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Recall: ine emission

Molecules move around randomly
and occasionally collide

(more collisions at higher
temperature and/or higher density)

®e—>@9- @ — n=1

A collision brings a molecule in
a higher energetic state
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The molecule emits a
photon (spontaneous
emission) at a specific
frequency to get back to

lower energy.

The frequency iIs unique
for each molecule and

each transition
(“fingerprint’)




Why study

chemistry in disks?
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Origin of life: what sets the composition of exoplanets?



Astrochemistry

Molecules as diagnostics of temperature, density,
ionisation, velocity, radiation fields, etc.

Molecules are import coolants of clouds: driving
astronomical processes

Simple molecules form the start of complex organic
molecules (COMs) and biomolecules:
astrochemical evolution”? Origin of lite?

Exotic chemistry: unigue chemical laboratory



Astrochemistry

* [Ime scales:
* Collision time:~1 month at 104 cm3
 Chemical time: ~10° yr (dark clouds)
e Star formation: ~1086 yr
e Lifetime cloud: ~107 yr

* People did not expect to find many molecules since
chemical reactions are slow

o Surprise:
interstellar clouds contain a very rich chemistry!



History of astrochemistry

e Simple gas-phase molecules in optical
 CH: Swings & Rosenfeld 1937
 CN: McKellar 1940
 CH+: Douglas & Herzberg 1941
* First astrochemical models
 Kramers & Ter Haar 1946, Bates & Spitzer 1951



History of astrochemistry

* Development of radio astronomy
* HI121cm: Ewen & Purcell 1951
e OH 18 cm: Weinreb et al. 1963

e NH3 1 cm: Cheung, Townes et al. 1968

* First polyatomic molecule!
e HO 1cm (22 GHz): Cheung et al. 1969
* Development of UV astronomy
e 1970: Ho
* Development of millimeter astronomy
« 1970: CO
>1970: flood of new molecules



History of astrochemis

* OVRO 230 GHz spectral line survey Orion
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History of astrochemistry

- Development of IR astronomy

e 1983: IRAS

e First full-sky survey at 12, 25, 60 and 100 pm

e Cirrus clouds and dust properties

e 1995 - 98: Infrared Space Observatory (ISO)

e First complete 2-200 mm spectra

e HO, OH, [O I] far-IR lines

o Symmetric molecules: CeHs, CH3z, CoH4, COs, ...

e 2003-2009: Spitzer Space Telescope

e |ces and silicates toward low mass protostars and disks
e 2009-2013: Herschel Space Telescope

* Multi-transition CO

e Detections of H2O and HD and various other molecules
o 2022-... : JWST!



Chemical reactions

» Because of low densities and temperatures, chemistry is

controlled by two-body reactions:
=> abundances depend on physical conditions
(temperature, density, radiation field, history)

 Three-body reactions not important until n~1012cm-3

e Reaction rate (often T-dependent):
k n(x) n(y) cm-3 s-7



Chemical reactions

@ carbon-bearing network



Chemical reactions

@ oxygen-bearing network



Tvpbes of reactions

Gas-phase chemistry

Bond formation Bond destruction Bond rearrangement
Radiative association Photo-dissociation lon-molecule, neutral-neutral or
® C—> g +y o +y — e @ charge transfer
Associative detachment Dissociative recombination P —> g ©
® C—> ¢ +e g te —> o @

e Formation of bonds

 Radiative association X++Y => XY+hv

 Associative detachment X+Y => XY+e

* (Grain surface) X+Y:g => XY+g
* Destruction of bonds

* Photodissociation XY+hv => X+Y

* Dissociative recombination XY++e => X+Y

 (Collisional dissociation) XY+M => X+Y+M
 Rearrangement of bonds

* |on-molecule reactions Xt+YZ => XY+ + Z

 (Charge-transfer reactions X++YZ => X+YZ+

e Neutral-neutral reactions X+YZ => XY +~Z



Line excitation

Local Thermodynamic Equilibrium (LTE): collisions lead to excitation
and spontaneous emission photon: Boltzmann distribution

n.og Example 12CO:
n— = —eXp(—h'V/k];x) J=1-0: 115.271 GHZ, E.,=5.5K
& J=2-1: 230.538 GHz, E,=17 K

