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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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o (80% of mass): stars of all ages 0-12Gyr

L)

o (5% of mass): older stars with lower metallicity

X (15% of mass): hot, warm, and cool component (atomic and
molecular)

X (<1% of gas mass): well mixed with the cool gas

X . relativistic particles

X . frozen to the gas (field lines are co-moving with

the gas); energy density comparable to the kinetic energy of gas



multi-wavelength observations

different wavelengths provide different information.

—>astronomer use the full electromagnetic spectrum

* radio: interstellar gas
(line emission -> velocity information)
* sub-mm range: dust (thermal emission)
* infrared & optical: stars
e X-rays: stars (coronae), supernovae remnants (very hot gas)
e y-rays: supernovae remnants (radioactive decay,

e.g. 25Al), compact objects, merging of neutron
stars (y-ray burst)



radio continuum (408 MHz

atomic hydrogen
s 6P e =

radio _continuum (2.5 GHz)
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Interstellar radiation field
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Figures from Draine, B. Physics and Chemistry in the ISM (2011, Princeton)



interstellar radiation field

 at far-ultraviolet (FUV) wavelength the interstellar radiation field (ISRF) is dominated
by early-type stars (O, B)
» the strength of the FUV field is often expressed in terms of the

(Habing field = 1.2x10%ergcm?ssr’ )

» Current estimates put the average FUV radiation field in the solar neighborhood to

(Go = 1.7 Habing fields = 1.6 x 104 erg cm?2 s-" sr'1)

 the stellar photons are absorbed mostly by dust and re-emitted at longer wavelength

10714
10710 L CMB
1018 cool stars dust
2 OB stars PAHs
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10726 1 Il
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A(cm)
Figure from Tielens, Physics and Chemistry of the ISM (Cambridge University Press)



interstellar medium (ISM)

Abundances, scaled to 1.000.000 H atoms

element atomic number abundance Taurus
hydrogen H 1 1.000.000 o

deuterium  ,HZ2 1 16 kDol
helium He 2 68.000 b -
carbon C 6 420 ‘

nitrogen N 7 90

oxygen O 8 700

neon Ne 10 100

sodium Na 11 2 ,

, hydrogen is by far the most
magnesium Mg 12 40 a%undgant eler¥1ent (more than
aluminium Al 13 3 90% in number).
silicium Si 14 38
sulfur S 16 20
calcium Ca 20 2
iron Fe 26 34

nickel Ni 28 2



phases of the ISM

Because hydrogen is the dominating element, the classification scheme is based
on its chemical state:

ionized atomic hydrogeN HIl (H*) onization
neutraler atomic hydrogen HI (H) |c.) 1z _'O .
molecular hydrogen H, dissociation

different regions consist of almost 100% of the appropriate phase, the transition
regions between HIl, H and H, are very thin.

star formation always takes place in dense and cold molecular clouds.

® Proton
®
® Elektron



phases of the ISM

Because hydrogen is the dominating element, the classification scheme is based
on its chemical state:

ionized atomic hydrogeN HIl (H*) onization
neutraler atomic hydrogen HI (H) _ T
molecular hydrogen H, dissociation

different regions consist of almost 100% of the appropriate phase, the transition
regions between HIl, H and H, are very thin.

star formation always takes place in dense and cold molecular clouds.

.
NGC 3324, Hubble Heritage Site



phases of the ISM

Ay
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HIl HI H,
A, denotes the extinction, the attenuation of radiation due to

density / column density increases absorption (mostly on dust grains)

v




multi-phase ISM
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life cycle of the ISM

Gravitational .
Collapse M>MJ upemovae

Planetaly
Breakup Nebulae

Giant Molecular of old Coronal
Cloud Complexes) | 2=
]an neb.

Cooling Coolmg
Disruption SNR Hcatin
during star % / Merging supemfvae
formation regions

Cooling after

compression
Molecular —
Clouds “ I

Merging &

: Heating and/or
cooling

cooling by conduction
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Milky way starscape taken from Paranal.(ESO)
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dust in emission

The Planck one-year all-sky suruey Eesa (€) ESA, HFT and LFT consortia, July 2010




dust in emission
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Interstellar dust

large variations in size and composition: from a few dozens of molecules (PAHS) to little kernels of a few
micrometer diameter

typically complex, fractal structure with large surface compared to the volume (3en Oberflache im Vergleich
zum Volumen

dust is important catalyst for chemical reactions in the ISM
(example: formation of H2 on surface of dust grains)

H H

mono,
N H
H H

247712

c%rorlllene 7\0\

quartet circumcoronene
54H18

m%:w
H

anthracene hexabenzocoronene
uHio CioHyg

PAH: Polyaromatische Hydrokarbonate

Quelle: E. L. Wright (UCLA), im Netz: Wikepedia

Quelle: Brownlee & Jessberger (in Jessberger et al, 2001, in Interstellar Dust),
im Netz: Wikipedia



