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Agenda

@ some phenomenology - Taurus

e what we know ke P Tral

o what we need to explain

@turbulence

@ some basic properties

o formation of molecular clouds in galactic disks
(H2 & CO chemistry)

@ summary: basic idea of gravoturbulent SF

Ralf Klessen: Santa Cruz, 21.04.2010



Abundances, scaled to 1.000.000 H atoms
element atomic number abundance

Wasserstoff H
Deuterium

Helium
Kohlenstoff C
Stickstoff
Sauerstoff O

Natrium
Magnesium Mg
Aluminium Al
Silicium
Schwefel
Calcium

1.000.000

16

68.000

420

90
700
100

2
40
3
38
20
2
34

2

Interstellar Matter: ISM

Taurus

Hydrogen is by far the most

abundant element (more than 90%

in number).

Ralf Klessen: Santa Cruz, 21.04.2010
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HIl HI H,
A, bezeichnet die Extinktion, dh. die Abschwachung

Dichte- / Saulendichte nimmt zu der einfallenden Strahlung.

Ralf Klessen: Santa Cruz, 21.04.2010



scales to same scale

nearby molecular clouds

-Taurus

-Perseus
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scales to same scale

nearby molecular clouds
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J,H.K Near-IR image
of Cloudshine

850 micron and 1.1 mm ﬂ ‘ N H . UCO_ Deep N”}ﬁF-Xli.nClifm an 1.2 mm {IRAM) on 850
‘ @ clumps on a c2d IRAC \ integrated intensity 2MASS Extincrion micron (SCUBA)
3-color image continuum

images from Alyssa Goodman Ralf Klessen: Santa Cruz, 21.04.2010
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Ralf Klessen: Santa Cruz, 21.04.2010

image from Alyssa Goodman: COMPLETE survey




Image size: 520 x 274 2 thirteenCO_249.ti
View size: 1305 x 733 thirteenCO_249.ti
WL: 63 WW: 127 thirteenCO_249.tif
thirteenCO_249.ti

0

m: 17249
Zoom: 227% Angle: 0

velocity distribution in Perseus

Ralf Klessen: Santa Cruz, 21.04.2010




velocity distribution in Perseus

Ralf Klessen: Santa Cruz, 21.04.2010




Ralf Klessen: Santa Cruz, 21.04.2010




(movie from Christoph Federrath)

21.04.2010
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Ralf Klessen: Santa Cruz
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experimental set-up

6 ray approximation to
external radiation field

/

e

- AMR MHD (B =2 muG)

- stochastic forcing
(Ornstein-Uhlenbeck)

- self-gravity
- time-dependent chemistry
- cooling & heating processes
--> thermodynamics done
right!

- gives you mathematically
well defined boundary
conditions
--> good for statistical

studies

Ralf Klessen: Spineto 09.07.09



chemical model O

@ 32 chemical species

@17 in instantaneous equilibrium:
H-, Hf, HY, CH*, CH}, OH't, H,O", H;0*, CO*, HOC*, O~, C~ and OF
@ 19 full non-equilibrium evolution
e, H", H, Hp, He, He", C, C*, O, O", OH, H:20, CO,

CQ, 02, HCO+, CH, CH2 and CH;
@218 reactions

@ various heating and cooling processes

(Glover, Federrath, Mac Low, Klessen, in prep)

Ralf Klessen: Spineto 09.07.09
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chemical model 1

Cooling:
C fine structure lines

C* fine structure lines

O fine structure lines

Hs; rovibrational lines

CO and H;O rovibrational lines

OH rotational lines
Gas-grain energy transfer
Recombination on grains
Atomic resonance lines

H collisional ionization
Hs collisional dissociation
Compton cooling

Atomic data — Silva & Viegas (2002)

Collisional rates (H) ~ Abrahamsson, Krems & Dalgarno (2007)
Collisional rates (Hy) - Schroder et al. (1991)

Collisional rates (e~ ) — Johnson et al. (1987)

Collisional rates (H*) — Rouefl & Le Bourlot (1990)

Atomic data — Silva & Viegas (2002)

Collisional rates (Hy) ~ Flower & Launay (1977)

Collisional rates (H, T' < 2000 K) -~ Hollenbach & McKee (1989)
Collisional rates (H, T' > 2000 K) -~ Keenan et al. (1986)
Collisional rates (e~ ) — Wilson & Bell (2002)

Atomic data — Silva & Viegas (2002)

Collisional rates (H) — Abrahamsson, Krems & Dalgarno (2007)
Collisional rates (Hy) — see Glover & Jappsen (2007)
Collisional rates (e~ ) — Bell, Berrington & Thomas (1998)
Collisional rates (H*) — Pequignot (1990, 1996)

Le Bourlot, Pineau des Foréts & Flower (1999)

Neufeld & Kaufman (1993); Neufeld, Lepp & Melnick (1995)
Pavlovski et al. (2002)

Hollenbach & McKee (1989)

Wolfire et al. (2003)

Sutherland & Dopita (1993)

Abel et al. (1997)

See Table B1

Cen (1992)

Heating:

Photoelectric effect

Hy photodissociation

UV pumping of Hy

Hy formation on dust grains
Cosmic ray ionization

Bakes & Tielens (1994); Wolfire et al. (2003)
Black & Dalgarno (1977)

Burton, Hollenbach & Tielens (1990)
Hollenbach & McKee (1989)

Goldsmith & Langer (1978)

Ralf Klessen: Spineto 09.07.09
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Table B1. List of collisional gas-phase reactions included in our chemical model

No. Reaction

1 H4e —H =+

2 H 4+H—H:+e

3 H+HY —H; ++4

4 H+Hf — Hy +HT

5 H™+HY < H+H

6 Hy +e —H+H

7 Hy+H™ —HJ +H

8 Ha+e —H+H+e
9 Ha+H—=H+H+H
10 H2+Hz - Hz2+H+H
11 H+e —H" +e +e
12 HY 4e” - H+~

13 H +e —H+e +e

e Tl B R

— 5447 x 10 *{log T)*
+4.0415 x 107 °(log T)%)
kz=15x10"7
=4.0 x 10797017
= dex[—19.38 — 1.523 log T"
+ L.118(log T)? — 0.1269(log T')%]
ky=6.4x 1010
ks = 2.4 x 10797~ V2(1.0 + T/20000)
ke =10x10"%
= 1.32 x 10~%7-0.76

k7 = [—3.3232183 x 1077

+3.3735382 x 10 TInT

— 14491368 x 10 "(InT)*

+ 3.4172805 x 10~ %{InT)?

