Platon
428/427-348/347 BC

Capitoline Museum, Rome.
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Plato's allegory of the cave* < Astronomical observations
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Plato's allegory of the cave* < Astronomical observations
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Plato's allegory of the cave* < Astronomical observations

Projection effects
Optical depth effects
Radiative transfer

= Volume density
> Temperature

= Velocity

- Chemical
composition

= Column density

- Excitation / dust
temperature
= Line shift /

broadening
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Plato's allegory of the cave* < Astronomical observations
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Plato's allegory of the cave* < Astronomical observations

Projection effects
Optical depth effects
Radiative transfer
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Example: from CO emission to total column density

Following Wilson et al. 2009

J=1-0

¢ " Intensity
Hz1ster!]
1(*CO \‘:';f_i: X ’

110.201 GHz

Brightness

temperature
[K]

Laszlo Szics et al., in prep.

[erg cm=2 s71

7’13(’0)

LTE

Assumptions |.
I(12CO) is optically thick
I(13CO) is optically thin

Along a line of sight uniform T and
same for 12CO and 13CO

1

5.5
To = 5.5/In ( 1
55/ n( +T}),2+().82)

13 —1 —1
<m - e (320) o) |
N(*CO) = 3.0 x 10"

1

Assumptions Il.
Uniform N(>2CO)/N(3CO) ~ 60 *

Texf7'13(v)d’0
1 —exp(—5.3/Tex)

N(H,)/N('2CO) ratio ~ 6.6x103 **

* Langer & Penzias (1990)
** Pineda et al. (2009)
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Disclaimer

@ | try to cover the field as broadly as possible, however,
there will clearly be a bias towards my personal
interests and many examples will be from my own
work.






Click to LOOK INSIDE!

The Formation
of Stars

PHYSICS TEXTROOK

Coorge B ybicki FILEPVEN
Al P Lightrrun

Radiative Processes
in Astrophysics

|.

Literature

Click to LOOK INSIDE!

Click to LOOK INSIDE!

Astrophysics
ebulae
h’r-;ll el
Principles of
Star Formation

FWREON
Lymman Sptuer.

Physical Processes in the
Interstellar Medium

Click to LQQK ||\!S|_D!

Bruce T Draine

PHYSICS OF THE

INTERSTELLAR
AND

INTERGALACTIC

o
e
~

NUMERICAL METHODS

IN ASTROPHYSICS



Books

! Spitzer, L., 1978/2004, Physical Processes in the Interstellar Medium
(Wiley-VCH)
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Further resources

@ Internet resources

& Cornelis Dullemond: Radiative Transfer in Astrophysics
http://www.ita.uni-heidelberg.de/~dullemond/lectures/radtrans_2012/index.shtml

& Cornelis Dullemond: RADMC-3D:A new multi-purpose radiative transfer tool
http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/index.shtml

& List of molecules in the ISM (wikipedia):
http://en.wikipedia.org/wiki/List_of molecules_in_interstellar_space

& Leiden database of molecular lines (LAMBDA)
http://home.strw.leidenuniv.nl/~moldata/


http://www.ita.uni-heidelberg.de/~dullemond/lectures/radtrans_2012/index.shtml
http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/index.shtml
http://en.wikipedia.org/wiki/List_of_molecules_in_interstellar_space
http://home.strw.leidenuniv.nl/~moldata/

agenda

® star formation theory

- phenomenology

- challenges

- our current understanding and its limitations
® applications

- the interstellar medium

- the stellar mass function at birth (IMF)







"... . ¢ "
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| B N star formation sets in very

early after the big bang

stars always form in galaxies
and protogalaxies

Near Infrared

s IR © W cannot see the first
O ] SN generation of stars, but

< ‘ e maybe the second one
£

Infrared
SSTIRAC
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correlation between stellar
birth and large-scale dynamics

spiral arms

o, i | tidal perturbation from
neighboring galaxy

M51 with Hubble (additional processing R. Gendler)



NGC 4736 NGC 5095 NGC 5194
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NGC 6946

atomic

hydrogen

NGC 6946
LAY molecular
A hydrogen

NGC 6946

star
formation

® 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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Orion

Orion Nebula Cluster (ESO, VLT,
M. McCaughrean)
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stars form in molecular clouds
stars form in clusters
stars form on ~ dynamical time

(protostellar) feedback is very
Important

.
Orion §lebula Cluster (‘ESO, VLT, M. McCaughrean) *



e strong feedback: UV radiation

from ©O1C Orionis affects star
formation on all cluster scales

’

Trapezium stars in %e center of the ONC (HST, Johnstone et al. 1998)



| ‘ . '_ e S -3 eventually, clusters like the ONC
o e | (1 Myr) will evolve into clusters
like the Pleiades (100 Myr)

-
T

~ Pleiades (DSS; PaI'Omar'Observafo'.ry Sky Survey)






decrease in spatial scale / increase in density

.