Interstellar dust

dust and gas are well mixed (dust to gas ratio ~ 1% by mass)

dust absorbs short-wavelength light and re-emits the energy as thermal spectrum at IR frequencies
extinction depends on wavelength

relation between extincion A,, and reddening Eg,: A, =Ry Eg., (B=blue, V=visible)

mit Ax= 2.5 log1o (FAo/Fr) und Eg, = Ag- A, = (B-V)-(B-V), und Ry = 3.1

on average A,=0.3 mag/kpc (much higher in dark clouds: Av up to several 10?)
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The Dark Cloud B68 at Different Wavelengths (NTT + SOFI) JES+

0
+

ESO PR Photo 29b/99 ( 2 July 1999 ) © European Southern Observatory




The Dark Cloud B68 at Different Wavelengths (NTT + SOFI)

ESO PR Photo 29b/99 ( 2 July 1999 ) © European Southern Observatory
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dust and magnetic fields

e dust leads to polarization of star light
e polarization degrees up to 5%

e reason: elongated dust particles aligned with B-field (typically semyjs;
minor axis parallel to field line) and rotate around field lines

e important information about Galactic B-fields

galactic latitude b

! P IR S R SR R VPR LI RS BT RPR R | r |

120 90 60 30 0 -30 -60 -90 -120 -150 -180

180 150

Abbildungen 21.3 aus Draine (2011) 32



dust and magnetic fields
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cCosMmic rays

cosmic rays are highly relativistic particles

mostly proton, also electrons

sources: hot stars, supernova remnants, quasars
additional acceleration in expanding supernova shells
(multiple “scattering” on magnetic field lines,

Fermi effect)

energy range E = 108 - 1020 eV

move along magnetic field lines

(also some diffusion L to B) with

gyro radius

E[GeV]
re =10 %pc———-
BuG]
up to 10'° eV confined to Milky Way

lifetime ~ 2 Myr

(GeV cm‘ZSr'1s‘1)

E2dN/dE

Energies and rates of the cosmic-ray particles

10°

107 |

108 [ antiprotons

electrons Yf

| %

opitrons
PoRlt

B

' ' ' 'CAPRICE +—&—

AMS +—e—

- protons only BESS98 +—a—

Ryan et al. —»—
Grigorov +——%—

JACEE +—¢— |
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Abbildung: Hillas (2006, arXiv:astro-ph/0607109)
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cCosMmic rays

cosmic rays are highly relativistic particles
mostly proton, also electrons
sources: hot stars, supernova remnants, quasars

additional acceleration in expanding supernova shells
(multiple “scattering” on magnetic field lines,
Fermi effect)

Fermi mechanism: acceleration of charged particles in
magnetized shocks

particles can be reflected in inhomogeneities of the magnetic
field and gain energy

Ez E2 > E1
El .
upstream downstream

Gaisser, T. (1990, COSMIC RAY AND PARTICLE PHYSICS
(CAMBRIDGE UNIV. PRESS 1990)



cCosMmic rays

e detection via particle shower experiments on Earth

H.E.S.S. Teleskope in Namibia (Pl: W. Hofmann, MPI-K)

Mont Ellanc

B Mg R B .'.': '-.._
Elektronen- Hadronen
Photonen

Roland Kotte, Forschungszentrum Rossendorf

Druck







Trifid Nebel: MPG/ESO 2.2 Teleskgp La Silla
: e ¥ e




Carina with HST




Orion Nebula Cluster (ESO, VLT, M*McCaughrean)




photoionized gas 1

We consider gas that becomes ionized by UV radiation above hv > 13.6 eV.

e cxample: 32% of the photons coming from a O8 star with T~35.000 K are about the ionization energy of H.

Stromgren sphere:
¢ high-mass star embedded in homogeneous gas cloud
e rate Qo of UV photons = number of photons with 4v > 13.6 eV per second

¢ in equilibrium: number of recombinations = number of ionization events in considered volume

Ht4+e - H4+hyr = H+hyr— Ht+e

Rs



photoionized gas 2

We consider gas that becomes ionized by UV radiation above hv > 13.6 eV.

example: 32% of the photons coming from a O8 star with T~35.000 K are about the 1onization energy of H.

Stromgren sphere:

high-mass star embedded in homogeneous gas cloud
rate Qo of UV photons = number of photons with #v > 13.6 eV per second
in equilibrium: number of recombinations = number of ionization events in considered volume

H +e - H+h = H+hr—H"+e

: L o ™

with recombination rate & we get the number of recombination events as ?Rg QN+ M-
4
thus: Qo = ?Ré QT+ T
3Qo b3
the star ionizes a sphere with radius Rg = ( )
AT AN+ N

the transition between ionized and neutral material 1s extremely sharp (the mean free path of
photons is much smaller than radius of Stromgren sphere)



photoionized gas 3

How long does it take to ionize the Stromgren Volume?

we know rate Qo and number of H atoms

therefore
(47T/3)R%7%H 1 103 Jahre
Tion — = N
Qo ang  ng/100cm=3
3
if we “switch off” the star, we get the same Tree = 1 10° Jahre

ang ng /100cm=3

the temperature of the ionized gas is very high, about 10* K. the pressure within the Stromgren sphere
therefore is much larger than the on in the surrounding atomic ISM. the sphere begins to expand. what are the
timescales for this?