— 4.7813720 x 10 *(InT)*

+3.9731542 x 107 '%(In7)°

— 18171411 x 10~ (InT)®

+3.5311932 x 10 BnT)7]

X exp ( “' 1o
ks = 3.73 x 10 "’I“’ s exp( e
ko = 6.67 x 10~ 12T/ "HmplG (1 + 93500y
kop = 3.52 x 10~ 9exp( 13 )

fies, i1 = dex ['; 0—0.416log ( o ) — 0327 {1og (1%5) }‘]

506 x 10 ~H0 g 18R S46ST.4
! = (1.046.761 x 10— 5T 5. 58R1 exp(— T )
-9 2,

ks.._l'ixlo exp (-2

ez, 1, = dex [.1.3.15 ~ 1.31og 555 ) +1.62 {1og (5 um)}z]
ki1 = exp[—3.271396786 x 10’
+ 135365560 % 10" In T,
— 5.73932875 x 10°(In T3 )*
+ 156315498 x 109(In T2)®
— 2.87705600 x 10~ {InT.)*
+ 348265977 x 10 *{InT.)”
— 2.63197617 x 10 *{InT..)"
+ 1.11954395 x 10~ {InT.)”
—2.03914985 x 10" *(InT2.)"]
iz, = 1269 x 10719 (L2361 "G“)' o
x 1.0+ (oo«.zq) 4’“]-1 923

kigp = 2.753 x 10~ 14 (“Jm)1 e
[1_0+(| 5)83)‘ 7]-72:2
kia = exp[—1.801849334 x 10}
+ 2.36085220 x 10° In 7%
— 2.82744300 x 10~ {InT.)?
+ 1.62331664 x 10 *{InT.)*
— 3.36501203 x 10~ ?{InT,.)*
+ 1.17832978 x 10~ ?{InT.)®
— 1.65619470 x 10 *{InT.)®
+ 1.06827520 x 10~ {InT,.)”
— 2.63128581 x 10 *(InT.)")

ke

w

T > 6000 K
T £ 300K
T > 300K

T 617K
T > 617K

Case A

Case B

chemical model 2

[ = N

10
10

11
12

13

14

14

13

RI+ITA+LS)

Ralf Klessen: Spineto 09.07.09
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Table B1. ]
No. Rea
1 H+
2 H
3 H+
4 H+
5 H™|
6 H)
7 Hp
8 Ha -
9 Ha -
10 Hz 4
11 H+
12 HT|
13 H

14

16

17

18
19

20

21

22
23
24

26

27
28
29

30

31
32
33
3

35

H +H—-H+H+e

che

H™ +H* = Hy e

He+e™ — Het +e™ +e~

He! +e — He+x

He! + H — He+ H"
He+ H* — He 4+ H

Ctye = CHy

O"+e” =0+~

Cte —Cl4e +e
O+e” =07 +e +e”
O +H—-0+H"
O+H -0 +H

O+ He" — O%" +He
C+Ht - Ct+H

Ct+H - C+H'
C+He" — C* 4+ He

H; + He — H+ H + He

OH+H—=0O+H+H

HOC" + Ha — HCO" + Ha
HOC" + CO — HCO' 4+ CO

C+H2 - CH+H
CH+H—C+H2

kig = 2.5634 x 10 97} THI86
= exp[—2.0372609 x 10
+ 1.13944933 x 10° In T,
— 1.4210135 x 10~ Y(InTw)?
+ 8.4644554 x 1073(InT,)?
— 1327641 x 10 ‘PnT)*

T, £0.1eV

micalimodel

+2 1"'5012 x 10 S(InT,)®
— 8.0683825 x 10-%(InT1.)%)
kys = 6.9 x 10-97-0.35
=9.6 x 10 TT 0.5
k16 = exp[—4.409864886 x 10
+ 2.391506663 x 10! InT:
— 1.07532302 x 10" (InT2.)*
+ 3.05803875 x 109(In T, )%
— 5.6851189 x 10 Y(InT.)*
+6.79536123 x 10~ *(InT:.)®
— 5.0090561 x 10-3(InT.)%
+ 2.06723616 x 10 *{InT.)7
— 3.64916141 x 10~ %{InT.)%]
k7o = 1070700 (12,72 — 1615 log T
~ 0.3162(log T)* + 0.0493(log T)? ]
Kyzeep =10 17001119 — 1.676log T
— 0.2852(log T)* + 0.04433(log T)°]
Kyrgi = 1.9 x 1073735 exp (- 24421)
% [1.0 4+ 0.3 exp (- 24854
[ +0.3exp ( 25 T )]

=125 x 1071 ()"
kg = 1.26 x 10~97-075 exp (- 127309)

=4.0 x 10737474

L

0 =4.67x 1012 (35)° —ha
=1.23x 1077 (_. 49 xp (21345.5)
=9.62x107% ( mu) o exp ( ll{-:uc.:)

kgy = 1.30 x 10107 —0°64
=141 x 107107 0% L 74 x 1047
x exp( Lm-) [1.0 + 0.062 x exp (_.le.)]
k22 = 6.85 x 1079(0.193 4 u) uP20e v
ko3 = 3.59 x 10-5(0.073 + u)~ 1ud3e—u
k2a = 4.99 x 107 1270400 L 754 x 10107 0458
ko5 = [1.08 x 107170517
+4.00 x 107107000659 exp (— 227}
kog = 4.991 x 10~ 15 (wmu)o o kelx“p (—m)
+2.780 x 1071 gxtlg.,(i) e p(smxm)
koy = 3.9 x 10~1670.21
ks = 6.08 x 10”14 (ks o
K2y = 8.58 x 10
=3.25 x 10~ 1770968
= 2.77 x 1019597
a0, = dex | — 27.029 + 3.801 log (T") — 20487/7]
k3v o = dex [—2.720 — 1.75log (T) — 23474/T]
fics 1o = dex [5.0792(1.0 — 1.23 x 10 (T — 2000)]
k3 = 6.0 x 10~ %exp (— -»"“{;l?")
kzz =38 x 10
k33 = 4.0 x 107
kaa = 6.64 x 107V exp (- 222
kss = 1.31 x 10 exp (-32)

