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Star formation is accompanied by
forming a flat disk of gas and dust ...
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e Fast (=50 km/s) discontinuous shocks (J-shocks) = jumps in density,
temperature, velocity - molecules get destroyed, re-form in post-shock gas
e Slow (S50 km/s, strong B-fields) weak shocks (C-shocks) - smooth gradients



Gravitational collapse

Core formation

slond filaments Collapse starts when the internal kinetic energy is smaller than

/ the gravitational potential of a spherical cloud
v

s r., pc — cloud radius, density
- 2 M. — cloud mass
? SMAT < § —G-GM T —temperature
». “m g 3 Te G — gravitational constant

Filament Fibers / k — Boltzmann constant
axis | sub-filaments 1L —mean molecular weight of gas

s my — mass of H atom
[Pineda+2022]

sk \** [ 3 \°
 The Jeans criterium (critical length scale): M, > M, = (Gum ) (47Tp)
H c

M, ~1 M, (for typical conditions), R;~0.5 pc

3r 1
e The free-fall timescale: 1t = \/ 32 Gp. " few thousand years, fast!!!



Angular momentum conservation
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denser infalling streamers

Angular momentum enters via
accretion of surrounding
material and is removed from
the system via jets, winds and
outflows

https://www.youtube.com/watch?v=FmnkQ2ytlO8&t=7s



Concept test

If the material in the primordial Solar System retained its angular momentum as it
collapsed to form the Sun, the Sun’s rotation rate should be

A) fast (less than a week).
B) moderate (a week or a month).
C) slow (more than a month).

D) zero (non-rotating).
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Concept test

If the material in the primordial Solar System retained its angular momentum as it
collapsed to form the Sun, the Sun’s rotation rate should be

present-day rotation perion 24.5 days
B) moderate (a week or a month).
C) slow (more than a month).

D) zero (non-rotating).



Star formation is accompanied by
forming a flat disk of gas and dust ...
... and chemistry helps us to
understand this process
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Angular momentum enters via
accretion of surrounding
material and is removed from
the system via jets, winds and
outflows
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Chemlstryof star formation and disks

1D. L1157 i .« {E. Binary protostar F. TW Hya
1 pro‘tostellar - JIRAS 16293-2422AB protoplanetary disk
outflbw -

T c0dpe’
20000 au
: . '.- .
c. N2H+ 1-0 d. H20 212-101 e. CH;OCHO f. H2CO 303-202
methyl formate formaldehyde

.

[Physics Review: Oeberg & Bergin 2020]



Chemistry of star formatlon and disks

sio J? .
-» 0—H,0
Grain and ice mantle sputtering

and hot (>400 K) gas-phase
chemistry

\FUGAL

CS, c-C3H,— SO, H,CO

0-rich ice sublimation and change
from (- to O-dominated
gas-phase chemistry

= Water ice
® (Qice
m Grain

Hydrogen
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[Physics Review: Oeberg & Bergin 2020]

Build-up of ice mantle
and frozen-in radicals

Radical ice chemistry, hyper-volatile
sublimation, and gas-phase warm
carbon chain chemistry

Sublimation of all ice and
organic ice chemistry
produts

ices can sublimate and
recondense — multiple
times — during the star and
disk formation process

recall lecture of Thanja Lamberts



Chemistry of star formation and disks

ices can sublimate and

o 2.5(5) yr .
1.5}, J_L— 1.0 ¢, recondense —multiple
in times — during the star and
1.0Fo | T disk formation process

0 9 6 0.0 0.5 1.5} | (o
[Visser+2009] R (10° AU)
) . ) red: CO remains adsorbed
CO ice hIStOFV from CIOUd to d|5k green: CO desorbs and re-adsorbs
: : ~ HIR ~ pink: CO desorbs and remains desorbed
|ce||ne at 20 K (InSIde 500 au, T>20 K) blue: CO desorbs, re-adsorbs and desorbs once more




Planet forming disks and some basic
facts to start with ...



Every young star is surrounded by a protoplanetary (planet forming) disk.

Orion nebula

distance ~1300 light years (~400 pc); youngest stars < 1 million years old



Every young star is surrounded by a protoplanetary (planet forming) disk.

