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Molecular clouds and star formation

~ 100,000 light years
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In pre-stellar cores,
the gas temperature
drops to ~6 K

— catastrophic freeze-
out (>90% CO in ice in the
central 7000 AU, Caselli+1999)
and large D/H (50(+20)%;
Crapsi+2007; Redaelli+2019)
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Outline

1. Carbon and nitrogen chemistry (CO and N,)
2. Freeze-out

3. Deuterium fractionation

4. Complex Organic Molecules (COMs)



1. Carbon and nitrogen chemistry
(CO and N,)
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The timescale to form CO

H,+cr—>H,"+e + H,"+H, > H;"+H

O e
= HCO* =CO

Assume: dark region where all H is in H, and all atoms more
massive than He are in neutral atomic form.

The timescale on which almost all carbon becomes contained in CO

(ng > n¢) is at least equal to the timescale for one H, to be ionized for
every C: n¢/[C n(H,)] =2 n/[C ny.

For { =3x10% st and n./n, = 104, the above expression gives a value
of about 2x10° yr.



C‘ » Nitrogen chemistry

Flower et al. 2006 e
Hily-Blant et al. 2010 AHCNJ ™

N + H,* %> NH* + H,

N+OH—>NO+H
N+CH—>CN+H

tyo ~ 100 yr in UV-shielded
clouds (about 5 times
longer than t)




Chemistry in Photodissociation
Regions (PDRs)
Sternberg & Dalgarno 1995




2. Freeze-ou

hydrogen




Dynamical and freeze-out timescales
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Evidence of icy mantles: absorption features
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Evidence of freeze-out: CO “holes”

“Catastrophic™ CO C170(1-0) emission
freeze-out within the (Caselli et al. 1999)
central 7000 au

Color: dust emission 'E
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90% of CO molecules are
frozen onto dust grains



Declination (J2000)

In the central 2000 au, 99.99% of all species
heavier than He are frozen onto dust grains
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L1544 ALMA-Band 3 observations +

comparison with gas-grain chemical/RT
model: NH;D abundance sharply drops in
the central 2000 au.

Total-depletion-factor profile

[NH2D]/[Ha]
foo. = _i[%(i)gas + 2(1)sotid] 3 10!
. Zi x(z)gas
3 10°
0 ZObO 4OIOO 60b0 80100 10000
R [au]

Caselli, Pineda, Sipild+2022 (+Pineda+2022)



3. Deuterium Fractionation




Freeze-out and Deuterium fractionation

1.3mm dust conti

N,H*(1-0)

3000 AU

Dust emission in the pre-stellar core D-fraction increases towards

L1544 (Ward-Thompson et al. 1999) the core centerto~ 0.3
(Caselli+2002; Crapsi+2004,

2005; Redaelli+2019)



H;*+ HD = H,D"+ H, + 230K

Fractional abundance

NZ — N2D+ t H2 10000 v
H 2D+ + Time (yr)
CO —> DCO* + H,

Roberts, Millar & Herbst 2003
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H,D*/ Hs* (and D/H) increases if the abundance of gas
phase neutral species decreases (Dalgarno & Lepp 1984).

LOWER HIGHER
CO freeze-out FERSEINE H,D*

- destruction formation

rates rate

L ARGER
H,D"/H;™ abundance
ratio and deuterium fraction




Surprisingly strong ortho-H;D* in pre-stellar cores

* Led to strong revision of astrochemical models (e.g. Roberts et al. 2003)
* Triggered new laboratory work (e.g. Hugo et al. 2009)
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Caselli et al. 2003, 2008
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H-bearing Gas species
molecules > (DCO*, NH,D, <=
(HCO*, NH,, N,D*...)
H,CO ...) 1
Step 3a
COSMIC RAYS
> Hg* o> H,DY —wp> D,H" —wp> Djt
Step 1 Step 2
e e e e
H, H, —> D <
. Grain mantle
Ceccarelli+2014, PPVI e
See also: Caselli+2003, 2008 (HDO, HDCO,
Vastel+2004; Sipila+2010-2019;
Parise+201 |; Furuya+2013-2019; ™ : CH,DOH..)
Taquet+2013-2019; Redaelli+202| —<APEX Step 3b




g oAy ortho-H, can slow down /
suppress the deuterium
4 fractionation

H;*+ HD <—H,D*+ H, + 230K

3
Hs;* + HD =» H,D* + p-H,

Pagani et al. 1992
Gerlich et al. 2002
_______ Ve = = Hugo et al. 2009

Para H, Sipild et al. 2013
=0 Kong et al. 2015
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HDO/H,O in our Solar System

(high D/H ratios in Earth’s oceans, comets, carbonaceous chondrites)

Young Solar-type protostars

107 -
X Adapted from Hartogh et al. 2011 -

HDO/H20 in our Solar System requires ice production during the cold
phase (Cleeves+2014) = pre-stellar core chemistry is important !



Crockett et al. 2015
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4. Complex™ Organic Molecules
(COMs)

i—Propylcyanid n—Propyleyanid
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“> 6 atoms in size (Herbst & van Dishoeck 2009)  Belloche et al. 2015




COMs form at
the edge of the
“catastrophic” CO

freeze-out zone
(see theory work by Vasyunin+2017)

Hanju+2020
See also:

Marcelino+2007

Oberg+2010 H. H
Bacmann+2013 I Tt
Bizzocchi+2014 el iiuol
Vastel+2014 .
Bacmann&Faure 2016 HsC”™ “CHy H_E_ Vi
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Reactive desorption efficiency of CHzOH and H>CO in surface reactions H + HCO —
H-CO and H + HsCO — CH30H, vs. the effective mass of the surface element
(based on Minissale et al. 2016)
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Neutral-Neutral reactions

OH + CH,OH =»CH,0 + H,0

Accelerated
chemistry at
low interstellar
temperatures,
facilitated by
tunneling.
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Shannon et al. 2013, Nature Chemistry




Formation of glycine in a water-rich ice at low T

D

NH,CH,COOH

!HCOO-(
H2CO . , O_

- B AHo\Co
(0]

Laboratory experiment: loppolo+2021, Nature Astronomy
see also Krasnokutski+2022, Nature Astronomy