to estimate this time, let us compute the sound crossing time:
speed of sound : ¢ = (2kT/mH)1/2 ~ 12.8km/s at10*K

thus:  Tgyn = C—S < Tion  with typical values of ~10° years

S

that means, the Stromgren sphare is “instantaneously” ionized and then begins to expand on timescales of a
few 10° years






atomic gas

atomic hydrogen HI
* most important observations: 21 cm line (1420 MHz, 6x10-6 eV)
e hyperfine structure transition

parallel spins antiparallel spins
(higher ener lower ener;
gherencrey) ( &) 521 g,=3 E,=5.87x10-%eV

N
‘
f

A,=2.8843x10-18s~1 = (11.0 Myr)-!
v = 1420.4 MHz , A=21.106 cm
AE/k = 0.06816 K

(ﬁ%% — Y 5-0 g=1 E=0
Abbildungen 8.1 aus Draine (2011)

typical timescales well described by 2-level model
- collisional excitation (t, ~ 500 yr)

- radiative de-exitation (t. ~ 1x107 yr)

Z g — O

@

optically thin, works well to study Galactic structure B0 Eﬁ

18C

1/degrece

21 cm Survey of Milky Way
(Leiden/Dwingeloo Survey)



HI sky

Source: P. Kalberla et al. (Leiden/Argentine/Bonn (LAB) HI Survey)



radio sky in 21cm wave

Source: Max-Planck-Institut fir Radioastronomie
P. Reich et al. 2001, A&A 376, 861

Corrected for HI emission in Galactic disk



TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution

Source: National Radio Astronomy Observatory (NRAQO)






molecular clouds

transitions in diatomic molecules

e rotational transitions (needs dipole moment, otherwise “forbidden” quadrupole transition)
energy: ~103 eV

e vibriational transitions, energy: ~10-7 - 102 eV
e electronic transitions, energy: ~1 eV

lowes rotational and vibrational transitions

J=1-0 n=1-0

Frequenz Wellenlange T Frequenz Wellenlange T
H, 3,87 THz 77 um 185 K 131 THz 2,28 ym 6300 K
2CO 115 GHz 2,6 mm 55K 64 THz 4,63 um 3100 K

usually only lowest transitions are excited in the ISM




molecular clouds

Rotationsniveaus B
Vibrationsniveaus
E=n+12)hao i
3
n b
3 <
O Al=-1i A=+
3
>
o) |
- A
3
31
. ., . I 3
Abbildung 7.3: Rotations- und 0
pT— © o : 7 Spektrum
Vibrationsniveaus eines zweiatomigen 3
Molekiils mit den nach den 0 1
w g " o ™
Auswahlregeln méglichen Ubergiingen. 0 (0N

Aus: Ryder: Quantenphysik und statistische Physik

lowes rotational and vibrational transitions

J=1-0 n=1-0

Frequenz Wellenlange T Frequenz Wellenlange T
H, 3,87 THz 77 um 185 K 131 THz 2,28 ym 6300 K
2CO 115 GHz 2,6 mm 55K 64 THz 4,63 um 3100 K

usually only lowest transitions are excited in the ISM

Absorption (cm")

0.05 -

2
TR

and Al = +£1 we get
for the transition energy:

because of F,. =
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h2
AFEp 1 = 75

where [ is the moment of inertia
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Table 2.4 Characteristics of molecular cooling lines

Species Transition v,,(GHz) E, (K) A, (s7H n. (cm™)
CO 1-0 115.3 5.5 7.2x1078 1.1x10°
2—-1 230.8 16.6 6.9 x 1077 6.7 x 10°
3-2 346.0 33.2 2.5x107 2.1 x 10*
4-3 461.5 55.4 6.1 x 1076 4.4 x10*
54 576.9 83.0 1.2x107° 7.8 x 10*
6-5 691.2 116.3 2.1x1073 1.3x10°
7-6 806.5 155.0 3.4x1073 2.0 x 10
CS 1-0 49.0 2.4 1.8x 1076 4.6 x 10*
2-1 98.0 7.1 1.7 %1073 3.0x10°
3-2 147.0 14.0 6.6 x 1073 1.3 x 108
5-4 244.9 35.0 3.1x107* 8.8 x 10°
7-6 342.9 66.0 1.0x 1073 2.8 x 107
10-9 489.8 129.0 2.6 x1073 1.2 x 108
HCO™ 1-0 89.2 4.3 3.0x 1073 1.7 x 10
3-2 267.6 26.0 1.0x 1073 4.2 x 10°
4-3 356.7 43.0 2.5x1073 9.7 x 10°
HCN 1-0 88.6 4.3 2.4 %1073 2.6 x 10°
3-2 265.9 26.0 8.4 x10~* 7.8 x 107
4-3 354.5 43.0 2.1x1073 1.5x10%
H,CO 2,,-1,, 140.8 68  54x10°  1.1x10°
3-21 211.2 17 23%x10% 5.6 108
4,-3,; 281.5 30 6.0x 107  9.7x 106
5,4, 351.8 47 12x1073  2.6x 10
NH, (1,1) inversion 23.7 1.1 1.7 x 1077 1.8 x10°
(2,2) inversion 23.7 42 2.3x1077 2.1 x10°
H, 2-0 1.06 x 10* ¢ 510 29x 1071 10
3-1 1.76 x 10* % 1015 4.8x1071° 300
@\ =282pm.
b A=17.0pm.

