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Turbulence driving — solenoidal versus compressive

Ornstein-Uhlenbeck process (stochastic process with autocorrelation time)
— forcing varies smoothly in space and time,
following a well-defined random process

Solenoidal forcing Compressive forcing
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Turbulence driving — solenoidal versus compressive

Column Density

Movies available:

—

solenoidal driving:

D, ~ 2.6

Federrath 2013

Compressive forcing produces stronger density enhancements

Federrath — Astronomical Computing — ANU, 2016



The density PDF

04 T 1024° sol S ]
F . 10243 comp volumetric density PDFs 4 )
- — — log—normal fit . DenSIty PDF
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£ (Federrath et al. 2010) sol .
= 02f - ! (s = {s))°
=y - n d _ « - 1
- 1 psds = exp | ———=——| ds
E E V202 203
0.1 E— _E S 1
: ; s =1In(p/po)
§ § Vazquez-Semadeni (1994); Padoan et al. (1997);
0-0% 2 Ostriker et al. (2001); Hopkins (2013)
3 1 2 2 A 42
. o =In (14 b°M?)
—2F =
E - ,ﬂ‘tz 'Y ;
R, i E _
E N i ) P = 1/3(so))
B 7 o\ E b=1 (comp)
i l‘-l rs! W g
/ O N
L W\ '\ § Federrath et al. (2008, 2010);
] W Y\ \\ 3 Price etal. (2011); Konstandin et al. (2012);
AR 1111 S | 1 | WROIE Molina et al. (2012); Federrath & Banerjee
—10 ™ 0 > 10 (2014); Nolan et al. (2015)

s =In(p/po))

Federrath — Astronomical Computing — ANU, 2016



PDF — The dense gas fraction

Active star formation No star formation
n(H) [em”] n(H) [cm”]
10’ 10° 10° 10° 10° 10° 10’ 100 5 10° 10° 10°
0 T T T : T T 0 T T T T : T T

Kainulainen, Federrath, Henning (2014, Science 344, 183)

Powgr-l_aw tails — 2D — 3D
gravitational collapse conversion

Schneider et al. 2012-2015; Federrath & Klessen 2013;
Girichidis et al. 2014; Sadavoy et al. 2014; Myers 2015; Cunningham et al., in prep.
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(Brunt et al. 2010a,b)



Turbulence — Density PDF
Density PDF — Star Formation Rate

Why is star formation so inefficient?

Federrath — Astronomical Computing — ANU, 2016



Density PDF — Star Formation Rate

Density PDF is key for star formation theories:

- Initial Mass Function (Padoan & Nordlund 02, Hennebelle & Chabrier 08,09,
- Star Formation Efficiency (Eimegreen 08, Federrath & Klessen 13)

- Kennicutt-Schmidt relation (Eimegreen 02, Krumholz & McKee 05, Tassis 07, Ostriker+10,
Elmegreen 11, Veltchev+11, Hopkins 12, Federrath 13, Salim+15)

- Star Formation Rate (Krumholz & McKee 05, Padoan & Nordlund 11, Renaud+12,
Federrath & Klessen 2012)

All based on integrals over the turbulent density PDF

* l:x;.

SFRg = Ceore / xp(x) dx

A
]

Pt

Xerit

Krumholz & McKee (2005), Padoan & Nordlund (2011); Hennebelle & Chabrier (2011,2013)
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The Star Formation Rate

Statistical Theory for the
Star Formation Rate:

freefall mass

SFR ~ Mass/time time fraction

A A
| Ll

oot '
SFRg = 6/ (po) p p(s)ds

te(p) po

Scrit

Hennebelle & Chabrier (2011) : “multi-freefall model”

Federrath — Astronomical Computing — ANU, 2016
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Federrath & Klessen (2012)
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The Star Formation Rate

S — SO 2
Statistical Theory for the | r(s) = \/;Tagexp (_(L 203) )
Star Formation Rate:

3T 1/2
freefall mass s=1In(p/po) talp)=|=
. : 32Gp
time fraction

SFR ~ Mass/time

it l > :
SFRg ¢ (po) p p(s)ds =€ exp (‘Es) p(s)ds
o twlp) po . 2

crit crit

3 2 — Ser

Hennebelle & Chabrier (2011) : “multi-freefall model”

Federrath & Klessen (2012)
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The Star Formation Rate

S — SO 2
Statistical Theory for the | »(s) = \/;?Jgexp (_(L = ) )
Star Formation Rate:

3T 1/2
freefall mass s=1In(p/po) talp)=|-:
. : 32Gp
time fraction

SFRg = 6/ (po) P p(s)ds = e/ exp(
... tg(p) po .

crit crit

3 02 — Seri
— %exp(S > 1—|—01f< Ct\]

\/ 202 )
Hennebelle & Chabrier (2011) : “multi-freefall model”

SFR ~ Mass/time

o

3) p(s)ds

DD |

From sonic and Jeans scales:

Scrit O In (avir MQ)

(Krumholz & McKee 2005, Padoan & Nordlund 2011)

SFRg = SFRg (cvip, b, M) 02 = In (1 + b2M?)
7 S~ (e.g., Federrath et al. 2008)
2Ey,/Ey,, forcing  Mach number

Federrath & Klessen (2012)
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Density PDF — Star Formation Rate

SFRg = SFRg (ayir, b, M) 2E;/Eyay forcing  Mach number

forcing parameter (6=0.33) multi—freefall

0o, (solenoidal forcing)

10 &

Federrath & Klessen (2012)
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Density PDF — Star Formation Rate

SFRg = SFRg (ayir, b, M) 2E;/Eyay forcing  Mach number

forcing parameter (6=1.00) multi—freefall

o . (compressive forc

.
e

10 <>

10 ¢

Federrath & Klessen (2012)
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Density PDF — Star Formation Rate

Numerical Simulation varying the turbulent Mach number:

Movies available: http://lwww.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html

Mach 10 solenoidal driving Mach 50 compressive driving
T . —?ﬁ; wf‘ :Q'?)J;?E;w 52;5?%:2" 0=0  t/t; 005" I
— | ; ~2.2
£
% —
= Y
: >
c <
£ ~2.6 7
3 g
S -2.8
Vsink 81
SFE = 9.7 % | [
SFR¢ (simulation) = 0.14 x 52 SFR¢ (simulation) = 7.3
SFR¢ (theory) =0.15 x52 SFR¢ (theory) =7.8

Theory and Simulations agree well.
Federrath — Astronomical Computing — ANU, 2016 Federrath & Klessen (2012)



The Star Formation Rate — Magnetic fields

S — SO 2
Statistical Theory for the | »(s) = \/;?Ugexp (_(L — ) )
Star Formation Rate:

3T 1/2
freefall mass s=1In(p/po) talp)=|=
. : 32Gp
time fraction

SFR ~ Mass/time

¢ " talpo) p p(s)ds exp (E ) s)ds
. tglp) po~ . 2

crit crit

. € 3 1+ f — Serit
— 9 exp 8 er 202

. 2 3
MAGNETIC FIELD: Mos M (14 511 Serit O I (Qyip M*2
Pth—)Pth—i‘Pmag ‘/

SERg

02 =1In (1 - bQMQJ+1
SFRg = SFRg (ayir, b, M, 3) (Padoan & Nordiund 2011; Molina et al. 2012)

2E,, [E

Federrath — Astronomical Computing — ANU, 2016 Federrath & Klessen (201 2)

grav forcing  Mach number



The Star Formation Rate — Magnetic fields

Numerical Test at Mach 10 with mixed forcing

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html

(My=2.7, B = 0.2)

log,, ( column density [g/cm?] )
IO910 ( Msink/Mbox )