" o (- 22)

T, > 0.1eV
T £ 8000 K
T > 8000 K

Case A

Case B

T £ 10000 K
T > 10000 K
T £ 7950 K
T950K < T € 21140 K

T > 21140 K
T £ 400K

T > 400K
u = 11.26/Te
u = 13.6/T,

T £ 200K
200 < T < 2000 K
T > 2000 K

13

13

16

16

17

18
19

20

21

22
22
23
24

24
24
26

27

27
28
29
30
31
32

} Ralf Klessen: Spineto 09.07.09
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4 H +H—-H4H+e kig = 2.5634 x 10797786 T. £0.1eV
3 CH+Hz—CHa+H ks = 5.46 x 1071 exp (- 1512) 33
Table B1. | 37 CH4+C—Ca+H kay = 6.5 x 101 34
38 CH+0—CO+H kas = 6.6 x 107 T £2000K 35
No. Rea = 1.02 x g0~ " exp (2 TR 2 36
3 Cf: > D 3 o- 37
= | :chemical: el 2:
41 CH + 2O Hz kil 5.0 X —” 39
2 C240—-C0+C kez = 5.0 x 10~ ”(m)"’ T<300K 40
5 H- =50x 101 (5)"™ T>300K 41
2 H 43 O+Hy—OH+H kaz = 3.14 x 10713 (55)*7 exp (- 332) 12
s ul 16 Hel 44 OH+H—-O+Hz kas = 6.99 x 10714 (315)7" exp (- 1422) 13
' 45 OH+Hy —H20+H ks = 2,05 x 1072 (35) " exp (- 132) a4
4 H4 %6 OH+C—CO+H ki =1.0x 1071 34
5 47 OH+0—0;+H kay = 3.50 x 10~V T£261K 45
6 Hg‘ =17Tx107Ve xp(wa) T >261K 33
48 OH+OH — H,0+H kas = 165 x 1012 (1) exp (- 57) 34
7 H 49 Hy0+H —Hz + OH keo = 150 x 10717 (55 )" ¥ exp (- 2512) 16
17 Hel 50 O;+H—OH+O ksp = 2.61 x 10~V exp “'J“) 33
51  Og+Hz — OH+ OH k31 = 3.16 x 10~ 10 exp (— 2132 a7
52 0:4C—=CO+0 ksa = 4.7 x 10~ “(m) o T<205K 34
=248 % 10712 (1) exp (42 T>205K 33
53 CO+H—C+OH ksa = 11x 10 (F5) 5exp(—”i,"é’ﬂ) 28
& Hel B Hi+Hz—HJ+H kaa =224 % 1079 (2£5) " exp (~ 3555) 18
8 Hal 1o He. 95 Hy +H—Hy +H: kas = 7.7 x 10 Yexp (- 17350 19
9 Ha - 56 C+ H% — CH* 4+ H ksg = 2.4 x 1079 28
57 C+H, —CHY +H kay =2.0x10 7 28
20 CcY . - —_— 10 640 5
58 Ot 4+ Hy—CH™+H ks = 1.0 x 10— exp( ) 50
59 CH* +H—Ct+Hy ksp = 7.5 x 10-10 51
10 Hai 60 CH* +Hy — CH; +H keo = 1.2 x 1079 51
21 O+ 61 CH'+0—-CO'"+H ker = 3.5 x 10717 52
62 CHa+H' — CH™ +Hz kez=14x10"7 28
63 CH) +H— CH" + Hz kea = 1.0 x 10 % exp (- 752 28
1 HE4 99 ¢4 64 CHf +Hy—CH] +H kos = 1.6 x 1072 53
23 0+ 65 CH} 4+0—HCO'+H kes = 7.5 x 10-10 28
240" 66 CHJ +H— CHJ +Hz ks = 7.0 x 10710 exp (- 19580 28
25 0+ §7 CHI 40— HCO' +H; key = 4.0 x 10710 54
68 C2+07 —CO' 4+ C kes = 1.8 x 10710 28
26 0+ 69 O +H:—OH"+H key = 1.7x 1079 55
70 O+H, -—OH +H kro=15x10"7 28
97 c4 71 O+Hy —OH' +H: kry = 8.4 x 10710 56
12 HY 95 e 72 OH+Hj — H0" +Hy k7o = 1.3 x 10—9“ 28
73 OH+C —CO'+H kra=T.7x 10 % 28
29 C+ 74 OH™ +H; - H, 0t +H k7 = 1.01x 1077 57
75  Hz0" +Hz — Hz0" + H krs =6.4x 1010 58
0 1. 76 HO+ H} — H3O% + H kg = 5.9 x 1079 59
13 H : 2177 H20+C" — HCO' +H kry =9.0x 1071 60
: 78 Hy0+4CT — HOCY + H k7s = 1.8 x 1079 60
79 HyO' +C — HCO' + Hay ks = 1.0 x 10~ 28
31 OH 80 024C' —CO"+0 kso =3.8x 10 53
32 HO 81 040" —CO+0~ ksy = 6.2 x 10710 53
33 HO 82 O+ CHj — HCO* +OH ks = 9.1 x 10710 53
3 C+ 831 0, +C—0C0O0"+0 ksa =52x 101 28
35 CH 81 CO+H, —HOC' +H; ksa =2.7x 101 61
——— 85 CO+H, —HCO' +H; kss = 1.7x 1079 61
TN 86 HCOT 4+ € — €O+ CHT kss = 1.1x 1077 28
™ 87 HCO™ 4 HO — CO+ HzOF  kgy =2.5x 1079 62

13

RISITASLS)

falf Klessen: Spineto 09.07.09
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H +H—-H+H+e

11
Table B1. ]
No. Rea
1 H+
15 H™
2 H
16 He-
3 H+
4 H+
] H™|
6 H)
7 Hp
17 Hel
1
s Ha - 18 He
9 Had 19 He-
20 ¢!
10 Hz 4
21 O~
11 HY 2 c4
23 0=
29 O
25 0O+
26 0=
27 C+4
12 HY o8 (f
29 C+
30 Ha.
13 H
31 OH
32 HO
33 HO
3 C+
35 CH
—

