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agenda

@ importance of chemistry and thermodynamics on
formation and evolution of molecular cloud and their
ability to form stars

o formation of molecular

clouds in galactic disks
(H2 & CO chemistry)

o universal IMF:
influence of
thermodynamics
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dynamical SF in a nutshell

Interstellar gas is highly inhomogeneous

@ gravitational instability /\/\/\/\/\/ \,\/\/\/\

@ thermal instability space

@ 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

> GRAVOTUBULENT FRAGMENTATION

@ furbulent 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) Ralf Klessen: Spineto 09.07.09






molecular cloud formation

@ star formation on galactic scales
-> missing link so far:
formation of molecular clouds

@ questions

@ where and when do molecular clouds form?
@ what are their properties?

@ how does that correlation to star formation”?
@ global correlations? - Schmidt law

Ralf Klessen: Spineto 09.07.09



Thesis:

Molecular clouds
form at stagnation
points of large-scale
convergent flows,
mostly triggered by

global (or external)
perturbations.

(Deul & van der Hulst 1987, Blitz et al. 2004) Ralf Klessen: Spineto 09.07.09




modeling galactic SF

SPH calculations of self-gravitating disks of stars and (isothermal) gas in
dark-matter potential, sink particles measure local collapse --> star formation

20
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(Li, Mac Low, & Klessen, 2005, Apd, 620,L19 - L22)
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observed Schmidt law
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In both cases:

(from Kennicutt 1998) Ralf Klessen: Spineto 09.07.09



local Schmidt law
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Gravity only:
Local Schmidt law exhibits downturn!
Global one does not.
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Fic. 11.—Local Schmidt laws of all models with 7 < 3 Gyr. The legends are
the same as in Fig. 5: the color of the symbol indicates the rotational velocity for each
model as given in Table 1, the shape indicates the submodel classified by gas frac-
tion, and open and filled symbols represent low- and high-7 models, respectively.
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correlation with large-scale
perturbations

(e.g.offarm)  gensity/temperature

fluctuations in warm
atomar ISM are caused
by thermal/gravitational
instability and/or
supersonic turbulence

some fluctuations are
dense enough to form H,

within “reasonable time”

(eg.onam) molecular cloud

(Glover & Mac Low 2007a,b)
external perturbuations

(i.e. potential changes)
increase likelihood

Ralf Klessen: Spineto 09.07.09



star formation on global scales
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probability distribution
function of the density

(p-pdf)

varying rms Mach
numbers:

M1 >
>

mass weighted P-pdf, each shifted by AlogN=1
(from Klessen, 2001; also Gazol et al. 2005, Krumholz & McKee 2005) Ralf Klessen: Spineto 09.07.09
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H, formation rate:

—

1.5Gyr

TH2 =~

n,/1cm™

for n,= 100 cm3, H,
forms within 10 Myr, this

is about the lifetime of
typical MC'’s.

in turbulent gas, the
H, fraction can

become very high on

short timescale

o 1 ~ (for models with coupling
between cloud dynamics and
lO‘Q 10 p time-dependent chemistry,
o see Glover & Mac Low

mass weighted P-pdf, each shifted by AlogN=1 2007a,b)

(rate from Hollenback, Werner, & Salpeter 1971) Ralf Klessen: Spineto 09.07.09
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BUT: it doesn’t work
(at least not so easy):

—

Chemistry has a
memory effect!

H2 forms more quickly
in high-density
regions as it gets
destroyed in low-
density parts.

o 1 ~ (for models with coupling
between cloud dynamics and
lO‘Q 10 p time-dependent chemistry,
o see Glover & Mac Low

mass weighted P-pdf, each shifted by AlogN=1 2007a,b)

(rate from Hollenback, Werner, & Salpeter 1971) Ralf Klessen: Spineto 09.07.09
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log column density [g/cm?]

(from Dobbs, Glover, Clark, Klessen 2008)

Ralf Klessen: Spineto 09.07.09
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molecular cloud formation

molecular gas fraction as function of time molecular gas fraction as function of density
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molecular cloud formation

molecular gas fraction of fluid
element as function of time molecular gas fraction as function of density
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e
heated
HI

dust

Tamburro et al. (2008)

Fig. 1.— NGC 5194: the 24 pum band image is
plotted in color scale; the H I emission map is over-
layed with green contours.