SFR¢ (simulation) = 0.46 x0.63 SFR¢ (simulation) = 0.29
SFR¢ (theory) =0.45 x0.40 SFR¢ (theory) =0.18
Magnetic field reduces SFR and fragmentation (by factor ~2).
Federrath & Klessen (2012); see also Padoan & Nordlund (2011), Padoan et al. (2012)
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Simulation study with
* cloud masses of 300 — 4x10° Mg
* solenoidal, mixed, and compressive forcing
 sonic Mach numbers 3 — 50

The Star Formation Rate

Simulations vs. Theory /\

_Dmul’rl —ff KM (1/¢t 045 ¢.=0. 17)
- O multi—

(1/¢,=0.47, 8=1.0)

—

SFR,, (theory)

©

L+ multi—ff HC (1/¢t:o.2o, You=5.9)
. MHD fit

0.6
0.5}
0.4F
0.3F
0.2f
0.1t

Federrath — Astronomical Computing — ANU, 2016

SFR;, (simulation)

Convergence with
numerical resolution

Federrath & Klessen (2012)



The Star Formation Rate

Simulation study with
* cloud masses of 300 — 4x10° Mg,
* solenoidal, mixed, and compressive forcing
e sonic Mach numbers 3 — 50

log Zgr (Mo yr'1 kPC-Z)

Simulations vs. Observations
4IIIII

log 40 (Mo pc™2)

(Heiderman et al. 2010)

SFEs ~ 1-10% (Evans+2009;
Burkert & Hartmann 2013;
Federrath & Klessen 2013)

GRAVTURB SFE=10%

Illlllllllllllll1llllllllllll|llllllllIllllllllllll.llllllll[lllllllll

— O GRAVTURB SFE= 1%
A —1 Taurus W
© Class | YSO %V
o FICt YSO WV
o —2E(a) | S HCN(1-0) Clumps ©
_= e=10f ——7 C2D+GBCIoudSD
1.0 1.5 2.0 2.5 3.0 3.5 4.0
-2
core-to-star efficiency 9G10 Zgas [Mo pc] Federrath & Klessen (2012)
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The Star Formation Rate

Simulation study with
* cloud masses of 300 — 4x10° Mg, -
* solenoidal, mixed, and compressive forcing w
e sonic Mach numbers 3 — 50 =

Simulations vs. Observations

(Heiderman et al. 2010)

SFEs ~ 1-10% (Evans+2009;
Burkert & Hartmann 2013;
Federrath & Klessen 2013)

GRAVTURB SFE=10%
GRAVTURB S‘:— 1%

Taurus |

Class | YSO %V

Flct YSO wVv
HCN(1—-=0) Clumps ©
C2D+GB Clouds O

lllllllllllllllllllllllllllllllllllllllllllll“llll“llllll[lllllllll

_3 N N T T S SR
1.0 1.5 2.0 2.5 3.0 3.5

-2
core-to-star efficiency 9G10 Zgas [Mo pc] Federrath & Klessen (2012)
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The Star Formation Rate

Simulation study with
* cloud masses of 300 — 4x10° Mg, o
* solenoidal, mixed, and compressive forcing L
e sonic Mach numbers 3 — 50 Z
Simulations vs. Observations
4 T rrrrorororr Tt E

- < - E (Heiderman et al. 2010)
lo g

Q. =

=~ 2 E SFEs ~ 1-10% (Evans+2009;
N Burkert & Hartmann 2013;
> / E Federrath & Klessen 2013)
= / GRAVTURB SFE=10%
— 0 / E GRAVTURB SFE= 1%
A — 1 \»\ —% Taurus N

= ' ] Class | YSO %V
o \ 3 Flat YSO wv
o —2¢(e) E HCN(1-0) Clumps <

_3 €=0.5 \ ___________ -z C2D+GB Clouds O
1.0 1.5 4.0

core-to-star efficiency
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Turbulence — Density PDF
Density PDF — Star Formation Rate

Why is star formation so inefficient?