_&u exp(~(E, - E,)/kT.,) J=3-2: 345.596 GHz, E.=33 K

2 J=6-5: 691.473 GHz, E.=116 K
g = degeneracy of energy level

absorption Spontaneous emission
Upper level
E :
- O
Photo I I'
r ™ = = NS
\'} "\j ﬂ (\J
Photon
- Y - |
Lower level atom

Find transitions + frequencies:
http://www.splatalogue.net



http://www.splatalogue.net

Line excitation

Local Thermodynamic Equilibrium (LTE): collisions lead to excitation
and spontaneous emission photon: Boltzmann distribution

Flux linewidth

X
1. Calculate Ny, the column density of thin 47TS,,A/1; The rate of spontaneous
the upper energy population level of a Nu — emission is set by the Einstein
molecular transition, using the Aul Qhce coefficient Ay (property of
integrated line flux \ transition)

Emitting area

2. Calculate N, the total column density of a
molecule using the energy level E,, the & — Nt o Eu/ kTt

partition function Q(T) (summing over g O (Tio1)

all No/N| combinations) and an assumed ! Q(T) is a property of the molecule
temperature Tiot

Find Eu, Au, Q(Tot) for each molecular transition on
http://www.splatalogue.net



http://www.splatalogue.net

Line excitation

110
If you have multiple transitions of 10 ! ! ! |
a slab of material, you can ! J=12-11
calculate a combination of Nt and e ¢ J=1312
Trot USiNg a linear fitting e TV - -~ Model Fit

9l - _ _
procedure, assuming LTE, opt. 107 >

thin emission and all emission
coming from the same region and

temperature: a rotational diagram Obs. Nop = 1457172 x10'% em ™"
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So in the end you just do a
linear fit and a and b give you
column density N and temperature T




lce chemistry

Molecules can freeze out onto dust grains when temperature is below
freeze-out temperature (depends on molecule): Ho

=> ice layer -

Additional chemistry may
happen inside ice layer H,CO |
through H bombardments e NG o '
and radiation fields o§ CH3OH

H |

O

NH



lce chemistry

Grain-surface and ice processes

Freeze-out / adsorption Grain surface and ice chemistry lce sublimation / desorption
Atom '
addition Photolysis / Non-thermal

radiolysis desorption
y/e

Y y/e

M ."_",,_‘)
Radical B Hydrogen
reaction abstraction

@ s 5
\ L~

Thermal desorption

Many possible chemical reactions, followed by ice sublimation

=> more chemical complexity!

Oberg & Bergin 2020



Evidence for ice chemistry

2 | Silicate )
Infrared: ice absorption o 05y, O3
spectra! ) e Silicate

10 )
OCN~

Taking these spectra ) — Coy )
require a bright background . e ./ HH 46 :
source and can only be = o - Hg0 ’f ~ '
done from space: g Spitzer

-2 )
Spitzer and ISO did some of  '° L1014 3
the brightest disks, but - 3
JWST will take many more i 2
ice spectra - Ground-based 8-m 1

3 o 10 20
Wavelength (um)



Evidence for ice chemistry
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3 . -+ 4 " +

Continuum ;; CO J=3-2 1 N,H" J=4-3
-

Anti-correlation between
N>H+ and CO: evidence CO
snowline

High abundances of
complex organic
molecules, like methanol:

=> can only form efficiently
in the ice (followed by
sublimation), no efficient
formation in the gas-phase

Qi et al. 2013



Disk chemistry

Chemistry in the disk

large gradients in temperature, density and UV radiation field which all
influence the local chemistry

chemical networks include thousands of reactions even for simple molecules

line emission relatively weak

107, cm”




Disk chemistry

Example: CO molecular abundance

AIMA (warm & cold gas, resolved ~ 3 AU)
HERSCHEL (het gas, unresolved)

Altitude z above midplane (AU)

<200

100

: CO

photodissociated

200 300
distance r from star (AU)




Disk chemistry

Gas disk Pebble disk H2Oiceline COiceline Gas disk
temperature B Rare “1AU e -0 Al density
- Hottor ° With H;0 ice More Less
Fooke o o With H20 & CO ke dense dense
\r"'w Cosmic rays Nascent Stellar radiation . Turbulence-
Interstellar radiation planet UV and X-ray i driven diffusion
\\O‘OCHEMLVQ
el .
H20 and CO condense UV photodesorption
beyond their ice lines : and photodissodation

Studying chemistry in disks is a complex problem due to the
number of physical processes and conditions in the disk Oberg & Bergin 2020



Disk chemistry

Does the cloud chemical composition reflect
the disk composition? Or is there a ‘reset’?