Orion nebula

distance ~1300 light years (~400 pc); youngest stars < 1 million years old
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How does a disk look like?

Gas and minuscule dust particles mixed
grain sizes: up to mm-size

grain material: silicates,
carbonaceous dust, PAHSs, ice
nEREES

disk masses: up to few % of
stellar mass

gas:dust mass ratio: 100 h/r ~ few %

geometrically thin disks
(not to scale !)

Z Vvl
%fm?‘o 7.
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How does a disk look like?

Gas and minuscule dust particles mixed

grain sizes: up to mm-size n~10%cm
T~ few 10 K

= . N 'y -
grain material: silicates, P~ 10°° Pa
carbonaceous dust, PAHs, ice

mantles

disk masses: up to few % of
stellar mass

gas:dust mass ratio: 100 n~10' cm??
T~ few 1000 K

P~ 10 Pa




How does a disk look like?

Gas and minuscule dust particles mixed

grain sizes: up to mm-size values at surface  y=101G,
n=10° cm3

grain material: silicates, — 1=10° G
. x=10° G, n=101° cm3
carbonaceous dust, PAHs, ice n=1012 em?

mantles

disk masses: up to few % of
stellar mass

gas:dust mass ratio: 100

not the ‘typical’ Photon-dominated region (PDR)



Observing molecules in disks ...



Molecules detected in disks

around 320 molecules in space, but only 44 in disks...

| 1 atom ‘ 2 atoms | 3 atoms | 4 atoms |5 atoms l 6 atoms | 7 atoms ‘ 8 atoms ] 9 atoms ‘ 12 atoms |
O co* HCN* H,CO HC3N CH3CN CH30CHg
B CN HNC CoHs CHy4 CH3;0H
Fe™ Ho HCO™* | NH3 c-C3Hs CoHy
Si HD NoHt H>CS t-HCOOH | C4Hs>
Sit CH! DCO* | CHf HC3N
Net CS DCN CHs
Ne?t | Sio* CoH* 1BCHCH,
Art OH* CO,
SO H>0O*

red: mid-IR
green: far-IR
.black: sub-mm
bluée: in Orion KL

[JWST recent detections: Tabone+2023, Berne+2023, Arabhavi+2024, Henning, Kamp+2024%-, * /}
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[van der Wiel+2014, Fedele+2016]



Molecules detected in disks

around 320 molecules in space, but only 44 in disks...




Molecules in rocky planet forming region
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Molecules in rocky planet forming region

a.) Thin LTE models

[Bosman+2017]
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Molecules in rocky planet forming region




Molecules in rocky planet forming region

JWST/MIRI-MRS spectrum of ISO-Chal 147 (Very Low Mass Star, 0.11 M)
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A) optical wavelengths
B) mid-IR wavelengths
C) far-IR wavelengths

D) sub-mm (radio) wavelengths
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The inner few au of a disk can be best observed at

A) optical wavelengths
B) mid-IR wavelengths
C) far-IR wavelengths

D) sub-mm (radio) wavelengths

Can we do this from the ground?




Forming molecules in disks ...

Two examples: water and hydrocarbons



Which types of chemistry occur in disks?

atomic/ionized
(photochemistry)

combustion,
warm surface chemistry

rich molecular
chemistry (ion-
molecule reactions)

surface chemistry

@)

hot gas:
CQ rich, no H, molecules from warm neutral-
neutral chemistry
lanetary svstems Q [reviews: Henning & Semenov 2013,
P ey ® © e k Dutrey+2014, Oeberg & Bergin 2020]

Feond 1AU 10 AU 100 AU
| | | | |
I 1 I T T '




How does water form in disks? ﬁ

It also starts with molecular hydrogen...

cold gas warm gas (~20°C = 300 K)

DUST GRAIN

e
AIMICRON

gas chemistry chemistry on dust grain surfaces  [van Dishoeck+2014]



How does water form in disks?
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How does water form in disks?

high densities (n.y>> 103 cm3):
all oxygen locked in gas phase
water, neutral-neutral reactions
=> carbon rich chemistry (CH,),
water formation not in
thermodynamic equilibrium

long timescales !

