Star and planet formation

What an amazing journey over the past 30+ years!
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Thomas’ career: a one slide summary?
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Th. Henning, March 5, 2024
Villa Vigoni

Much more: “Bringing observations, theory, instrumentation and lab astrophysics together”



Early years in Jena

“Staub in Sternentstehungsgebieten”
MPG Arbeitsgruppe 1991-1996
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Dr. B. Begemann, Dr. J. Blum, Dr. J. Dorschner, Dipl.-Phys. R. Launhardt (DARA), Dr.
B. Michel (DFG), Dr. H. Mutschke, Dr. W. Schmitt, Dr. B. Stecklum, Dr. J. Steinacker,
Dr. R. Stognienko.

Doktoranden:

Dipl.-Phys. A. Burkert, Dipl.-Phys. M. Feldt, Dipl.-Phys. / )
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Dipl.-Phys. K. Schreyer (Stu-
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PhD Jena: 1984
6 Tagungen. Projekte am Institut und Beobachtungszeiten Pl‘OfeSSOr in Jena' 1992-HOW
6.1 Tagungen und Veranstaltungen MPIA DireCtOI" 2001 2024

Die Arbeitsgruppe richtete eine internationale Tagung unter dem Titel ,Galactic Star
Formation and Early Stellar Evolution® aus, die vom 29. Mai bis 2. Juni l‘)‘JJ auf Schlof3
Ringberg/Bayern abgehalten wurde.




The importance of “staub”

. Crystalline silicate revolution
 Astron. Astrophys. 291, 943-959 (1994) ASTRONOMY . I _ -
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A 1.3 mm survey for circumstellar dust Editor
around young Chamaeleon objects”

Dust opacities for protostellar cores

V. Ossenkopf and Th. Henning . 3
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Clouds: From the biggest to the smallest scales

Inner disk
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Protostars: Disk
Hydro, RT

ExoPlanets, Origins of Life



From “blobs” to planet-forming disks

HD 163296
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Dust trapping, planetesimal formation
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l%fﬁéle—Trapping Eddies in

Johansen et al. 2007

Protoplanetary Accretion Disks

H.Hubertus Klahr %, Thomas Henning © 1997



Progress in astronomy driven by new instrumentation...

ISO Spitzer VLT/VLTI Herschel
1995-1998 2003-2011 2002- 2009-2013

...and by scientists with a vision!

Co-PI: JWST-MIRI, VLTI-MATISSE-GRAVITY
Co-I: MIDI, SPHERE, Carmenes, PACS, METIS, ....

ELTs >2030



And by steering European and worldwide astronomy

ALMA
Inauguration 2013
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Enter JWST

MIRI ST N s S |
European ' Ly L ' o esa /Q
Consortium o J : : Pt ol \ coaase



Many memorable MIRI EC meetings
25+ years

Dublin 2007 Edinburgh May 2026

Biosphere, Tucson 2024




Thanks to Thomas and MPIA for bringing community together,
many times!

“The dawn of MINDS and JOYS”

MIRI team 2010: GTO program



Embedded protostars with JWST: main questions

= Jets, disk winds, outflows

outflow -

Protostellar accretion rates

= [ce composition envelope
Tk = Hot cores

enve

=
,-’, = [ J @ [
N \ e = Composition young disks
. i = Low to high-mass protostars
ll}fall/ 2.
acdretion
~30 sources in JOYS+
Spatial resolution JWST IFUs well matched miri.strw.leidenuniv.nl
to sizes of physical components 21 papers

0.27-0.9”, 30-150 au at 150 pc

Overview in vD et al. 2025



Trail from clouds to disks and planets

~ Now with JWST!
! L r/ ;_:‘“/ .

Dark cloud Protostar
Comets

- What is chemical composition at each of stages? Inherited or reset?
- What sets the composition of exoplanets? Role of disk structure?



Protostars with JWST: jets, outtlows
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Jet is mostly molecular, with an atomic/ionized inner core

HH 211
Class 0

Ray et al. 2023
Cover Nature Oct. 5

Blue: 2.10+3.23
Green: 4.60 M
Orange: 4.66 N (CO)
Red: 4.70N (H,)



MIRI-MRS map of HH 211 blue lobe
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- Warm H, is primary mover of outflow in Class 0 phase, in contrast with Class II

- Dust lifted from disk mostly survives jet

Caratti o Garatti+2024



BHR71 - a young protostellar outflow @

Molecular hydrogen Refractory Noble gas

H, S(7) 5.51 um [Fe I1] 5.34 um [Ne 11] 12.81 um

Warm dust f y

in outflow
Protostellar

jet

¥ .

