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Topics: "o Tho okl R

o ¢

et SheII usage and scrlptlng (bash: redrrect stdout/stderr grep, top, ,ta|I cat WC, b ). -

’Remote Computlng (ssh, rsync, nohup, ) ]

- Plotting; basrcs and advanced ster.settlngs (Ilnes axes, etc) 3D plots webplot d|g|t|zer P
- Movies - ' : ' - ; :

- Version: control systems (Bltbucket GltHub) LR e e o
= ..chk intro to. IDL (Interactlve Data Language) : : R

:--'Python i et o . RN R, St S :
Statistics (bmnrng, mean ,rms stddev skewness kurtosis, PDFs Monte Carlo error '

* propagation, etc.) .

- Image processmg (beam convolutlon array operatlons f|Iter|ng etc) :
Fourler transformatlon (power spectra) ? ;

'-.,',-.;Paralle] cbmputlng N 5

- OpenMP, MPF. (c++)

Weeks 1-3, 8-9, 11-12: taught by. Christoph Federrath g . 553
Basics of shell usage, Remote computing, Remote'plotting, Python, Statistics, Binning,
MC error propagation, Fourier transformation dParallel computing, Numerical simulations

Rest of course: taught by Sven Buder and Yuxia‘ng Qin
Regression, Neural Networks, Gaussian Processes, Monte-Carlo Markov Chain

Image credit: M. S. Povich
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Star Formation
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& B. Whitmore (STScl); & R:Chandar (U. Toledo);Optical NASA



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

Near-Infrared

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

Visible Light

Digitized Sky Survey

Near-Infrared

Two-Micron All-Sky Survey

Mid-Infrared

Spitzer Space Telescope

New Massive Stars
Found Hiding in
Famous Nebula

M. S. Povich
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Star Formation

The Star Formation Paradigm

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

DIE ENTWICKLUNGSSTUFEN DER STERNENTSTEHUNG

a) b) GASAUSFLUSS

KERN
MOLEKULWOLKE /

GASSCHEIBE

ROTIERENDER

MAGNETFELD PROTOSTERN
Beuther 2008




Star Formation is Inefficient

Gravity Magnetic
Fields
Turbulence Feedback




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

Movies avallable http l/www mso.anu.edu. au/~chfeder/pubsllneff sf/meff sf html

Gravity with
only Turbulence
Turb+ ;\I'/Iurb+
Magnetic ag+
Fie|gds Jet/Outflow
Feedback
(sims for Appel

et al. 2023)


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

Modelling Radiation

104 E T T T T

Simple Thermodynamics

-

100 | | |
104 ; .

Flux Limited
Diffusion

Variable Eddington Tensor

Moment-1
Approximation

N

AN

o

N

(_“ E
6 .

S 100 | | | "5 ] |

S \/ariable 10720 10718 10716 10714 10712 10-10
>3 Eddington Tensor p [gem™3]

Movies available: https://www.mso.anu.edu.au/~chfeder/pubs/vettam/vettam.html



https://www.mso.anu.edu.au/~chfeder/pubs/vettam/vettam.html

New AMR Variable Eddington Tensor (VET) method

VET with hydrid-
characteristics
ray-tracing

on AMR

Time = 804000.0s
2000

1500
1000
500

0

y (AU)

—=500
—-1000
—-1500

—2000 -
0:00/0:10‘

— 102

16 x 10!

'S
X
—

2 x 10!

02

(K)

Temperature

Several tests passed, including radiation pulse streaming and diffusion,

radiation shocks, and shadow tests

1 T R 11 []
I IEd]

g =

11 T 1

172 P P 1

Percentage/Step (%)

120

20F

100F

I Raytrace 1
I Radupdate
s 1o

48 192 768
No (Menon et al. 2022)



Turbulenc

= Reynolds numbers > 1000

= Kinetic energy cascade

large scales (L)

ENERGY INPUT

log E(K) A

o
s"‘.‘
0N

Richardson
cascade

<3|
&

e

Leonardo da Vinci

small scales (n)

ENERGY DISSIPATION
(kinetic energy turns into

internal energy)