z/r

0.5

04

0.3

[Aikawa et al., Bergin et al., Willacy 02

etal., Kampetal,, Thietal,,
Glassgold et al., Meijerink et al.,
Najita et al., Semenov et al,, ...]
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warm temperatures (T > 150 K):
water forms through neutral-neutral
reactions




How does water form in disks?

high densities (n.y>> 103 cm3):
all oxygen locked in gas phase
water, neutral-neutral reactions
=> carbon rich chemistry (CH,),
water formation not in
thermodynamic equilibrium

long timescales !

z/r

0.5

04

0.3

[Aikawa et al., Bergin et al., Willacy 02

etal., Kampetal,, Thietal,,
Glassgold et al., Meijerink et al.,
Najita et al., Semenov et al,, ...]
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water forms through neutral-neutral
reactions

intermediate densities (N4>~ 107-° cm’3):
three body gas phase reactions can form
water — (N+H,#¢, O+H,*¢)->NH, OH->H,0




How does water form in disks?

high densities (n.y»> 10" cm™3): ok - L B - 4 warm temperatures (T > 150 K):

all oxygen locked in gas phase 2 .10 -8 6 4 water forms through neutral-neutral

water, neutral—neutrgl reactions log & (H20) reactions
=> carbon rich chemistry (CH,),
water formation not in
. L Ok - e ode intermediate densities (N4>~ 107-° cm’3):
thermodynamic equilibrium O -

three body gas phase reactions can form
water — (N+H,#¢, O+H,*¢)->NH, OH->H,0

long timescales !

. 0.3
5 A\ o0 low temperatures (T<20 K):
Aik t al. Berein et al. Will most oxygen locked in CO ice
[Aikawa et al., ergin €t al., Witlacy  » (r>100 AU), gas phase water from
etal., Kampetal,, Thietal,, .
.. | photo-desorption
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0.1
warm temperatures (T > 150 K):
oxygen locked in gas phase water P 5 ‘1 " — 000
and CO (also CO, ring ~ 0.3 AU) ’ r [au]' ’




How does water form in disks?

high densities (n.y>> 103 cm3):
all oxygen locked in gas phase
water, neutral-neutral reactions
=> carbon rich chemistry (CH,),
water formation not in
thermodynamic equilibrium

long timescales !

z/r

|

[Aikawa et al., Bergin et al., Willacy 02

etal., Kampetal,, Thietal,,
Glassgold et al., Meijerink et al.,
Najita et al., Semenov et al,, ...]

warm temperatures (T > 150 K):
oxygen locked in gas phase water
and CO (also CO, ring ~ 0.3 AU)

12 -10 -8 -6 -4
log € (H20)
04
O e olelS
0.3
\‘\ W
0.1
.0 ‘
0 1.0 10.0
r [au]

1000

warm temperatures (T > 150 K):
water forms through neutral-neutral
reactions

intermediate densities (N4>~ 107-° cm’3):
three body gas phase reactions can form
water — (N+H,#¢, O+H,*¢)->NH, OH->H,0

low temperatures (T<20 K):

most oxygen locked in CO ice
(r>100 AU), gas phase water from
photo-desorption

moderate temperatures (150 K <T< 20 K):
all oxygen locked in water ice, long

timescales !
=> carbon in CH,/CH, ice (40 K)




Chemistry in gas with different C/O ratio

2D thermo-chemical disk model for a protoplanetary disk  [Greenwood+ 2017]

C/0=0.45
0.25
I CH; I C;H> I C;Hy B Av
I CHy4 CgHe N CH; 1 F 14.0
0.20- Il C:He CHa ’

12.0

10.0

HenslCii™]

-8.0

6.0

r [au]

[extended hydrocarbon chemical network: Kanwar+2024a,b]



Chemistry in gas with different C/O ratio

2D thermo-chemical disk model for a protoplanetary disk  [Greenwood+ 2017]

cH* 5584

C/0=0.45 v
0.25 : .
BN CH, NN C,H, BEE CH, MmN Av '
Em CH, CeHe EEEN CH3 T 14.0 e
B B CHe CHa .
120 _
0.15- T
g
I
0.10 ~
-8.0
0.05
-6.0
0.00 =

r [au]

[extended hydrocarbon chemical network: Kanwar+2024a,b]



Chemistry in gas with different C/O ratio

2D thermo-chemical disk model for a protoplanetary disk  [Greenwood+ 2017]