Ralt Kiessen: Spineto uy.ur.uy




observed timescales

‘m Xy
rotation

center

Fig. 5.— Histogram of the time scales fyy, .24 jum
derived from the fits in Figure 4 and listed in Ta-
ble. 2 for the 14 sample galaxies listed in Table. 1.

Tamburro et al. (2008) The timescales range between 1 and 4 Myr for al-
most all galaxies.

Ralf Klessen: Spineto 09.07.09



Dobbs et al. (2008)
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Figure 16. This histogram gives the distribution of timescales
over which the gas reaches certain molecular gas fractions. The
timescales denote the time for the Ho fraction of a particle to
increase from 0.001 to 0.01, 0.01 to 0.1 and 0.1 to 0.5, as indicated.
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experimental set-up

6 ray approximation to
external radiation field

- 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-, Hi, Hf, CH', CHS, OH', H,O", H;0*, CO*, HOC*, O~, C~ and O}

@ 19 full non-equilibrium evolution
e, H", H, Hy, He, He™, C, C*, O, O*, OH, H20, CO,

Cz, 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

H, rovibrational lines

CO and H20 rovibrational lines
OH rotational lines

Gas-grain energy transfer
Recombination on grains
Atomic resonance lines

H collisional ionization

H- 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 (Hz) — Flower & Launay (1977)

Collisional rates (H, 7" < 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 (Hz) - 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

Hs photodissociation

UV pumping of H»

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




Hz+He' — He+ Hf ks = 7.2 x 10-15
36 CH+Hs- Hz + He'! —-He+H+H' kg = 3.7 x 10 “exp(:}r‘r’)

v r CH+H" —CH'+H koo =19x 10"

Table B1. 1 37 CH+C— _ %0 ‘
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Table B2. List of photochemical reactions included in our chemical model 25 x 10-15
ox10 17
ox1017
a6 x 1078 (_mu) exp( 1611 ’)
1 x 10-'q T £300K
0.33 6
09 x 107 (35) 7 exp (—1522) T > 300K

No. Reaction Optically thin rate (s~} 4 Ref.

H 4+y—H+e Rigs =7.1x10°7 0.5
HY 44—+ H4HT Rygr =1.1x107° 1.9

2 ' R 4 1 IoT 0.5 _A9
Hy+y— H+H Rigs = 5.6 x 10! See §2.2 oﬁxxm?w(' )‘L"f( )
Hi+~,_.uifu' Rigs = 1.9 x 10_:; 1.8 Bxios —
Hy +9y—H; +H Ri7g =49 x 107" 23 4 x 10-2% (3%)-%58@ (%) T > 300 K

CH+y—=CF - Diee — 21 w10 an

f;{ +7 1 Table B3. List of reactions included in our chemical model that involve cosmic rays or cosmic-ray induced UV emission
CH4v9 —
CH+~9—
CHT +
CHz + 7 - Hicr. - H  +e” Rios = 1.0

CHz+7v+ 200 He+cr. — He' +e- Rapp = 1.1

CHy +v: 201 Ha+cr.—H'+H4e  Ram =0.037

(:H;+‘7< 202 Hy<+cr.— H+H Romp = 0.22

CH; +4: 203 Ha+cr.—H'4+H Raoa =6.5x 104
Co+vy— 204 Ha-+cr.— H;' +e Raons = 2.0

O +v+4 206 CH+cr.—Cl'4e Raon = 3.8

OH+y— 206 O-<cr.— 0O +e” Rang = 5.7

OH+vy— 207 CO+ecr.—CO' +e Raor = 6.5

OH 4+ 208 C4+9r —C'+e Ra0s = 2800

HoO4v9- 209 CH+49. —C+H Ram = 4000

HaO 44 - 210 CH" 44,y —C'+H Rowg =

H20" +4q 211 CH2+4%. —CH; +e Ran

H20" =4 212 CH2+%%. —CH+H R

HoO™ <9 213 Co4 v —C+C R,

H,0O" +1 214 OH <+~ - O+ H Ras

HyO7 -4 215 H,O49., —OH-+H Ry,

H307 +4q 216 Oz+47%. —0+0 Rawg =

HyO™ <4 217 Oz 4+ Yer. — 0; + e Ry, '
HiO" +9 218 CO+47er. = C+0 Raws = 0217 2xy 2 ?
Oz 49—
-+ . we -10 . Ix 10710 28
CO+~v—=C+0 Rygs =2.0x 107" See 2.2 13 Ix 10-10 28

x 10~10 28
I Hm‘“ 40 O +C—CO+e k120 = 5.0 x 10~ 1° 28 _essen: 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.

