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Background



From interstellar clouds to star: the early stage
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From radio observation to physics

Raido observations towards molecular clouds & Hot cores.

mm & sub-mm of molecular lines
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1. Molecular lines: CO, N,H", OCS, HC3N, CH30H etc
2. +Column density, abundance, excitation temperature and so on.
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From radio observation to chemistry

Observations + Physics + chemistry
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Figure from 2.
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Evolution of physics and chemistry

Disk Hot core Collapsing envelope Precollapse Hot core model:
10° 10 10° 10° 10
nicm?) =% + + + + t
TK) + t t 5
300 100 30 10 2001 ey

Crompamion )(Oammion) (s )

QOutflow
cone

tog[n(i)/n]
log[n(i)/ny]

. — ~ o ?

: |

\ / ]

| B | -12 . % :

/ el 1 1x10* 2x10* 5x10*
I | Time (yrs)

L COrich

6/28



Astro-chemical models



Single-point chemical models

pure-gas
CO, NoH" etc. E.g. 2,?
But H, and CH30H are mainly formed in solid-phase.

gas-grain (2-phase):
2,2,?

Species on dust grains should be buried in mantle.
gas-grain (3-phase):
2,2
= (O

chemically active monolayer(s)

|
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S
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Vasyunina & Herbst tal., (2013) @OOOQOOO@

Note: single-size dust grain is usually used.
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Rate-equations

dni — des acc
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Figure 9

Three mechanisms for surface reactions on a regular grain surface. S is the sticking efficiency of a gas-phase
species, Ep is the binding, or desorption, energy of the adsorbate to the surface, and E, is the barrier from
one site to an adjacent one.
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Benchmark of gas-grain code. (ggchem verse ALCHEMIC)
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Physical parameters for five

models from ?:
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Agreements to observations
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Uncertainties

? + Monte Carlo method:

Assume a normal distributions of
log(k;) (k; is reaction coefficient) with
a standard deviation o; = log F;
(unertainty factor).

(log(X(#)))—the averaged
abundance is obtained at time .
Alog(X) = 1(log Xmax — log Xumin)
— 20 symmetric Gaussian
distribution.

RATE99 E
----- 0su.2003

log(t[yr])
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New chemical effects




Dust grain size distribution (1)

dn=cxa3da(?);?

9.

100

>

107 2" € (em”)

Dust size distribution introduces some effects on abundance, but not big.
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Dust grain size distribution (2)

® HY(from MHD calculation)/ or WD+T7,(i) ? =- different areal densities:

o0
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areal density abundance in CNM

® MRN + Ty(i) o a;ffl/é(i) = effects in mantle ?:
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Dust temperature as function of radii does affect the mantle composition.
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Dust grain size distribution (3)

e ?: Monte Carlo + Cooling & heating of dust grains
Stochastic heating <= low energy (infrared wavelength) + high

* gas-grain + Sbins + HY/MRN

energy (cosmic-ray induced secondary FUV) photons.

* Grain coagulation can affect certain

gas-phase species, such as CO2 and

N2H+, in the cold core environments,
which can be attributed to the volatile

precursors originating from the small

grains with temperature fluctuations;

+ Grains with radii around 4.6 x 1073 um
contribute most to the production of [
COMs on dust grains under cold core ~ i
conditions, while few species can be

formed on even smaller grains with radii
less than 2 x 1073 pm; o

* COMs formed on stochastically heated

NN,

grains could help explain the observed ‘ | T )
abundances of gas-phase COMs in cold T e T T R T line with

cores. cross:— M3, line— M4
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Non-thermal desorption(1)

® The thermal desoprtion is not enough to produce high abundances of COMs at 10 K.
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(a) Gas phase CH,OH

Ep 1%
er=[i- ] =

Rice-Ramsperger-Kessel (RRK) theory®.
= 0.0(M0), 0.01(M1), 0.03(M2), 1.0(M3). L134N and
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10 10 10 10> 10° 107 10°

2 Time (yrs)
b'S m—M
e Efficiency CD = exp(— )e= (2 ) ™
ciency C exp EAH ¢ mtM 12 - . . : :
A Experimental data
Ia o =04 g -
Ro-voraion 95 . i sz & |%
s = g=(M-m/M+m) z 2 |2
<~ g8 £ 3 =
Interacton with —~ 80 J
= 3
1 5 2 e 7 l ‘
- Translation 2 3 s 8, l a4
40 5 =z . % 3 "
Q Ao ¢ = =
o EI S S
& = 9 8 8 l °
Fig. 4. Illustration of the chemical desorption process. After an initial 2] % & & 1
meeting (1), the molecule is highly excited; (2) and converts a frac- = 1 6 °
tion of its energy into vertical motion through interaction with the sur- 2 1 %

face (3).
Reactions

a . S .
s is the number of vibrational modes in the molecule/surface-bond system
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Non-thermal desorption(2)

e ?: dust size-dependent CR heating
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Non-thermal desorption(3)

e sputtering of grain mantles induced by cosmic rays ?
k= (¢/3 x 1071 7)Yogema? [ Nye, Yerr = Y°° (1 — ¢ (avers/B)") where Yo is the efficiency of
desorption integrated over a cosmicray spectral distribution. Y°° is the sputtering yield for thick

ices and B, y are two parameters associated to nature of the ice.
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New reactions of S-bearing species

® ?: enhanced network + cosmic value of S (~ 1.5 x 10~%):

e.g. HCS™ +NH; — H+ H,NCS*

e !