A. Tielens: Physics and Chemistry of the ISM (Cambridge University Press)



Interstellar
molecules

so far more than 100
interstellar molecules
identified

more

Liste interstellarer Molekiile (2000)

Wasserstoff-Molekiile

H, HD Hy* HD*

Wasserstoff- und Kohlenstoff-Molekiile

cH CH' Icz (CH, CH *Cy

CHs C2H, C5H(lin) e-C:H *CH, le-CH
[HyCCC (i) CH *Cs PCH, CsH (HyCy(lin)
CH.CH (CoH* H,Cs cH CH,CH *CeH
Wasserstoff-, Kohlenstoff- (méglich) und Sauerstoff-Molekiile

0H lco co HO HCO HCO'

HOC: C,0 co, HO* HOCO HCO

0 (CH,CO HCOOH H,COH+ (CH,OH HC,CHO
0 (CH,CHO c-CHO (CH;OCHO CH,OHCHO (CH,COOH?
(CH3OCH: (CH3CH20H (CH3)2CO | ] |
Wasserstoff-, Kohlenstoff- (mdglich) und Stickstoff-Molekiile

NH lew WH, HCN HNC NH
NH, HCNH: HCN HCCN CN (CH,CN
CHNH HCCN HCNC NH,CN C;NH (CH,CN
CENC HCNH+ (oA} CH,NH, (CH,CHCN HCN
CHCN (CH,CH,CN HCON CHCN? HCN HC,N
Wasserstoff-, Kohlenstoff- (mdglich), Stickstoff- und Sauerstoff-Molekiile

NO HNO 20 HNCO NH2CHO ||
Andere Molekiile

http://en.wikipedia.org/wiki/List_of interstellar_and_circumstellar_molecules




what information do we get?

Molecular Gas

CO as tracer of molecular H,

(analysis of density and velocity structure)

Observations in mm and sub-mm

ESO Swedish European
Sub-mm Telescope SEST

15 MMM

>
S

10 1A

S
>

0 A m Surface density maps of emision from Orion A (in '3CO) at different velocities
(velocity bandwidth is 1 km/s). The size of the region is ~2° x 5°.

Chart of CO spectra at different locations in a MC. With this type of survey one obtains position-position-velocity cubes (i.e. surface density at different velocity
bands). Velocity information allows for separation of different clouds or cloud components (which are thought to have different relative velocities. BUT: problems
with deprojection (i.e. solutions are not unique and interpretation often misled)

Adopted from B. Stecklum: Physik der Sternentstehung



Molecular Gas

Phases of interstellar matter

Global properties of molecular clouds

diffuse molecular clouds
(10 ... 50% of total H, mass)

Dark clouds/globules
Giant molecular clouds

Hot cores in MCs

Temperature Density Radius Mass
T=40..80K n =100 cm3
T=20..40K n=10%..10*cm?® R=0,1..5pc 1...10 M,

T=10..50K n=10*..108cm3 R=10..100pc 10%...106M,

T=100...300 K n>107 cm3 R<0,1pc 10 ... 100 M,

velocity gradient Erot/ Epot

0,5 ... 4 km/s/pc 103...0.3

0,1...0,2km/s/pc  10*...0.1

Giant molecular clouds are strongly concentrated in the galactic plane and towards the center of the Galaxy (similar holds for external galaxies)

CO Survey of Milky Way
(Dame et al. 2001)




Data from Thomas Dame, CfA Harvard
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ata from Thomas Dame, CfA Harvard
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ata from Thomas Dame, CfA Harvard
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ata from Thomas Dame, CfA Harvard
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ata from Thomas Dame, CfA Harvard

Galactic Latitude

Galactic Latitude

Predicted N(H,) (“IRAS-HI")
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Observed Velocity-Integrated CO

180° 150 120° 90° 60° 30° 0° 330° 300° 270° 240° 210° 180°

Galactic Longitude
Polaris Flare i
Cepheus Ophiuchus | Lupus Orion
Taurus :
A-Ori
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ata from Thomas Dame, CfA Harvard
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Orion in radio
wavelengths



We see

e stars (in optical
light)

» atomic
hydrogen

(in Ho -- red)

* molecular
hydrogen H,

(radio -- color coded)



molecular clouds

@ high-density regions in the ISM
@ consist mostly of H>

Q@ cold

@ extremely complex velocity and density structure
(turbulence, fractal dimension?)

@ all stars form in molecular clouds (cause or tracer?)