Andromeda (R. Gendler)

NGC 602 in LMC (Hubble)

e dens Ity Proplyd in Orion (Hubble)

- density of ISM: few particles per cm3

Sun (SOHO

- density of molecular cloud: few 100 particles per cm3

- density of Sun: 1.4 g/cm3

® spatial scale

- size of molecular cloud: few 10s of pc
- size of young cluster: ~ | pc

- sizeof Sun: 1.4 x 109 ¢cm



Andromeda (R. Gendler)

® contracting force

decrease in spatial scale / increase in density

Proplyd in Orion (Hubble)

NGC 602 in LMC (Hubble)

Sun (SOHO)

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



decrease in spatial scale / increase in density

Andromeda (R. Gendler)

5
o

® contracting force Proplyd in Orion (Hubble)

NGC 602 in LMC (Hubble)

- only force that can do this compression
is GRAVITY

® opposing forces

- there are several processes that can oppose gravity Modern star formation

- GAS PRESSURE theory is based on the
- TURBULENCE complex interplay between
- MAGNETIC FIELDS all these processes.

- RADIATION PRESSURE



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

Carina with HST



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

HH 901/902 in Carina with HST



early theoretical models

e Jeans (1902): Interplay between
self-gravity and thermal pressure

— stability of homogeneous spherical
density enhancements against
gravitational collapse

— dispersion relation:

2
0y,

— instability when

— minimal mass:

Sir James Jeans,

1877 - 1946
21,2
2
w <0
M 1 —5/26—3/2 -1/2 .3 oC —1/2T+3/2
J —g]'lf pO Cs 100




first approach to turbulence

e von Weizsacker (1943, 1951) and
Chandrasekhar (1951): concept of
MICROTURBULENCE

— BASIC ASSUMPTION: separation of
scales between dynamics and turbulence

P\
- & |

Z « é S. Chandrasekhar, C.F. von Weiszacker,
turb dyn 1910 - 1995 1912 - 2007

— then turbulent velocity dispersion contributes
to effective soundspeed:

2 2 2
CC — CC + O'I’ITIS

— => Larger effective Jeans masses - more stability
— BUT: (1) turbulence dependsonk: o (k)

rms

(2) supersonic turbulence > O ° (k ) >astﬁéy

rms



problems of early dynamical theory

e molecular clouds are highly Jeans-unstable,
yet, they do NOT form stars at high rate
and with high efficiency (zuckerman & Evans 1974 conundrum)
(the observed global SFE in molecular clouds is ~5%)
- something prevents large-scale collapse.

e all throughout the early 1990’s, molecular clouds
had been thought to be long-lived quasi-equilibrium
entities.

e molecular clouds are magnetized



magnetic star formation

e Mestel & Spitzer (1956): Magnetic
fields can prevent collapse!!!

— Critical mass for gravitational
collapse in presence of B-field

— Critical mass-to-flux ratio
(Mouschovias & Spitzer 1976)

D

‘M-

dCr

C

5

3

-G_

-1/2

— Ambipolar diffusion can initiate collapse

Lyman Spitzer, Jr., 1914 - 1997



“standard theory” of star formation

e BASIC ASSUMPTION: Stars form from
magnetically highly subcritical cores

e Ambipolar diffusion slowly
increases (M/®): tap = 10t

e Once (M/®) > (M/®);t :
dynamical collapse of SIS

Frank Shu, 1943 -

e Shu (1977) collapse solution
e dM/dt =0.975 c3/G = const.

e Was (in principle) only intended
for isolated, low-mass stars

magnetic field



problems of “standard theory”

Observed B-fields are weak, at most

marginally critical (Crutcher 1999, Bourke et al.

2001)

Magnetic fields cannot prevent decay of

turbulence
(Mac Low et al. 1998, Stone et al. 1998, Padoan &
Nordlund 1999)

Structure of prestellar cores
(e.g. Bacman et al. 2000, Alves et al. 2001)

Strongly time varying dM/dt
(e.g. Hendriksen et al. 1997, André et al. 2000)

More extended infall motions than

predicted by the standard model
(Williams & Myers 2000, Myers et al. 2000)

Most stars form as binaries
(e.g. Lada 2006)

As many prestellar cores as protostellar
cores in SF regions (e.g. André et al 2002)

Molecular cloud clumps are chemically

young
(Bergin & Langer 1997, Pratap et al 1997, Aikawa
et al 2001)

Stellar age distribution small (T, <<t,_)

(Ballesteros-Paredes et al. 1999, EImegreen 2000,
Hartmann 2001)

Strong theoretical criticism of the SIS as
starting condition for gravitational

collapse
(e.g. Whitworth et al 1996, Nakano 1998, as
summarized in Klessen & Mac Low 2004)