P e e R e e R - - R R R
SCPLENSOALALN—~00 0008 RN~ 00 000 s W

81

CH+ Hz -
CH+C—
CH+0—

O+ Hz; —
OH+H —
OH <+ H3 -
OH <+ C —
OH+ 0O+

OH + OH
H20 +H -
Op +H —
O + Hy -
024+ C—

CO+H—
H} +Hz -
Hy +H
C+HF o
C+H§ —
Ct 4+ Hp -
CHY + H|
CH* + Hg
CH' +0
CHa + HY
CH} +H.
CHY + Hy
CH} + 0|
CH} +H/
CH} + 0|
Co+0" -
O +Hz-
O+H, —
0+H3' —
OH + HJ |
OH=+C"
OH™ + Hy
H:O'" +H
H,O + HY
H20+C§'
H,0 +C*
HyO' =
Oz +C* -
O +4+C™ -
0z + CHZ
0, +C—
CO+H,
CO+H,
HCO™ +(
HCO™ +

88
89
90
91
92

96
a7
98
99
100
101
102
103

104
105
106
07
108
109
110
111
112
113
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130

131
132
133
134
135
136
137
138
139
140

emical,

— ey TOIGE

Hz + He' — He + HJ

Hz + He' — He+ H 4+ H!
CH+H —CH' +H
CHz + H' —.(:H++H

HoO+H™ —.Hgo' +H
H20 + He' — OH 4+ He 4+ H'
Hy0 + Het — QHT + He+ H
H20 + He' — H20" + He
O2+H™ -0} +H
02+He"'—00% + He
Q2+ He! 0" +0+ He
07 +C—02+C7
CO+He™ —C'+0+He
CO+He™ — C+0" +He
CO" +«H—-CO+H
C-+HY - C+H

O +H' —-0+H

He' +H — He+H

H; +e —H2+H

H; +e — H+H+H
CH  4+e —C+H

CH,; +e~ — CH-+H
CH; +e” - C+H-+H
CH; +e7 = C+Hy
CH; +e~ — CHy + H
CH; +e~ — CH+Hy
CH; +e — CH+H=+H
OH' +e —O+H
H20' +e = O+H4+H
H20' 4+e — O+ Ha
H20" +e = OH+H
H:;0++e — H+ H20
H30" +e — OH+H2
HzOt +e~ - OH4+H+H
Hz0t +e~ = O+ H+Hp
O] +e” = 0+0

CO" +e” = C+0
HCO™ +e” —CO+H
HCO' +e —OH+C
HOC" +e —CO+H
H 4C—CH+e

H 40 = 0H+e

H 4+ OH — H0+e

C +H—-CH+e

C™ +Hy = CHy e~

C +0—-CO+e

O  +H - OH4e

O~ +Hy = Ha0+e”

ksg = 7.2 x 10713
kg = 3.7 x 10 Hexp(:’,}*")
koo =1.9x 10"
kop =14x 10
kop =7.5x 10

kog = 6.9 x 107
kor =2.04 x 10719
ks = 2.86 x 10719
kog = 6.05 x 1071
kigo =2.0 x 1079
Bigr=33x 10—
kgz=11x10"
ks =5.2x%x 101!
kiga=14x10? (-3%)_0 :
kios = 1.4 x 10716 (55) "7
k106 =7.5x 10717
kigr =23 x 107 (#

0.5

ks =23 x 10 7(“10 u‘)_
kion =232 % 1077 (F5) 70
k1o =231 x 10 ”(3,0) oo

) -0.52

ki =436 x 0% (35
kr2 = 7.0 x 10 "(-370—

(
kyys = 7.68 x 10~ (
ke =T7.75 x 10~ 8(
A“'v_lQoxlO“'(_,lo)

ks =20% 1077 ()"
ke =63x 1079 (55) "
k120 =3.06x 1077 (55) "
ki =39x10% (35) "
-0.5

ka2 = 8.6 x 10 “(

ko =1.08x 107

ki2e =6.02 % 10 ”(."U

kyos = 2.58 x 107 (J‘ )
0.5

EBias =06 x 107 g('l(_lﬁ)

kyg7 = 1.95 x 107 ( ey

kygs = 2.75x 10~7 (

kize = 2.76 x 1077 (4

ko =24x107% (&)

kign=11x10"7 (-3%)

kg2 =10x 107

ky3z3 =10x10"?