—— HNCS/HSCN +H

the reservoir of sulphur = atomic sulphur in the gas phase or HS and H;S in icy grain bulks.
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New reactions of S-bearing species

® ?: enhanced network + cosmic value of S + multiple stages (Diffuse + Translucent + Dense)
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5
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PAHs in dark clouds. Observations.

a: NGC 7023
| (reflection nebula)

o - n
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+ Abundance ~ 10~7 from ratio of DCO+/HCO+ (?)

® PAH database:
https://www.dsf.unica.it/~gmalloci/pahs/pahs.html
NIST: https://webbook.nist.gov/chemistry/
PAHdb: https://www.astrochemistry.org/pahdb/
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PAHs in dark clouds. Wakelam et al., (2008)

e PAH chemistry & models (?)

3.8 = 6A, = a = 4A, Nc = 460(a/10A)> = 30, X(PAH) = 3.07 x 10—,
Radiative electron attachment: PAH +e~ —— PAH™ +hv, k. = 10*7N3C/4
Charge exchange:

PAH™ + X" — PAH+X

PAH™ + X" —— PAH + X’ + H, if the positive ion contains Hydrogen

k = md® (1) (1 + #fﬁ) where (vy) = 4/ %‘;T is the mean relative velocity.
PAH™ +hv — PAH +e™

log(Abundance)

-1

log(Abundance)

!
Loy
5 0 @ 4

N

4 s 6 4 5 6
log(time (yr)) log(time (yr))

Enhanced abundances and agreements. 21/28



PAHs in dark clouds. Ge et al., (2020b)

e Ge et al., (2020b): PAHs chemisty.

We introduced PAHs into a The model with PAH produces

3-phase model and found that:
comparable solid-phase OCS

s g [ T,
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g N b This is consistent with that of

N P ? and ? by enhancing reaction
Frtn | ety et network.

high-metal, low metal.
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PAHs in dark clouds. Ge et al., (2020b)

The model with PAHs produces comparable results to that in comet
67P /Churyumov-Gerasimenko (67P/C-G):

Species Model Model+PAHs comet 67P/C-G

H,S 124 x 107" 1.36 x 107" (1.10 £0.05) x 10~
OCS 823x107% 537x107*  (4.08£0.09) x 10~
SO 334x 1077 338 x107°  (7.1041.10) x 1074
SOy  5.56x 1071 1.94 x 107*  (1.27£0.03) x 1073
Sy 390 x 107¢ 325x 107>  (1.97£0.35) x 10~
HoCS  8.65x 1075 2.70 x 107%  (2.67 +0.75) x 10=%
HySs  7.72x 1077 3.63x 1075 < 6.04 x 107
HS,  7.96x 1077 846x107% < 1.06x 10~
PO 144 107% 449 x 10> ~1.10 x 10~
PN 2.07x107° 213 x107* < 1.10x 107
HCl 778 x 107 254 x 107* ~ 1.40 x 10~

a: Data from (2?); b: Data from ? and references therein.
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Three-dimensional projection effects on chemistry in a Planck cold
clump G224.4-0.6
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Using the Plummer-like 1-D profile, four cores can be used to reproduce H2 column density map:
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Three-dimensional projection effects on chemistry in a Planck cold
clump G224.4-0.6

The molecular distributions can be reproduced at a given age:
Nobeyama 45m ALMA, Cycle 7, band-6

Dec (deg)

107.53 107.52 107.53 107.52 107.53 107.52 107.53 107.52 107.53 107.52 107.53 107.52

RA (deg) RA (deg) RA (deg) RA (deg) RA (deg) RA (deg)

Left: comparison with previous observations.

Right: comparison with new ALMA Cycle-7 observations.

The projection effects of the four cores can be use to reproduce
molecular distributions. This provides a new method to explore 3-D

structure of interstellar clouds using molecular lines (?)
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Outlook

Comparative studies of dark clouds, hot molecular cores and
molecular outflows will provide useful information to the ice
composition on dust grains and to find the key reactions to the origin

of life from views of the formation of organic molecules.
*****Hot Core Chemistry on Grains***** up to a few 1000 K in outflows

Desorption — non- 100-300 K

thermal and thermal —_

warm gas-phase

10K YT molecules such
as ethers,

Cold phase chemistry alcohols

+accretion + involving

surface radicals

chemistry

Improved Models: GGCHEM for DC and HMC, UCLCHEM and

mhd_vode for shock chemsitry.

High-resolution Observations: ALMA, APEX etc.
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Thank you!
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