«— [Ne Il] missing
Wide angle

Wind/ Also [Ni II], [Co 1], Also [Ar 1] -
entrained gas [CI 1, 11] 100 au
Dust is destroyed in jets — Fe, Ni, Co, ... returned to gas

but some fraction of dust survives (abundances < solar)
3 Tychoniect+ 2026 Also L1448-mm: Vorster et al., subr




Imaging disk wind and jet in TMC1 binary 2%

Wide-angle wind: H, High-velocity jet: [Fe Ii] CO outflow

TMC-1
Accretion streamer Class I source

Binary protostar

MIRI-MRS ALMA

- W source: atomic jet
- E source: wide angle molecular wind, triggered by streamer

Tychoniec et al. 2024



[Fe ll] 5.34 um

'f Jet
*

Nested structure is common: ionized core of jet traced by [Fe I1]
molecular layer traced by high-J H,

wide angle wind traced by low-J H, van Dishoeck , Tychoniec et al. 2025
Le Gouellec et al. 2026, to be subm.



Class I nested structures winds and jets

Also: Sturm et al. 2023, Delabrosse et al. 2024, Tychoniec et al. 2024,

Federman et al. 2025, Tyagi et al. 2026, Francis et al. 2026

— HH30 Fe II

CO

[Fell] (JWST)

H, (JWST)

CO (ALMA)

CO trace (JWST)

Pascucci et al. incl. TH 2024, NIRSpec

Origin disk wind: MHD wind
Photoevaporative wind



Evolution mass loss rate

Skretas+2025 This work
© Arulanantham+ 2024 w— Schwarz+ 2025

Francis+2026

- H, mass loss rate ~10% of accretion rate
- Factor 10-100 less than entrained mass loss rate from CO mm data




Ices: from outer envelope to disk
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Full 3-27 um spectra are rich in gas and ice features
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Detection of complex molecules and salts in ices
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Dust grains + ices

(silicates + carbonaceous material)




Tracing water’s journey
-~ from disks to comets

e

/ BlloEnetforming disk
HDO ice o -—fr .
[semi-heavy water] f 5 .

HDO/H,0~0.4%

similar to disks, higher than comets

JWST data

'NASA, ESA, CSA. STScz-?'fiirit._Pﬁmessépﬁ'ﬁepasquale (STScl), Alyssa Pagan ' Slavicinska et al. 2025



HDO ice in solar mass protostar!

Optical Depth
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Total fit CH,OH
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_1 )
Wavenumber (cm™*) NOVA press release June 17 2025

D/H in ices vs comets A .
sources: high mass
JOY S+ sources, low mass Bl-c
H,0 ice column

from 13 um libration mode Possible detection Aikawa et al. 2012, Akari



Inheritance HDO/H,O from cloud to disk,
higher than solar system comets

Class 0
I3 ATLAS @
Class 0 e Disk
Oort cloud comets clustered * %
low-mass

*+f+ Ice data and
figure by
Slavicinska

Carbonaceous
meteorites

Jupiter
family
(an') comets

. . . . . Slavisinska et al. 2025b, 2026, vD et al. 2025
Gas phase HDO/H,O similar to ice ratios and disk Altwegg et al. 2019, Jensen et al. 2019, Tobin et al. 2023

Points to icy planetesimals formed at a range of temperatures



* Ice inventories at the earliest pre- and protostellar stages: ices form early

* Ice features as diagnostics of heating, 1>*C/13C

* COMs formed and detected in ices
* subsequent chemistry upon sublimation

* HDO/H,O ice points to inheritance cloud to disk
* Sulfur budget: ~20% of S in salts: NH,SH

Heidelberg Initiative
for the Origins of Life - HIFOL




Gas: molecules

sublimation

Hot core:
Sublimation of ices

Dense shocks



JOYS: high-mass protostar

* High-mass protostar at 4.9 kpc in outer Galaxy with L =3000 L
* Resolved into a binary at MIR

IRAS 23385+6053 Source A+B

Dust continuum at 5 micron
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L.1448-mm: Class 0 low-mass YSO: hot core vs dense shocks
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Low-mass protostar with hot core seen in complex molecules with ALMA
Van Gelder et al. 2024b



Sublimating ices: cinematic edition

DI1=-C 10W-111d4dd 11Ul CuUI
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Ice sublimation (B1c¢) vs shock chemistry (1.1448)
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Van Gelder et al. 2024b



nal of science/17 July 2025
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SiO-bearing mineral condensates

' condensa

'.,

Young dlSkS. d

Amount of light

Condensing Si0O gas

Wavelength of light
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Condensing mmerals
around a protostar
illuminate our Solar
System’sinfancy

Meteoritic mineral condensates
are oldest solid relicts
of young Solar System.

M. K. McClure et al. 2025), Nature



Next step: Young Disks linking JOYS and MINDS
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HZO I‘ICh gas in-the planet-forming reglons of

AN a young embedded disk
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HZO I‘ICh gas in-the planet- formlng reglons of

a young embedded disk
N
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Callenbaeh; Tychoniec et al. in prep. . Photo credit: instagram.com/bdlahdan



Thanks for making MPIA such a welcoming place!

...and for training the next generation: 90+ PhD students, ~80+ postdocs



A toast to Thomas!
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