Standard AD-dominated theory is

incompatible with observations
(Crutcher et al. 2009, 2010ab, Bertram et al. 2011)

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

* laminar flows turn turbulent at high Reynolds numbers
advection VL (C ) )
Re= ———— = — (C DD
dissipation %

V= typical velocity on scale L, v = n/p = kinematic viscosity, O( O) Og@

turbulence for Re > 1000 — typical values in ISM 108-1010

* Navier-Stokes equation (transport of momentum)
dlj) (91) — - — n > -
— =p|l—+ @ - V)| =-VP+ V2*+(—+ )VV-
p— p(at+(v )v) nViU+|3+¢ (V-7

| \

shear viscosity bulk viscosity
l

ov; . ov; 2(5 vy, ’s ovy,

g:: = . — — =0, i

p= ox; Ox; 3 T0x, T 0x;

VISCous stress tensor




properties of turbulence

* laminar flows turn turbulent at high Reynolds numbers

advection VL
Re= ——7— = —
dissipation %

V= typical velocity on scale L, v = n/p = kinematic viscosity,
turbulence for Re > 1000 — typical values in ISM 108-101°

e 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)




turbulent cascade in ISM

e scale-free behavior of turbulence

in the range £ _Re
o Mk
e slope between -5/3 ... -2

log E

|
l * energy “flows” from large to small
l' scales, where it turns into heat
I

|

!

I

I

-1 : 7 -1
,'L log k K \

energy source & scale dissipation scale not known

NOT known (ambipolar diffusion,

(supernovae, winds, molecular diffusion?)
spiral density waves?)




turbulent cascade in ISM

[}
(0 :
O :
D
O
g : dense
el molecular clouds @ S protostellar
] ! cores
X I :
0 l massive cloid cores
p— l o
; supersonic
T PP P CXXETTTTTTTPPPPIRY POy P P
! : :
o - = subsonic
I i
:L-l | S
, log k
energy source & scale O,ms << 1 km/s dissipation scale not known
NOT known M. <1 (ambipolar diffusion,
(supernovae, winds, rmi <01 pe molecular diffusion?)

spiral density waves?)



gravoturbulent star formation

e BASIC ASSUMPTION:

star formation is controlled by interplay between
supersonic turbulence and self-gravity

e turbulence plays a dual role:
- on large scales it provides support

- on small scales it can trigger collapse

scale

dense

e some predictions:
- dynamical star formation timescale 4 e
- high binary fraction gl (1 |
: supersonic
_ complex spatial structure of o e TR o
embedded star clusters o
- and many more . .. L log k !
76, 125-194

Mac Low & Klessen, 2004, Rev. Mod. Phys.,
McKee & Ostriker, 2007, ARAA, 45, 565



dynamical SF in a nutshell

@ interstellar gas is highly inhomogeneous

@ gravitational instability

density

@ thermal instability space

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

@ cold molecular clouds can form rapidly in high-density regions at stagnation
points of convergent large-scale flows
o 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

{GRAVO TUBULENT FRAGMEN TATION)

@ 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)



Density structure of MC's

1.3mm mosaic of p Oph main ¢loud

T T T ' |
—24°10'00"
—24°20'00"
o
[T
o))
O
—24°30'00"
| |
16"25™00° 16"24™00° 16"23%Q0"
a {1950)

(Motte, André, & Neri 1998)

molecular clouds

are highly
Inhomogeneous

stars form in the
densest and coldest
parts of the cloud

p-Ophiuchus cloud

seen in dust
emission

let’'s focus on
a cloud core
like this one




Evolution of cloud cores

@ How does this core evolve?
Does it form one single massive star or
cluster with mass distribution?

@ Turbulent cascade ,goes through” cloud
core
--> NO scale separation possible
--> NO effective sound speed

@ Turbulence is supersonic!
--> produces strong density contrasts:

dp/p = M2
--> with typical M = 10 --> 6p/p = 100!
@ many of the shock-generated fluctuations
are Jeans unstable and go into collapse

@ --> expectation: core breaks up and
forms a cluster of stars




Evolution of cloud cores
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indeed p-Oph B1/2 contains several

cores (“starless” cores are denoted by x, cores
with embedded protostars by %)

(Motte, André, & Neri 1998)



Formation and evolution of cores
O

protostellar cloud cores form at Q O QO
Stagnation point in convergent D OD
turbulent flows

/3

B

if M > M, xp12T32 collapse & star formation ®

pf M <M, «<p2T32:  reexpansion after end of N
external compression -
4

(e.g. Vazquez-Semadeni et al 2005)

typical timescale: t = 104 ... 10% yr



Formation and evolution of cores

What happens to distribution of Two exteme cases:

cloud cores? (1)