E(k) ~ k-5/3 ~ k-1.67
/ incompressible \ ~ 13

Mach < 1

Kolmogorov (1941)

k| " log k \_




Interstellar Turbulence — scaling

BUT: Larson (1981) relation: E(k)~ k-1-8-2.0
(see also Heyer & Brunt 2004; Ossenkopf & Mac Low 2002; Roman-Duval et al. 2011)

Observation Simulation
S — 2.0 . ——
(Larson 1981; Ossenkopf & Mac Low 02, | —— 1024° comp E (k) slope: —1.94
10 | Heyer & Brunt 04, Roman-Duval+11) [ — — 5127 comp E(k) slope: —1.93
Y [ ----- 256° comp E (k) slope: —2.00
1.5 =
—_ — E(k) ~ k2 - | ————
(7 x L -
S W 1.0f
X N -
et 1 | b v
> I
05 = crrecvemmee
s i inertial range (1024%)
Cs~0.2 km/s fmm mm mid i - [
0.1 R i L4 s L4 a e i L i O_O— 1 L M S S |
0.01 0.1 1 10 100 1 10
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

cascade
large scales (L) ——  small scales (n)
ENERGY INPUT . . ENERGY
Super'sonlc " SUbsonlc DISSIPA-FION

E(k)~ k2 i E(k)~kb53
%shock—dominatedi subsonic
‘Mach>1 ' Mach<1

- Kolmogorov
1 (1941)

supersonic

‘ B
L-1 sonic scale Ks nK'1\ log k



Interstellar Turbulence

= Reynolds numbers > 1000

= Kinetic energy cascade

cascade
large scales (L) [ ——  small scales (n)
ENERGY INPUT i« ' subsoni ENERGY
SUPBI"SOHIC : sSupsonic | DISSIPA-F.[ON
E(K)~k2 i E(K)~k3 |
molecular protostellar stars, discs
clouds cdres, filaments lanets
«{100pc :0.1 cales)
l0g E(O & pc) 5( pc)
| : supersonic
subsonic

L-1 sonic scale kg Nk’ log k



Thelong and the
shortofturbulence .

g

Movies a
http://w

nore info on the (10k)3 simul
so.anu.edu.au/~chfeder/pubs/sonic scale/sonlc scale html

"‘

Te o nical speci,fication&:’

- Resolution: 10,0482 grid cells :

250 Million CPU-h (GCS and NCI) \
65,536 compute cores :
2PBdata

Hybrid pl’eCISI (SP + specific promotion to'DP)

e

Yelerrath


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

Hybrid precision and code scaling

Mass conservation Momentum conservation
1001 FrTT | EEEEALECA REERARZETS TTREEETTET [FTTRELITT LEEE AL R ASALERARES LLRAEERRLE 25X10'5
_ 1L —~— { 2 2x105
£ 099 § I 0% 15x105F
2 0998 I 5 oS}
g 0.997 pure double precision ~ ==s=e = 5x106 E
}f/ 0.996 | pure single precision — g 0
2 ] &
= 0995  hybrid precision scheme =~ =—={ £ -IxI05}
0.994 FTTNTTTN TR T T TN VTN TON T IT N TOPNTTPNTTONTTOTNY: =S -5X10'6§
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time (in turbulent turnover times) Time (in turbulent turnover times)
14 [
- FLASH code scaling (public vs. own modifications) 1
£l 12 3 SuperMUC-NG (FLASH, public versign) _
SRR PN PN pren. S ]
S 10F .
E i Overall changes to FLASH
= 8 ] for this setup resulted in
% 6F ki - factor 3.6 higher speed
St SuperMUC-NG (FLASH, hybrid precision) 1 - factor 4.1 less memory
= 4T
= I . anan. aav’ > St AR
s 2r Gadi (FLASH, hybrid precision) y (Federrath et al. 2021,
- 1 Nature Astronomy;
0101 — 162 — 163 — 1(')4 — 165 108 Federrath & Offner 2026)

number of compute cores



Modelling turbulence at extreme resolution (10k3)

0.0 3 *
I | ClOEAhmr " L=/ .54k
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"N Turbulence is key for Star, Formation -