@ mass spectrum dN/dM ~ M-2
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Properties of turbulence

* laminar flows turn turbulent at high Reynolds numbers

Pe — advection _ E (O) { o >

dissipation %

V= typical velocity on scale L, v = n/p = kinematic viscosity, O( ) O QO)

turbulence for Re > 1000

e Navier-Stokes equation (transport of momentum)
d_> ae =2 —> — - o
pd—l; :p(a—’; L@ V)ﬁ) — _VP +;7V217+ (g + {\)V(V B

shear viscosity bulk viscosity

l

(‘3vi 4 al)j 2 S 8vk + 46 0vk
O'l.. E — — — — i._ l.._
i=1 ox; Ox; 3 T 0x; T 0x;

viscous stress tensor




Properties of turbulence

* laminar flows turn turbulent at high Reynolds numbers

Re — advection _ E (O) ( o >

dissipation %

V= typical velocity on scale L, v = n/p = kinematic viscosity, O( ) O SO)

turbulence for Re > 1000

» vortex streching --> turbulence is intrinsically anisotropic
(only on large scales you may get
homogeneity & isotropy in a statistical sense;
see Landau & Lifschitz, Chandrasekhar, Taylor, etc.)

(ISM turbulence: shocks & B-field
cause additional inhomogeneity)




classical picture of vortex formation

Vortices are streched and folded in three dimensions



Kolmogorov (1941) theory
incompressible turbulence

turbulent cascade

log E inertial range:
scale-free behavior

S of turbulence

,Size“ of inertial range:
L
= _ReY4
TNk
log k&
L] ' \
energy energy
input dissipation

scale scale



turbulent cascade in ISM

dense

/= T ~ < molecular clouds | N protostellar
§ cores

sonic scale

!
N ! :
2D | massive cloéd cores |
— I :
I - .
! supersonic
cecehosccce JeeccccccsennccccccafeccncccccccccccccccsscccccchocccssccccccccccchocecByeccccsscccccccccssssccccccsccsscccccccsssssscccccccsccns
subsonic

oo |
! ‘ s i
—— : : T
: Ll lng nK \

dissipation scale not known

energy source & scale O,ms << 1 km/s
NOT known (ambipolar diffusion,
L] Mrms S 1 1] L]
(supernovae, winds, molecular diffusion?)
L=0.1pc

spiral density waves?)



statistical characteristics of turbulence

e two point statistics
e power spectrum of velocity (in Fourier space)
e structure function of velocity (note: compare v, p'2v, p'3v at two different locations)
e PCA: principle component analysis (e.g. Heyer & Schioerb 1997, Heyer et al. 2006, Roman-Duval et al. 2011)
e CVI: centroid velocity increment (e.g. Lis et al. 1996, Klessen 2000, Hily-Blant et al. 2008, Federrath et al. 2010)
e Avariance: wavelet analysis of density (e.g. stutzki et al. 1998, Bensch et al. 2001, Ossenkopf et al. 2008)

e one point statistics
e probability distribution function (PDF) of density
e observations: only column density PDF
e probability distribution function (PDF) of velocity



power spectrum 1

e power spectrum measures the fluctuation strength on different scales

e example: power spectrum of the specific kinetic energy density u?/2

1 .
(k) = oy / u(x)e 2"k * gy velocity in wave number space
T) Jy
Etk) = % |ﬁ(k)|2 specific kinetic energy in Fourier space
Ek) = / Ek)o(|k| — k)dk as function of k
V

e in inertial range: power-law behavior | (k) ~ k=




power spectrum 2

e power-law behavior in inertial range as seen in numerical simulations

0.8 : : : : . 4r e ‘ —
E _ 1024° sol E. (K)o k7(-1.86) :
E - 1024°comp  E (k) o< kA(-1.94) E
06 1 = 3F — - 1024°sol Peor (K) o< k*(-0.78) E
W - 1024°comp  Pypo(k) o< kA(-1.44) 3
A 04y o 25 o rmEEEEETTETTTTRRee 3
~ |y — = LI E
T 02l - g . 4
Y <[ L 1E =rrr <
N = _.F - .
> § g ///1 TiH FEHI1 HH\} g
- 0 r ] o Oi/ 1o 11 1 ‘}\ =
ST e S THL
256K0.0 —— = F T M
0.2 t 512K0.0 - - S N
1024K0.0 - a3 nortial rande N
0.4 L_AMR2048KO.1 | | - ¢ .
Y- -2k ] ‘ L L \d
0 0.5 1 1.5 2 1 10 100
log K (K1g24) k
compensated power spectrum £(k) top: compensated power spectrum kinetic
energy density E(k)
bottom: compensated power spectrum of
density P(k)

Kritsuk et al. (2007, ApJ, 665, 416) Federrath et al. (2009, ApJ, 692, 364)



power spectrum 2

e power-law behavior in inertial range as seen in numerical simulations

log k2<&(K)>

0.8 — . | |
0.6 | |
04
02t
0r ]
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0.2t 512K0.0 ----rerer |
1024K0.0 e
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0 0.5 1.5 2

compensated power spectrum &(k)