0.25 C/0=0.45 C/0=2
' =0 Csz | C4H2 || C3H4 B Av ) Csz  — C4H2 =] C3H4 B Av
B CH, C¢H¢ WEE CH; T 14.0 EEm C.H, CeHe EEE CH; T
B CHs CHa - : BN CHs CHa
12.0
0.15+
ﬁ 10.0
0.10
-8.0
0.05
6.0 => CO locking
0.00
r [au] r [au]

[extended hydrocarbon chemical network: Kanwar+2024a,b]



Chemistry in gas with different C/O ratio

2D thermo-chemical disk model for a protoplanetary disk

C/0=0.45
0.25
I CH; I C;H» I C;Hy B Av
I CHy4 CgHe N CH; 1F
0.20- Il C:He CHa ‘
0.151
N
0.10
0.05
0.00
10=? 10°
r [au]

14.0

12.0

10.0

-8.0

6.0

[Greenwood+ 2017]
C/0=2
I CH; I C;H; E C3;H, B Av
BN CH, CeHe NN CH; T
I C:Hg CHa

=> CO locking

1071 10°
r [au]

With a C/0>1, we form abundant hydrocarbons in the disk surface layer

[extended hydrocarbon chemical network: Kanwar+2024a,b]



Concept test

What happens in a planet forming disk if the temperature drops below ~150 K?

A) Water molecules stay in the gas phase — supersaturated vapor.
B) Water molecules become very immobile and locally cluster together to form ices.

C) Water molecules adsorb on the surfaces of small dust grains and form ices.



Concept test

What happens in a planet forming disk if the temperature drops below ~150 K?

A) Water molecules stay in the gas phase — supersaturated vapor.

B) Water molecules become very immobile and locally cluster together to form ices.



Concept test

What happens in a planet forming disk if the temperature drops below ~150 K?

A) Water molecules stay in the gas phase — supersaturated vapor.

B) Water molecules become very immobile and locally cluster together to form ices.

Really?



Concept test

What happens in a planet forming disk if the temperature drops below ~150 K?

A) Water molecules stay in the gas phase — supersaturated vapor.
B) Water molecules become very immobile and locally cluster together to form ices.

C) Water molecules adsorb on the surfaces of small dust grains and form ices.

Really?

Grains grow from clouds to disks by a
factor 103-10% in size.

Are they porous? compact? Do they
keep their ice mantles?

pores

| medium size = 0.1um

classical grain/ice model stochastic grain/ice model



From molecules to planets ...



From dense clouds to protostars, disks,
and planetary systems

| Filament formationin |] Core formation .
' chemistry occurs at all stages
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e < || shock-compressed layers along filaments
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Disks provide very diverse conditions —
many types of chemistry occur

n~ 10 cm3

T ~ few 1000 K atomic/ionized

P~10 Pa (photochemistry)
combustion, rich molecular

warm surface chemistry chemistry (ion-

molecule reactions)

surface chemistry

@)

n~10*cm3
T~ few 10 K
P~ 10° Pa

hot gas:
CQ rich, no H, molecules from warm neutral-
neutral chemistry

planetary systems o © e h @

Feond 1AU 10 AU 100 AU

1 || T T T ;

[reviews: Henning & Semenov 2013,
Dutrey+2014, Oeberg & Bergin 2020]




How planets inherit the disk composition
is a complex puzzle

Stage: Protostellar Protoplanetary Planet-forming  Planet-hosting Terrestrial planet (Gas-rich)  Mature Planetary
disk disk disk disk formation Debris disks systems

' frunaway)

LEGEND gas
; M Flow of sobds accration
Gasgiants | & oy of gas ¥ >20 Me
3 Nebular gas pebbia isclation Mass «eevey
- Key threshokds
Super-Earths / mini Neptunes 1 i 2-10 Mo

Temrestrial planets 0.8-2 My

Protoplanets / Embryos ~-M;

Planetesimals ~10-100 km
Pebbles 0.1mm - 10cm
Aggregates 1-100 ym
Dust <1 pym
(PAHSs)
large(r) molecules/COMs >5 atoms
~1-5 atoms

small molecules

[Krijt+2023]
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The end...