(Federrath &IKlessen 2012) , " '&*Z
*"Turbulence — Stars Feedback

m

Magnetlc Flelds

AT

B

~

Turbulence, drlven by s \ -

L € M) Solenoidal
- Jets [ Outflows™s | B9 e

- £7°C Cloud- cloud COil‘IgI'OHS
o W omm{g llonization fronts’

= Splral arm compressmn

i ST & - s
- Superno,va explosions' ™ |/ Compressivey
{Gravity //Accretioniy &1 p o @ ’

5,

e
»
. (R
‘a2
-_‘ < o

Fo

i



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 forcing — 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

Movies available:

- D) v VRS, i
solenoidal drivings , A~ e
: X ey
- '—'f. - ‘q?’ .ﬂﬁ )f »,’_ 3
D;~ 2.6

s}t‘l“"

)
1)
g , b
- Mes. c
I‘. v g=
e 2
r sk -
T @)
, ; o T
yr 3
e : _ ST TR e

Compressive driving produces much stronger density enhancements


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

The density PDF

0.4F S 1 .
-t —— 1024° sol . . ]
E . 1024% comp volumetric density PDFs 4 .
- log—normal fit . DenSIty PDF
0.3 —-— skew—log—normal fit I
- —— skew—kurt—log—normal fit . | |
C ] og-normai:
. £ (Federrath et al. 2010) - ,
< 02F E 1 s— (s
SF 1 psds = — exp —# ds
- . Qw02 207
0.15 3 —
|  s=In(p/po)
§ § Vazquez-Semadeni (1994); Padoan et al. (1997);
0-0% | " | 2 Ostriker et al. (2001); Hopkins (2013)
-1E 3 2 2 A A2
| |o;=1In (1 + b*M )
—2F / =
- 1l |7 N 3
" | " v =
~ i/ =
S -zl il \ = b =1/3 (sol)
3 v gi \ ] _
_a | il \ E b=1 (comp)
Ji i LA 3
T A [ j§¢ \‘ 3
—Sf A1 -\ X \f\ = Federrath et al. (2008, 2010);
i g M %\ \\ 3 Priceetal. (2011); Konstandin et al. (2012);
~6 ——e ' BV d Molina et al. (2012); Federrath & Banerjee
-15 ~10 -5 5 10

(2015); Nolan et al. (2015)



PDF — The dense gas fraction

Active star formation

No star formation
n(H) fem”]

n(H) fem”]
10 10 10° 10° 10°
O T |

log p(s)

log p(s)

Kainulainen, Federrath, Henning (2014, Science 344, 183)
Power-law tails —

e 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)



Density Distribution — Star Formation Rate

Numerical experiment for Mach 10

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

Solen0|dal Dnvmg (b=1/3) Compresswe Driving (b=1)

log,, ( column density [g/cm’] )

Ee, i) _ ) — : :
SFRﬂ-‘ (S|mulat|on) = 0. 14 x20 SFR¢ (simulation) = 2.8
SFRg (theory) =0.15 x15 SFRg (theory) =2.3

Turbulence driving is a key parameter for star formation!
Federrath & Klessen (2012)


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

Role of Turbulence Driving for Initial Mass Function

1 COMP (Z =0.0) Salpeter (1955)

: NTotalsinks = 468
Mmedian = 0.4 +0.1 M B COMP (¢ =0.0)

L% sl iz 9sms SOL ({=1.0)

ﬂTotalsinks =445
a Mmedian=0-6io.2 Mo

Nsinks

103 102 101 100 101
Mass (Mg)

(Mathew et al. 2022)
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Astronom:cal Comput:ng

{‘

'_~Introduct|on to Bash and sheII scnptlng

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

"Bash is a S|mple tooI ina vast toolbox of programs that lets you |nteract with your -
~_system usmg a text- based mterface 3 .

: Dlstlngursh lnteraot/ve an_d _Non-_l_nteractive' mode

" Useful sheII commands i +
: . cd Is grep, rsync redlrect stdout/stderr top, tail, cat, wc, nohup, screen, nice

- *’ Good Bash |ntroduct|ons
* " http:/lguide.bash. academv

-
""

Image credit: M. S. Povich


http://guide.bash.academy/
https://www.w3schools.com/bash/

GQ through the Bash
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http://guide.bash.academy/
https://www.w3schools.com/bash/

