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Topics: i o Th kR

o

-

s SheII usage and scrlptlng (bash: redrrect stdout/stderr grep, top, tarl cat WG, ..0)
’.Remote Computlng (ssh rsync, nohup, ) e _' A Pl ' .. :
- Plotting; baS|cs and advanced ster settrngs (Irnes axes; etc) 3D pIots webplot drgrtrzer "
- Movies - ' s .
> Verswn.control systems (Bltbucket GrtHub) AN 2 PR N
Wi ..Qu|ck intro to. IDL(Interactlve Data Language) R ,' : s e R 6
,.--_'Python e e i R ; : S | -
: '--_-_Statlstlcs (blnnlng, mean ,roms stddev skewness kurtosrs PDFs Monte Carlo error |
_ * propagation, etc.) . % ‘
- Image processmg (beam convolutron array operatrons filtering, etc)
WS .Founer transformatlon (power spectra) '

s '-;Parallel computlng

- OpenP, MPI'(C++)

Weeks 1-6: taught by C hristoph Federrath ;
Basics of shell usage, Remote computing, Plotti Python Statlstrcs Brnnrng,
MC error propagation, Fourier transformatioh/urgallel computlng '

Weeks 7-12: taught by Sven Buder and Yuxiang Qin
Regression, Neural Networks, Gaussian Processes, Monte-Carlo Markov Chain,
Numerical simulations...

Image credit: M. S. Povich
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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 e 4 Disk + Star + Jet / Outflow
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Star Formation is Inefficient

Gravity Magnetic
Fields
Turbulence Feedback




Star Formation is Inefficient (Federrath 2015 MNRAS; 2018 Phys:cs Today)

Movies avallable http: Ilwww mso.anu. edu aul~chfederlpubslmeff sfllneff sf html
ST i . o B AP e 2 —

Gravity with
only Turbulence
Turb+ ;\I'/Iurb+
Magnetic ag+
Fie?ds 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 3 T T T T

~ Simple Thermodynamics |
7 ;

. 103

Flux Limited 202l
Diffusion SN

10'

100

"

Moment-1 10% ¢
Approximation g

=102 E
N &~
(a]
&)
- 10!
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©
5 10°
& ariable 1020
=3 Eddington Tensor

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- Several tests passed, including radiation pulse streaming and diffusion,
characteristics Marshak wave, radiation shocks, and shadow tests
) VSN SN RN B
- | |
ray-tracing — s a i
on AMR | == =
| i 3
i 2= ae
s
% i
R EERAEE R
2000 =0 10° 13—
il r BN Raytrace
1500 L BN Radupdate
100k mm 0
1000 ke ~
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500 ix 1 E > "
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ii 0 4 3% 10! ; 30;0 60.-
-
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20F
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—2000 —1500 —1000 =500 0 500 1000 1500 2000

= (AU) Na (Menon et al. 2022)



Turbulence

= Reynolds numbers > 1000
» Kinetic energy cascade

RiCth’dSOn Leonardo da V;n?:i
large scales (L) || small scales (n)

ENERGY INPUT cascade ENERGY DISSIPATION

(kinetic energy turns into

internal energy)

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

/ incompressible \V ~ L1173
Mach < 1
Kolmogorov (1941)

log E(k) A

Ay
A
A

"

>
|1 rIK'1\ log k



Interstellar Turbulence — scaling

BUT: Larson (1981) relation: E(k)~k1-3-2-0

(see also Heyer & Brunt 2004; Ossenkopf & Mac Low 2002; Roman-Duval et al. 2011)

Observation Simulation

2.0

— 1024° comp E (k) slope: —1.94
— — 512° comp E(k) slope: —1.93
- 256° comp E (k) slope: —2.00

(Larson 1981; Ossenkopf & Mac Low 02,
10 - Heyer & Brunt 04, Roman-Duvalt11)

V [km/s]

0.5

T T T T T T T 1T T T T T T T T T

Co~0.2 km/s [mm == = &,

0.1 0.0 ]

0.01 0.1 1 10 100

L [pc] k

(=1

Supersonic, compressible turbulence has steeper E(k)~k-1-2 than Kolmogorov (E~k>73)

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
supersonic : subsonic DISSIPATION

E(k) ~ k-2 i E(k) ~ k573

shock-dominated l subsonic
‘Mach > 1 ! Mach < 1

»  Kolmogorov
1 (1941)

supersonic

‘ ’ .
L1 sonic scale kg nK'1\ log Kk



Interstellar Turbulence

= Reynolds numbers > 1000
» Kinetic energy cascade

cascade
large scales (L) r——  small scales (n)
ENERGY INPUT o B a ENERGY
supersonic ; subsonic | DISSIPATION
E(k) ~ k-2 i E(k) ~ k-5
molecular ' prio*l'ostellar: stars, discs
clouds cdres, filaments