Build-wp cf ice mantle
ard frozen-in radicals

Grainand ice mantle sputtering
and hot (>400K) gas-phase
cremistry

Radical ice chemistry, hyper-voltile
sublimation, and gs-phase warm
catbon chain hemisty

CS, ¢-C3H,— S0, H,CO

O-1ich ce subimaiion and chang:
trom C- to O-Jominated
gas-phase themist’y

: Sublimation of all icc and
® Witerice  « Hydrogen organic ica chemistry
® (Oice ® (arbon preduds

® Grain ® Oxypen

Oberg & Bergin 2020



Disk chemistry:
detected molecules to date

Table 6
List of Molecules, Including Rare Isotopic Species, Detected in Protoplanetary Disks, with References to Representative Detections
2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms

Species Ref. Species Ref. Species Ref. Species Ref. Species Ref.
CN 1,2 H,0O 3, 4,5 NH; 6 7 CH;OH 8
C'*N 9 HCO" 1,2 H,CO 2 HCOOH 10 CH;CN 11
CH™ 12 DCO™ 13 H,CS 14, 15 16
OH 17, 5 HCco* 18, 13 C,H, 19 20
CcO 21 HCN 1,2
Bco 22 DCN 23
c'®o 24 H'*CN 25
c'o 26, 27 H'°CN 25
Pco 39
Bclo 40
H, 28 HNC 2
HD 29 DNC 14
CS 30, 31, 32 H,S 33
Cc™s 14, 15 N,H"* 34, 35
cs 14, 15 N,D' 36
SO 37 C,H 2

C,D 14

CcO, 38

McGuire 2022



Disk ionisation: HCO+

HCO+ is a good tracer of ionisation of
the disk, and is sensitive to both
cosmic rays and X-rays from the star,
which are usually not constrained:

Use the strength of HCO+ emission to
determine cosmic ray and X-ray rates

Low Cosmic Rays

High Cosmic Rays
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- §5X
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Cleeves et al. 2015
Aikawa et al. 2021



Disk chemlstry survey: MAPS
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- ---- Oberg et al. 2021 (MAPS)




MAPS: molecular gaps?
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Some gaps in molecules overlap with
dust, others do not, there are no clear
trends: no link and multiple mechanisms
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Law et al. 2021 (MAPS)



Often no clear origin for

molecular emission

Solution: look for trends (or lack thereof) of larger samples

Disk mtegrated fluxes (pre -ALMA...)

Look for correlations with &
disk/stellar properties

(O 52 um (W/n7) * (0/140)

(O] €3 um (W/m? * (d/140)?

Oberg et al. 2011
Carr & Najita 2011
Salyk et al. 2011

Meeus et al. 2012
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Disk chemistry: ices

Snowlines in a disk have been proposed to be
key locations for planet formation due to the
stickiness of dust grains

efficient coagulation

efficient fragmentation

0.0 0.5 1.0 1.5 2.0
Time (Myr)
Banzatti et al. 2015



Disk chemistry:
vertical structure

3 027 1" 0 1" I 3
1.3 mm continuum

Dec offset

g 11:CO 312 - 21,

3 V

g e o |
g E
c ).5"= / '_-(15
. 1"
1 -:' pxl.‘-‘v =1.5"

3 2 § 0 " 2" 3 B R T T S
RA offset RA oftset RA offset

In edge-on disks it is possible to resolve the vertical
structure of the molecules: temperature structure

Podio et al

. 2020



Snowlines

N,H* J=4-3

3 50 AU -
Q. ... .
N C.C
Disk with an N2H+* ring: N e
CO snowline (Tsubi~22 K)? | & e - — @
=> N2H* can only form » l ”
when CO is frozen out
N,H' > Heor
Qietal 2013

Van t Hoff et al. 2016



Snowlines

Modeling: CO snowline is
actually CO snow surface
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Qi et al. 2019



