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“Stars are among the most fundamental
building blocks of the universe, and yet the
processes by which they are formed are not
understood.”

Derek Ward-Thompson
Science, January 4, 2002



a) dark cloud cores . b) gravitational collapse

Star formation flow chart cz‘
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Molecular clouds

e Masses —up to 6 - 10° Mg
* Sizes — tens of pc
 Temperature — 1050 K

 Density — > 200 cm™ Total mass — some 10° Mg

I I T I I

oo Stark et al. (2006)

50 -

SR velocity (kms™)

0

120 100 80 60 40 2

4 (degrees)



Galactic Longitude |

Young Stars
174

176

lg epnino onobiy

(2007) 1o[yers 2 e[red



Stars are forming too slow

* Molecular clouds are gravitationally (Jeans) unstable

« SFR in the Galaxy is 3 orders of magnitude lower than we
would expect.

“Standard” model of star formation

* Molecular clouds are long-living entities

» They are supported by the magnetic field (turbulence dissipates
too fast)

e Magnetic support is gradually lost due to ambipolar diffusion
(Mestel & Spitzer 1956)



Stars are forming too fast

*  We do not know molecular clouds without star formation
(except for, may be, one)

« In star forming regions with molecular gas typical ages of
young stars do not exceed 3 Myr

Gravoturbulent model of star formation

» Molecular clouds are transient entities

» Magnetic field either 1s not important or, at least, is not a major
factor (Crutcher, Hakobian, & Troland 2008)

» Prestellar cores (and, may be, molecular clouds themselves)
form due to convergence of turbulent flows



Prestellar cores
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Density profile
Dust/gas temperature
Magnetic field
Velocity field
Chemical composition
(chemical clock)
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Dynamlc cores in hydrostatic disguise

Of all artificial cores, about 65%
have apparent BE profiles. Nearly
half of these cores would be
classified as gravitationally
stable, even though in reality they
are neither stable nor static.



Goodman et al. (1992)




Magnetic field morphology
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» Z/eeman effect
 (Chandrasekhar-Fermi relation

Magnetic field strength
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Molecular lines as a discriminator for
star formation models

Kinematics (quiescent vs transsonic)
Magnetic field (OH vs CN)
Age (short timescale vs long timescale)

It is complicated, it has thousands of free parameters,
but it cannot be avoided...




Equations of chemical kinetics
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* Gas-Phase Chemistry
 @Gas-Dust Interaction

e Surface Chemistry



Initial Conditions for Star Formation

Atomic gas

Diffuse clouds

Molecular clouds

Prestellar cores

Protostellar objects

Young stars

Initial conditions are especially important for chemistry



What is a diffuse cloud?

Diffuse atomic Diffuse Translucent Dense molecular

molecular
Property f(H,) <0.1 f(H,) > 0.1 f(C*) <0.5 f(CO)>0.9

f(C*) > 0.5 f(CO) < 0.9
A, 0 0.2 1-2 5-10
n, (cm) 10-100 100-500 500-5000 > 5000
T (K) 30-100 30-100 15-50 10-50
Observational UV, visible, UV, visible, UV, visible, IR, IR (abs),
techniques 21 cm IR, mm (abs) mm (abs) & mm  mm (emis)

(emis)
Ay = 0m— [m Ay = 1m—5m

Snow & McCall (2006)



Molecules in diffuse clouds

Weight Species Method Target N(X)/NH
2 H, UV { Oph 0.56

3 HD UV C Oph 4.5 (=7)
3 H,* IR { Per 5.1 (=8)
13 CH Optical € Oph 1.5 (-9)
13 CH" Optical ¢ Oph 2.4 (=8)
14 BCH* Optical ¢ Oph 3.5(—10)
15 NH Optical ¢ Oph 6.2 (—10)
17 OH UV { Oph 3.3 (=8)
24 C, Optical C Oph 1.3 (—8)
25 C,H mm abs. BL Lac 1.8 (=8)
26 CN Optical ¢ Oph 1.9 (-9)
27 HCN mm abs. BL Lac 2.6 (-9)
27 HNC mm abs. BL Lac 4.4 (—10)
28 N, UV HD 124314 3.1 (=8)
28 CO uv X Per 6.4 (—6)
29 HCO* mm abs. BL Lac 1.5 (-9)
29 HOC* mm abs. BL Lac 2.2 (—11)
29 3CO UV X Per 8.9 (=8)
29 C70 UV X Per 7.4 (—10):
30 C'20 UV X Per 2.1 (-9):
30 H,CO mm abs. BL Lac 3.7 (-9)
36 C, Optical € Oph 1.1 (-9)
36 HCI UV ¢ Oph 1.9 (=10)
38 C,H, mm abs. BL Lac 6.4 (—10)
44 CS mm abs. BL Lac 1.6 (-9)
64 SO, mm abs. BL Lac <8.2 (—10)