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

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

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

turbulence decays, i.e. gravity dominates:
0= Eyin/|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



ntraction sets Iin

as turbulence decays locally, co



while region contracts, individual clumps collapse to form stars



ntracts, individual clumps collapse to form stars

while region co



individual clumps collapse to form stars



individual clumps collapse to form stars



, clumps may merge while collapsing

ters

OL=Ekin/|Epot| <1

B
In de

protostars

ntain multiple

--> then co



, clumps may merge while collapsing

ntain multiple

ters

clus

In dense

protostars

--> then co



, clumps may merge while collapsing

ntain multiple

ters

clus

In dense

protostars

--> then co



In dense clusters, competitive mass growth
becomes important



O
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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 Hil region
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some concerns of simple model

e energy balance

- in molecular clouds:

(Izinetic energy ~ potential energy ~ magnetic energy > thermal energy )

- models based on HD turbulence misses important physics

- In certain environments (Galactic Center, star bursts), energy density
In cosmic rays and radiation is important as well

e lime scales

- star clusters form fast, but more slowly than predicted by HD only
(feedback and magnetic fields do help)

- Initial conditions do matter
(turbulence does not erase memory of past dynamics)

e star formation efficiency (SFE)

- SFE in gravoturbulent models is too high (again more physics needed)



current status

stars form from the complex interplay of self-gravity and a large number of
competing processes (such as turbulence, B-field, feedback, thermal pressure)

the relative importance of these processes depends on the environment

- prestellar cores --> thermal pressure is important

. (Larson’s relation: g oc L")
molecular clouds --> turbulence dominates

- massive star forming regions (NGC602): radiative feedback is important
small clusters (Taurus): evolution maybe dominated by external turbulence

star formation is requlated by various feedback processes

star formation is closely linked to global galactic dynamics (KS relation)

Star formation is intrinsically a multi-scale and multi-physics
problem, where it is difficult to single out individual processes.
Simple theoretical approaches usually fail.




| Star formation is intrinsically a multi-scale and multi-physics
't problem, where it is difficult to single out individual processes.
3 Progress requires a comprehensive numerical approach.

Carina with HST



Star formation is intrinsically a multi-scale and multi-physics
problem, where it is difficult to single out individual processes.
Progress requires a comprehensive numerical approach.

HH 901/902 in Carina with HST




selected open questions

e what processes determine the initial mass function (IMF) of stars?

e what are the initial conditions for star cluster formation?
how does cloud structure translate into cluster structure?

e how do molecular clouds form and evolve?
e what drives turbulence?
e what triggers / regulates star formation on galactic scales?

e how does star formation depend on metallicity?
how do the first stars form?

e star formation in extreme environments (galactic center, starburst, etc.),
does it differ from a more “normal” mode?

¢ ’
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‘A HH 901/902 in Carina with HST




selected open questions

e what processes determine the initial mass function (IMF) of stars?

e what are the initial conditions for star cluster formation?
how does cloud structure translate into cluster structure?

(o how do molecular clouds form and evolve? )

e what drives turbulence?

(o what triggers / regulates star formation on galactic scales? )

e how does star formation depend on metallicity?
how do the first stars form?

e star formation in extreme environments (galactic center, starburst, etc.),

- how doe: .dn‘fer from a more “norma r‘nd’ev?
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HH 901/902 in Carina with HST




HI Maps

NGC 4736 NGC 5055 NGC 5194 NGC 6946

NGC 35621




H, Maps

NGC 4736 NGC 5055 NGC 5194 NGC 69846




SFR Maps

NGC 4736 NGC 5055 NGC 5194 NGC 69846

NGC 31084

n’ q ~ .’0‘
L w :

.
A . ® 8
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® HIl gas more extended

e H2 and SF well correlated




example: full galaxy model

log column density [g/cm?]

y(kpc)
o

x(kpe) (Dobbs & Bonnell 2007)



example: full galaxy model

Table 1. The simulation parameters

Simulation Surface Density  Radiation Field
M@ pC_2 Go
Milky Way 10 1
Low Density 4 1
Strong Field 10 10
Low & Weak 4 0.1
100.0 f
o 10.0¢ -
& L
(/2]
)
2
2
g 1.0 ¢ g
0.1 ! ! | .
107* 1072 10° 10° 10*

220 km/s

1000

Rowan Smith et al. (2014, in prep.)
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Rowan Smith et al. (2014, in prep.)
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Milky Way Zeo=Nco/Ny2 ( Benal
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Position [kpc]

Milky Way WCO
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Milky Way WCO
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selected open questions

e what processes determine the initial mass function (IMF) of stars?

e what are the initial conditions for star cluster formation?
how does cloud structure translate into cluster structure?

e how do molecular clouds form and evolve?
e what drives turbulence?
e what triggers / regulates star formation on galactic scales?

e how does star formation depend on metallicity?
how do the first stars form?

e star formation in extreme environments (galactic center, starburst, etc.),
does it differ from a more “normal” mode?
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selected open questions