(Glover, Federrath, Mac Low, Klessen, in prep) Ralf Klessen: Spineto 09.07.09




Hl to H2 conversion rate

H2 forms rapidly in
shocks / transient
density fluctuations / H2
gets destroyed slowly in
low density regions /
result: turbulence
greatly enhances H?2-
formation rate

/
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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.

(Glover, Federrath, Mac Low, Klessen, in prep) Ralf Klessen: Spineto 09.07.09



Hl to H2 conversion rate

compare to data from
Tamburro et al. (2008)
study:

tiorm ~ few x 106 years
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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.

(Glover, Federrath, Mac Low, Klessen, in prep) Ralf Klessen: Spineto 09.07.09
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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 647 zones (dot-dashed), 128 zones (dashed) and 256° zones (solid).

(Glover, Federrath, Mac Low, Klessen, in prep) Ralf Klessen: Spineto 09.07.09




H, column density

q ﬂ‘ temperature
o 3 \

"

mean temperature [K]

S g

(Glover, Federrath, Mac Low, Klessen, in prep) Ralf Klessen: Spineto 09.07.09




H, column density

ratio N(Hz2)/N('2CO)

l0g19 N(Hp)/N("2C0)

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 3

time evolution (2563)

t=0.6 Myr
L t=1.9 Myr
t=23.2 Myr
| t=4.4 Myr
t=57Myr ——

mass-weighted PDF

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 3

time evolution (2563)

t=0.6 Myr
L t=1.9 Myr
L t=23.2 Myr
| t=4.4 Myr
t=57Myr ——

weighted PDF

time evolution (2563)

t=0.6 Myr

t=1.9Myr
t=3.2 Myr
t=4.4 Myr
t=57Myr —+—

a £
o Baan® ¢
a *

mass-weighted PDF

logyo n(Hz) [cm™)

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

Ralf Klessen: Spineto 09.07.09



effects of chemistry 3

time evolution (2563)

t=0.6 Myr
L t=19Myr o
L t=3.2Myr o=
| t=4.4 Myr
t=57Myr ——

weighted PDF

time evolution (2563)

t=0.6 Myr

t=19Myr o
t=3.2Myr =
[ t=4.4 Myr

| t=5.7 Myr

mass-weighted PDF

logy, n(*2CO) [cm™®)

(Glover, Federrath, Mac Low, Klessen, in prep)
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effects of chemistry 3

t = 5.7 Myr, mass-weighted PDF
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effects of chemistry 3

t = 5.7 Myr, mass-weighted PDF log,, PDF
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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™2, 20 em ™ and 100 ecm™*.

(Audit & Hennebelle, submitted)

Ralf Klessen: Spineto 09.07.09




density pdf

Isothermal flow

L 1 1

12003 hydrodynamic simulation

Polytropic flow

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

Fig. 6. Probability distribution function of the density for the
polytropic run.
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dilatational vs. solenoidal

density as function of time / cut through 10243 cube simulation (FLASH)
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Federrath, Klessen, Schmidt (2008a,b)
Ralf Klessen: Paris 03.04.2009




dilatational vs. solenoidal

@ density pdf depends on

I T

0D “dimensionality” of driving

o relation between width of pdf and
Mach number

-

— 3D 1024° comp \' 3 N

REsam N %o/ Po = bM
3 o \ =
5D 4006 5o b @ with b depending on ( via
N
S

FI.G. 3.— \"'ol.ume—w_eightec.l density PDFs p(s) obtained from 1 1-3 ’ for D=3
and 2D simmulations using selenoidal forcing.  Noto that n 1D, | 0 =1+ [5 - 1‘ ¢ = ) ior g =2
1 ,for D=1
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only compressive forcing is possible as in the study by Passot &
Vazquez-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 I I 1 1 1
b 1/2 in 2D and with bes1/3 in 3D ‘> ' o with ¢ beln_g the ratio of dilatational
vs. solenoidal modes:

kik;
. 5 |A|2
Federrath, Klessen, Schmidt (2008a)
Ralf Klessen: Spineto 09.07.09
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dilatational vs. solenoidal

