star. We wish to assess the
of these changes on stellar d)n;\mo ic ficld gy, and activity level. To do so, we
have pcrl'ommd a series of 3D HD and MHD simulations with the ASH code. We choose five different models
characterized by the radius of their radiative zone following an evoll y track computed by a 1D stellar
evolution code. These models characterized stellar evolution from 1 to 50 Myr. By i ducing a sced mag
ficld in the fully convective model .'md spmadmg its evolved state through all four n:m;umng cases, we observe
systematic variations in the dynamical f and ic ficld amplitude and topology of the models. The
five MHD simulations develop a strong dyrmmo ficld that can rcach an equipartition state between the kinetic and
magnetic energics and even superequipartition levels in the faster-rotating cases. We find that the magnetic ficld

amplitude increases as it cvolves toward the zero-age main sequence. M . the magnetic ficld topology
becomes more complex. with a decreasing axisymmetric component and a nonaxisymmetric one becoming
predominant. The dipolar comp d as the ratc and the size of the raduu\c core | mrr:.m: The
magnetic fields possess a mixed poloidal-toroidal topology with no obvious domi the
relaxation of the vestige dynamo magnetic ficld within the radiative core is found to sausf\' MHD stability criteria.
Hence. it does not experience a global reconfiguration but slowly relaxes by retaining its mixed stable poloidal-
toroidal topology.

Key words: convection — dynamo — magnetohydrodynamics (MHD) — stars: interiors — stars: magnetic field

1. Stellar Evolution and Magnetism

Stellar rotation is known to significantly change over the
course of stellar evolution (Gallet & Bouvier 2013). Once the
star is formed. ic.. nnhccndol’:hcpmnstclhrplmc it enters.
the pre-main-sequence (PMS) phase. This stage is characterized
by a strong contraction of the star under the action of gravitation
and the absence of long-term thermonuclear reactions. When H
burning occurs at the center of the star and stellar contraction
stops, the young star arrives on the main sequence (MS). where
it will spend the majority of its lifetime. The very beginning of
this stage. when the H buming stants, is called the zero-age main
soquence (ZAMS). This stage also corresponds to a rapid overall
increase of the rotation of the star.

At the very beginning of the PMS phase, stellar rotation
remains constant since the star is in a disk-locking phase until
about 3-10Myr, when it decouples from the vanishing disk.
Then as the star contracts under the influence of gravitation,
stellar rotation increases as a consequence of angular
momentum conservation until it reaches the ZAMS. Later, on
the MS, stellar ion d as jion stops and
magnetic winds start braking the star. This is not the only
drastic evolution that young stars experience during this phase
of stellar ion, as their luminosity also varies by a large
factor. The intemal structure is too strongly impacted as the star
cvolves along the PMS phase. Indeed, starting from a fully
convective state, their mdl:nl\c zone grows continuously, due
to the ignition of th ions in their decp core,
such as occupying most of their interior upon their arrival on
the ZAMS. These major changes impact the star’s properties,
especially their internal rotation and magnetic ficld.

Stellar rotation rate, internal rotation, and magnetic ficld are
strongly linked through complex physical processes. At the
very beginning of stellar evolution, stars are meant to rotate
quite fast since they contract and accrete angular momentum
from the disk. However, observations led. for instance, by
Bouvier et al. (1986, 2014) show that they only rotate at 1/10
of their breakup velocity. Hence. some physical processes
prevent stars from spinning up at the very beginning of their
PMS evolution. Magnetic ficld is a likely candidate to explain
this phenomenon, as it controls the interaction between the star
and its disk. Even after the disk-locking phase. magnetic ficld
has a strong link with rotation through wind-braking and core-
envelope couphng Magnetic ficld can also possibly modify the

