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Lecture 1: Observing t\ﬁte Cold ISM

T http://exp-astro.physik.uni-frankfurt.de/star_formation/index.php
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1 OBSERVING THE COLD ISM

,SF is perhaps the least understood process in cosmic evolution.” (M.
Krumholz)

e Wide range of physical processes involved
- general theory difficult to formulate

e Interstellar gas out of which stars form is a supersonically turbulent
plasma > MHD
(we hardly understand subsonic hydrodynamic turbulence)

e SFinfluenced by gravity >  added complexity

e |SM is a radiative fluid
(continuum and line radiative processes)

e SF(ISM influenced by chemistry
(formation & destruction of molecules & dust grains

- changed TD of gas

e Variation of ionization state - coupling to magnetic fields

Comparison: stellar structure is governed by 4 equations!
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1.1 OBSERVING TECHNIQUES

1.1.1  Observing H

Hydrogen is the most abundant element

e AtomicH
o easy to observe
o hyperfine transition @ 21 cm
(1.4 GHz) briankoberlein.com
e- spin parallel to p-spin => anti-parallel esgn | 1

AE << 1 K =>can be excited everywhere
=> ¢asy to excite

p ’-’P;l

e Molecular H;
o @ high densities H 2 H, nz Aoo om’
o H2 extremely hard to observe directly

2

POTENTIAL EMERGY CURVES OF HYDROGEMN

Hiix}+p+a
[E:

PP s | . +‘1§E:EE

4 &7

excitation of diatomic molecule (high to low energy)

= electronic g e LT

» vibrational
= rotational

Credit: NASA, ESA, STScl, J. Hester and
P. Scowen (Arizona State University)
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o Ha: first excited state J=1 (E=100-200K)
Tdenseism ~ 10 K => very few > H, molecules in J=1

o H; homo-nuclear molecule

= @= 0 (electr. dipole moment) AE ~
= no electr. dipole transitions (AJ=1)z v Myed
L,ZS quadrupole transitions (AJ=2): light species —
Vb M‘ﬁ large level spacing
j“l‘“ o ground state transition: J=2-D para
d() 3:3- A ortlo
Tl]—z _EK
E(J=2)=511K=> @ 10K —=~¢ aT ~ 10722
— MNj=o a0k —_—
\ typical column densities ~ 1022 (only one H, excited!)
L
most abundant species unobservable - proxy species
co , *%o |, "%
1.1.2  Dust Emission (thermal)
ISM: mixture of gas & dust
Dust: emits thermal (continuum) radiation (black body)
Gas: emits line radiation
Cloud of gas p : mass density Yo n:  pordicle devsily ow

mixed with dust @ temperature T

—>Gas and dust mixture has opacity k,, to radiation at
frequency v

—>Most of the mass in gas

—>Most of the opacity due to dust (except at line
frequencies)

Convention: k., : opacity per gram of material with units of cm?g*

effective cross sectional area that is blocked per gram of gas
sub-mm: typically x,~0.01 cm?g~1
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surface density Mg = Xy ?mz

U-‘ v (GHZ} 10! 102
A

10" OP-I'M rhl

absorption if Toyp > 1

TG"
J_EJ, 107 — ;
: 1073 ‘
107"
460 - 407 ° P

1073 - oo but no cloud with

1 10 100 1000 10000

A (um)
Yy > 100 g cm ™2

T
inm st et; ":‘lﬂue

o\t
= emitted intensity . D
emissivity of gas of opacity k,, 3
-1

Jv =Ky p B, (T) erg s lem™3sr1Hz

= cloud is optically thin to its thermal radiation

energy (erg) emitted in 1 sec by 1 cm?3 of gas into a solid angle of 1
steradian (sr) in a frequency range of 1 Hz.

2hvd 1 5/
B,(T) = —5——3 ergs tcm~%sr~tHz ™! Planck
6 ekT — 1 5peci5»\\." iu\'}ws;\lj

No radiation absorbed => intensity transmitted along a given line of sight:
-+ I, = fjvdS T fKV p BV(Z) ds

= XK, BV(T) =Ty By(T)

Ty : optical depth along the line of sight at frequency v

L
T, =f K, (D)dl
0

A

Ya
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Thermal dust emission map of Orion A south at 850um (left) and at 450um (right).
(Johnstone and Bally 2006)

Y v

observe at various A =2 fit N, k,,, and T simultaneously

207)
Before Herschel:

very little multi A data

because most emission in FIR

Composite 3-color image of IC 5146 (~1.6 degz field) produced from our

PACS/SPIRE parallel-mode data at 70, 160, 250, 350 and

500 um. The color coding is such th.;t-rea_: SPIRE 500 pum and 350 um,
green = SPIRE 250 um and PACS 160 pum, blue = PACS 70 pum.