(0 what processes determine the initial mass function (IMF) of stars? )

e what are the initial conditions for star cluster formation?
how does cloud structure translate into cluster structure?

e how do molecular clouds form and evolve?
e what drives turbulence?
e what triggers / regulates star formation on galactic scales?

e how does star formation depend on metallicity?
how do the first stars form?

e star formation in extreme environments (galactic center, starburst, etc.),
-~ how does it di grfig
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stellar mass fuction

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

Y T v v ¥ ¥ T ag v ¥ v T Y Y

4k ONC (HCO00) .

s é. M35
.
E standard
p-3

«
T

log,.¢, (arbitrary)

0N
T

log,om [M,) Orion, NGC 3603, 30 Doradus
(Kroupa 2002) (Zinnecker & Yorke 2007)



log,.¢, (arbitrary)
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IMF: observations 1

(Kroupl)a 2002)

ONC (HCO00) -

M35

standard

1

- -
11111

0
log,,m [Mg]

power-law approximation to the
IMF (Kroupa, Tout, Gillmore 1993,

Kroupa 2002)
E(m)dmom “dm,

026 m~ 93 for 0.01=m<0.08
£(m)=4 0.035 m~° for 0.08<m<0.5
_0.019 m~%° for 0.5sm<c.




IMF: observations 2

Y ——— TABLE 1
- Disk IMF aND PDMF FOR SINGLE OBJECTS
4 ONC (HC00) - Parameter IMF PDMF
"6.{—_ Pleiades ) m<10M_, £(logm) = Aexp [—(log m — log m )'/20°]
: M35 | A 0.158 7% 0.1
L e 0.079 0216 0.0
standard . O 0.69 05 0.6
) m>10M_, £(logm) = Am *
~ -] A 443 x 10°*
5‘ 3 N X eeeeeenrrnaees 13 + 03
5 | e (
3 o |
5 S (Chabrier 2003)
et 'S (
s | B
) P
3 .
i ]
2 —
. ¢
(
(Kroupa 2002)
1 N 1 1




IMF: observations 3

o | .
=
T o-0r ~5 Myr ® . &
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comparison at low-mass end

(Chabrier 2003)
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FiG. 4. —Pleiades mass function calculated with the BCAHY8 and Chabrier
ct al. (2000a) MMRs from various observations. Squares: Hambly et al. (1999);
triangles: Dobbie et al. (2002b); circles: Moraux et al. (2003). The short-
dashed and long-dashed lines display the single (eq. [17]) and system {eq.
[18]) field MFs, respectively, arbitrarily normalized to the present data.

system vs. single-star IMF



IMF: observations 4

BUT: maybe variations

300 - <=
with galaxy type _ 200f-
(bottom heavy in the 2

[] ° = 00 -
centers of large ellipticals) =

s0/
from JAM (Jeans anisotropic multi
Gaussian expansion) modeling
inferred excess of low-mass stars 1078
compared to Kroupa IMF W

F'; 107°
l 10-10

Il 1llo'° Il lll1ll011
Muu (M)

0.35 0.48 0.61 0.74 0.87

(Cappellari et al. 2012, Nature, 484, 485, Cappellari et al. 2012ab, MNRAS, submitted,
also van Dokkum & Conroy 2010, Nature, 468, 940, Wegner et al. 2012,A), 144, 78, and others)



IMF: theoretical approach

o distribution of stellar masses depends on

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

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

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

o (proto) stellar feedback terminates star formation
ilonizing radiation, bipolar outflows, winds, SN

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



IMF: theoretical approach

o distribution of stellar masses depends on

o turbulent initial conditions
--> mass spectrum of prestellar cloud cores 7?7

\

J

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

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

o (proto) stellar feedback terminates star formation
ilonizing radiation, bipolar outflows, winds, SN

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



image from Alyssa Goodman: COMPLETE survey
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caveat: everybody gets the IMF!
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> 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 (Elmegreen 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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AT AL I

caveat: everybody gets the IMF!

/_¢\+

xd

“everyone” gets the right IMF
—> better look for secondary indicators

o stellar multiplicity

@ protostellar spin (including disk)

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



IMF

o distribution of stellar masses depends on

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

(

acollapse and interaction of prestellar cores
_ --> competitive mass growth and N-body effects

~N

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

o (proto) stellar feedback terminates star formation
ilonizing radiation, bipolar outflows, winds, SN

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



example: model of Orion cloud

,model“ of Orion cloud:
15.000.000 SPH particles,

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

,stars” (sink particles)

isothermal EOS, 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)

(Bonnell, Smith, Clark, & Bate 2010, MNRAS, 410, 2339)



Orion A

Ophiuchus




dynamics of nascent star cluster

In dense clusters protostellar interaction may be come important!

