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Shell scripting

Plotting

Movies

Version control systems )
IDL

Python

Statistics

Image processing
Fourier transformation
Parallel computation

Monte-Carlo Markov Chain (Trevor Mendel, weeks 7-8)
Numerical solution of ordinary differential equations (Mark Krumholz, week 9)
Fluid dynamics (Philip Taylor, weeks 10-12)

Image credit: M. S. Povich



Image credit: M. S. Povich



Image credit: M. S. Povich



Image credit: M. S. Povich



-+ Australian
ESlp National
=23 University




Star Formation

S 007 -

SAM. Regan-& B. Whitmore (STScl); & R. Chandar (U.



Image credit: M. S. Povich



The Great Nebula
in Carina

Digitized Sky Survey

Dark regions within
the

are obscured by
dust.

New Massive Stars
Found Hiding in
Famous Nebula

M. S. Povich



The Great Nebula
in Carina

Two-Micron All-Sky Survey

Near-infrared light
passes through the
dust, revealing more
stars.

New Massive Stars
Found Hiding in
Famous Nebula

M. S. Povich



The Great Nebula
in Carina

Spitzer Space Telescope

The dust clouds
themselves glow in

New Massive Stars
Found Hiding in
Famous Nebula

M. S. Povich



The Great Nebula
in Carina

Digitized Sky Survey

Two-Micron All-Sky Survey

Spitzer Space Telescope

New Massive Stars
Found Hiding in
Famous Nebula

M. S. Povich



Turbulence == Stars == Feedback

D A

Turbulence driven by

0 0 0 0 0 0

Mac Low & Klessen (2004)



Star Formation

The Star Formation Paradigm

Clouds > 4 Cores -> Disk + Star + Jet / Outflow



Star Formation Rate

Pipe Nebula Rho Ophiuchi Cloud

SFRopn = 15 X SFRpjp,

(Lada et al. 2010)



Universal star formation “law”?

Scatter?

!

Observational scatter
and physical variations
caused by

Turbulence

Star Formation Rate (SFR)

Gas Density

(Heiderman et al. 2010; Lada et al. 2010, Gutermuth et al. 2011)



Physical Variations in the Universal Star Formation Law

Krumholz, Dekel, McKee (2012)

A more universal star formation “law”

o e
7 7
IN N
Still scatter by
more than factor 10
just 2, divide 2,4
(classical Kennicutt-Schmidt relation) by single (mean)

freefall time tx



Physical Variations in the Universal Star Formation Law

— Scatter caused by variations in the TURBULENCE

(Mach number, driving, etc.) Federrath (2013, MNRAS 436, 3167);
see also Salim, Federrath, Kewley (2015, ApJ 806, L36)



Turbulence

= Reynolds numbers > 1000

= Kinetic energy cascade

Leonardo da Vinci

E(k) ~ k-5/3 ~ k-1.67

incompressible \V ~ |13
Mach < 1
Kolmogorov (1941)




Interstellar Turbulence — scaling

BUT: Larson (1981) relation: E(k)~k1-8-2.0
(see also Heyer & Brunt 2004; Ossenkopf & Mac Low 2002; Roman-Duval et al. 2011)

Observation Simulation

(Larson 1981; Ossenkopf & Mac Low 02,
10 | Heyer & Brunt 04, Roman—DuvaItﬂ)

V ~ LO05
— E(k) ~ k2

V [km/s]
k2 E(k)

C~0.2 km/s e = =i

D‘l i i [ i [ A T i i Bild i iis ik
0.01 0.1 1 10 100

L [pc] k

Supersonic, compressible turbulence has steeper E(k)~k-1-2 than Kolmogorov (E~k-2/3)

Federrath et al. (2010); see also Kritsuk et al. (2007)



Interstellar Turbulence

= Reynolds numbers > 1000

= Kinetic energy cascade

E()~k2  E(k)~ k53

shock-dominated subsonic

Mach > 1 Mach < 1

Kolmogorov
(1941)



Interstellar Turbulence

= Reynolds numbers > 1000

= Kinetic energy cascade

E(k)~k2  E(k)~ k573

molecular protostellar
clouds cores, filaments

(100pc) (0.1pc)

stars, discs
lanets

cales)



