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Why now?
Observational Evidence

The Atacama Large (sub-)Millimeter Array (ALMA)
has been returning high-resolution images of circumstellar disks, resolving structure
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Why now?

Instruments
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Why now?

The ALMA Revolution

At 140 pc
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Why now?

Before ALMA ALMA

Credit: ALMA Partnership
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Why now?
ALMA Cycle 0 (2012)

LkCald HD135344B

IRS48 HD142527
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ALMA Disk Substructure in High  -Angular Resolution (DSHARP) Survey (2018)
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Why now?

Observational Evidence

Structure: gaps, spirals, and vortices

HL Tau SAO 206462

0.5 arcsec =70 AU

Spiral structure

Spiral structure

The ALMA Partnership et al. (2015) Muto et al. (2012)
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Why now?

Observational Evidence

The Ophiucus Disk Survey Employing ALMA (ODISEA)
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Why now?

Time series of planet formation?

Stage |

~

Press Releases

ALMA Inspires New Models for the
Evolution of Planet-Forming Disks
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Stage Il Stage Il Stage IV

O RO,

WLY 2-63 1SO-Oph 17 ELIAS 2-24 DoAr 44 RX]1633.9-2442

O

1SO-Oph 37 DoAr 25 WSB 82 1SO-Oph 2

-

ELIAS 2-20

ELIAS 2-27

Stage | Disks form without deep

No obvious gaps.

gaps.
150-Oph 54
Stage Il  One or multiple deep Deep gaps form as
narrow gaps. protoplanets grow.
e Stage Il Bright ring at the edge of A gas giant has formed,
the gap. Inner disk still creating a strong pressure
present. bump at gap edge.

Stage IV Dissipation of the inner Dust filtration at gap edge.
disk. Brightening of ring.  Dust accumulates in ring.

StageV A narrow ring ora Most mm dust
collection of narrow accumulates in one or
rings. more rings.

Orcajo et al. (2025)



Why now?

Observational

Evidence

Polarization maps: dust properties and magnetic fields

2.7 mm wavelength

nature astronomy
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Article | Open access = Published: 05 February 2025
Observationally derived magnetic field strength and
3D componentsin the HD 142527 disk

Momose, Misato Fukagawa & Nami Sakal

Field geometry
[Bf : |Bg| : [Bz]~ 0.26 :1.0: 0.23

Plasma beta
b~ 2.0x 102

Field strength
B] ~ 0.3 mG

Ambipolar Elsasser number
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Why now?
Observational Evidence

The Extreme UV Environments JWST program

The JWST Mid-Infrared Survey
(XUE)

(MINDS)
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Why now?

Observational Evidence

JWST vs Spitzer
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Why now?

Observational Evidence

JWST: disk spectra (chemistry, ice/gas tracers)
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Why now?

Detection of Circumplanetary Disk

ALMA JWST Interferometry

ADec. (as)

0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6

Keppler et al. (2018); Isella et al. (2019); Benisty et al. (2021) aRa.loe)

Balsalobre-Ruza et al. (2023) Blakely et al. (2025)
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Observations demand models that are:
A 3D,
A High-resolution,
A Multiscale
A Multiphysics (+chemistry)

W. Lyra



Theory
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Abstract
This seview examines secent heoretics] developments i our understanding of turbulence in cold, nos-
agpetically active, planetesiml-forming regions of protoplanetary disks (ha we refer 0 throughout 2 “Ohmic
aones.” We give a brisf i the subjest of followsd by aterse pedagogical
review of the phenomenology of hydrodynamic wrbulence. The equations goveming the dynamics of cold
astrophysical disks are given. and busic low staes are described. We discuss the Solberg-Helland condiions
required foe seability, nd the three recensly ivly active in
proplanetary disk Ghmic z0nes: () the vertcal shear instability, (i) the convective averstablity, and (i) the
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Planet Formation
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1. Introduction

Planc formadion is simullancoasly oo of the oldest and ooc
of the newest concems of human inguiry, “How did the Earth
come to be" is:a question that almost invariably sppears in the
asmogonies of the ancients. They did ot always have a elear
idea of what “Earth” meant, but this s 4 question that,in one
formn or anothes. virually every society in recorded history has
ad some point aske isclf Particularly interesting are the ideas
of Leucippus (4804207 B.C.E.) who, according 10 estimonial,
510 have said (Diels & Kranz 1961)