kias = 1.0 x 10719

ki3s =5.0x 101

T 1.0 x 10~13

kigr =5.0x 1010

ky3s = 5.0 x 10710

kige = 7.0 x 10710

ko =5.0x 1017

8"‘ cl"' cl

O +C—=CO=e

RI+ITA+LS)
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H +H—-H+H+e

Table B1. ]
No. Rea
1 H+
15 H™
2 H
16 He-
3 H+
4 H+
] H™|
6 H)
7 Ha -+
17 Hel
1
s Ha - 18 He
9 Had 19 He-
20 ¢!
10 H2 4
21 O~
1 H+ 22 c4
23 0=
29 O
25 0O+
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27 C+4
12 HY o8 (f
29 C+
30 Ha.
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31 OH
32 HO
33 HO
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35 CH
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CO+H—
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CH' +0
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CH} +H.
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CHY + 0|
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O" +Hz-
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OH + HJ |
OH=+C"
OH™ + Hy
H20" +H
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H20+C§'
H,0 4+ C7
Hy0' +C
Oz +C* -
O +4+C™ -
0z + CHZ
0, +C—
CO+H,
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HCO™ +(
HCO™ +
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88  Hz+He' — He+HJ kss = 7.2 x 1015 63
89 Hz+He' - He+H+H! kxa = 3.7 x 10 Yexp (F) 63
90 CH+H" —CH' +H koo =1.9x10 " 28
91 CH2+H’—‘CH++H koy =14 x 10" 28
92 CH:z+Ha™ —oc koa =7.5x 10} 28
28
0 + ll ng 28
. O+ o5 == TN 1 28
96 H90+H°—~H70’+H ko = 6.9 x 107 64
97  H20+ He' — OH + He+ H' L~n=2m><10 e 65
98 L T e At E N s N 4 ) . noe o an=-10 ar
99 42 Cre —C 47 kg2 = 2.25 x 1015 s1
0 143 C+H—-CH+y k143 = 1.0x 10717 52
ig 144 C+Hz — CHz + 4 kiaa = 1.0 x 10717 _ 82
g M5 CHC—Caty kyas = 436 x 1078 (5 exp (- 1612) 53
" 146 C+0—CO+49 kyge = 2.1 x 10~19 T £ 300K 84
g 0
b =3.00x 107 (35) exp (—1222) T > 300 K 85
g M7 CTHHCH 4y kiar = 4.46 x 1077 S exp (- 15 86
w0 M8 CF 4+ Hp— CHf 44 kigs = 4.0 x 10716 ()7 s7
g M9 CT+O—CO" +y k110 = 2.5 x 10718 T £ 300K 84
2 -0.15
) =314 x10 * (%) Texp (%) T > 300 K
W 150 04e =0 49 kiso = 1.5 x 10713 _ 28
151 O+H—OH+~y kysy =99 % 10719 (1) 0% 28
152 04005449 kis2 = 4.9 x 10-20 (L) 82
1153 OH+H—H0+9 kisa =5.26 x 107 (1) " exp (- 57) 88
-0.38
1154 H4H+H-H2+H ks = 132 x 10752 (L) T € 300K 89
2 -1.0
1 =132x 1073 (L) T > 300K 90
11155 H4H+4Hy—Ha+Hs kiss = 2.8 x 107 #1700 91
11 156 H+H+He—Hp+He  kysg=6.9x 10732704 92
11 157 C+C+M—=C2+M kisr = 5.99 x 10738 (;T) 0 T < 5000 K 93
1 =599 x 1073 (15) "™ exp (2235) T > 5000 K 9
>0 —-3.08
11 158 C+0+M—CO+M kiss = 6.16 x 1072 (55) 7 T £ 2000 K a5
< —~3.08
12 =204 x 1072 (35) 77 exp (24) T > 2000 K 67
13 159 CP4+0+M—=CO™+M  kisa =100 x k210 67
13 180 CHOPEM—COT+M  kigo =100 x k21 67
—-1.0
g 16 O+H+M-OH+M ki = 4.33 x 10732 (35 13
-2.0
g 162 OH+H+M—H0+M  kiez =256 x 10 31 (L) 35
P -1.0
3 163 0+0+M—=0:4M ks = 9.2 x 10°* (3 a7
y 0.44
g 181 O+ CHoHCO"+e™ ks =20x107" (g5)"" 95
g 165 H+ H(s) — Hy kigs = 3.0 x 10718795 £, [1.0 4+ 0.04(T + T}3)03 f,\=[l.0+10"exp(—‘.‘1‘—.:”)] TG
+0.0027 + 8 x 10-977)~)
12
120 HCO™ +e” —CO+H I\ug—276X10_'(3,.05 o 9 |
—06-!
130 HCO' +e —OH+C ko =24 % 10°% (355 79
131 HOC' +e —CO+H kg =11x10 7 —ml)‘H> 28
132 H 4+C—=CH+e kg2 =10x 107 28
133 H™ 40 —OH4e" ky3z = 1.0 x 10~° 28
13 H +OH—H0+e kiaa=10x 101 28
135 C +H—CH+e kigs =5.0x 10 28
136 O~ +Hy — CHy + e~ ky3e = 1.0 x 10713 28
137 C +0—-CO+e kiar =5.0x 10717 28
138 0" +H - OH4eo ki35 = 5.0 x 10710 28
139 O~ +Hz— H20+e” kige = 7.0 x 10710 28 )
140 O +C—CO=+e kg0 = 5.0 x 10719 - 28 Klessen: Spineto 09.07.09
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4 H +H—-H+H+e 88  Ha+He' — He+HJ ks = 7.2 x 10-15 63
‘ 36 CH+Hs. 89 Ho+He! e He+ H4 MY kxa = 3.7 x 10 Yexp (F) 63
Table B1. | 37 CH+C— 90 CH+H —CH +H koo =19x10Y 28
l 38 CH+0— CHz +H' — CH} +H koy =14 x 10" 28
T CH: +Hm™ — C'" +H ko =7.5x 10! 28
No. Rea 28
—_— 39
e GFHJQ “mode .
41 O + 95 = X 1 28
e o 0 H90+H°—.H,0*+H kog = 6.9 x 10° 64
‘ 2 +0 H:0+He' — OH +He+H'  kyr =201 x10 %0 65
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Table B2. List of photochemical reactions included in our chemical model 25 x 10-15 81
0Dx 107 82
. . f i -1 0x10 17 82
No. Reaction Optically thin rate (s=') ~ Ref. ::Gx m:q@ (ﬁ)u 35 (-193) . a
166 H +y—H+e Rigs =T.1x107 0.5 1 kAR <3 a4