T in stellar interiors through
M. 1l s. For i it has been invoked to explain
the flat rotation profile in the radiative interior of the Sun. along
with other processes such as intemal waves (Charbonnel &
Talon 2005: Eggenberger et al. 2005). It is quite clear that a
feedback loop between rwmon and magnetic field must exist.
On one hand. the i the magnetic ficld through
dynamo processes, and mpcctally through the shearing of
magnetic field lines by the differential rotation of the
convective envelope (e.g., the Q-cffect). On the other hand.
magnetic field topology and amplitude impact braking by the
wind. Evidence of such an influence was studied. for instance.
by Pizzolato et al. (2003), Wright et al. (2011), Goadoin
(2012). Reiners ct al. (2014), Matt et al. (2015). and Blackman
& Owen (2016). These analyses showed a comrelation between
coronal X-ray emission and stellar rotation in late-type MS
stars, revealing the existence of two regimes. In the first one, at
Rossby numbers greater than 0.1-0.3, the X-ray cmission is

Tue Astmormvsicat Journar, 8468 (26pp). 2017 September | Emeriau-Viard & Brun

ns ns ~2550 2590

et 599 265 7650

+

-20% s +5330 5330

J
126 s 11000 11000

C70m

466 46.6 3500 3300

Left and middle columns : shell slices at the surface of radial velocity and radial magnetic
field for the five MHD simulations. Right column: equatorial slice of B, for each model.
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ABSTRACT

How actively I accrete their mass is still greatly dcb:lcd Observations are m pactmg
together the puzzle of embedded pm(mlcllar a\:cu'llon. in particular with new facilities in the frared. H
theoretical models are still l:\:kmg. \mi\ a stark paucity of detailed \mml:umm of these early phases. Here we pmv:nl ln_gh -resolution

deal ions of a Solar mass at rates ing 10-°M,, yr™'. We show the results
of the nctn:tlon flow for four different protostellar magnetic fields, 10 G, 500 G, 1 kG, and 2 KG. combined with a disk magnetic
field. For weaker (10 G and 500 G) p ic fields, ion occurs via a turbulent boundary layer mode, with disk material
impacting across the protostellar surf:cc. In the 500 G model. the ofa i i outflow focuses the accretion

towands the equator, slightly enhancing and ordering the accretion. For kG magnetic ficlds, the disk becomes truncated duc to the
protostellar dipole and exhibits magnetospheric accretion, with the 2 kG model having accretion bursts induced by the interchange
instability. We present bolometric light curves for the models and find that they reproduce observations of Class 1 protostars from
YSOVAR. with high bursts followed by an exponential decay possibly being a signature of instability-driven accretion. Finally,
we present the filling fractions of accretion and find that 90% of the mass is accreted in a surface arca fraction of 10-20%. These
simulations will be extended in future work for a broader parameter space. with their high resolution and high temporal spacing able

to explore a wide range of interesting protostellar physics.

Key words. Stars: p - Accreli jon disks — Method:
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r— 1. Introduction

7

— Protostars are the bloated embryos of main-sequence stars that

when most of the protostar’s mass has already been accumulated
(e.g.. Gravity Collaboration et al. 2023b,a). During the main ac-
cretion phases of protostar formation, the protostar’s natal core

- are actively accreting material l’mm (hcur natal env
+— In the earlier phases of evol, are still
+ deeply embedded within their rulal cores and surrounded by
relatively massive disks, resulting in substantial accretion rates,
. 2 107 My yr”. Direct knowledge of how protostars accrete
their mass typically comes from observations at more evolved
stages, such as T-Tauri stars, when the central protostar is ex-
posed, the disks have been largely depleted and the accreti

and disk ob: the ion zone, licating efforts to di-
m.lly probe the inner accretion disks and “follow how the mate-
rial is delivered onto the protostar.