(Arzoumanian et al. 2011)
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1.1.3  Dust Absorption O—FE— »
& 5

Instead of observing emission by dust = absorption by dust against

background stars
Pro A

1. stars are bright & observation in near IR = resolution much higher i

2. Kk, is no function of T = uncertainty of T does not matter

3. K, in IR much better known than in sub-mm

X %

Con

1. k,(IR) > K, (FIR) - only applicable to diffuse clouds (dense fields
absorb completely)

see Bok globules

2. field of background stars required

Abbildung 1 Thackeray's Globules: Dense, Opaque Dust
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Best example: Pipe nebula

Pipe nebula extinction map (right) (Lombardi et al. 2006)

1.1.4 Molecular Lines

Most info about SF from molecular lines

* Complex modelling necessary to interpret lines

e Richininformation

* Most sensitive

e Almost everything we know about GMCs outside of the Milky Way
comes from studying emission in rot. lines of CO.

il ~level wmolecwle
E —_— number densities: ng, n; 2 -lev

—— —

Energy
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1.14.1 No radiation — only collisions

eventually thermal equilibrium (TE) => (Maxwell-)Boltzmann Distribution

2-lev system

m_ g

Ny Jdo Yo = 1, g1 = 1
t i /
_E/ i
Mk | o 3l O Niot Nior "z partition function
£ Z T (Zustandssumme)
Zigi ei
= 5°.e_u/;
E

WithE():O,Ele,goz1,91=1=> Z=1-|—e_ﬁ+...

Boltzmann factor

i
e kT

1.1.4.2 Radiative transitions

/ / ® spontaneous emission
E Bil Eio A1g) 7 e stimulated emission
A ® absorption
- MY stim. spont. P
b . .
& Abs) TS o

= no external radiation field

0 @ = ignoring By, Bo1

T N —

Particle in an excited state can emit a photon and decay

dni .
Rate: (F) spont. emission =-A10-N1 (particles cm3s?)

1/A - e-folding time for decay
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it - 1/As50 = ewp(=32) = £ =037
i 10 e

after 1/4,, sec., 63% of excited states are decayed

E.g: CO J=1-0 A=72x10"8s"1

HI,21cmline A=10"1s1=3x107a

_——  —s—a————

1.1.4.3 Radiative and collisional transitions

Cold ISM: H; is dominant collision partner
Yo1: rate coefficient for [cm3s~1] for

. 1 collisional excitation (difficult to compute ->
exp)
2w » Y10: rate coefficient for [cm3s™1] for
collisional de-excitation
0 0
dr@) e
=t = Yo1 Nu, No
( dt coll.exc. — e 2—=
@: number density
of H, (coll. partner) (dn1> RN i
— = —Y10 Ny, N
dt coll.de—exc. __)/10 jz !

E
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In equilibrium:

dny;
dt

(dnl

) et
dt >coll.exc dt coll.de—exc

dn, L

—

nng)’m ng—yion) =0 |

nq
n(Yo1 Mo — Y10 M) = %no ()’01 — Y10 = 0
- 0
91 _E
Yo1 = Y10 g_e e
(Y0
= R {\

CRITICAL DENSITY AND DENSITY INFERENCE

Full equation of statistical equilibrium for 2 level-system

Energy

Yo

Y10

dn1
l n1A10 }"‘I" n1V10' ,n n0V01 l—
(A10 + Y10n) — w

If Ajg <K Y10m => radiation is unimportant => TE
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when A;y/Y10m increases radiation becomes more important

population in n; drops

=> population is subthermal

Balance between Ao and y;, depends on n!