167 Hi+q—H+H* Rigr = 1.1 x 102 1.9 2w ) Z"Pq(gglgra) T >30K =
168 Ha+~y—-H+H Rigs = 5.6 x 101 See §2.2 3 b "m_w py-og L T o
169 Hy ++4 — Ha+H' Rigs = 4.9 x 10 1.8 4 s (st0) - o
+ + . -13 a1 i
170 HS + 9 — H'Z -~ H Ri7g =4.9x 10 ) 2.3 4 14 x 10 3% (3%) o“sexp (f_j’_&) T 300K
1T C4+4—=C +e R =3.1x10 % 3.0 5 B x 10-15 28
172 C 44— C+e” Rypp =24 x 10‘:” 0.9 6 9x 10719 (2) % 2
173 CH+~y—C+H Rirs =87 x 107 1.2 7 0 10-20 (1) 82
174 CH4y—CH™ +e Riza =7.7x 107 2.8 8 26 x 107 (1) " exp (~39) 38
175 CHT +4 - C+H~ Ry7s =26 x 10710 2.5 7 a2 x 1052 (L) 70 T £ 300K 89
176 CHz+v—CH+H Rizg =T.1x 107" L7 7 a2 x 109 (Z) " T> 300K 9%
177 CHa2++v — CH, +e” Rirr =59 x 1079 2.3 6 8 x 10~ 317 0.6 91
o 178 CHy +y—~CH' +H Ry =4.6x10"10 L7 9  Pxwmwr-et 92
) 179 CHj +4 — CHf +H Ryza = 1.0 x 10-9 1.7 6 wx0=(EE) _ T € 5000 K 93
= 180 CH3 +4—CH" +Hz  Riso=10x10"" L7 6  Px10 () Cew(FE)  T>s000K 94
= 181 Ca+v—C+C Rigy = 15x 10 % 2.1 7 16x 1072 (5] . T £2000K 35
S 182 O +5—0+e Risa =24x10°7 0.5 6  Mx102() 7 e (BH) T > 2000 K 67
» 183 OH+v—0O+H Rygg =3.7x 10710 1.7 10 "g::m g;
3 18 OH+y—OH' +e Riss = 1.6 x 10712 3.1 6 a_m’owu( 5
X 185 OH  +~4—=0+H" Rigs = 1.0x 107" 1.8 4 k6 » 10-31 (ﬁ)_ 0 .
3 186 H;O+49 —OQH+H Rygg = 6.0 x 1010 1.7 no " () -
° 187 H20+9—H20" +e  Risr =32x10*! 3.9 8 . o (f)w o
188 HaO' <4 = Hf +0 Rigs = 5.0 x 10 ! See §2.2 12 __\300 ‘ v =l
& 189 H20' 44— H' +OH  Riss=50x10"" R I A [oswten(-57)] o
A x
= 190 H;0" +4—OF+Hy  Rygg = 5.0 x 10~ See §2.2 12
< 191 Ha0' +~4 —OH"+H R =15x10 See§2.2 12 bx10-7 (;mi' o o
o 192 H3O" +4 — HY + H,0  Rygp =2.5x 1071 See §2.2 12 x 107% (& 79
9 193 H30" +~4 —H) +OH Risa=25x10""" See §2.2 12 x 1077 -3%)'” 2
) 194 H30" +4 = H,0' 4+ H  Rjgs =75x10""2 See §22 12 [xl0°* 28
- 195 H30" +4 = OH' +Hz Ryss =25x10 ! See§22 12 X100, -
o 196 Oz+v—0F +e Rios = 5.6 x 101 ar 7 I% 1010 28
3 197 O249—0+0 Rigr =7.0x 10 1.8 7 fx 1013 28
@ 198 CO+v—C+0 Rygs = 2.0 x 10~10 See§22 13 X1 Y
 —— x 10~10 28
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Table B1. | 3T CH4C— 90 CH+H —CH +H koo =1.9x 10" 28
38 CH+0-o CHz +H' - CH} +H ko1 =14 x 1079 28 ( e
. a4 CH: +Hm™ — C'" +H ko =7.5x 10! 28
No. Rea 20 oy 28
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Table B2. List of photochemical reactions included in our chemical model 25 x 10-15 81
0x 10 :’ 82
No. Reaction Optically thin rate (s~') 4 Ref. gﬁxxl?o_ () e (- 1902 Z;‘;
166 H +y—H+e Rigs =T.1x 1077 0.5 1 Bx10-10 ) T < 300K 84
167 HI +4y—H+H' Rygr = 1.1x 1077 1.9 2 paxlot (sga? 9*9‘(,,3&) >0k =
168 Hy+~y—H+H Ris = 5.6 x 107! Seegz 3 [10X10 T exp (- 27%) 86
169 Hi 4y — H;;f!«l’ Rigs = 4.9 x 10_:-: 1.8 1 2:13_,5(*0") | S o
170 Hy +v—HJ +H Riro =4.9x 10 ) 2.3 4 1x 107 (L _°“5exp(5rﬁ) T 300 K
. 171 CHy—=0C*F - .. 21 ean-10 an " £ - 8
N 172 C” +9 — Table B3. List of reactions included in our chemical model that involve cosmic rays or cosmic-ray induced UV emission 8
< 173 CH++v — b
S{ s ngj: No. Reaction Rate (s '¢;; ) Ref. b
2 176 CH2+7%- 199 H4cr—H' +e Rig = 1.0 | b
Z 177 CHa+~+4 200 He+cr.— He! +e— Rom = 1.1 1 i
= 178 CHy +v: 201 Ha+cr.—H'4+H+e R =0037 1 B
=) 179 CH7 ++, 202 Hy+ecr.—H+H Rapp = 0.22 1 P
o 180 CH; +~: 203 Ha+cr.—H'4+H Ragy =65 x 1074 1 4
o 181 Cp+v— 204 Ha+cr.—H} e Raos = 2.0 1 15
5 182 O +~v— 205 Co4cr.—C'+e Raon = 3.8 1 i7
@ 183 OH+5— 206 O-+cr.—0" +e Rang = 5.7 1 :;
D 18 OH=+~— 207 CO+4cr.—CO" +e Raor = 6.5 1 b
X 185 OH  +~ 208 C49er —Ch e Rans = 2800 2 E
3 186 HyO++v- 209 CH+%. —C+H Ram = 4000 3 b
9 187 HaO 44+ 210 CHT 44, —C'+H Raw = 960 3 E
o 188 Ha0' +4 211 CHa+~. —CH, +e Rau = 2700 1 k
© 189 H0" +4 212 CH2+%: —CH+H R212 = 2700 1
= 190 H0% 44 213 Catres —C+C Rayg = 1300 3 L
< 191 Ha0' +4 214 OH+%, —O+H Rais = 2800 3 |
3 192 H3O" +4 215 H;O49., —OH=+H Ra15 = 5300 3
8 193 H30O 7 +4q 216 Oz+4+9%., —0+0 Rag = 4100 3
o} 194 H307 +q 217 Oz+%ce. — 07 +e” Ryyr =640 ’ 3
- 195 H30' +7 218 CO+ s —C+0 Raws = 0.20T 2z,20 Y% 4
o 196 Oz 49—
3 197 O:4+49—07F0 Rl =70x10 @ 18 7 o T
@ 198 CO+y—=C+0 Rygs = 2.0 x 10~10 See§22 13 X1 Y
/x 10~10 28
. e (oo Ry ey K150 = 5.0 x 10719 25 Klessen: Spineto 09.07.09
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Figure 4. Time evolution of the mass-weighted H; abundance in simulations R1, R2 and R3,
zones (dot-dashed), 128% zones (dashed) and 256% zones (solid), respectively.