Multi-physics star formation simulations can capture the ear-
ar formation from the large scales (sub-parsec
mulations and 1-10s of parsec for molecular

rates drop below s, < 107%M,, yr~'. Since these objects are
exposed, it becomes significantly more feasible to observe emis-
sion from the accretion zones, primarily in the form of X-rays
(Feigelson & Montmerle 1999: Feigelson et al. 2007), ultravi-
olet emission (Manara et al. 2023) and hydrogen recombina-
tion emission (Fischer et al. 2023). There are indirect methods
10 estimate the accretion rate, such as determining the proper-
ties of protostellar outflows and inferring the accretion rate via
theoretical models (e.g. Avison et al. 2021). Modern observa-
tional facilities, such as the Very Large Telescope Interferometer
(VLTI) with the GRAVITY instrument, are now probing the ac-
cretion of more embedded systems, tracing evolutionary times

arxXiv:2410.1

* E-mail: brandt.gaches @chalmers.se

cloud simulations) (e.g. Dale et al. 2012: Rosen et al. 2016;
Offner & Chaban 2017: Seifried et al. 2017; Cunningham et al.
2018: Wurster et al. 2019: Rosen & Krumholz 2020: Grudié
. 2021; Rosen 2022; Suin et al. 2024), but must use sub-
grid prescriptions to model the protostar as an unmagnetized sink
icle which accretes mass from an assumed accretion region
(Offner et al. 2009; Bleuler & Teyssier 2014). These simulations
are broadly able to reproduce the aceretion rates from analytic
accretion models (i.e. Shu 1977: Bonnell et al. 2001: McKee &
Tan 2003). However, these parsec-scale simulations cannot re-
solve the accretion flow directly onto the protostar due 1o reso-
lution constraints: resolving from molecular cloud scales to the
surface req| g 7-8 orders of magnilude

across length scales. The combined theoretical and observational
challenges mean the underlying physical processes of protostel-

Anticle number. page | of 15
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‘the ratio of the poloidal ram pressure plus thermal pressure to the poloidal
magnetic pressure within the inner 0.2 AU of the disk
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E-ELT Spectropolarimetry: The Science Case

A Community Proposal to ESO (July 2009) Polarimetric modeling and assessment of science cases for Giant

Magellan Telescope-Polarimeter (GMT-Pol)

Ramya M Anche®, Grant Williams®, Hill Tailor®, Chris Packham®, Daewook Kim®¢, Jaren N
Ashceraft™, Ewan S. Douglas®, and GMT-Pol team’

“Steward Observatory, University of Arizona, 933N Cherry Avenue, Tucson, Arizona, 85721, USA
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Arnizona, 85721, USA

ABSTRACT

Polarization observations through the next-generation large telescopes will be invaluable for exploring the magnetic fields
and composition of jets in AGN, multi-messenger transients follow-up, and understanding interstellar dust and magnetic
fields. The 25m Giant Magellan Telescope (GMT) is one of the next-generation large telescopes and is expected to have
its first light in 2029. The telescope consists of a primary mirror and an adaptive secondary mirror comprising seven

circular segments. The telescope supports instruments at both Nasmyth as well as Gregorian focus. However, none of the

60v1 [astro-ph.IM] 8 Sep 2023

first or second-generation instruments on GMT has the polarimetric capability. This paper presents a detailed polarimetric

U

—\:DT modeling of the GMT for both Gregorian and folded ports for astronomical B-K filter bands and a field of view of 5 arc

G"\. minutes. At 500nm, The instrumental polarization is 0.1% and 3% for the Gregorian and folded port, respectively. The

rcf'?, linear to circular crosstalk is 0.1% and 30% for the Gregorian and folded ports, respectively. The Gregorian focus gives

(‘;l the GMT a significant competitive advantage over TMT and ELT for sensitive polarimetry, as these telescopes support

'>E instruments only on the Nasmyth platform. We also discuss a list of polarimetric science cases and assess science case
A broad suite of astrophysical projects requiring spectropolarimetry and the E-ELT is 5 requirements vs. the modeling results. Finally, we discuss the possible routes for polarimetry with GMT and show the

-
C

presented. Spectropolarimetry not merely sorts photons by their wavelengths but unravels
the physics of their history from the emission site all the way to the observer. Elaborating on
Solar System bodies and extra-solar planets, the interstellar and intergalactic medium, young,
old, and solar-like stars, supernovae, GRBs, galaxies, AGNs, weak cosmic lensing, and even
the early universe, a synopsis of the unique benefits of this observing technique is developed.
The aim is to stir and guide the discussion about polarimetric capabilities for the E-ELT.

preliminary optical design of the GMT polarimeter.
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