The sonic scale of interstellar turbulence

Movies and more info on the 10k3 simulation:
http://www.mso.anu.edu.au/~chfeder/pubs/sonic scale/sonic scale.html

Technical specifications:

- Resolution: 100483 grid cells (102 resolution elements)
- 45 Million CPU-h (Gauss Centre for Supercomputing)

- Number of compute cores: 65,536

- Data dumped: 2 PB

- Main memory consumption: 131 TB

- Hybrid precision (SP + specific promotion to DP)


http://www.mso.anu.edu.au/~chfeder/pubs/sonic_scale/sonic_scale.html

Modelling turbulence at extreme resolution (10k3)

Hybrid numerical precision scheme:

Overall changes to FLASH for this setup resulted in
- factor 3.6 higher speed
- factor 4.1 less memory requirement

Federrath et al. 2021, Nature Astronomy



Modelling turbulence at extreme resolution (10k3)



Turbulence driven by

0 0 0 0 0 0

Mac Low & Klessen (2004)



Turbulence driving — solenoidal versus compressive

“Turbulence in a box”

o 3D, periodic boundaries
o Driven to supersonic speeds (Mach 2 - 50)
o Large-scale Forcing Term f

e.g., Vazquez 1994, Padoan+1997, Passot+1998, Stone+1998, Mac Low 1999,
Klessen+2000, Ostriker+2001, Heitsch+2001, Cho+2002, Boldyrev+2002, Li+2003,
Haugen+2004, Padoan+2004, Jappsen+2005, Ballesteros+2006, Mee+Brandenburg
2006, Kritsuk+2007, Kowal+2007, Dib+2008, Offner+2008, Schmidt+2009,
Burkhart+2009, Cho+2009, Lemaster+2009, Glover+2010, Price+2011,
DelSordo+2011, Collins+2012, Walch+2012, Scannapieco+2012, Pan+2012,
Micic+2012, Robertson+2012, Price+2012, Bauer+2012 +++



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

http:/Wwww.animated-gifs.eu/kitchen-
mixers/0006.gif

4 / \ “vxf=0

b http:lIvoiceofthemoﬁkey.com/wp-
content/uploads/2010/12/Monkey-Playing-
Cymbals.gif




Turbulence driving — solenoidal versus compressive

Column Density

Df~ 2.6 Df~2.3

Compressive forcing produces stronger density enhancements



The density PDF

0.4F — 1 1 .
-t —— 1024° sol . . ]
E . 1024% comp volumetric density PDFs 4 .
- log—normal fit . DenSIty PDF
0.3 —-— skew—log—normal fit -
- —— skew—kurt—log—normal fit . |Og normal:
__E (Federrath et al. 2010) .
2 02F =
& - ]
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§ § Vazquez-Semadeni (1994); Padoan et al. (1997);
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~6 - U ' k) o3 Molina et al. (2012); Federrath & Banerjee
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(2014); Nolan et al. (2015)
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PDF — The dense gas fraction

Active star formation No star formation
n(H) [em”] n(H) [cm”]
10’ 10° 10° 10° 10° 10° 10’ 1005 10° 10° 10°
0 T T T : T T 0 T T T T : T T

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

Pow.er-llaw 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. (Brunt et al. 2010a,b)



Turbulence — Density PDF
Density PDF — Star Formation Rate

Why is star formation so inefficient?



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

Krumholz & McKee (2005), Padoan & Nordlund (2011); Hennebelle & Chabrier (2011,2013)



The Star Formation Rate

Statistical Theory for the
Star Formation Rate:

freefall mass
time fraction

SFR ~ Mass/time

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

log p(s)

0

: : Serpens South

Federrath & Klessen (2012)



The Star Formation Rate

Statistical Theory for the
Star Formation Rate:

freefall mass
time fraction

S

SFR ~ Mass/time

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

Federrath & Klessen (2012)



The Star Formation Rate

Statistical Theory for the
Star Formation Rate:

freefall mass
time fraction

S

SFR ~ Mass/time

From sonic and Jeans scales:

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

(Krumholz & McKee 2005, Padoan & Nordlund 2011)

/ 7\ \ (e.g., Federrath et al. 2008)

2Eyin/Egray  forcing  Mach number Federrath & Klessen (2012)



Density PDF — Star Formation Rate

2Eyin/Egay  forcing  Mach number

forcing parameter (6=0.33) multi—freefall

0o, (solenoidal forcing)