Snow & McCall (2006) + H,S, HCS* (Lucas & Liszt 2002), NH, (Liszt et al. 2006), HOC* (Liszt et al. 2004)



Molecular composition of diffuse clouds

1. Physical conditions in diffuse clouds

2. Dynamical evolution of molecular clouds

3. Initial conditions for chemical evolution in
prestellar cores

Hydrogen 1s not Other molecules
entirely molecular are abundant



What is used?

Study Initial Initial abundances
density
Bergin & Langer (1997) |3 - 103 Hydrogen is totally molecular; other
elements are atoms or ions
Aikawa et al. (2001) 3-104 Hydrogen is totally molecular; other
clements are atoms or ions
Shematovich et al. 103 Hydrogen is totally molecular; other
(2003) elements are atoms or ions; some C and O are
converted to CO
Lee at al. (2004) 103 Hydrogen is totally molecular; other
elements are atoms or ions
Pavlyuchenkov et al. 5-103 Hydrogen is totally molecular; other
(2006) elements are atoms
Tsamis et al. (2008) 103 Chemical equilibrium




Role of molecular hydrogen

C'+H, —*>CH"+H
CH +¢ > C+H
CH"+H—>C" +H,
CH"+H, > CH, +H

The oldest unsolved astrophysical
problem (Liszt 2006):

C-shocks?
Diffusion?
Turbulent dissipation?
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Dark cloud chemistry
in initially H-rich regions
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Model Initial abundances
H-atomic Hydrogen is totally atomic; other
elements are atoms 057
H-molecular | Hydrogen is totally molecular;
other elements are atoms 04l
TMC-1 Complex molecular
composition, but hydrogen is ~
still totally molecular T 03]
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01f | = =—— Hmolecular
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Why do we take wrong initial conditions?



Gas-phase H, formation

Three-body reaction:
H+H+H-—>H,+H

Very slow reaction:
H"+H —> H,"+ hv
H,"+H—>H,+H"

Very slow reaction:
H+e > H +hv
H"+H — H,
H,"+H - H,+H



Dust surface H, formation

H H

H atoms stick to a grain. %
H- P

They migrate over its surface, collide, and -

form H, molecule. -

Newly formed H, desorbs into the gas-phase.

It 1s necessary to include surface chemistry in the model



Dust surface H, formation

Even on surfaces it is a very slow process
Effective only at dust temperatures between 10K and 20K

Newly formed H, 1s dissociated by UV photons
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H, accumulation in quiescent
molecular clouds

Glover & McLow (2007ay7"
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Mean H, fraction

H, accumulation in turbulent
molecular clouds
TR B e il
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Galactc Latitude

Other molecules (in
particular, CO)

Dobbs& Bonnell-(2d@7ﬁ)

Gl

*Tracers
eHeating & cooling
eFractional 1onization

o
s Che N Uy RN N R T, W 7 0 T Y R
L ﬁlz,ﬁtﬁﬁi%?{“ o, T".;«?,,.Mé?ﬁfﬁ:; &
gt e "'_.:" 1 ol I sl Sl AE - o Al e ' P oL - - e
3 g o 2O 6 o1 .a;'-"-a‘?*”‘-‘f%'-' TRy “"‘gﬁéﬁﬂzf ots
. T : ; % 1 A ) B 3 o ‘
oLk o Tty
P IE PR v >
Ok '_. 15 __r.'_. g ‘? - 4 e ,:“
I:,_v iy ! % PR : - &1 > ae - o 1LY L% .'f";}- ,‘r-f" i
-1 TR . ¥ b 'QIF"!.-:. ar ‘;.{P é—‘ % 3 . P G ,r- v M g fl‘f;‘-'- \'9:"??*'?;’_‘; -f.f Nt
i % ""-.:*' [P0 3" ,‘f“*-s kel ORI ) ~ el A :?‘:,be_ Fa, 0 e -Mmé‘;*._aﬁ’;;s ‘ui » L
Duagy 9%, " £y - J ForT gk (T s P - T . g 4 & LT ALy 3 T » -
R HG - W e e e R BN B b
_f ;ﬂrﬁ;ﬁﬁ ! _J_*_l__ __;:_,-11,,__; e L LS :ﬂ,__ o T E A o | |’11; 1 i kb i 1 et | i 'f- i | 1 l"‘ﬁ.{ ..-t H‘ll i -I [:::':-‘ ki | i L) R |. L "‘I‘If_. | l i L ‘1"'
140° 138° 136° 134° 132° 130° 128° 126° 124° j22° 120° 118° 116°