H-O snowline

no water (NW) (Y-8

H20 snowline (Tsubi~120 K) tricky:

0.3:

close to host star and HCO+ as tracer? g
iInaccessible from ground S .: S0.2] 108
H,0 gas abundance [, ¢ ,/ny] : H; J o H, | : -11—§
0.8 10-4 E C\‘\ " Hy : o
10° W i ONW b : -12
0.6 ™ 10’6 E . J E *
107 : :
ﬁ 0.4 108 E E 0.4 a
10° - 3
02 ™ 10-'0 0.3 0 §
' 107" 5
0 10712 ' W 0.2 -10¢
1 10 100 | H.0 {ice) }.._L HO e HO™ z
r [AU] ‘ 8
0.1
[
H,O ice abundance [ny o ;/ny] 1.0 ! 13
< 0.8 ' Lo ST 100
s [ r (AU)
§ 0.6 : l Renowtine = 119 AU ]
D i W V883 Ori: outburst
e [ (100*brighter):
0.2 -
Vo e Snowline further out!
1 1
* 100 200 300 400 500 Notsu et al. 2017

1 10 100 - r(AU) Van t Hoff et al. 2018
r [AU] Leemker et al. 2021



Complex organic molecules

Hydrogenation of CO-ice:

(e.g. Watanabe & Kouchi 2002) => start of complex organic
molecule (COM) chemistry:
CRAIN MANTLE GAROWTH AND EVOLUTION biomoleculeso
C O P GRAIN SURFACE REACTIONS PRODUGE SIMPLE MOLECULES
— . H "
[ p Tfi?*‘\
u H oo ﬁ 1
CORE 0.05 um
HQO ...... 5 |
ln
H,CO - )
H
4
H,CO
lH
CH4OH

WITHOUT SOME FORM NF ENERCGFTIC PRCCENSENG, MAKTAES
WILL EE MADES JP PR WAR LY OF SIMPLE MOLZCULES
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CH30OH and HoCO

V883 Ori: CH3OH

T™W Hya CHsOH (nearest dlsk)

870 um continuum

C'%Q j=2-1

CH.OH 5.-6,

CH.OH 16,-15,

CH.OH 18,17,

c.3
| C -~ I I 5
>~ c ‘
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e 1 o) 1 1 L c L I 1 1.5
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LRA("] aA(") ARA M)
DM Tau 4()4 303 515414

H)CO 303 202

Many disks:

H2CO (also gas-phase

formation)

]1604 -2130 3)1 2)0 322'221
H)CO 303 20) )
o
LkCa 15 4n°312 414-313 42:-3n
HzCO 4g4-303
Q °
O
MWC 480 413312 414-313 515414
-=Te 2 H)CO 404 303 i@ﬂ
()] K ;
<.2 .

Walsh et al. 2016

ARR 1]

Van t Hoff et al. 2018
Pegues et al. 2020



Relative Declination (arcsec)

CH30OH in warm disk?

HD100546: warm disk (hot star) = no CO ice reservoir?

( ] Warm
CH30H (63,51 —51,4,1) 2 1 Herbig Disk Herbig Disk
70 9
60 8
50 7 2 I
40 E <1
s 3
30 4>
20 3 €
10 2
0 1 0 Y *
~10 0 TW Hya HD 163296 HD 100546
4 2 0 -2 -4 1 0 -1
Relative Right Ascension (arcsec)
thermal CH3OH non-thermal
reservoir CH3OH desorption
‘ radial | molecular
,«" g} transport? inheritance
o -
CH3OH ice must be formed in \ ) ol
early cloud phase and inherited Q@ & °0% Q@ %%
1M0au 25au 200 au 400 au

Booth et al. 2021a



CH3OH in ice trap
in warm disk?

mm-dust

Various combplex oraanic mol : Van der Marel et al. 2021b
plex organic molecules cospatial Booth et &l 2091

with dust trap: must originate from icy pebbles Brunken et al. 2022




In (Nufg.)

In (Nufg.)

high T => surface layer
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CH3OH in ice trap

Rotational diagram:

H,CO

1 Tme=173111K

® ortho
® para

A
Nr=7.7205-103cm™?

