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Motlvatlon (most of astrophysrcs is gas dynamlcs stars accretlon dISCS gaIaX|es)

©)
el Hydrodynamlcal Equatlons (derlvatlon Eulenan Lagranglan conservatlon Iaws)
-0 - Gas. Equatlon ofState S S AR ' 3
o '.F|UId Instabllltles (Jeans Kelvm HeImhoItz Parker etc) .
ke Wmleuthows and Accretion - |
o Waves ‘and: Shocks (Supernova explosmn)
_‘ o Magnetohydrodynamlcs ;
O Turbulence e T
@)

' Computatlonal F|UId dynamlcs (numencal solutlon of hydro equatlons advectron)
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Fluid Mechanics Films: G Y
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http://web.mit.edu/hml/ncfmf.html
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Student representatives:

- Need at Ieast two student representatlves '
- - Student rep oommunlcates with students and course convener
- Student rep name and emarI address publrshed on Course websrte -

- PIease nomrnate yourself or someone eIse |f you are |nterested'
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 Assignments: - -

- assessment based on 4 aSS|gnments |n totaI
* e 4th aSS|gnment counts double as flnal exam
.. -one assrgnment per about every 2 weeks A A
R aSS|gnments publlshed on webpage and on WattIe :

- subm|SS|on vra Turn|t|n

- feedback W|th|n about 2 weeks after subm|SS|on
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Star Formation
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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
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S. Guisard ESO

Pipe Nebula Rho Ophiuchi Cloud

SFRopn = 15 X SFRpjp,

(Lada et al. 2010)



Universal star formation “law”?
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Physical Variations in the Universal Star Formation Law

i FK12 multi—ff PN (b
N HC (thermal+turbulent, b

10 20 30

10910 Zsrr [Mo pc_2 Myr_1]

0G0 Zgas /[t [Mg pC_Z Myr”]
— 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)



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; Roman-Duval et al. 2011)

Observation Simulation
S 2.0 : —
. | —— 1024° comp E (k) slope: —1.94
10 | (Larson 1981; - — — 512 comp E (k) slope: —1.93
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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
supersonic | subsonic DISSIPATION

E(k)~ k2 i E(k)~kS53
%shock—dominatedi subsonic
‘Mach>1 ' Mach<1

- Kolmogorov
1 (1941)

supersonic

‘ B
L-1 sonic scale ke nK'1\ log k



Interstellar Turbulence

= Reynolds numbers > 1000

= Kinetic energy cascade

cascade
large scales (L) [ ——  small scales (n)
ENERGY INPUT o e ENERGY
SUpBI"SOﬂIC : sSupsonic | DISSIPA-F.[ON
ﬁE(k) ~k-2 1 E(k)~ k53
molecular protostellar stars,
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* "i'urbulence is key for Star. I'ormatibn .
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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

X
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Turbulence driving — solenoidal versus compressive

Movies available:
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Compressive driving produces much stronger density enhancements


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

The density PDF
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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' 102 10° 10° 10°
0 T T T : T T O 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

Ccore [
SFRg = —~ / xp(x) dx

A
]

Pt

Xerit

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



The Star Formation Rate

0

Statistical Theory for the
Star Formation Rate:

freefall mass

SFR ~ Mass/time time fraction I

log p(s)

i . Serpens South

N

oot 5
tg(p) po~

Scrit

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

s=1In(p/po) Scrit

Federrath & Klessen (2012)



The Star Formation Rate

(s — s0)?

