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e correlation between stellar
birth and large-scale dynamics

® spiral arms

e tidal perturbation from
neighboring galaxy
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® HI gas more extended

e H2 and SF well correlated

galaxies from THINGS and HERACLES survey

(images from Frank Bigiel, ZAH/ITA)
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® stars form in molecular clouds

e stars form in clusters

. - & ® stars form on ~ dynamical time

® (protostellar) feedback is very
Important

.
Orion Mebula Cluster (.ESO, VLT, M. McCaughrean) *




e strong feedback: UV radiation

from ©O1C Orionis affects star
formation on all cluster scales
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eventually, clusters like the ONC

(I Myr) will evolve into clusters
Sl b like the Pleiades (100 Myr)

Pleiades (DSS; Palomar Observafory Sky Survey) _ .
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decrease in spatial scale / increase in density

A

Proplyd in Orion (Hubble)

® density

- density of ISM: few particles per cm?
- density of molecular cloud: few 100 particles per cm3 T

- density of Sun: 1.4 g/cm3

® spatial scale

- size of molecular cloud: few |0s of pc
- size of young cluster: ~ | pc

- sizeof Sun: 1.4 x 10'°cm



decrease in spatial scale / increase in density

® contracting force

only force that can do this compression
is GRAVITY

® opposing forces

there are several processes that can oppose gravity
GAS PRESSURE

TURBULENCE
MAGNETIC FIELDS
RADIATION PRESSURE

Modern star formation
theory is based on the
complex interplay between
all these processes.
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stellar mass fuction

stars seem to follow a universal
mass function at birth --> IMF

w
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Orion, NGC 3603, 30 Doradus
(Zinnecker & Yorke 2007)

log,;m [M,] (Kroupa 2002)



e distribution of stellar masses depends on _{Kroupa 2002

stellar masses

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

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

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

0
log,om [Mo]

(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN
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thermodynamic properties of gas
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(proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN



nearby molecular clouds
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Schmidt et al. (2009, A&A, 494, 127)




example:

,model“ of Orion cloud:
15.000.000 SPH particles,

10 M, in 10 pc, mass resolution
0,02 M,,,, forms ~2.500

,stars® (sink particles)

isothermal EQS, top bound, bottom
unbound

has clustered as well as distributed
,star formation

efficiency varies from 1% to 20%

develops full IMF

(distribution of sink particle masses)

model of Orion cloud

(Bonnell, Smith, Clark, & Bate 2010, MNRAS, 410, 2339)
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Dynamics of nascent star cluster

In dense clusters protostellar interaction may be come important!

Trajectories of protostars in a nascent dense cluster created by gravoturbulent fragmentation
(from Klessen & Burkert 2000, ApJS, 128, 287)
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e distribution of stellar masses depends on _{Kroupa 2002

stellar mass fuction
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stellar mass fuction

e distribution of stellar masses depends on

- turbulent initial conditions

--> mass spectrum of prestellar cloud cores

- collapse and interaction of prestellar cores

--> accretion and N-body effects

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

(Kroupa 2002)

- (proto) stellar feedback terminates star formation
ionizing radiation, bipolar outflows, winds, SN, etc.

(application to early star formation)«

0
log,om [Mo]



thermodynamics & fragmentation

degree of fragmentation depends on EOS!

polytropic EOS: p ocpv
v<I:dense cluster of low-mass stars
v>1:isolated high-mass stars

(see Li et al. 2003; also Kawachi & Hanawa 1998, Larson 2003)
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for y>1 it is suppressed =

(from Li, Klessen, & Mac Low 2003, Ap], 592, 975)

isolated massive stars
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how does that work!?

mpoepr > poplly

@ M, o« y32 G2

jeans

e y<|: > large density excursion for given pressure
> (M., becomes small

jeans

& = number of fluctuations with M > M.____is large

jeans

e v>|: = small density excursion for given pressure
> (M., is large

jeans

/&W and massive clumps exceed M.,




EOS as function of metallicity
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EOS as function of metallicity
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EOS as function of metallicity
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EOS as function of metallicity

temperature T(K)
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present-day star formation

log n(H,) (cm™3)
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IMF in nearby molecular clouds
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EOS as function of metallicity
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EOS as function of metallicity
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temperature T(K)
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two competing models:

cooling due to atomic fine-
structure lines (Z > 1073 Zn)
cooling due to coupling between

gas and dust
(Z > | Q-6 Zsun)

which one explains origin of
extremely metal-poor stars!?
NB: lines would only make

very massive stars, with
M > few x10 Msun.



Normalised Flux

transition: Pop Ill to Pop 1.5

X-Shooter

Call-K

1
388

1 1
396 398

SDSSJI029I5 |+172927

is first ultra metal-poor star with Z
~ [0*> Zgn for all metals seen (Fe,

C, N, etc.)