10 ¢

Federrath & Klessen (2012)



Density PDF — Star Formation Rate

2Eyin/Egay  forcing  Mach number

forcing parameter (6=1.00) multi—freefall

00 (compressive forcir

10 ¢

Federrath & Klessen (2012)



Density PDF — Star Formation Rate

Numerical Simulation varying the turbulent Mach number:

Mach 10 solenoidal forcing Mach 50 compressive forcing
SFR¢ (simulation) = 0.14 x 52 SFR¢ (simulation) = 7.3
SFRg (theory) =0.15 x 52 SFRg (theory) =7.8

Theory and Simulations agree
Federrath & Klessen (2012)



The Star Formation Rate — Magnetic fields

Statistical Theory for the
Star Formation Rate:

freefall mass
time fraction

S

SFR ~ Mass/time

MAGNETIC FIELD:

(Padoan & Nordlund 2011; Molina et al. 2012)

2Ey,/Eg4ray forcing  Mach number
Federrath & Klessen (2012)



The Star Formation Rate — Magnetic fields

Numerical Test for Mach 10 with mixed forcing

B=0 (Mp=<, B = «) B=3uG (M,=2.7, 3 =0.2)
SFR¢ (simulation) = 0.46 x0.63 SFR¢ (simulation) = 0.29
SFRg (theory) = 0.45 x0.40 SFRg (theory) =0.18

Magnetic field reduces SFR and fragmentation (by factor ~2).
Padoan & Nordlund (2011); Padoan et al. (2012); Federrath & Klessen (2012)



The role of magnetic field structure

SerpensSMM 1

Hull et al. (2017)



The role of magnetic field structure for jet launching

Uniform Magnetic Field Partially Turbulent Field Fully Turbulent Field

Gerrard et al. (2019)



The role of magnetic field structure for jet launching

Uniform Magnetic Field Partially Turbulent Field Fully Turbulent Field

Gerrard et al. (2019)

— Need ordered magnetic field component for jet launching
(Blandford & Payne 1982)



Built-up of circum-binary disks

No Turbulence Low Turbulence Normal Turbulence

t=-34903yr Mach 0.0

100, 10713

=

o
-
H

(¢—wdb) Ajsuaq

—100! '
-100 -50 0 50 100 -50 0
z (AU) z (AU) z (AU)

Turbulence makes bigger disks — relevant for planet formation
Magnetic field structure is key for outflow/jet launching

Kuruwita & Federrath (2019)



Turbulence — Density PDF

Density PDF — Star Formation Rate

Why is star formation so inefficient?



Turbulence == Stars == Feedback

D A




Star Formation

The Star Formation Paradigm

=

Clouds > 4 Cores -> Disk + Star  Jet / Outflow




Jets and Outflows



Sink Particles as Star Formation Subgrid Model

Federrath et al. 2014, ApJ 790, 128

Outflow mass:

Outflow velocity:

Outflow angular momentum:



Jet/Outflow Feedback



Star Formation — Outflow/Jet Feedback

Image credit: Gutermuth & Porras



The role of outflow/jet feedback for star cluster formation

SGS off SGS on



The role of outflow/jet feedback for star cluster formation

|€ 1 Efficiency
1 /3 : .~ 30-40%7

Alves et al. (2007);
Andre et al (2010)

RESULTS:

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



1. Gravity? 2. Turbulence?

3. Magnetic Fields? 4. Feedback?



Star Formation is Inefficient (Federrath 2015 MNRAS; 2018 Physics Today)

Gravity
only

Turb+
Magnetic
Fields

with
Turbulence

Turb+
Mag+
Jet/Outflow
Feedback



Role of Jet/Outflow Feedback for the IMF

Mathew &
Federrath 2021,
submitted



Role of Jet/Outflow Feedback for the IMF

(Mathew & Federrath 2021, submitted)



Role of Jet/Outflow Feedback for the IMF

(Mathew & Federrath 2021, submitted)



Conclusions

Analyses of observational data and simulations
heavily rely on computing
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Bash is a shell program designed to listen to your
commands and do what you tell it to.

Interactive Nonsinteractive

http://quide.bash.academy

Image credit: M. S. Povich


http://guide.bash.academy/

http://quide.bash.academy
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