A:‘f“v
pt
N :@ /’ =
crit Y10
m_g E 1
ny 9o 1 _|_ncrit -5

n

If  n=n¢it collisional excitation and radiative decay are equal

n>ngit: level population -> Boltzmann

Nn<nqit: level underpopulated rel. to Boltzmann
-> consequences for line emission

Line emission per molecule:

D _@lod_E s _ Ao ()

n
Neot Niot nyg +ny 1+ (—1)
ng
_E _E
e kT e kT
= EAlO Nerit E P EAlO E Neqpi
T vy e kT e kT 4 1 4 —<rit
Ik n
1 _|_ crit
n
_E
e kT

RS

——
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¥
. . L e
NKLNepie =72+ nCT:‘t > et o ~ EAjge kT (_@)

n Ntot = Nerit
—

Low densities: each molecule contributes an amount of energy

proportional to the ratio of r
Nerit
n: Hy density => " independent of nyot but not of n
tot
L X 1y X = (every molecule emits)
Nerit

}n > Nerif =>Z dominates denominator
_E
L e
= = EAlO
Mot Z
nq

- fraction of population in upper state
tot

density independent => at give?&ve get a fixed amount of energy

1= [
107 . ' .

— J=1-0
10750 =21
J=352

—

L 1075
S 1075,

below ngit intensity is usually too
small to be observable

]

| => observing molecular lines tells
us about density

10724,

Ling

10755

10726

10 1000 10° 107
n[em™]
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VELOCITY AND TEMPERATURE INFERENCE

prerequisite: opt. thin - line width determined by velocity
distribution of emitting molecules I

assume vel. distr. Y),

then the fraction of gas with velocities between vand v + dv is

Y (v)dv and f;o Y(v)dv =)0’

in rest frame of molecule: emission -> delta function in frequency

gas moving at velocity v relative to us produces emission at frequency

¥
vzvo(l—%), %<< SRS
—
where v, is the rest frequency of the transition.

r'd
J s
The line profile then is: o(v) =y (c (1 — 1))
Vo
Measuring ¢ (v) gives us ¥(v)
General: Y(¥) = Yrhermar T Ynon—thermai
&

Yihermal: Maxwellian velocity distribution ¢(v) e~ (=Veen)*/0y

A
center frequency Veen = Vo (1 = E)

v: mean velocity of gas along line of sight, g,,:width

o, =+ (kT)/u/c (1: mean mass of the emitting molecule
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thetmal: bulk flows, shocks, outflows, etc.

even complicated motions resemble a Maxwellian distribution because of
the central limit theorem

6_ Ophiuchus _ 300 | Perseus
_ : ; {1 ©
56 7\ E o
E i o
4E f 3 AN
¢ =
& 43 E -
3]
2; = Q
£ <
B 5
o
o
-5 10

V (kms™)

Fia. 13.—Average '2CO (thin lines) ;lndl‘ 3CO (thick lines|spectra for Ophiuchus (/efi) and Perseus (right), created by summing the spectra in all pixels for which the
ratio of peak antenna temperature to rms noiSEIT Breater than 3. The multicomponent nature of Perseus is clearly visible, while Ophiuchus displays a more Gaussian-like
profile.

To determine whether an observed line profile is the result of
predominantly thermal or non-thermal motion we need to derive the
temperature independently.

e.g.: observe multiple lines of the same species:

3 unknowns: T, 11, Nt observing 3 species => 3 equations A

1.1.4.4  Complications
® optical depth
e chemistry (dissociation, freeze-out, formation, ...)

® elemental abundances
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2 OBSERVATIONAL PHENOMOLOGY

2.1 GIANT MOLECULAR CLOUDS

H, proxy: Cco 1) single most abundant molecule in the ISM
2) CO & H; coexist

3) CO easily excited E(1 — 0) = 5.5K & 5L

H 4 Hp Co
problem: CO-dark-H; gas - g /
(o

Q i ‘F+H2_)HF+H =~ H
/v-)/

W
4N the MW: @70:30 varies with distance to GC
o

A (~3kpc  1:1,8kp 9:1)
/3
N4 HI organized in filaments, molecular clouds at peaks
In spiral galaxies, the molecular gas closely follows the spiral structure

(103 =1y 10 M.y pcd)
(10° Kkms ") { Mg yr ' pc’)
0 1 2 3 20 40 60 80 100

50 50

= 2
% 45 5 8
8
§ z
z
g g
: w o 3
3 ‘ i
8 o
(=]
35 35
30 30
255 k3

15 00 3245

00 3245 013445 30

013445 30 15 00 3345 30 15 15 00 3345 30

RIGHT ASCENSION (J2000) RIGHT ASCENSION (J2000)
Fig. 3. Total integrated intensity map of *<CO (J = 1-0) emission (contours) superposed on H1emission (left, Rosolowsky et al. 2007) and star-forma-
tion rate (right) derived from the Her luminosity (Hoopes & Walterbos 2000) with extinction-correction by using MIPS 24 um data (Rieke et al. 2004).
The contour interval and lowest contour are the same as in figure 2.

