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Disclaimer

@ | try to cover the field as broadly as possible, however,
there will clearly be a bias towards my personal
interests and many examples will be from my own

work.
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image from Alyssa Goodman: COMPLETE survey




Schmidt et al. (2009, A&A, 494, 127)




large eddie simulations

* large eddie simulations (LES) attempt to resolve at least parts of the
turbulent cascade

- principal problem: only large scale flow properties
- Reynolds number: Re = LV/v (Reénature >> Remodel)

- dynamic range much smaller than true physical one

* need subgrid model
- (in our case simple: only dissipation)
- more complex when processes (chemical reactions, nuclear

- burning, etc) on subgrid scale determine large-scale dynamics

* stochasticity = unpredictable when
and where “interesting things” happen
- occurance of localized collapse
- location and strength of shock fronts
- etc.
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driving turbulence 0

turbulence decays rapidly: Exin decays as t™, with 0.85 = N =|.2.

turbulence decays on 1.00
timescales comparable

to the free-fall time T

(e.g. Mac Low et al. 1998,

Stone et al. 1998, 0.01

Padoan & Nordlund 1999) 0.1
1.00

steady state turbulence

needs to be

continuously driven! 1°0.10¢

0.01




driving turbulence 1

turbulent energy decays --> steady state turbulence needs to be driven -->
insert energy at each timestep (or at least frequently)

two possibilities: .

) i ov
-- include stochastic force term ot ZF + f,

-- add ¢v; to the velocity 7 — 7+ 6%

for supersonic turbulence, keeping constant velocity dispersion requires some
thoughts (because of compressibility of the medium)

>
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driving turbulence 2

turbulent energy decays --> steady state turbulence needs to be driven
--> insert energy at each timestep (or at least frequently)

goal: keep rms velosicy dispersion constant
--> adjust the amount of energy added

AE = Z %(m 57)% — Z i 52
resulting in AFE = Z @(174— 00) 6V
2

i
because m; changes at each timestep, A F needs to be adjusted.

write 0U = Adv with fixed )0 and adjustable A.

solve quadratic equation to get A4: AFE = Z % (A??(S@ + A25172)

)



driving turbulence 3

Solve equations of (magneto)hydrodynamics on a computer.

Jo,
Logarithmic density: s =1n —
8 Y ()
, 0s N
HD equations are then: o +@-V)s=-V-v continuity
% + @V = —cg Vs + f, Euler

stochastic force term that follows
an Ornstein-Uhlenbeck process

named after Leonard Ornstein and
George Eugene Uhlenbeck

Leonard Salomon Ornstein (1880-1941)  George Eugene Uhlenbeck (1900 -1988)



driving turbulence 4

The OU process is a stochastic differential equation describing the evolution
of the forcing term in Fourier space (k-space):

7 ~
df (k. = fy (o) PECR) AW = (k1)

the first term on RHS is a diffusion term modeled as a Wiener process W(t)
which adds a GauB3ian random increment to the vector field given in the
previous time step d.

W(t) — W(t — df) = N(0, dr)

where N(0,df7) denotes a GauBian distribution
with zero mean and standard deviation dz




driving turbulence 5

The OU process is a stochastic differential equation describing the evolution
of the forcing term in Fourier space (k-space):

F - d
df (k. = fy (o) PECR) AW = (k1)

with projection tensor in Fourier space P*(k) (Helmholtz decomposition)
K[>

in index notation: 9. (k) = { P} (k) + (1 = ) P! (k) = £ 6 + (1 = 20)

lj

ng,Lj = 6;; — kik;/k* fully solenoidal projection operator

plllj = kik;/ k* fully compressive projection operator

Hermann Ludwig Ferdinand von Helmholtz (1821-1894)



driving turbulence 6

pl_lj = 6;; — kik;/k* fully solenoidal projection operator

Pl = kikj/k2 fully compressive projection operator



driving turbulence 7

kik i
in index notation: 7}, (k) = £ P5; (k) + (1 = O Py, (k) = £+ (1-20) 75
BN
=1 for purely solenoidal force field l\l\_’}:
i
=0 for purely compressive force field e
3//1\\

by adjusting { any combination of solenoidal and compressive force
fields are possible



driving turbulence 8

density as function of time / projected density of low-res. 1283 cube simulation (FLASH)

compressive rotational
larger structures, higher p-contrast smaller structures, narrow p-pdf

Federrath, Klessen, Schmidt (2008a,b)



projected divergence projected vorticity column density

- o

projected vorticity  log,g Txvl 10g:g COlumn devsily
|
» - o

Federrath, Klessen, Schmidt (2008a,b)




driving turbulence 8

The analytical ratio of compressive power to total power can be derived by
evaluating the norm of the compressive component of the projection tensor

I |? 2
a-oPlf =a-27
and by evaluating the norm of the full projection tensor
£ |? 2
P =1-20+D¢
where D denotes the dimensionality of the problem (D = 1,2,3)

ratio of compressive forcing power Flong (1-2¢)?
to total forcing power is then: Frot R 20 + D22




driving turbulence 9

ratio of compressive forcing power Fione (1-20)?
to total forcing power is then: T 20 + DO
tot _

0.0

e natural ratio of solenoidal and

- T E compressive forcing for
L comp ] év = 0.5
N ] then we get (for D=3)
N ] Flong/Ftot =1/3
r sol _
~ O 2D numerical data B and (D=2)
i <& 3D numerical data 7 B Flong/Ftot — 1/2
| 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0
¢