I — Astronomica ing - #2016 / foen % )
aNebula, NASA, ESA, N. Smith (University of California, Berkeley);" and The Hubble Heritage Team (STScl/AURA), and NOAO/AURA/NSF




The

Clouds

DIE ENTWICKLU
a)

KE
MOLEKULWOLKE ",/’//
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HH30

Star Formation

Jet / Outflow

VENTSTEHUNG

d) GASAUSFLUSS

GASSCHEIBE

Beuther 2008



Jets and Outflows

200 A.U.

—

1995

->

1998

-

-

2000

The Dynamic HH 30 Disk and Jet

HST ¢ WFPC2

NASA and A. Watson (Instituto de Astronomia, UNAM, Mexico) ® STScl-PRC00-32b

Federrath — Astronomical Computing — ANU, 2016




Star Formation — Outflow/Jet Feedback

-

 NGC1333

Image, credit: Gu;te_'rmutﬁ'& Porras* |
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Star Formation — Outflow/Jet Feedback

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/outflow model/outflow model.html
No outflows

With outflows t/t=1.50

N;.=23 SFE=87.6% Nguw=49

ot 2014

SFE=59.0

o

Federrath et al. 2014, ApJ 790, 128

Federrath — Astronomical Computing — ANU, 2016



The role of outflow/jet feedback for star cluster formation

(M,) (With outf.) / (M,) (No outf.)

0.2 m
. O: ratio of the average stellar mass
0.5 1.0 1.5
t/ t
RESULTS:

2.0

dN / dlog Mass

| ie"""i Efficiency
P71~ 30-40%7

I 1
R
DCMF+
L Alves et al. (2007); .
Andre et al (2010) J
...0..I1 " L .....‘I.'IO " " ....16.0 M P
Mass (Msun)

- Qutflow/Jet feedback reduces the SFR by factor ~ 2
- Outflow/Jet feedback reduces average star mass by factor ~ 3

Federrath — Astronomical Computing — ANU, 2016




Why is Star Formation is so Inefficient?

Movies available: http://lwww.mso.anu.edu.au/~chfeder/pubsl/ineff sflineff sf.html

Griavityaonly ! t=0.7Myr=0.61¢t,, ("Grav vs. Turbulence t=1.5Myr=1.31¢;
L . -
Y

Gravity
only

-1.0
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~3.0 ” 0%
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Star Formation is Inefficient

Time (million years)
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Conclusions

» Supersonic, magnetized turbulence is key for star formation

- SFR from density PDF depends on
virial parameter, forcing parameter, Mach number,

- Very good agreement between theory, simulations and observations

e Jet/outflow feedback in star cluster formation:

- Star formation rate reduced by ~2x
- Average star mass reduced by ~3x — Initial Mass Function!

e Star Formation is inefficient —

Only combination of Turb+Mag+Feedback gives realistic SFRs

Federrath — Astronomical Computing — ANU, 2016



- Astronomical Computing -

| _~.I'ntro.dUCtion.fto' Bash' and e'hell SCI’Iptm g-. it

o~

--Bash is'a sheII program deS|gned to I|sten to my
commands and do what I teII it to '

"Bash is a S|mple tooI in a vast toolbox of programs that lets me mteract with my system
~_using a text based mterface A : ~

: DIStIﬂgUISh lnteraet/ve an.d _Non}interaCtive mode

= Useful sheII commands w 4
' grep, rsync red|rect stdout/stderr top, tail, cat WC, nohup, screen nice

Good Bash'introduction:

Federrath — Astronomical Computing — ANU, 2016 Image credit: M. S. Povich



Astronomical Computing
| ASTRA004 / ASTRBO04

NEX Vi (FRIDAY 05/08) plotting with gnuplot, -
‘ remote computing (ssh, scp, rsync, nohup, )

Image credit: M. S. Povic