(Glover, Federrath, Mac Low, Klessen, in prep)

which have numerical resolutions of 64

Ralf Klessen: Spineto 09.07.09
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Figure 4. Time evolution of the mass-weighted H, abundance in simulations R1, R2 and R3, which have numerical resolutions of 64*
zones (dot-dashed), 128* zones (dashed) and 256% zones (solid), respectively.
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Figure 5. Time evolution of the mass-weighted abundances of atomic carbon (black lines), CO (red lines), and C* (blue lines) in
simulations with numerical resolutions of 64% zones (dot-dashed), 128% zones (dashed) and 256 zones (solid).
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effects of chemistry 3
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effects of chemistry 3

time evolution (2563)
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effects of chemistry 3

t = 5.7 Myr, mass-weighted PDF
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effects of chemistry 3
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@ laminar flows turn turbulent
at high Reynolds numbers

advection VL
Re=—"———-=
dissipation v

V= typical velocity on scale L, v =viscosity, Re > 1000

@ vortex streching --> turbulence

IS Intrinsically anisotropic
(only on large scales you may get
homogeneity & isotropy in a statistical sense;

see Landau & Lifschitz, Chandrasekhar, Taylor, etc.)

(ISM turbulence: shocks & B-field cause

additional inhomogeneity)

Ralf Klessen: Santa Cruz, 21.04.2010
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Polaris flare (from Ossenkopf & Mac Low 2002)

@ turbulence characteristics

@ molecular cloud turbulence seems to be
dominated by large-scale models

@ consistent with external driving

@ convergent flows?
- the same process that
creates the cloud supplies

internal turbulence ...

o alternative mechanisms:
- gravity (spiral shocks),
supernovae, Hll regions?
- internal sources: jets, outflows?

Ralf Klessen: Santa Cruz, 21.04.2010
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Polaris flare (from Ossenkopf & Mac Low 2002)

@ turbulence characteristics

@ molecular cloud turbulence seems to be
dominated by large-scale models

@ consistent with external driving

@ convergent flows?

- the same process that
creates the cloud supplies
internal turbulence ..

—> caused by

- gravity (spiral shocks),
supernovae, Hll regions?

@ alternative mechanisms:
- internal sources: jets, outflows?

Ralf Klessen: Santa Cruz, 21.04.2010



what drives turbulence?

@ molecular cloud turbulence is be dominated by large-scale modes

@ “external” sources such as supernovae, expanding Hll regions, or
large-scale gravitational process (spiral waves, accretion, etc)

@ some words on “internal” sources

@ jets / outflow can only work after onset of star formation
- what about turbulence in non-star forming parts of clouds, or
during initial phases?

@ debate on effectiveness of internal sources for driving supersonic turbulence
(Li & Nakamura + Wang et al. vs. Banerjee, Klessen, Fendt)

2 4 6 8 10

S T A t=5.00

(Nakamura & Li 2007) (Banerjee, Klessen, Fendt 2008)

Ralf Klessen: Santa Cruz, 21.04.2010



from PhD thesis of Oliver Gressel (AIP)

also work by

deAvillez & Breitschwerdt
Oishi & Mac Low

Kim & Ostriker

Shetty & Ostriker

and many others...

© -+ o O
| | | |

l0g16( pressure 1 "~ = model 000050
“ 0.001 orbits Ralf Klessen: Santa Cruz, 21.04.2010

from PhD thesis of Oliver Gressel (AIP)



local feedback

o individual jets cannot drive supersonic turbulence in a space-
filling way - need additional physics

| log,(velocity) 0.5 0.07 ¢
: 0.06 -
2 :
1 0o 0.05 -
| 05z 004F
0F 5
f 2 003
I 1.0
I 0.02 =
Dk
i -1.5 0.01 =

. . : | 0.00 & . e A

B S 20 0.001 0.01 0.1 1 10
2 4 6 8 10 v/c

Banerjee, Klessen, & Fendt (2008)

Ralf Klessen: Santa Cruz, 21.04.2010



cluster forming cloud with jets

o jets from cluster with self-gravity
with AMR code 0.00000+00 1
FLASH

Boxsize 0.4 pc

Banerjee et al. (very preliminary study)
Ralf Klessen: Santa Cruz, 21.04.2010



Turbulent cascade

Kolmogorov (1941) theory

log E inertial range:
3 scale-free behavior
C
o T of turbulence
3 G
= ,Size" of inertial range:
)
re L
% = _ReY4
g Tk
Q |
£
E AN
I ng \
energy energy
input dissipation

scale scale

Ralf Klessen: Santa Cruz, 21.04.2010



Turbulent cascade

0 log E inertial range: |
c scale-free behavior
%—\\ @ of turbulence
£
g ,Size“ of inertial range:
)
2 L
-g = _ReYH
g | Mk
© | !
~_'/ i
S | log k
c : ’
(0)) L-lE 7’]K_1V \
energy energy
input dissipation

scale scale

Ralf Klessen: Santa Cruz, 21.04.2010



Turbulent cascade in ISM

energy source & scale
NOT known
(supernovae, winds,
spiral density waves?)

Orms << 1 km/s

Q:
 :
O :
v
QO
S dense
/= T ~ < molecular clouds ? protostellar
I cores
Q ,’ : :
20 I massive cloud cores
— | g
| :
| sSupersonic
cccefscccccs l. .............................................................................................................................
I : :
I subsonic
I :
— : 7!
I L log k K
dissipation scale not known

(ambipolar diffusion,

M, <1 e
molecular diffusion?)

L=0.1pc

Ralf Klessen: Santa Cruz, 21.04.2010



Large-eddy simulations

@ We use LES to model the large-scale dynamics

@ Principal problem: only large scale flow properties
@ Reynolds number: Re = LV/v (Re, .iure == R€,10401)

@ dynamic range much smaller than true physical one

@ need subgrid model (in our case simple: only dissipation)

@ but what to do for more complex when |
processes on subgrid scale determine dynamic range
large-scale dynamics log E / of model
(chemical reactions, nuclear burning, etc)

@ Turbulence is “space filling” --> difficulty S - true dynamic range
for AMR (don’t know what criterion to use S <
for refinement) N

@ How /arge a Reynolds number do AN
we need to catch basic dynamics IE \ MR
right?

Ralf Klessen: Santa Cruz, 21.04.2010



compressive vs. rotational driving

@ statistical characteristics of turbulence depend
strongly on ,type” of driving

@ example: dilatational vs. solenoidal driving

@ question: what drives ISM turbulence on different
scales?