(100pc) . (0.1pc)

subsonic

-1 sonic scale kg log k



Thelongand the
shortof turbulence 5

d

s
Movies a
http://

nore info on the (10k)3 simu
so.anu.edu.au/~chfeder/p

LY . o

scale/sonic_scale.htm

L ’
~ ~

Ie :;‘ plfer=1 specification;s‘;_
| - Resolution: 10,0483 grid cells .,

2 850 Million CPU-h (GCS and NCI) \
) 7 65,536 compute cores -
- 2PBdata
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http://www.mso.anu.edu.au/~chfeder/pubs/sonic_scale/sonic_scale.html

Hybrid precision and code scaling

Mass conservation Momentum conservation

1.001 prrrerrer e e e e e e e 3 2.5x10-5
_ 1} a—— { 2 2x10-5
E 0999 i 2 15105
2 0998 i £ 1x105
= - -
S 0997 pure double precision ~ =--=--- i £ sx106
o . . .
= 099 | pure single precision =3 £ 0
%) =
= 0995} hybrid precision scheme = == % -1x10-5

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

L LR R R 5w Rk Bl TR
r FLASH code scaling (public vs. own modifications)

SuperMUC-NG (FLASH, public \'(\1‘11(‘11)

=
DO
b

—
e
T

Overall changes to FLASH
8 . for this setup resulted in

: : - factor 3.6 higher speed
- factor 4.1 less memory

time/cell/step (mirco sec)
o
I
|

4 — SuperMUC-NG (FLASH, hybrid precision) —
2F Gadi (FLASH, hybrid precision) .
e 102 10° 10 107 100 (Federrath et al. 2021,

number of compute cores Nature Astronomy)



Modelling turbulence at extreme resolution (10k3)
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We use this to make PDFs, movies, etc...
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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




Turbulence driving — solenoidal versus compressive

Movies available:

-

solenoidal driving:

D; ~ 2.6 p

Federrath 2013

e

Compressive driving produces much stronger density enhancements


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

0.4

0.3

p(s)

0.1

0.0

s =1n(p/po))

I T T .
- —— 1024° sol . : .
- 10243 i{;mp volumetric density PDFs A
—— log—normal fit -
I —-— skew—log—normal fit a -
- —— skew—kurt—log—normal fit .
- (Federrath et al. 2010) .
e II | LT P :
; o _.... ;
= Ll 4 3
= el N 3
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2 / N
L. L) \ 5; =
il A N E
: il .l -
" | w o 3
FLLLL L | ! itk 1 =
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The density PDF

Density PDF

log-normal:

1 (s = (s))°
Norrohas [‘T ds

s =In(p/po)

Vazquez-Semadeni (1994); Padoan et al. (1997);
Ostriker et al. (2001); Hopkins (2013)

C-"g = |n (l + szz)

psds =

b =1/3 (sol)

b=1 (comp)

Federrath et al. (2008, 2010);

Price et al. (2011); Konstandin et al. (2012);
Molina et al. (2012); Federrath & Banerjee
(2015); Nolan et al. (2015)



PDF — The dense gas fraction

Active star formation

No star formation
n(H2) [cm'S]

n(H2) [cm's]
10° 10" 10°
0 T T

T

log p(s)

log p(s)

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

gravitational collapse

Schneider et al. 2012-2015; Federrath & Klessen 2013;
Girichidis et al. 2014; Sadavoy et al. 2014; Myers 2015; Cunningham et al., in prep.

2D — 3D

conversion
(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 Drlvmg (b=1/3) Compresswe Driving (b=1)

logye ( column density [g/cm?] )
|Og10 ( Msink/Mbox )

SFRff (S|mulat|on) = 0. 14 x20 SFR¢ (simulation) = 2.8
SFR¢ (theory) =0.15 x15 SFR¢ (theory) =23

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 (¢ =0.0)
NTotaIsinks = 468 Salpeter (1955)

- Mmedian - 0.4 i 0.1 M ® - COMP (C= O-O)

1o3€ T 2 SOL(C=1.0)

ﬂTotalsinks =445
<l Mmedian=0.610.2 MG)

103 1072 10-1 10° 10!
Mass (Mg)

(Mathew et al. 2022)
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~Astronmomical Computing
o ntrodUCtion_.to'B'as.h' 'ahdShé||'s'¢ripti"r§g"--' 'z

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

Bash is a S|mple tool ina vast toolbox of programs that Iets you interact with your
| SyStem usmg a text- based mterface - »

: DIStIﬂgUISh Interact/ve and_Non-/nteraCtive mode

e L
~*
=

' Usefulshell commands o

cd Is grep rsyne redlrect stdout/stderr top, tail, cat, wc, nohup, screen nice

. ﬁ“ : '_,GbOd Ba’sh‘intrdd,uct_ions: |
~ "http://quide.bash.academy

4».
"

y

Image cre

dit: M. S. Povich


http://guide.bash.academy/
https://www.w3schools.com/bash/
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S AstronomlcalsComput:ng e g
i "'_.; Qo _thrOugh the,Bashf;jg Sleae
il ~read ¢ _ reseibt et
BTN do excérolsesz ’.be done |n teams or on your own) e

Image credit: M. S. Povich
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