1 or 1
Lime Q.77
0.5
=~ 0.0
0.5
1.0L |
1.0 0.5 0.05 0.10 0.15 0.20

X X

Trajectories of protostars in a nascent dense cluster created by gravoturbulent fragmentation
(from Klessen & Burkert 2000, ApJS, 128, 287)
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Mass accretion
rates vary with
influenced by the
cluster

(Klessen 2001, ApJ, 550, L77;
also Schmeja & Klessen,
2004, A&A, 419, 405)
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|Cs of star cluster formation

® key question:

- what is the initial density profile
of cluster forming cores? how
does it compare low-mass cores?

® observers answer:

- very difficult to determine!

» most high-mass cores have

some SF inside
» infra-red dark clouds (IRDCs)
are difficult to study

- but, new results with Herschel

Infrared

dark clou V
- -
» - ; .. e
: \

Young cluster

/-

.\ S p | \l ;
- r 1 .
‘“P—Sﬂe of Oort cloud
Al
A L |

Massive

cold core
L
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|Cs of star cluster formation

® key question:

- what is the initial density profile of cluster forming

cores! how does it compare low-mass cores?

e theorists answer:

- top hat (Larson Penston)

Bonnor Ebert (like low-mass cores)

power

power

aw pOCI"I (logotrop)

aw

bower law

pocy -3/2 (Krumholz, McKee, et
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different density profiles

® does the density profile matter?

® in comparison to

- turbulence ... T/
S ) O

1077 PL15 «oovevnnnnns =
- radiative feedback ... . N\, ~
o = 10~1© ;F . Ay /2 ?:
- magnetic fields ... = ~
- thermodynamics ... i [P, 3
1015 EF \'-%

0 | ]

r [AU]



different density profiles

® address question in simple numerical experiment

® perform extensive parameter study

- different profiles (top hat, BE, r32, r3)

- different turbulence fields

» different realizations | SR
» different Mach numbers 0-1e | e S .
E ) PL20 -i:
» solenoidal turbulence » ;
dilatational turbulence < b e :
both modes B
) — \‘-g
- Nho net rotation, no B-fields : :

10— e aaaal ) e gl

(at the moment) | 1000 10000
r [AU)

Girichids, Federrath, Banerjee, Klessen (2011abc)



T 1§ LA A A | ] T 1 L) A L B A ] :
TH -
BE ccceeenens .
PL15 cevvennnnnn 3
PL20 3
Ay/2 1
PL15-m-1 E I 15
1071 = ™
]le'.‘ y 3 2 aaal 1 't 3 0y gl
1000 10000
r [AU]
Niink = 195
t=32kyr PL15-m-2
] | 1 || ] 1 1 1
1 | 1 1 | 1 1 1
10! 10" 10} 10¢

Girichids et al. (2011abc)
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t=10kyr PL20c-Ic

for the r? profile you need to crank up
turbulence a lot to get some fragmentation!

Girichids et al. (2011abc)



I(M ) [Me]

Run tsim [kyr: tsim/tﬁ?rc tsim/tﬂ' Nsinks M imax
TH-m-1 48.01 0.96 0.96 311 0.0634 0.86
TH-m-2 45.46 0.91 0.91 429 0.0461 0.74
BE-c-1 27.52 1.19 0.55 305 0.0595 0.94
BE-c-2 27.49 1.19 0.55 331 0.0571 0.97
BE-m-1 30.05 1.30 0.60 195 0.0873 1.42
BE-m-2 31.94 1.39 0.64 302 0.0616 0.54
BE-s-1 30.93 1.34 0.62 234 0.0775 1.14
BE-s-2 35.86 1.55 0.72 325 0.0587 0.51
PL15-c-1 25.67 1.54 0.51 194 0.0992 8.89
PL15-c-2 25.82 1.55 0.52 161 0.1244 12.3
PL15-m-1 23.77 1.42 0.48 1 20 20.0
PL15-m-2 31.10 1.86 0.62 308 0.0653 6.88
PL15-s-1 24.85 1.49 0.50 1 20 20.0
PL15-s-2 35.96 2.10 0.72 422 0.0478 4.50
PL20-c-1 10.67 0.92 0.21 1 20 20.0
PL20-c-1b 10.34 0.89 0.21 2 10.139 20.0
PL20-c-1c 9.63 0.83 0.19 12 1.67 17.9
PL20-c-1d 11.77 1.01 0.24 34 0.593 13.3

|ICs with flat inner density profile form
more fragments

number of
protostars

Girichids et al. (2011abc)



|<M ) [Mo)]