Kritsuk et al. (2007, ApJ, 665, 416)
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top: compensated power spectrum kinetic
energy density E(k)

NOTE: SMALL

INERTIAL RANGE!

bottom: compensated power spectrum of

density P(k)

Federrath et al. (2009, ApJ, 692, 364)



A variance

e wavelet technique that works entirely in real space (no Fourier transform needed)
e good for maps with inhomogeneous structure (in terms of spatial coverage and resolution)

2 _ 2 1 ~
oa(L) = 5 (s * (D, ))ew: oA(L) = o // PO, I? dk.dk,.
where
1 L '
L (r< i) relation to wave number space
@L(T) - 871'(2}2)2 (% <r S %)
0 (r > 2£)

typically “Mexican hat” filter
functions are used:

XXXXXXXXXXXX

xxxxxxxxxxxx

X X X X X X X

xxxxxxxxxxxx

XXXXXXXXXXXX

Bensch et al. (2001, A&A, 366, 636)



A variance

e high-density tracers (e.g.) reveal that density

data from Testi & Sargent (1998): Serpens core

10.00 F ]
structure is dominated by small-scales modes : :
in star forming regions: i ]

e you pick up dense protostellar cores! = 100k ]
e f ]
<0 E
2 | ]
RSEORT= =

0.01 L L] L M|

1 10 100

As ["]
. data from hydrodynamic simulation of star cluster formation
O E j j j T j j j T j j j T =
e this is reproduced in star-cluster forming © 0 =00 :
. . x t=0.1

simulations: 100F 4 =03 E
F + t=0.6 ]
10 O t=1.0 _
E o« t=14 E
— o t=1.7 ]
S; eV t=20 3
0.1 é
0.01 & é
1073 L | L N | ]
Ossenkopf et al. (2001, A&A, 379, 1005) 107? 0.01 0.1 1



A variance

NOTE: this is NOT seen in low-density tracers (e.g. in CO)

you see only the tenuous gas between the dense cores in a limited density range
at low densities, molecule is not efficiently excited by collisions

at high densities, emission becomes
optically thick, OR: the gas tracer is
depleted on grains (ice mantles)

again chemistry and radiation

transfer matter!

10

10~

1 10

CfA 1.2m: '°CO(1-0) map

B=2.61+0.16 %

30 -

25 -

10 1 . 10 10
T T L \\‘ 1\2 T T L \\‘ T 10 T \\‘ T \lé L \\‘ T T m
KOSMA 3m: “CO(R—1) map [ IRAM 30m: “CO(1—0) map I
107 L 4 i
[ £=3.05+0.22
L 4 10*2 = -
C / _
1072 // r x B=3.29+0.22
L 5 | [ .
\ \ 1073
1 10" 107" 1 10"

Bensch et al. (2001, A&A 366, 636)



centroid velocity increments

centroid velocity increments: compare the velocity of the LOS line centroid at different

positions in a PPV cube:

0C(r) =(C(r) = C(r + 1)),

with the centroid velocity defined as

[ p(r,2)v.(r,2) dz
C(r) _ ’ ’
[ p(r.2)dz
1
107 .
R I =6 =10
107* ﬁ %ﬁ ! i !
, B 0 5 -5 5:) -5 (:) 5
5 107
g =12 ; =15 =25
N 5o 5 5 o s

0
6C, / o(6C)

Hily-Blant et al. (2008, A&A, 481, 367)

PDF (6C,)

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

exponential for small lags
Gaulian for large spatial lags




structure functions 1

e how are the velocities at two different points in time or two different locations related?

e Lagrangian structure function: compare the velocity of the same fluid element at two
different times

Svi'(t, T)=v'(t+ 1) — V()

where v!"(f) is the velocity inthe i € {x, y, z} direction of fluid element m, and
where 7 is the time lag
(works well for particle-based hydro codes, in grid codes tracer particles are needed)

e Eulerian structure function: compare the velocity at different locations at the same time
mn m n
ov;"'(r, €) =v"(r +4€) — v (r)
év " (r, ) =v'(r+4€) — v (r),
where F is the location and £ the spatial lag between two cells (m=n) or between two

differen SPH or tracer particles (m, n), we can do that for each velocity component i or
for the parallel or perpendicular projects (vy =v - £) with £ = £/¢

from Konstandin et al. (2012, JFM, 692, 183)



structure functions 2

e note: these Jv are related to the velocity increments discussed before . ..
(BUT here we do it in 6D+1 phase space, and not in the reduced 3D PPV space)

e as before, we see that the
ov turn from (super)exponential
to Gauldian for increasing lag

100 |

—— SOLSF
+ SOL p.d.f.
— —— COMP SF
- COMP p.d.f.
K (1) 10F

1 1 1 1
0.01 0.10 1.00 0.01 0.10
/T ¢/L

e kurtosis goes from K > 6 (exp.)
to K = 3 (Gauldian)

from Konstandin et al. (2012, JFM, 692, 183)

120

p.d.f. (8vi(1))

p-dL. (5u;(0))