Statistical Theory for the | r(s) = exp (— R
\/2mo? 205
Star Formation Rate: ’ )

1/2
freefall mass s =1In(p/po)  talp) = (3‘2Gp>
time fraction

SFRg ¢ m(po) p(s)ds =€ exp (‘Es) p(s)ds
tg(p) po~ . 2 |

Scrit
1 + erf O-.g — Scrit
A) 202

R - 3 5
— 2exp 808

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

SFR ~ Mass/time

Federrath & Klessen (2012)



The Star Formation Rate

S — S0 -
Statistical Theory for the | r(s) = \/Q%Eexp (—(L 203) )
Star Formation Rate:

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

From sonic and Jeans scales:
\ , 2
Sepit X In (avir M )

(Krumholz & McKee 2005, Padoan & Nordlund 2011)
SFRg = SFRg (ayir, b, M) o2 =In (1 +b°M?)
/ 7‘ \ (e.g., Federrath et al. 2008)

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

SFR ~ Mass/time

=~ l - :
SFRg = 6/ i(po) P p(s)ds = e/ exp <‘
. talp) po .

crit crit

3 2—3 ri
— %exp <§03) 1 + erf (US _2;:2 t)]

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

s)ds

N |




Density PDF — Star Formation Rate

SFRg = SFRg (Oyirs b. M) 2Ey,/Egray  forcing  Mach number

forcing parameter (6=0.33) multi—freefall

0o, (solenoidal forcing)

10 &

Federrath & Klessen (2012)



Density PDF — Star Formation Rate

SFRg = SFRg (Oyirs b. M) 2Ey,/Egray  forcing  Mach number

forcing parameter (6=1.00) multi—freefall

o (compressive forcir

10

10 ¢

Federrath & Klessen (2012)



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

The Star Formation Rate — Magnetic fields

S — 80 2
Statistical Theory for the | r(s) = L exp (—(L 202) )
Star Formation Rate:

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

mlt | N | 1 J/ o0
SFRg 6/ (po) P p(s)ds = / exp
. talp) po .

1+ orf O-g — Serit
&/ 202

€ 3 5
2exp 808

. 2 ‘B
MAGNETIC FIELD: Mos M (14 511 Serit OC In (ryqr M1
Pth—)Pth—i‘Pmag ‘/

SFR ~ Mass/time

/

[
5
/

0 = In (1 + b2M23+1
SF%ff — SFRﬁ‘ (avir-. b, M . .3) (Padoan & Nordlund 2011; Molina et al. 2012)

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



logye ( column density [g/cm?] )

The Star Formation Rate — Magnetic fields

Numerical experiment for Mach 10 and a;, ~1

Movies available: http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html
B=0 (Mp=, B = =) B=3uG (My=2.7, B = 0.2)

-

3Bf{Mach 10,44
{z-brojection s

1

R %3

1 B=1
B S
Y ‘ "_‘?"

g
v

WA

Msink / Mbox

SFR¢ (simulation) = 0.46 x0.63
SFRg (theory) =0.45 x0.40

Magnetic field reduces SFR and fragmentation (by factor 2) — IMF
Federrath & Klessen (2012)

SFR¢ (simulation) = 0.29
SFRg (theory) =0.18


http://www.mso.anu.edu.au/~chfeder/pubs/sfr/sfr.html
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The role of magnetic field structure

Uniform Magnetic Field

Partially Turbulent Field

Fully Turbulent Field
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Gerrard et al. (2019)




z (AU)

The role of magnetic field structure for jet launching

Movies available: https://lwww.mso.anu.edu.au/~chfeder/pubs/turb b jets/turb b jets.html

Uniform Magnetic Field Partially Turbulent Field Fully Turbulent Field
Time =0.0358 Myr — 1.0kms™! Time = 0.0362 Myr ~ 1.0kms™! Time =0.0366 Myr —~ 1.0kms™ ! — 10-10

400 i
E 10—11
200 A -
A’ _ 10—13
7 10—14
—200 10—15
N Mo = 1 Neinka = 2 ok

Mgins = 0.0998 Mg Mgy = 0.1Mg

—400 —-200 0 200 400 —400 —-200 0 200 400 —400 —-200 0 200 400 1

z (AU) z (AU) z (AU)

Gerrard et al. (2019)

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

1000.0 AU)

Density (g 0111‘3) (projection length y


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

Turbulence — Density PDF

Density PDF — Star Formation Rate

Why is star formation so inefficient?