[see Caffau et al. 201 1]
* this is in regime, where metal-lines

cannot provide cooling
[e.g. Schneider et al. 201 1,2012, Klessen et al. 2012]

1 394
Wavelength [nm]
Element [X/H]ip N lines SH AX)o
+3Dcor. +NLTE cor. + 3D cor + NLTE cor
C <-38 <-45 G-band 8.50
N <-4.1 <-50 NH-band 7.86
Mg1 -471+0.11 -468+0.11 -452+0.11 -449+0.12 5 0.1 7.54
Sirt —-4.27 -4.30 -3.93 -3.96 1 0.1 7.52
Car —-4.72 -4.82 —-4.44 —-4.54 1 0.1 6.33
Can —4.81+0.11 -493+0.03 -502+0.02 -5.15+0.09 3 0.1 6.33
Tin -475+0.18 —-483+0.16 -476+0.18 —-4.84+0.16 6 1.0 490
Fe1 -473+0.13 -502+0.10 -4.60+0.13 -4.89+0.10 43 1.0 7.52
Ni1 —455+0.14 —-490=+0.11 10 6.23
Srn <-5.10 <-5.25 <—-494 < -5.09 1 001 292

(Caffau et al. 2011, 2012)

* new ESO large
program to find

more of these stars
(120h x-shooter,

30h UVES)
[Pl E. Caffaul

(Schneider et al. 201 1,2012, Klessen et al. 2012)



modeling the formation of the first/second stares

successive zoom-in calculation from

cosmological initial conditions (using
SPH and new grid-code AREPO)

Redshift:

z = 21

Boxsize:

150/h kpc (comoving)

Slice Width:
10/h kpc (comoving)

(Greif et al., 2007,Ap), 670, 1)

(Greif et al. 201 1,Ap), 737, 75, Greif et al. 2012, MNRAS, 424, 399,
Dopcke et al. 2013,Ap), 776, 103)
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Temperature (K)
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R Iution limit

Resolution limit

disk fragmentation mode
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EOS as function of metallicity
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EOS as function of metallicity
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First star forms (tg) tse + 27 years tge + 62 years

e

tse + 91 years tse + 95 years tse + 110 years

Formation of second star Third star forms Fourth star forms'

40 AU
>

density [cm™]
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B e
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Figure 1: Density evolution in a 120 AU region around the first protostar, showing the build-up
of the protostellar disk and its eventual fragmentation. We also see ‘wakes’ in the low-density
regions, produced by the previous passage of the spiral arms.

(Clark et al. 201 Ib, Science, 331, 1040)
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Most recent calculations:
fully sink-less simulations, following the disk build-up over ~10 years
(resolving the protostars - first cores - down to 10° km ~ 0.0] Re)

t=10.29 yr t=10.29 yr

density temperature

(Greif et al.,, 2012, MNRAS, 424, 399)




expected mass spectrum

MH-1 MH-2

MH-3

= I .
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g Ly INEE / /
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M. [Mo]

we see “flat”
mass spectrum

Greif et al. 201 1,ApJ, 737,75, Clark et al. 201 I b, Science, 331, 1040, Smith et al. 201 |, MNRAS, 414, 3633, Dopcke et al., 2013,Ap}, 766, 103

also talk by Athena Stacy




expected mass spectrum

expected IMF is flat and covers a wide range of masses
implications
- because slope > -2, most mass is in massive objects

as predicted by most previous calculations

- most high-mass Pop |l stars should be in binary systems
--> source of high-redshift gamma-ray bursts

- because of ejection, some low-mass objects (< 0.8 Mo)
might have survived until today and could potentially be
found in the Milky Way

consistent with abundance patterns found
in second generation stars
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(Joggerst et al. 2009, 2010)
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The metallicities of extremely metal-
poor stars in the halo are consistent
with the yields of core-collapse

supernovae, i.e. progenitor stars with 20
- 40 Mo

(e.g. Tominaga et al. 2007, Izutani et al. 2009, Joggerst et al.
2009,2010)



primordial star formation

just like in present-day SF we expect

- turbulence

- thermodynamics (i.e. heating vs. cooling)
- feedback

- magnetic fields

to influence first star formation.

masses of first stars still uncertain, but we expect a wide
mass range with typical masses of several |10s of Me

disks unstable: first stars in binaries or part of small clusters

current frontier: include feedback and magnetic fields and
possibly dark matter annihilation...



reducing fragmentation

from present-day star formation theory we know, that
- magnetic fields: Peters et al. 201 |, Seifried et al. 2012, Hennebelle et al. 201 |
- accretion heating: Peters et al. 2010, Krumholz et al. 2009, Kuipers et al. 201 |
can influence the fragmentation behavior.
in the context of Pop lll
- radiation: Hosokawa et al. 2012, Stacy et al. 2012a

- magnetic fields: Turk et al. 2012, but see also Bovino et al. 2013
Schleicher et al. 2010, Sur et al. 2010, Federrath et al. 201 I, Schober et al. 201 2ab,
2013

all these will reduce degree of fragmentation
(but not by much, see Rowan Smith et al.2011,2012, at least for accretion heating)

DM annihililation might become important for disk dynamics and
fragmentation (Ripamonti et al. 201 I, Stacy et al. 2012b, Rowan Smith et al. 2012)
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Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.

Carina with HST




Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.

stars form from the
of competing processes (such as
pressure, CR pressure,

thermodynamic properties
in the star formation process

detailed studies require the
physical processes

star formation is
poorly understood

primordial star formation
star formation
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