Ralf Klessen: Santa Cruz, 21.04.2010



In(p)

sliced logarithmic density s
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density as function of time / cut through 10243 cube simulation (FLASH)
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larger structures, higher p-contrast

Federrath, Klessen, Schmidt (2008a,b)
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rotational
smaller structures, small p-pdf

Ralf Klessen: Santa Cruz, 21.04.2010
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Fig. 1. Maps showing density, vorticity and divergence in projection along the z-axis at time r = 27 as an example for the regime of statistically

fully developed compressible turbulence for solenoidal forcing (left) and compressive forcing (right). Top panels: Column density fields in units

of the mean column density. Both maps show three orders of magnitude in column density with the same scaling and magnitudes for direct

comparison. Middle panels: Projections of the modulus of the vorticity |V x »{. Regions of intense vorticity appear to be clongated filamentary .

structures often coinciding with positions of intersecting shocks. Bottom panels: Projections of the divergence of the velocity field ¥ - v showing Ralf Klessen: Santa Cruz, 21.04.2010
the positions of shocks. Negative divergence corresponds to compression, while positive divergence corresponds to rarefaction.



dilatational vs. solenoidal

@ density pdf depends on

0F L S B R S B R B B L A ]
= 3 11 = . . 11} . .
; sl (3D2D) dimensionality” of driving
-1F -
2; o relation between width of pdf and Mach
= E J number
T 3 :
8 ;'{‘“ Al ./v 3 \ \ ;
= i / —— 3D 1024° comp |\ 3 |
- ) [ — — 2D 4096* comp \' 3 ag / — b_/\/l
5§ N 1D 16384'comp |' ° P pO
~E | — 3D 1024 sol E . . :
g | T 20 4006* sol e @ with b depending on C via
6E . . vl 3
-15 -10 -5 0 5
S
2 —_— .
Fic. 3.— Volume-weighted density PDFs p(s) obtained from 1 1 — §< ’ for D=3
3D, 2D and 1D simulations with compressive forcing and from 3D _ = _ 1 . _
and 2D simulations using solenoidal forcing. Note that in 1D, b=1 + [D 1] C o 1 2 ) for D =2
only compressive forcing is possible as in the study by Passot & 1 for D=1
Viazquez-Semadeni (1998). As suggested by eq. (5), compressive ?

forcing yields almost identical density PDFs in 1D, 2D and 3D . . . . .
with b~ 1, whereas solenoidal forcing leads to a density PDF with Qo W|th C be|ng the I'atIO Of dl|atatI0na| VS.

b~1/2 in 2D and with b~1/3 in 3D. .
solenoidal modes:

, kik;
Pg = CPis + (1= Q)PYy = iy + (1 — 2¢) 2
Federrath, Klessen, Schmidt (2008a) |L|

Ralf Klessen: Spineto 09.07.09



dilatational vs. solenoidal

— ‘ : : . : -

04 1024 sol ‘
1024° comp

log-normal fit (dashed)

skew-log-normal fit (dash-dotted)

skew/kurt-log-normal fit (solid)

0.3

p(s)

log; p(s)

15 10 5 0

good fit needs 3 and 4" moment of
distribution!

Federrath, Klessen, Schmidt (2008b)

@ density pdf depends on
“dimensionality” of driving
—> is that a problem for the
Krumholz & McKee model
of the SF efficiency?

@ density pdf of compressive driving is
NOT log-normal

—> is that a problem for the

Padoan & Nordlund IMF
model?

@ most “physical” sources should be
compressive (convergent flows from
spiral shocks or SN)

Ralf Klessen: Spineto 09.07.09



effects of chemistry 4

@ deliverables / predictions:

@ x-factor estimates (as function of environmental conditions)

o synthetic line emission maps (in combination with line
transfer)

o pdf’s of density, velocity, emissivity / structure
functions (to directly connect to observational regime)

@ COMMENT: density pdf is NOT lognormal!
<-- gravity (poster by Kim), driving scheme (Federrath et
al. 2008), EOS (Hennebelle & Audit 2009)

Ralf Klessen: Spineto 09.07.09



density pdf

12003 hydrodynamic simulation

—

Fig. 3. Density cut through the simulations. The left plot corresponds to the 2-phase run and the right one to the isothermal
run. Dark-blue, blue, green and red correspond respectively to densities of the order of 1 em™*, 3 em™*, 20 cm ™ and 100 cm 2.

(Audit & Hennebelle, submitted)

Ralf Klessen: Spineto 09.07.09



density pdf

Isothermal flow
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Fig. 5. Probability distribution function of the density |
isothermal run.
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(Audit & Hennebelle, submitted)

12003 hydrodynamic simulation

Polytropic flow
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Fig. 6. Probability distribution function of the density for the
polytropic run.

Ralf Klessen: Spineto 09.07.09






dynamical SF in a nutshell
@ interstellar gas is highly inhomogeneous

: N
@ gravitational instability /\/\/\/ \/\N\/\/\

space

density

o thermal instability
o turbulent compression (in shocks dp/p « MZ?; in atomic gas: M = 1...3)

@ cold molecular clouds can form rapidly in high-density regions at stagnation
points of convergent large-scale flows
@ chemical phase transition: atomic - molecular
@ process is modulated by large-scale dynamics in the galaxy
@ inside cold clouds: turbulence is highly supersonic (M = 1...20)
— turbulence creates large density contrast,

gravity selects for collapse
CIBRAVO TUBULENT FRAGMENTATION

@ turbulent cascade: local compression within a cloud provokes collapse -
formation of individual stars and star clusters

(e.g. Mac Low & Klessen, 2004, Rev. Mod. Phys., 76, 125-194)



Formation and evolution of cores

What happens to distribution of Two exteme cases:

cloud cores? (1)

turbulence dominates energy budget:
OL=Ekin/|Epot| >1

--> individual cores do not interact
--> collapse of individual cores

dominates stellar mass growth
--> |loose cluster of low-mass stars

turbulence decays, i.e. gravity dominates:
O(=Ekin/|Epot| <1

--> global contraction

--> core do interact while collapsing

--> competition influences mass growth
--> dense cluster with high-mass stars






as turbulence decays locally, contraction sets in
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individual clumps collapse to form stars
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in dense clusters, competitive mass growth
becomes important
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in dense clusters, competitive mass growth
becomes important



in dense clusters, N-body effects influence mass growth



low-mass objects may

become ejected --> accretion stops



feedback terminates star formation
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result: star cluster, possibly with Hii region