Run tsim [kyr: tsix:x/tﬁprc t:.:im/tf[‘ Noinlks Mmax
TH-m-1 48.01 0.96 0.96 311 0.0634 0.86
TH-m-2 45.46 0.91 0.91 429 0.0461 0.74
BE-c-1 27.52 1.19 0.55 305 0.0595 0.94
BE-c-2 27.49 1.19 0.55 331 0.0571 0.97
BE-m-1 30.05 1.30 0.60 195 0.0873 1.42
BE-m-2 31.94 1.39 0.64 302 0.0616 0.54
BE-s-1 30.93 1.34 0.62 234 0.0775 1.14
BE-s-2 35.86 1.55 0.72 325 0.0587 0.51
PL15-c-1 25.67 1.54 0.51 194 0.0992 8.89
PL15-¢c-2 25.82 1.55 0.52 161 0.1244 12.3
P?x{m\-\ 23.77 1.42 0.48 /1‘\ 20 20.0
PL15-m-2 31.10 1.86 0.62 308 0.0653 6.88
PL15-s-1 24.85 1.49 0.50 1 20 20.0
PINL 5-s8-2 35.96 2.10 0.72 422 0.0478 4.50
PL20-c-1 10.67 0.92 0.21 20 20.0
PL20-c-1b 10.34 0.89 0.21 2 10.139 20.0
PL20-c-1c 9.63 0.83 0.19 12 1.67 17.9
PL20-c-1d 11.77 1.01 0.24 ‘ 34 0.593 13.3
| NS

however, the real situation is very complex:

details of the initial turbulent field matter

number of
protostars

very high Mach numbers are needed to make

SIS fragment

Girichids et al. (2011abc)



different density profiles

e different density profiles lead to very different
fragmentation behavior

e fragmentation is strongly suppressed for very
peaked, power-law profiles

® this is good, because it may explain some of the
theoretical controversy, we have in the field

e this is bad, because all current calculations are
“wrong” in the sense that the formation process of
the star-forming core is neglected.

Girichids et al. (2011abc)



IMF

o distribution of stellar masses depends on

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

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

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

\_

o (proto) stellar feedback terminates star formation
ilonizing radiation, bipolar outflows, winds, SN

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

NOT TN ACTUAL TALK



dependency on EOS

» degree of fragmentation depends on EOS!

e polytropic EOS: p «pv
e v<1: dense cluster of low-mass stars
e v>1: isolated high-mass stars

®  (seeLi, Klessen, & Mac Low 2003, ApJ, 592, 975; also Kawachi & Hanawa 1998, Larson 2003)

NOT IN ACTUAL TALK



log.,, M

for y<1 fragmentation is enhanced = cluster of low-mass stars
for y>1 it is suppressed > formation of isolated massive stars

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

IN ACTUAL TALK

NOT



how does that work?

(1) pxpr > poxplh
2) Migans = 7312 pl3r-4)/2
e y<1: > large density excursion for given pressure
2 (Migans) becomes small
g -~ -number of fluctuations with M > M, Is large
e v>1: > small density excursion for given pressure
2 (Mieans) is large

— only few and massive clumps exceed M.,

L —

ACTUAL TALK

NOT






EOS as function of metallicity
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(Omukai et al. 2005, 2010)
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EOS as function of metallicity
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(Omukai et al. 2005, 2010)
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EOS as function of metallicity
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EOS as function of metallicity
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present-day star formation

log n(H,) (em™)

I ! T ' | - i

4} (Larson 1985, Larson 2005) ]

1 1
-23 -21 -19 -17
3
log p (gm/cm™)
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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)

10000 |
1000 | =

100 L

transition: Pop Il to Pop |1.5

10 B

two competing models:

* cooling due to atomic fine-
structure lines (Z > 103 Zgn)
* cooling due to coupling between

gas and dust
(Z > | Q-5--6 Zsun)

* which one is explains origin of
extremely metal-poor stars

; NB: lines would only make

number density log (ny (cm™)) . .
very massive stars, with
M > few x10 Mgyn.

(Omukai et al. 2005, 2010)
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Normalised Flux

transition: Pop lll to Pop 1I.5

SDSSJI029I5I+I72927

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

* this is in regime, where metal-lines

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

* new ESO large

program to find

more of these stars
(120h x-shooter,

30h UVES)
[Pl E. Caffau]

A f
- H Call-K
a0 L X- Shoot\~ . _
. NN //wvaMr N NN e e
A / C, N, etc.)
| [see Caffau et al.201 1]
- UVES CaII H A
LO fongy et MWMMMM w o prg il WW M
L ‘“\‘ / ‘ '
- \[ g o1 | b SN [ — Call-H __ r{”tf{ .
S M | ?W\ - “ ]
(I AV L
0.0 |- o4F ‘ E E E .
oz;— | \/.SM ] E .J's". | E |
1 | 1 1 1 | | | 1 1 1
388 390 392 394 396 398
Wavelength [nm]
Element [X/H]ip N lines Su 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 -4.68+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 —481+0.11 -493+003 -502+002 -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 4 .90
Fer —-473+0.13 -5.02+0.10 -460=+0.13 —-4.80+0.10 43 10 7.52
Nir —-455+0.14 -490+0.11 10 6.23
Sru < -5.10 < -5.25 < -4.94 < -5.09 1 001 292