Federrath et al.: A&A 512, A81 (2010)



driving turbulence 10

The OU process is a stochastic differential equation describing the evolution
of the forcing term in Fourier space (k-space):

G ~
df (k. = fy (o) PEC) AW = F (k1)

second term is drift term, and models the exponentially decaying timescale
of the force field with itself --> autocorrelation timescale 7 of the forcing

field
often 7'= L/(2V) with L being the size of the computational domain and V'

being the typical crossing time V' = ¢s 7 (with Mach number 7%
sound speed c¢;)

forcing amplitude fo(k) is a paraboloid in 3D Fourier space,
only containing power on the largest scales in a small interval
of wavenumbers kmin < |k| < kmax




driving turbulence 11

Supernova explosions as drivers of ISM turbulence

1'1(2[1'13
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movies from Philipp Girichidis (University of Sheffield)
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what drives ISM turbulence?

e seems to be driven on large scales, little difference
between star-forming and non-SF clouds
— rules out internal sources

e proposals in the literature
- supernovae
- expanding HIl regions / stellar winds / outflows
- spiral density waves
- magneto-rotational instability
- more recent idea: accretion onto disk



what drives ISM turbulence?

some energetic arguments...
energy decay by turbulent dissipation:

é=—(112)pv> /L4

rms

_ —3 ~1 n
= (3X1(@ergcm S )(m)

X Urms : Ld -1
10 kms~ !/ 1100 pc/

decay timescale:

'rd=e/é=Ld/vrms

-1
_ d Urms
=08 Myr)(loo pc)(lO kms'l)

(from Mac Low & Klessen, 2004)

k]

1.00

(Mac Low et al. 1999)



what drives ISM turbulence?

magneto-rotational instability:

B \2 Q
é=(3x1@ergcm'3s‘])(3'uG) ((220 Myr)_l)'

gravitational instability (spiral waves) (from Piotek & Ostriker 2005)

¢=G(3,/H)\2Q

=(4X1 ergem >s™ 1)

X

) 2(H \72
g
10M pc—z) (100 pc)

X

A )2 Q )
100 pc/ \ (220 Myr)~ 1)’

(from Walter et al. 2008)

(from Mac Low & Klessen, 2004)



what drives ISM turbulence?

protostellar outflows expanding HIl regions

{3 (M1,
6=~ fullw—rv> €=

Vi,
=(2X10 erg cm - S )( ) ( ) Ny

200 pc/ |0.4
p X

—3/14 Mcl 1/14
1.5%x10% cm-2) (103MO)

x(;%lﬁl)(ﬂfgol))(lo kvr;s‘l)

X

X

vW vrms
200 km s~ '/110 km s !

X

3, )
45%X10°Mg pc 2 yr 1)’

Hc )_l( Rsf 2 li )_1
100 pc 15 kpc 18.5 Myr

(Li & Nakamura 2006, Wang et al. 2010 vs. (note: different numbers by Matzner 2002)
Banerjee et al. 2008)

(from Mac Low & Klessen, 2004)



what drives ISM turbulence?

0/0g = 4. AMR Ax = 1.25 pc

supernovae

_ OsN nsvEsn
mR:H,

_ , -1 _3.| 7ISN OsN
(3X1ergs cm )( 0.1)(1 SNu)

« H. \7'[ Ry \7? Egy
100 pc/ 115 kpc/ \10°! erg/

in star-forming parts of the disk,

0 200 400 600 800 1000

clearly SN provide enough energy X (pc)
tO Compensate for the decay Of (distribution of temperature in SN driven disk turbulence, by
ISM turbulence. de Avillez & Breitschwerdt 2004)

BUT: what is outside the disk?

(from Mac Low & Klessen, 2004)



accretion driven turbulence

* yet another thought:

e astrophysical objects form by accretion of ambient material

 the kinetic energy associated with this process is a key
agent driving internal turbulence.

e this works on ALL scales:

* galaxies
e molecular clouds
e protostellar accretion disks

Klessen & Hennebelle (2010, A&A)



concept

* turbulence decays on a crossing time

Lg
T4 ~ —
o)
3
e energy decay rate B & £ _ 1Mo
y Td 2 Ld
* kinetic energy of infalling material
Ein - 1]\.4inU12n
2

e can both values match, modulo some efficiency?

Eq
- .ecay

Ein

(Field et al.. 2008, MNRAS, 385, 181, Mac Low & Klessen 2004, RMP, 76, 125)



some estimates from convergent flow studies

Klessen & Hennebelle (2010)



application to galaxies

e underlying assumption

e galaxy is in steady state
---> accretion rate equals star formation rate

* what is the required efficiency for the
method to work?

e study Milky Way and 11 THINGS

e excellent observational data in HI:
velocity dispersion, column density, rotation curve



11 THINGS galaxies
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molecular cloud scales

e molecular clouds grow in mass

e this is inferred by looking at
molecular clouds in different
evolutionary phases in the
LMC (Fukui et al. 2008, 2009)
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molecular cloud scales
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some further thoughts

 method works for Milky Way type galaxies:
- required efficiencies are ~1% only!
e relevant for outer disks (extended HI disks)

- there are not other sources of turbulence (certainly
not stellar sources, maybe MRI)

e works well for molecular clouds
- example clouds in the LMC (Fukui et al.)
e potentially interesting for TTS

- model reproduces dM/dt - M relation (e.g Natta et al. 2006,
Muzerolle et al. 2005, Muhanty et al. 2005, Calvet et al. 2004, etc.)