The warlds come into being as follaws: many
bodies of all soris and shapes mave from the
infinire inta @ grear void; they come ogerher
there and produce a single Whirl, in which,
caltiding with one another and revoiving in all
manner of ways, they begin 1o separate like
o like,

(Diogenes Laertius [X, 31)°

sarive f Leucippus o

This visien srikes surpeisingly modera. and not withou!

ndstion within e modem heory of planct formation.
Substitute “masmy bodics of all sors and shapes” with gas and
dust, then “single whi” with protoplancrasy disk, and inally
“revolving in all manner of ways” with urbulence. and & could
have figured in the introduction of a paper i the laest isue of
a major astronomy joumal. This atiests not 1o elsirvoyance of
the ancient Greeks. bl o the antiquity of the question. Given
the nuge sample space, some of the educaled guesses of the
time are bound to contain some ruth

By the 151h ceotury, Newtonian gravity and the orbits of the
planets were understood i enowgh detal o realize that the Jow
inclinations of the oebits implicd that he casicst way o aiain
thar configuration was if the planets have formed in a disk that
orbited the proto-Sun (Kamt 1755). Because Jupiter and Satur
are gas giant planets, this disk most have been a disk of gas.
Early mathematical consilerations by Laplace (1796) applisd
Newton's theory of universal graviation and laws of mation to
a slowly motating sphercal cloud, implying that it sbealkd
collapse undes its own weight. Due to conservation of angular
momentun, the gas seules into @ fat disk orbiting the
condensing proéo-Sun in the cenicr. In this solar nebula
‘planets are taking shape.

C. F. von Weizsicker exiended these fundamental notions,

3
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Theory

W. Lyra

Square One: Star Formation

i=-UK Astrophysical
®&:%Fluids Facility

Matthew Bate
University of Exeter
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Theory
Disk evolution

streamer

Infall of mass and
angular momentum

Redistribution of
angular momentum
« self-gravity
* non-ideal MRI
« Vertical Shear Instability

Loss of mass and / or
angular momentum

substructure

W. Lyra Armitage (2024)
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Theory
Planet Formation via Core Accretion

Dust grains
Core .
. coagulation
Accretion _

Streaming

‘ Instability
mmi cm
Protoplanets Pebb_le
Rocky Planets Accretion \4
Planetary Cores Planetesimals
< A 4
1-100km
19
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Theory

W. Lyra

Dust growth and planet formation

passive particle . ;
clustering in turbulence sticking fragmentation

Av

relative = Vfrag Avrelativa = vﬁag

Microscale

gas pressure
maximum

particle pile-up
at pressure maximum

vertical
settling

particle layer in
faster particles radial drift settling / diffusion
feel headwind equilibrium

sub-Keplerian gas

Mesoscale

particle clustering via
streaming instability

planetesimal formation

Armitage (2024)
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Theory

W. Lyra

classical

runaway
growth

oligarchic
growth

b;otgblanets +
planetesimals

Planetary Growth

hybrid

planetesimal
formation

planetesimal pebble

accretion I accretion
pebble
accretion

Armitage (2024)
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Theory
Circumplanetary disks

weakly strongly out-of-plane feeding
magnetized magnetized from protoplanetary disk
planet planet

Ha I\

emission mm ~ .

boundary continuum
layer emission Kinematics
emission ne

22
W. Lyra Armitage (2024)



State of the Art Simulations

Global hydro & MHD models
Magneto-Rotational Instability

Resolution
384 x 192 x 768

1000 orbits

8M CPU hours

W. Lyra Flock et al (2011)



State of the Art Simulations

Global hydro & MHD models
Vertical Shear Instability

Resolution
0 velocity [m/s] 1024 x 512 x 2044
-50.0 O.QO
1000 orbits

24
W. Lyra Flock et al (2020)



State of the Art

W. Lyra

1.5

-0.5 0.5
10910 [(w,/Q)?]

=15

=25

Simulations

Global hydro & MHD models
Convective Overstability

Lyra et al (2024)

Resolution
51273

400 orbits

25



State of the Art Simulations

Dust and grains

Resolution
51273
I ; |
—4 -3 <2 =¥ 0 1 2
logio (pa/po)
Lyra et al. (2024) 26
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Simulations

State of the Art

Streaming Instability

Resolution
2048 x 2048 x 128

s, o
R S i .