CH3;0H

1 Twe=103*EK

Nr=49%20.2-10** cm™?

0

50 100 150 200 250 300
Eu (K)

Scenario: icy dust gets trapped,
vertical turbulence brings icy
grains to surface and ice desorbs

30 AU

Van der Marel et al. 2021b



Also here: vertical mixing required to bring
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Why these two disks for CH3zOH?

Radius outer dust ring (au)

Link between dust

Cold dust traps ®
@ HD142527
O ®
®
2
10 - ° ® AATau
° 'ﬂ"u;&als .HD13 348
" 1
QC Tau
® o 90 .:
' 0V404 gr ® HD10045
@ D100546
o ©®
®DMTau @Rx|1615.3-3255
co p Warm dust traps
lcelne
101
10 1 100 101 102

Stellar luminosity (Lg)

transport and chemistry

Van der Marel 2022 (review)



Link between dust drift and chemistry?

Small disks Large disks
Reust = 60 au 60 au s Ryt = 300 au
S H20 snowline > H20 snowline
2| 18-21cm2 S :
P Efficient ice drift Pl bbbl * lce trapped in rings
g (no pebble “traps” g : ,
.8 Water vapor In outer disk) O ; ﬂ
3 enrichment ®* s 0 £| <175cm? | ,,\ ® o o
=4 fromice e ® 3 y e
: ) o o °
g Sublimation O H
Q Q "
= I /o \
Disk radius Disk radius
_ 2 10f 1
Two types of disks: - E
possible explanation ol
- -
for elevated warm H2O D : o®
in compact disks S 1f ®* ol
N E .
T : o ;
100
Rdust (au) Banzatti et al. 2020

Kalyaan et al. 2021



C/O ratios in disks

1.2
gas 1
LOF— — grain - Cl _ ]
OF  olar : assical picture of C/O

08k In disk: showlines
= I
~ 0.6 -
° e SR :
© 04F T T | -

Snowlines N
= m:
= - :; 33; 3 :‘chmc,m do Solar
Link exoplanet atmospheric e 0
composition to formation location . " i

Oberg et al. 2011



Dust transport regulate (ice) chemistry?

© Granw/ COQice CO
O Grain w/out CO ice
@ COgas

snowline

.
(o]
(o] . .
o Sublimation
o
S . Tk
o] o.
Excess CO vapor:
C/O~1, elevated C/H Main ices: H-0,CO,CO:
Dust pebble drift can cause CO (all oxygen carriers!) Oberg et al. 2016

Booth & llee 2019

depletion and increase C/0 > 1 Krijt et al. 2020



Link between C/0O and dust drift?

Cold disks: high C/O Warm disks: low C/O
CO snowsurface
Ring disk Compactdisk —
@
low CO abundance high CO abundance
strong C;H emission weak C,H emission

Cold transition disk

-

Warm transition disk

88388,

~

CO mostly evaporated:
C2H non-detection

Van der Marel et al. 2021c¢

C2H detection



Impact on exoplanet atmospheres?

ice line

Recall:
Minimum core mass to
create dust trap

—

— G0
120

ice/gas accretion? n
—eamll D ®
(o) (o)
Vb

migration?

Planet formation models need
to take icy pebble drift into account to

Lambrechts et al. 2014 figure out what gets accreted where

Rosotti et al. 2016


https://en.wikipedia.org/wiki/%CE%A3

C/0 ratios In disks

LETTER TO THE EDITOR

If you like C/O variations, you should have put a ring on it
Nienke van der Marel' * @, Arthur D. Bosman?, Sebastiaan Krijt’®, Gijs D. Mulders*©, and Jennifer B. Bergner®

Needs an update

C/0 ratio

Radius / A.U.




Summary

Astrochemistry can help to constrain physical conditions and
mechanisms in a disk

Disk chemistry is particularly complex/interesting because of the
strong temperature/radiation gradients

Snowlines play a key role in determining temperature structure in
the disk

The detection of complex organic molecules in two disks proves
iInheritance and transport of ices

The C/O ratio in the disk (and therefore in the planet) may be more
complex due to dust trapping
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Slides courtesy Richard Teague (MIAPP 2021)
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Channel maps

A picture is worth a thousand words.
An ALMA observation is worth 3.8 million.