1024 5ol | 1 @ density pdf depends on

1024° comp

.oé.no[mal nesed | “dimensionality” of driving
skew-log-normal fit (dash-dotte ; : .
i skew/kurt-log-normal fit (solid) ‘ 9 |S that a prObIem for the

| Krumholz & McKee model

of the SF efficiency?

0.3

density pdf of compressive

driving is NOT log-normal

- is that a problem for the
Padoan & Nordlund IMF

model?

log., p(s)

v A\ most “physical” sources should
S be compressive (convergent

flows from spiral shocks or SN)
good fit needs 3 and 4t moment of

distribution!

Federrath, Klessen, Schmidt (2008b)

Ralf Klessen: Spineto 09.07.09



effects of chemistry 4

@ deliverables / predictions:

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

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

@ 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)
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initial mass function

@ what Is the relation between molecular cloud
fragmentation and the distribution of stars?

@ important quantity: IMF

@ IMPORTANT CAVEAT:
“everyone” gets the right IMF
-> better look for secondary indicators

o stellar multiplicity

@ protostellar spin (including disk)

o spatial distribution + kinematics in young clusters
@ magnetic field strength and orientation

Ralf Klessen . Spineto 09.07.09




IMF

@ distribution of stellar masses depends on

@ turbulent initial conditions
--> mass spectrum of prestellar cloud cores

@ collapse and interaction of prestellar cores
--> competitive accretion and N-body effects

@ thermodynamic properties of gas
--> palance between heating and cooling
--> EOS (determines which cores go into collapse)

@ (proto) stellar feedback terminates star formation
lonizing radiation, bipolar outflows, winds, SN

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
Ralf Klessen: Spineto 09.07.09




IMF

@ distribution of stellar masses depends on

@ turbulent initial conditions
--> mass spectrum of prestellar cloud cores

@ collapse and interaction of prestellar cores
--> competitive accretion and N-body effects

\

"o thermodynamic properties of gas
--> balance between heating and cooling
> EQOS (determines which cores go into collapse) y

@ (proto) stellar feedback terminates star formation
lonizing radiation, bipolar outflows, winds, SN

(e.g. Larson 2003, Prog. Rep. Phys.; Mac Low & Klessen, 2004, Rev. Mod. Phys, 76, 125 - 194)
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EOS as function of metallicity

OMUKAI ET AL.
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EOS as function of metallicity

OMUKAI ET AL.
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EOS as function of metallicity

OMUKAI ET AL.
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present-day star formation

OMUKAI ET AL.

L] 1} I I 1 1 ] r ] I 1

108M, - 10°M, - 102M,

[Z/H]=-w, -5, -3, -1
[Z/H]=-8, -4, -2, 0

temperature T(K)

10

.
-
.
-
-
.
=
-
=
-
y
-
.
-
y—
o
y—
.
p—-
=
=
=
p—
=
.
.
y—
.
.
—
p—
y
.

10
number density log n, (ecm™3)

(Omukai et al. 2005, Jappsen et al. 2005, Larson 2005)

Ralf Klessen: Paris 03.04.2009



present-day star formation

log n(Hp) (cm™>)

2 4 6
T L l ' T

(Larson 1985, Larson 2005)
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04.2009



present-day star formation

This kink in EOS is very insensitive to environmental
conditions such as ambient radiation field
--> reason for universal for of the IMF? (Eimegreen et al. 2008)

1 Ll ] T

(Larson 1985, Larson 2005)

-2l
log p (gm/cm?>)
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from simple piece-wise
polytropic EOS

0.7
1.1

EOS and Jeans Mass:

pxpr 2> poxply
M. o Y312 )(31-4)12

jeans

(Jappsen et al. 2005)
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U Ly ™ '
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2.0

with p_.. = 2.5x105 cm3
at SFE = 50%

Isothermal EOS

has deficite of

very low-mass

objects

--> need “better”
EQS!