P l»vm&l\hl’\.ﬁ)

A

Johansen & Youdin (2007)

27

Schafer et al. (2024)

W. Lyra



State of the Art

W. Lyra

Main

Description

Features

Download

User guide

Discussion forum

Publications

Contributions

Contact

Simulations

Radiative Transfer - Postprocessing

Gallery

Synthetic observations of 3-D hydrodynamics model of an AGN torus

The unification principle of active galactic nuclei (AGN) says that the difference between type 1 and type 2 AGN is simply a
viewing-angle issue. Some viewing angles allow direct sight of the central engine, while others have this central engine obscured
by the dust and gas in the circumnuclear environment. Shown here is the 3-D hydrodynamics model of such an AGN torus by

-15-10-5 0 5 10 15 =10-5 0 5 10 15

And here is a movie of a similar model by
download the movie)

15 -10-5 0 5 10 15

: (click on the image to

Dullemond et al. (2012)
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State of the Art Simulations

Coagulation

10*
[0 README @& Code of conduct  Ax Contributing &5 GPL-3.0 license &2 Security £ = t = 1.0e+04 yrs
10° 4 = t = 1,0e+05 yrs
— = t = 1.0e+06 yrs
: = t = 1.0e+07 yrs
DustP 5
v E—, 102 ¢ -==~ analytical
>
M Contributor Covenant [ 2.1 E
a 2 10! 4
The Astrophysical Journal 10.3847/1538-4357/ac7d58 | arXiv 10.48550/arXiv.2207.00322 §
s 1004
5
Dust Coagulation and Evolution in Protoplanetary Disks n
1071 -
DustPy is a Python package to simulate the evolution of dust in protoplanetary disks.
DustPy simulates the radial evolution of gas and dust in a protoplanetary disk, involving viscous evolution the the 102 i - >
gas disk, advection and diffusion of the dust disk, as well as dust growth by solving the Smoluchowski equation. 10 10

Distance from star [au]

Please read the documentation for a detailed description. By using any version of DustPy you agree to these
terms of usage.

. 1 10!
Installation 10
= 10°
o
DustPy can beinstallec = 107t
8 10!
b ——— 1072
pip install dustpy o
g 10-3
Requirements & 1073 10-4
10-5
DustPy needs a Python
10! 102 10! 10? 10t 10°
Distance from star [AU] Distance from star [AU] Distance from star [AU]

29
W. Lyra Stammler & Birnstiel (2022)
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State of the Art Simulations

Planet Migration i The need for multiphysics

Mon. Not. R. Astron. Soc. 387, 1063-1079 (2008) doi:10.1111/].1365-2966.2008.13339.x
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Numerical simulations of type III planetary migration — III. Qutward
migration of massive planets
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Migrating super-Earths in low-viscosity discs: unveiling the roles
of feedback, vortices, and laminar accretion flows
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Planet heating prevents inward migration of planetary
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TYPE I PLANETARY MIGRATION IN A SELF-GRAVITATING DISK
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ABSTRACT

We investigate the tidal interaction between a low-mass planet and a self-gravitating protoplanetary disk by means
of two-dimensional hydrodynamic simulations. We first show that considering a planet as freely migrating in a disk
without self- ity leadstoa ifi i of the migration rate. The overestimate can reach a factor of 2
for a disk having 3 times the surface density of the minimum mass solar nebula. Unbiased drift rates may be obtained
only by considering a planct and a disk orbiting within the same gravitational potential. In the second part, the disk
self-gravity is taken into account. We confirm that the disk gravity enhances the differential Lindblad torque with
respect to the situation where neither the planet nor the disk feels the disk gravity. This enhancement only depends on
the Toomre parameter at the planet location. It is typically 1 order of magnitude smaller than the spurious one induced
by assuming a planct migrating ina disk without self-gravity. We confirm that the torque enhancement due to the disk
gravity can be entirely accounted for by a shift of Lindblad resonances and can be reproduced by the use of an aniso-
tropic pressure tensor. We do not find any significant impact of the disk gravity on the corotation torque.
Subject headings: accretion, accretion disks — hydrod — methods: ical —

planetary systems: formation — planetary systems: protaplanetary disks
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State of the Art

W. Lyra

1979
Goldreich & Tremaine:
Planet migration theory

Simulations

Planet Migration i The need for multiphysics

Evolution of Planet Migration Theory
2018
McNally et al.:

Magnetic torques,
low-viscosity regimes

Paardekooper & Mellema:
Thermal torques

{ 2006

1995

2008
Discovery of
Hot Jupiters

Peplinski et al.:
Type Il migration |

>

T | g

| 2000
Nelson et al.:
Stochastic migration in turbulence 2015
Benitez-Llambay et al.:

1991 Planet luminosity (heating torque)
Ward

2020
Benitez-Llambay et al.;
Guilera et al.:

i j i j H i Dust torque

Corotation torque

Q ) Q ) Q & Q o]
o) o Q O 3 4 SV v
N N > P P D P P
Arrow of Time -
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State of the Art Simulations

Planet Migration i The need for multiphysics

Migration Torques

Density

10 3500 10 0% ap 0s 10

The planet generates a non-axisymmetric wake
Non-zero torque 32
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State of the Art Simulations

Planet Migration i The need for multiphysics

Migration Torques

Density
020 |
187
01s
1724
010
157
a0s 1418
a00 1265
1112
Q05
0959
010
0.006
-01%
0653
Q20 .
080 285 0% 095 100 108 110 115 120 0500

The planet generates a non-axisymmetric wake
Non-zero torque

W. Lyra
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Next Generation Features of Next -Gen models
Non-ideal MHD and Radiative Transfer

afp-"_v.(w.):(]!
a:(Pv}"'_v'Fm:Sm:

OB -V x(v x B+ Eg) =0,

e+ V - Fo=8+8,-v+ V. .(Es xB),

de+ V- (ev)+pV  v=8,+ 1, |V x B
+ 1, | & x V x B, (5)

log(no/neoy) |(} 20

HE+ V- (Ev) =cp tiplagT* — E) =V - F, — B: Vv,
(6)

o |0y

Fu=pw + p'l — BB,
Fe=(e+p)v— (v BB,
Sp=—pV®O + prpe ' F,

S = —cp kp(arT* — &) + Q;, + ngdﬁ ;

10g(Ncs/Niot) |4 -4. log(nuen/Neat) (] 4, log(nc/neot)

S Eq= —1y(V x B), and

] Ex = +1,[(V % B) X &, ] X &,
0 5 10 15 20
r(AU) r(AU) r(AU)

F=-AR-SVe
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R= [%u ~ Lol + 2Ly — mﬁ]s,

\pypimie Frin(r) = F(r) (r./r) exp(—7.(r)F

25km/s

O Quir, 0) = =V - F i(r, 0).

0 5 10 15
radius s [au]
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Py | r_1
72
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Features of Next -Gen models

Next Generation

Dust coagulation and Hydrodynamics

1074 cm 1072 cm

1.5

- 1.0

=:0:5

lcm 10 cm full coagulation

Drazkowska et al. (2019)

W. Lyra

log(Z4/Zg,0)
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Features of Next -Gen models

Next Generation

Multiscale for dust grains T Global streaming instability

Z [au]

; ~12

-14 —L3 -
log10p4 [gcm 3]
0.05
0.00
—-0.05
9.4 9.6 9.8 10.0 10.2 10.4 10.

Radius [au

W. Lyra

Flock et al. (2021)



Next Generation

-6.0e-01

W. Lyra

Features of Next -Gen models

High-resolution 3D

Ve/Cs
04-03-02-01 0 01 02 03 04 6.0e01

Resolution 3872 x 2000 x 12544
( Equivalent resolution ~ 4597 3)
~200 points per H

Lesur et al. (2025)
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Next Generation

Z [au]

Z [au]

W. Lyra

50

100

Features of Next -Gen models

On-the-fly detailed radiative transfer

150
R [au]

200

250

Now oW e e
~ N ~ N ~
log10(Vmag [cm g A

£
[N

Time-dependent implicit othefly
Radiative Transfer in Athena++ (Jiang,
2021)

g—§+cn~ VI=c(n— xl),

Still isothermal, Newton cooling, and
FLD widely used in the community
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Next Generation Features of Next -Gen models

GPU Exascale

 ELImBIIAN ‘(

GPU-exascale ready astrophysics codes
A AthenaK (Jim Stone)

A Idefix (Geoffroy Lesur)