Galactic Longitude



Other molecules:
role of surface chemistry

Hasegawa, Herbst, Leung (1992)
Rate equation approach to surface chemistry

@ Q(



Unified Monte Carilo treatment of gas-
grain chemistry

1. The Chemical Master Equation, universal and very slow

M

IP(X .t | Xo,t ; . B} L L
i ,__| 0 to) =Y [a;(X - 575)P(X — 7.t | Xo.to) — a;(X)P(X,t | Xo.to)
ot =

2. Rate Equations, very fast, but not universal

Unified treatment of gas-phase and surface chemistry in
large chemical networks — Vasyunin et al. (submitted)



Temperature
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Model T-RE, 10(6) yrs

Temperature, K

2(2) 2(3) 2(4)
Gas density, cm™

Abundance
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Abundance
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Incorrect treatment of surface reaction leads to significant
errors in computed abundances of important molecules at

densities and temperatures typical of translucent clouds.

Grain size, composition, structure...



Evolutionary status of
diffuse clouds

Cold
(diffuse)
medium

Cold
(diffuse)
medium

Molecular
cloud




Collapse vs expansion

Species Column Density Ratio
Collapse Expansion (E/C)

NH 5.0(410) 8.6(+11) 1.7(401)
NH, [.8(410) T.1(+11) 3.9(401)
CHy4 6.5(+05) 3.0(4+12) 4.6(+406)
NHj; 7.3(407) S.I(+11) 7.0(4+03)
HNO [.8(409) S.1(+10) 2.8(4+01)
HNC 4.4(4+09) 1.7(+11) 3.8(401)
HCN 3.7(4+09) 6.0(410) 1.6(401)
H->S 3.1(4+07) 2.0(+11) 6.3(4+03)
C>H» [.3(409) 1.2(4+11) 9.5(4+01)
Si [.2(410) 4.1(408) 3.3(—02)
S 8.1(+13) T.1(4+12) 8.7(—02)
Na [.5(412) 8.3(+10) 5.4(—02)
Mg 6.0(+10) 3.3(409) 5.5(—02)
Na™t 3.1(+14) 1.0(+13) 3.4(—02)
Mg* [.1(+13) 4.9(+11) 4.4(—02)
Sit .1(+13) 3.9(+11) 3.6(—02)
St 2.1(+16) 1.8(+15) 8.6(—02)
Fe™ 3.1(+12) 1LI(+11) 3.5(=02)

Price et al. (2003)



Conclusions

1. Diffuse and translucent clouds represent truly initial
conditions for prestellar cores.

2. Abundances 1n prestellar cores (and conclusions which are
based on these abundances) sensitively depend on the 1nitial
fraction of molecular hydrogen.

3. Incorrect treatment of surface reaction leads to significant
errors 1n computed abundances of important molecules at
densities and temperatures typical of translucent clouds.



	Formation of molecules in interstellar clouds
	In collaboration with...
	“Stars are among the most fundamental building blocks of the universe, and yet the processes by which they are formed are not
	Star formation flow chart
	Molecular clouds
	Stars are forming too slow
	Stars are forming too fast
	Prestellar cores
	Density distribution
	Dynamic cores in hydrostatic disguise
	Magnetic field morphology
	Magnetic field strength
	Velocity field
	Molecular composition
	Molecular lines as a discriminator for star formation models
	Equations of chemical kinetics
	Initial Conditions for Star Formation
	What is a diffuse cloud?
	Molecules in diffuse clouds
	Molecular composition of diffuse clouds
	What is used?
	Role of molecular hydrogen
	Dark cloud chemistryin initially H-rich regions
	Why do we take wrong initial conditions?
	Gas-phase Н2 formation
	Dust surface H2 formation
	Dust surface H2 formation
	Dissociation Н2
	H2 accumulation in quiescent molecular clouds
	H2 accumulation in turbulent molecular clouds
	Other molecules (in particular, CO)
	Other molecules:role of surface chemistry
	Unified Monte Carlo treatment of gas-grain chemistry
	Evolutionary status ofdiffuse clouds
	Collapse vs expansion
	Conclusions