100

10‘35

104 ¢

105}

Increasing

T

100 Err T LI

10-1 E
]0_25
10’3 3

104




structure functions 3

the structure functions are then

Lagrangian SF:
LS (t) = {(|6vy'(r, ©) "), + (18vy" (1, D) ") + (160" (1, ©) ")) /3

where we take the average over all three spatial directions

Eulerian SF:
ES"(0) = ((|6vy"(r, O)IF),,, + (16v]"(r, O))
ES}(£) = {|8v]"(r, ")

+ {18V (r, O )n), /3

b
mn,t

the exponent p gives the order of the structure function

note: in an “ideal world” both approaches should have similar statistical characteristics
(ergodic theorem)

from Konstandin et al. (2012, JFM, 692, 183)



structure functions 4

e results from numerical simulations

106

105

104

LSP(7)

103

ESP(L)

102

101

100

e turbulence theory makes predictions of the slope of the SF in the inertial range
LS(p) x 5%,  ES(p) ox £¢P

e BUT: where is the inertial range? (these are already state-of-the-art 10243 simulations!)

from Konstandin et al. (2012, JFM, 692, 183)



IOglo (LSP(I))

structure functions 5

e to get around this problems, turbulence theorists look at the “extended self similarity”
e this is a “trick” where the structure functions are divided by the 2" or 3" order SF:

§(p) ¢(p)
Z = — Z =

e this makes it easier to measure the scaling exponent

L L L B A A B B r
(@)
3 SOL p =751 25f (@) ‘ ‘ ‘ ®)
. —--—-COMP ] ;
3 = gif — 20[
E L=F] L= 16 S [
E - 1] > L
E/--"' - 1 Q'(O —~ [
. L e 21sf
== 1 — F 3
3 T4 &o Lof x  SOL
E 2 I Fit SOL
E & COMP
E . t 3 0.5 —--—- Fit COMP
E 2 1 1 1 1 1 1
1 E 0 2 4 6 2 4 6

= 1 1 1 1 1 1 1 1 3 p p

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 .

logio(LS? (1)) log1o(ES*(£))

from Konstandin et al. (2012, JFM, 692, 183)



structure functions 6

simple statistical model for large lags:

structure function can be expressed as statistical moments PDF of velocity increments

SP () = / 16v |P P(6v, ) d(Sv)
where P(dv, ) is the distribution function of the dv with lag a

we can integrate that for a Gauldian distribution (o — o0

2

SP (a0 — 00) = — / (Sv)? e~ OV* /27 4(5y)
0

r <p+ 1)
2 p
N (xf20),

L () (2 ’
with ((Sv(€ — 00))*) = 2.4;¢; weget | (o — 00) = \/3 ( %M> |
JT

from Konstandin et al. (2012, JFM, 692, 183)



LS P(T)

structure functions 7

o with ((Sv(£ — 00))°) =2.4}c* we get

1()6 L=
105 L

104

103

102

101

100

P — 00) =

2

I

F(’%l)(

M
\/§ M

)

a

J

from Konstandin et al. (2012, JFM, 692, 183)

ESP(E)

v

(I6vi(c0)|”

—

100 g

105
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10!

104 £

3 T T T
F —— SOL: prediction
X SOL: measured
E —--- COMP: prediction %3
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¥ % E

+H
2 ’—i-H-I ‘ Esﬁ(‘e) 3
] FErl ES’(0) E
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Linewidth size relation (example)

III T T lllllll T T T llllll

_Linewidth size relation for the Polaris Flare

4
)
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10

Ossenkopf & Mac Low (2002)



Larson Relations

Larson (1981) found the following relations between linewidth
and size and mean density and size:

p « Ra o~ -1 density size relation (1)
o « R P=1/2 linewidth size relation (2)

In virial equilibrium: o= -1, p= %2

Molecular clouds appear gravitationally bound. (3)

Values:

- 0=(0.72%£0.07) km/s (R/pc)9-5£0-05  (Solomon et al.)
- 0=0.55 km/s (R/pc)°-51 (Caselli & Myers)
- (Ny)= (1.54£0.3)x10%22 cm2 (R/pc) 2901 (Solomon et al.)

e Only two of the three statements (1,2,3) are independent.



T T T T T T T T T T T T T T |
I+ -
R ~
N0
-
L N —~P M
L M R —$
| o} -0 -
o]+ Moy N c SS/M
(km/s) N _~ T © .
LR — R
0 // PR T
ot " 0 g8 —
L L7 st L
/8 .
//
- T T -
O’S——
1 | 1 1 1 1 | 1 1 1 1 l 1 1 1
-1 0 log L(pc) I 2
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linewidth-size relation:

dvox 7P with [~

ov (km/s)

10

Larson
Relations
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Heyer & Brunt (2004, ApJ, 615, L45)



linewidth-size relation: dv oc £~ 7

* Larson compared different clouds
(and parts of different clouds)

* modern determinations use more
sophisticated statistics: e.g. PCA
(principle component analysis)
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il 3
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Figure 8. Nine first principal components for molecular cloud GRSMC G053.59+00.04, randomly selected from our sample of 367 molecular clouds from the Galactic
Ring Survey.