Credits Richard Teague



Flux {(Nbeam|

Channel maps

Integrated/moment maps
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Channel maps
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Each pixel is an emission line that has been Doppler
shifted relative 1o the systemic velocity.




intensity (Uy/beam)

Line profile

velocity (my/s)

Peak Intensity: gas temperature, molecular column density.
Line Center: (coherent) velocity structure.

Line Width: velocity dispersions.



Expected kinematics
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Much more than just Keplerian rotation!

Pinte et al. 2022 (PPVII)



Channel maps

We're actually tracing two sides of the
disk and we can start to map out the
3D structure of the disk.



Channel maps

e

We're actually tracing two sides of the
disk and we can start to map out the
3D structure of the disk.

FPinte ot al. (2018), Tcaql pler et al. (2019)
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Vertical height

With high spatial and spectral resolution,
It is possible to extract the emitting
surface height directly from the peak

fE—— emission in each channel
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Vertical height

Comparison with NIR surface

Different CO isotopologues show 208 . power law trend [Avenhaus +18 |
different heights (optical depth) | @ measured NIR Surface o
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In combination with fits to the temperature, this can r [au]
constrain the temperature structure in the disk, rather Pinte et al. 2018

than calculating it with a radiative transfer model Law et al. 2021,2022
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Origin warps

Misalignment between

inner and ?uter disk Eccentric disk

A

inner disk
-

T — outer disk

Infalling material
through gap
(‘radial flows’)

Marino et al. 2015
/Zhu 2019

Calcino et al. 2019
Casases et al. 2013
Rosenfeld et al. 2014




Kinks In channels

/ "‘»,':W"f:’ ;

Deviations from Keplerian
rotation in CO are thought to
be velocity perturbation in the

gap caused by the planet

Offset (au)

HD97048

200 F

-0.5

CO bwer suraca
”

HD163296

“velocity

kink

midplane
dust "ings

Surface Density (Iogw cm2)
0.0

1.0

\ e
N
gap edge planets gap edge planets
-200 0 200 -200 0 200
Offset (au) Offset (au)

Pinte et al. 2018, 2019



Normalized flux

Turbulent broadening

OVeury=0.5¢C;

OV =0.2¢C;

OVeyry =0

HD 163296

CO line profile: very little
pressure broadening
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Line profiles and channels
allow to measure the turbulent
broadening: alpha very low!
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Rotation curve
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From a first moment map it is . .
ible to extract a rotation By assuming azimuthal symmetry, we can extract a
POsSsSI rotation curve achieving a precision of less than 10 ms.

curve: azimuthal velocity as coreot (Casassus o6, 2021) cdy (Teegue 2019

function of radius _
Github tool ‘eddy’
allows to do this yourself!

Teague et al. 2018



Gas Pressure —

(5Vro1 +

Rotation curve

o Radius —

Localized changes in the rotation
velocity allow to infer the presence
of substructure in the gas pressure.
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Changes in dVyct can be converted to pressure => gas surface density gaps
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Decomposition

Velocity profile can be decomposed in three dimensions:

Vo = Vg cos(¢) | sin(i) | + v, sin(¢h)sin(i) + v, cos(i) + v g

So now one can measure the azimuthal velocity variations in the r,-plane
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Meridional flows

The variations are interpreted as flows of material
falling onto the (non-detected) planet in the gap

Merid
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Circumplanetary disks

HD100546: ‘Doppler flip’ in 12C0O in residual
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But Doppler flip could also be due to a spiral... Casassus & Perez 2019
Norfolk et al 2022



What’s next in kinematics?

e Kinematic studies generally rely on high-resolution line cubes in both
velocity and spatial resolution (bright disks only)

* Features are generally detected by subtracting a (perfect) model of
Keplerian velocity structure in the disk and look in the residuals

* Will have to be careful with imaging artefacts, continuum absorption,
spiral structures, low SNR features before making claims

e Several tools publicly available to analyse cube data (GitHub):
eddy, bettermoments, discminer...

* ALMA Large Program exoALMA (PI: Teague): 15 disks at 0.1”
resolution and 0.026 km/s velocity resolution



Questions?

Dr. Nienke van der Marel
astro@nienkevandermarel.com
http://www.nienkevandermarel.com
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