Molecular

hydrogen
density 2
[cm”] L
10°
10°
b 4 I 08
l o o

| e
30 100 300 1000 3000

Kinetic temperature [K]

[credit: Wing-Fai Thi] > After R. Genzel




emission probes for protoplanetary disks

Table 1. A Sample of Current Astrophysical Probes

Species Alpm) Transition E, (K) Radius Probed Notes®
H» 0.10 - 0.15|Lyman-Werner bands 10° r<1AU 1)
Ha 2.12/v =1 — 0 S(0) 6471 r~10—40 AU |[(2)
co 2.23lv=2-0 6300 r ~0.05— 0.3 AU|((4)
H,O ~29vs=1-0 5000 - 10000|r ~ 1 AU (7)
OH ~ 3|y =1 —0 P branch > 5000 r~1AU (7)
co 46lu=1-0 3000 r~<0.1-2AU [(5)
Ho 8.0 — 17.0{v = 0 — 0 S(1), S(2), S(4) 1015 — 3474|r ~ 10 — 40 AU  [(3)
H,0 10 — 30{J > 4 > 500 r~1-2AU (6)
CoHg ~ 13.7|vs = 1 — 0 Q branch 1000 r~1AU (8)
HCN ~ 14|vy =1 — 0 Q branch 1000 r~1AU (8)
CO2 14.98{v2 = 1 — 0 Q branch 1000 r~1AU (8)
Ne 12.81\2 P30 =2 Py )y 1100 r~0.1AU® (9)
co 460 — 2600{6 — 5,3 —2,2—-1,1 -0 5—116 > 20 AU® (10)
HCO™ (1000 — 3300({3 —2,1—0 5—25 r > 20 AU® (11)
cs 1000 — 3000{2 — 1,3 — 2,5 — 4 5—30 r > 20 AU® (12)
NoHT 3220(1 -0 5 r > 20 AU (13)
H>CO |1400 — 2000|313 — 212,212 — 111, 312 — 211 20 — 32 r > 20 AU® (14)
CN 1000 — 2500{3 — 2,2 — 1 5—30 > 20 AU® (15)
HCN | 850 — 3300{4 —3,2—1,1—-0 5— 40 r > 20 AU® (16)
HNC 3300{1 — 0 5 r > 20 AU® (17)
HyD™' 805|119 — 111 104 > 20 AU® (18)
DCO™ | 830 — 1400{5 — 4,3 — 2 20 - 50 r > 20 AU® (19)
DCN 13813 — 2 20 r > 20 AU® (20)

® References: (1) Herczeg et al. (2002), (2) Bary et al. (2003, 2008), (3) (Bitner et al.,
2007), (4) Carr et al. (1993), (5) Najita et al. (2003); Brittain et al. (2007), (6) Carr
& Najita (2008); Salyk et al. (2008), (7) Salyk et al. (2008), (8) Lahuis et al. (2006);
Carr & Najita (2008), (9) Espaillat et al. (2007); Lahuis et al. (2007); Herczeg et al.
(2007), (10) Dutrey et al. (1996); Kastner et al. (1997); Qi (2001); van Zadelhoff et al.
(2001); Qi et al. (2006), (11) Dutrey et al. (1997); Kastner et al. (1997); van Zadelhoff
et al. (2001); Qi et al. (2008), (12) Dutrey et al. (1997), (13) Dutrey et al. (1997, 2007b),
(14) Dutrey et al. (1997); Thi et al. (2004), (15) Dutrey et al. (1997); Kastner et al.
(1997); van Zadelhoff et al. (2001), (16) Dutrey et al. (1997); Kastner et al. (1997); van
Zadelhoff et al. (2001); Qi et al. (2008), (17) Dutrey et al. (1997); Kastner et al. (1997),
(18) Ceccarelli et al. (2004), (19) van Dishoeck et al. (2003); Qi et al. (2008), (20) Qi
et al. (2008).

P If the [Ne 1] emission arises from a photoevaporative wind then the emission can arise
from greater distances (Herczeg et al., 2007).

€ It is important to note that many of these species will have rotational emission inside
20 AU, particularly in the high-J transitions. However, the observations are currently
limited by the spatial resolution, which will be overcome to a large extent by ALMA.

[Bergin+2009]