Roman-Duval et al. (2011, ApJ, 740, 120)
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Figure 9. PCA pseudo-structure function for molecular cloud GRSMC
G053.59+00.04. The order of the principal component for each pair of spa-
tial and spectral scales is indicated next to each data point. The vertical dashed
line shows the resolution limit. Scales detected in the 5th and 6th are smaller
than the resolution limit after scale correction, but above it before the correction
and thus need to be included in the fit. The solid line represents a power-law fit,
the slope of which is indicated in the figure.



ROMAN-DUVAL ET AL.
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Figure 11. Composite PCA pseudo-structure function (composed of all the E <B>. = 223207 1

spatial and velocity scales detected in all 367 GRS molecular clouds) shown as
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average slope of the PCA pseudo-structure function in the GRS sample, and the

solid line shows a bisector fit with slope apca = 0.6.
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obtained from the calibration derived from fBms with purely lognormal PDFs.

: : < The errors in the legend correspond to the standard deviation of the distributions.

morc about the Statl Stlc al prop ertle S The black histogram was derived using the FWHM of the beam as the resolution
limit (fiducial case). The purple, red, and blue histograms show the histogram

of molecular cloud turbulence of apcy derived with resolution limits defined as the 15, 30 and 2 x FWHM

widths of the beam, respectively. The corresponding mean PCA slopes and 8,
are also indicated for each case.

Roman-Duval et al. (2011, ApJ, 740, 120)



Heyer et al. (2009, ApJ, 699, 1092)

T T T
g\ i
IO
(ON
T1.0F
(n -
S [
X
~— L O
«
5 PA, |
tA,
0.1 .. e e
10 100 1000

Z (Mo/pc?)

Figure 7. Variation of the scaling coefficient, v, = o,,/R'/?, with mass surface
density derived within the SRBY cloud boundaries (open circles) and the 1/2
maximum isophote of Hy column density (filled circles). The filled triangle
denotes the value derived by SRBY. The solid line shows the loci of points
corresponding to gravitationally bound clouds. There is a dependence of the
coefficient with mass surface density in contrast to Larson’s velocity scaling
relationship. The error bars in the legend reflect a 20% uncertainty of the
distance to each cloud.

Larson
Relations

normalization of
linewidth-size relation
seems to depend on
column density
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Figure 8. Comparison of the linewidth and size of structures traced by
NoH™ (black circles) and HCN (red squares) in the GC with '3CO features
from the Milky Way MC Perseus. The lower dashed line is the best-fitting
relationship from Solomon et al. (1987), o = 0.7R">. The upper dashed line
is the same relationship, but where the coefficient is 3.6.

Shetty et al. (2012, MNRAS, 425, 720)

Larson
Relations

normalization of
linewidth-size relation
also depends on
environment
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Figure 2. Linewidth—size relationship in the CMZ, as measured within
dendrogram-identified structures in NpH™, HCN, H3CN and HCO™ . Filled
symbols correspond to ‘leaves’ that do not enclose additional higher level
structures. Open symbols are structures that do contain higher level struc-
tures. Lines show the best (x2) power-law fits.

Shetty et al. (2012, MNRAS, 425, 720)
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Relations

different tracers give
different linewidth-size
relations



Larson Relations

@ Only ONE of the two Larson
relation appears real (in the
sense that it exists for the real
3D clumps)

@ Density size relation is likely not
to exist in 3D data, but is only
observed in projected data due
to limited dynamic range of
tracer molecules (corresponding
to a roughly constant column
density)

@ Velocity size relation may exist
in real 3D data (but may only be
marginal).
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Richard Larson (1981, MNRAS, 184, 809)




o0-PDF - Mach number relation

turbulence in compressible fluids and gases
induces density variations

there is a close relation between the width
of the density PDF and the rms Mach number

Up/(ﬂ)V =bM,

it is more natural to look at s = In(p/ (p)y)
the PDF is roughly log-normal around the peak
of the distribution

O B e Gy )
P= re, P\ 207

note, one can convert between volume and
mass weighted distributions via

O'Sz

)y ==y =——=

0.4
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F—— 1024° sol

E —x— 1024° comp

r — — log—normal fit

 —-— skew—log—normal fit

F skew—kurt—log—normal fit

volumetric density PDFs ;

Federrath et al. (2010, A&A 512, A81)
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10 1

¢ the relation between the width of the p and s a
distributions is 12 4

ol =1In (1+ 65) S

6

this holds for log-normal PDFs and for mass 4
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Konstantin et al. (2012, Apd, 761, 149)
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e the relation between the width of the p and s
distributions is
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Konstantin et al. (2012, Apd, 761, 149)
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o0-PDF - Mach number relation

e this relation also depends

on the magnetic field strength

¢ the width of the density PDF

now depends on the rms Alfvenic

Mach number

s1/2_1n [1+b2///2<

where B « p!? is assumed
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