(Jappsen et al. 2005, A&A, 435
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IMF shape and universality

*
*
0" 000
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o combine scale free process > POWER LAW BEHAVIOR
- turbulence (Padoan & Nordlund 2002, Hennebelle & Chabrier 2008)
- gravity in dense clusters (Bonnell & Bate 2006, Klessen 2001)

- universality: dust-induced EOS kink insensitive to radiation
field (Eimegreen et al. 2008)

o with highly stochastic processes - central limit theorem
- GAUSSIAN DISTRIBUTION

- basically mean thermal Jeans length (or feedback)
- universality: insensitive to metallicity (Clark et al. 2009, submitted)
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dependence on Z at low density

OMUKAI ET AL.
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dependence on Z at low density

@ at densities below n = 102 cm H, cooling
dominates the behavior. (Jappsen et al. 2007)

@ fragmentation depends on initial conditions
then

@ example: solid-body rotating top-hat initial
conditions with dark matter fluctuations (a la
Bromm et al. 1999) fragment no matter what
metallicity you take (in regime n < 106 cm-3)

- because unstable disk builds up
(Jappsen et al. 2008a)
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rotating top-hat
with dark matter
fluctuations
fragments, no
matter what

(Jappsen et al. 2008a,
see also Clark et al. 2008)

Ralf Klessen: Paris 03.04.2009
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dependence on Z at low density

@ fragmentation depends on initial conditions
then

@ example: centrally concentrated halo does not
fragment up to densities of n = 10 cm=3 up to

metallicities Z = -1
(Jappsen et al. 2008b)
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implications for Pop |l

@ star formation will depend on degree of
turbulence in protogalactic halo

@ speculation: differences in stellar mass
function?

@ speculation:

o low-mass halos = low level of turbulence
-> relatively massive stars

@ high-mass halos (atomic cooling halos) = high
degree of turbulence - wider mass spectrum
with peak at lower-masses?

Ralf Klessen: Paris 03.04.2009



Length: 40 kpc (comoving) x—y plane
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transition: Pop lll to Pop 11.5

OMUKAI ET AL.
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(Clark et al. 2007)
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dense cluster of low-
mass protostars builds

up:

- mass spectrum
peaks below 1 M,

- cluster VERY dense
Ngors = 2.5 x 10° pc3

-fragmentation
at density
Ngas = 1072 - 1073 cmr3

(Clark et al. 2008, ApJ 672, 757)

Ralf Klessen: Paris 03.04.2009



"dust induced fragmentation at Z=10-
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- predictions:
* low-mass stars
with [Fe/H] ~ 10
. * high binary fraction
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~dust induced fragmentation at Z=10-

dense cluster of low-
mass protostars builds

up:

2 extremely metal deficient stars
with masses be‘Iow 1 Msun.

- mass spectrum
peaks below 1 M,

- cluster VERY dense
=2.5x10°pc-3

nstars

(. predictions:
* low-mass stars
with [Fe/H] ~ 10
* high binary fraction)

-

(plot from Salvadori et al. 2006, data from Frebel et al. 2005)
(Clark et al. 2008)
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conclusions

@ chemistry and thermodynamics are important:

@ for molecular cloud formation

o for statistical properties of the ISM (turbulence, density
distribution, pressure distribution, etc)

o for star formation

@ and therefore for the Schmidt law.
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conclusions

@ chemistry and thermodynamics are important:
o “YES WE CAN!"

Ralf Klessen: Spineto 09.07.09



conclusions

@ chemistry and thermodynamics are important:

o YES WE CAN!!

@ postdictions:
- global Schmidt law (from gravity)
- molecular cloud properties (morphology,
kKinematics, etc.)
- IMF (at least roughly)
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conclusions

@ chemistry and thermodynamics are important:

@ density pdf influenced by Mach number,
but also by EOS (wider for softer EOS)

and modes of driving (rotational / compressive)
-> SFR, IMF

@ observational implications/predictions:
- variations of x-factor (location, Fe/H)
- molecular cloud formation times
- density pdf not log-normal
- (local) universality of IMF
- ultra-low metallicity stars
with masses below Msun
and high binarity
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