W. Lyra



Next Generation Features of Next -Gen models
Machine-learning

AEGIS: Advanced Emulator for Giant Impact Simulations (Timpe et al. 2020)
Planetary masses from gapsuddy& Lin 2020)
Key parameters in planatisk systems (Shunyuan et al. 2024)

a Surface density Ground truth
Start
) parameters
Automatic ' 165 a 0.0072

update " . h B
P o| Gaussian e O 1.0z, ;\;),,«' M, (:)9781?
distribution i 1 (AU) 117.4
+ —— I°-5iu Op(rad) 1254
Parameter e 0 T
sets
A Parameter space exploration - b o028
A Pattern Recognition CMA-ES %‘
§2.3 2 0.21
A Inverse Problems X pediced | [ o L. 8"
images ata B
L
@ 0.14
= 0.07
0 25 50 75
Iteration
C Surface density of the system
Inferred with inferred parameters
paramclcrs
a 0.0072 l“’z‘
h 0.0884
A;),,f.‘\tj 0.714 k3%
n(AU) 117.4
0‘;(rad) 1.253 IMZ‘

Shunyuan et al. (2024) 40
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Features of Next -Gen models

Next Generation

Machine-learning

ML could be used for sudirid physics

Deep learning to represent subgrid processes in
climate models
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CA 92697; “Department of Earth and Environmental Engineering, Earth Institute, Columbia University, New York, NY 10027; and “Data Science Institute,
Columbia University, New York, NY 10027

Edited by Isaac M. Held, Geophysical Fluid Dynamics Laboratory, National Oceanic and Atmospheric Administration, Princeton, NJ, and approved August 8,
2018 (received for review June 14, 2018)
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Next Generation Features of Next -Gen models
Machine-learning
ML could be used for sudirid physics

ML emulators for bridging scales:

Emulator inGlobal Disk
\Y[e]o[]

Highres local sims Machine Learningdraining

(4096 boxes, (Neural nets, @ussian
lab experiments) Processe$

(AUscale)

Subgrid processes
Turbulent dissipation and angular momentum transport

Perturbed velocity in ¢
0.0005  0.005 0.05 0.5 5

e
42
W. Lyra Barraza-Alfaro et al. (2021)



Next Generation

Features of Next -Gen models

Machine-learning

ML could be used for sudirid physics

ML emulators for bridging scales:

Highres local sims
(4096 boxes,

lab experiments)

Subgrid processes
Dust coagulation,
fragmentation,
and porosity evolution

radius [cm|

Agglomerate

10? 10° 10* 10

Agglomerate radius [cm]|

W. Lyra

Machine Learningdraining
(Neural nets, @ussian
Processe$

Initial Condition:

Size distribution
01, Amax, P

Disk parameters P

Subgrid Model:

001" = fo,0", a2 P, P)

ataf:a)x = ﬁlmax(al(n)'agla)wp(")-},)

Numerical Integration
(e.g., explicit Euler, RK, etc.)
o™ =g™ 1 At - 9,0

41
al(r’llax )=al(l71la)x +At- atar(;t:zx

Blum (2018), Pfeil et al. (2022)

Emulator inGlobal Disk
\Y[e]o[]

(AUscale)

Trained Neural Network Subgrid Modem

disk parameters P

size distribution

w
56
o]
1R Y]
25
¢ 3
S = -
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33 £g
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EE 8g
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Next Generation Features of Next -Gen models
Machine-learning
ML could be used for sudirid physics

ML emulators for bridging scales:

Emulator inGlobal Disk
\Y[e]o[]

Highres local sims Machine Learningraining

(4096 boxes, (Neural nets, @ussian
lab experiments) Processe$

(AUscale)

Subgrid processes
Pebble accretion and

processing in planetary
atmos p h eres: disk snowline ..,o“‘

envelope snowline

Vapor: lost or preserved
See Johansen+ 2021 for the idea of vapor
recycling 44
W. Lyra Johansen et al (2021)



Next Generation Features of Next -Gen models
Machine-learning
ML could be used for sudirid physics

ML emulators for bridging scales:

Emulator inGlobal Disk
\Y[e]o[]

Highres local sims Machine Learningdraining

(4096 boxes, (Neural nets, @ussian
lab experiments) Processe$

(AUscale)

Subgrid processes
Chemistry and opacity

A&A, 682, AT9 (2024)
https://doi.org/10.1051/0004-6361/202348221 tro nomy
© The Authors 2024 tro p hys ics

Harnessing machine learning for accurate treatment
of overlapping opacity species in general circulation models
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Features of Next -Gen models

Next Generation

Prepare for ngVLA

After ~15 years of ALMAé

Nearly all near by di s-BOBAUobserved at <0.10 (< 20
show substructures.

3 main types of substructures
- Crescent-shaped

- Spiral arms

- Rings/Gaps

W. Lyra