(Caffau et al. 2011,2012)

(Schneider et al. 2011,2012, Klessen et al. 2012)



Temperature (K)
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disk fragmentation mode

gravoturbulent fragmentation mode

Number
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10
hints for differences
In mass spectrum
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Dopcke et al., 2012, submitted to ApJ, arXiv:1203.6842)



EOS as function of metallicity

temperature T(K)

(Omukai et al. 2005, 2010)
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EOS as function of metallicity

10000

1000

100

iperature T(K)
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® slope of EOS in the density range 5

cm3 <n < 16 cm3is Y= 1.06. SN A S

® with non-zero angular momentum, ... /.- g __________
disk forms. Pt / T

0 -———-

® disk is unstable against frag- - - - R
mentation at high density 10 15 20

number density log (ny (cm'3))
(Omukai et al. 2005, 2010)
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“classical” picture

® most current numerical
simulations of Pop Il star
formation predict very
massive objects

(e.g. Abel et al. 2002, Yoshida et al. 2008,
Bromm et al. 2009)

® similar for theoretical
models (e.g. Tan & McKee 2004)

e there are some first hints
of fragmentation, however

(Turk et al. 2009, Stacy et al. 2010)

a Cosmological halo b Star-forming cloud
e 500/ pe > <€ 5 pc >
d New-born protostar € Fully molecular part

.

«———— 25Rp > < 10 AU >

Figure 1| Projected gas distribution around a primordial protostar. Shown
is the gas density (colour-coded so that red denotes highest density) of a
single object on different spatial scales. a, The large-scale gas distribution
around the cosmological minihalo; b, a self-gravitating, star-forming cloud;
¢, the central part of the fully molecular core; and d, the final protostar.
Reproduced by permission of the AAAS (from ref. 20).

(Yoshida et al. 2008, Science, 321, 669)



detailed look at accretion disk around first star

: Redshift:

I_ z = 21

o Boxsize:

< 150/h kpc (comoving)

Slice Width;

10/h kpc (comoving)

NOT

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

successive zoom-in calculation from

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

(Greif et al. 201 1,Ap), 737,75, Greif et al. 2012, MNRAS, 424, 399,
Dopcke et al. 2012, Ap) submitted, arXiv1203.6842)
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http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2012arXiv1203.6842D&db_key=PRE&link_type=ABSTRACT&high=4f93fddf6806535
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detailed look at accretion disk around first star

what is the time
evolution of
accretion disk
around first star
to form!?

successive zoom-in calculation from

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

(Greif et al. 201 1,Ap), 737,75, Greif et al. 2012, MNRAS, 424, 399,
Dopcke et al. 2012, Ap) submitted, arXiv1203.6842)
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http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2012arXiv1203.6842D&db_key=PRE&link_type=ABSTRACT&high=4f93fddf6806535

First star forms (tg) t¢eg + 27 years tgg + 62 years

density [cm™]
1012 1013 1014 1015 1016

[ T ]

tse + 91 years tee + 95 years tsg + 110 years

Formation of second star Third star form Fourth star forms

>SIP UOIIDJDJk JB HOO| pa|ielap

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 1b, 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)

density temperature

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



number

expected mass spectrum
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Mo we see “flat

mass spectrum

(Greif et al. 201 1,Ap]), 737,75, also Dopcke et al. 2012 Ap) submitted, arXiv1203.6842)


http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2012arXiv1203.6842D&db_key=PRE&link_type=ABSTRACT&high=4f93fddf6806535

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 lll stars should be in binary systems
--> source of high-redshift gamma-ray bursts

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

* consistent with abundance patterns found
in second generation stars
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(Joggerst et al. 2009, 2010)

[X/Fe]

(£00T 'Ie 22 €3eujwoy )

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)
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primordial star formation

just like in present-day SF, we expect
- turbulence

- thermodynamics

- feedback

- magnetic fields

to influence first star formation.

masses of first stars still uncertain (surprises from new
generation of high-resolution calculations that go beyond first collapse)

disks unstable: first stars should be binaries or part of small
clusters

effects of feedback less important than in present-day SF



questions

® is claim of Pop lll stars with M ~ 0.5 Mo really justified?
- stellar collisions
- magnetic fields

- radiative feedback

e how would we find them?

- spectral features
® where should we look!?

e what about magnetic fields!?
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Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.
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,,\ Star formation is intrinsically a multi-scale and multi-physics problem.

e stars form from the

of competing processes (such as
pressure

e detailed studies require the
physical processes
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Star formation is intrinsically a multi-scale and multi-physics problem.
Many different processes need to be considered simultaneously.

e stars form from the
of competing processes (such as
pressure

e detailed studies require the
physical processes

e star formation is
poorly understood
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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

detailed studies require the
physical processes

star formation is
poorly understood

primordial star formation
star formation

Carina with HST
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