Tosaki et al. 2011
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molecular gas is organized in
discreet clouds

15:00.0

Giant Molecular Clouds (GMC)
M =10* - 107M®

14:00.0

13:00.0 I

12:00.0

Declination

11:00.0 o

47:10:00.0

09:00.0

Koda et al. 2011

I P [P SV ET ST T O (L W e R P 107 VY i [ A e B D e |
05.0 13:30:00.0 55.0 50.0 45.0 29:40.0 35.0

Right ascension

K'km/s
— ——
0 50 100 150 200
Figure 7. CARMA and NRO45 combined CO (J = 1-0) map of M51 with

robust = —2.

2.2 INTERNAL STRUCTURE OF GMCs
GMC s are not spheres

complex internal structure
filamentary, clumpy, most mass in low n structures

<n>~100 cm‘a, diameter few 10 pc

arcmin
270 255 240 225 210 195 180 165 150 136 120 105 80 7% 60 45 30 15 0 -15 =30 -45
O B 3 T O TR R B M 2 . B . Sy o By B iy e

33°20'00"
— 120
33°00'00"
1 100
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180
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1 60
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) w £
Te} E
O gie000" °
i 31°40°00° 4
Z 5
- 20
2
= 81°20'00
0 (o}
31°00'00" O
29 N
30°40'00" m
40 -
(]
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Resol. 150" 60 >S5
(V5]
30°00'00" .
r — -80
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12 00" 48" 36" 24" 12° 00"

R.A. (1950)

|
3"46748" 36 24" 12" 00° 48

Fig. 1. The Perseus molecular cloud complex. KOSMA maps of integrated intensities of *CO 2-1 (colors) and '>CO 3-2 (contours) at 150”
resolution. The integration interval is 016 kms~". Colors run from 1 Kkms~' (~1o) to 32 Kkms~'. Contours range from 6.6 K kms™! (~30)
to 83Kkms™" in steps of 9Kkms~'. The (0, 0) position corresponds to RA =03:26:00, Dec = +31:10:00 (B1950). Seven sub-regions are
marked by dotted square boxes of 50’ x 50"


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig


Markus Röllig



—4
-
—

Ao (arcmin) -
& 8

(=]
T T

2

Resol. 1507 ‘
i L | i i | i i L i i L L " i L i

200 100 [H
Aee (acrmin)

Fig. 3. *C0 2-1 vedocity channel maps of the Perseus region. The velocity range runs from 3 km s~ to 11 kms~" with an interval of | kms"
which is indicated on the top of each plot. The intensities are plotied from 0.7 Kkms" {~ 1) to 15 K kms".

Sun et al. 2006

L 8%
o= 8%
velocity structure is similarly complex

velocity distribution much wider than thermal sound speed
(cs~0.2kms™1)

———

MOVIE: NGC 1333 in 3D

from: A. Goodman’s website:

https://www.cfa.harvard.edu/COMPLETE/astromed/

12CO: traces less dense gas, 13CO traces more dense gas

<)
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2.3CORES

At smaller scales. n~10° — 10”cm™3, M~ few Mg

spherical

=>  cores progenitors of single stars or star systems

co Nz'i‘ *

1
S AL R A A R RS RS

I T N L L N L ) R L

T

100

i vl esaqg Taas el e Uigqs] Tl

o SO T N TN ST [N T U N T NN W T AN A VI O

LU B S I I L L L L L L L |

7 VO OO F A VO Ol B O Tl 2 i S s T W 2 o Vi R VA CIR VN AR T3 VO 7 MO O A O T e G I e W I

150 100 50 O -50 -100 150 100 50 O -50 -100
Aa('l) Aa(!l)

FiG. 1.—(a) Comparison of C'*0 J = 1-0 integrated emission (contours) in B68 superposed on a map of visual extinction derived by ALLO1 and convolved
to the IRAM resolution. The C**0 contours begin at 0.2 K km s™* and step in units of 0.1 K km s™*. The 4, image is scaled from 0 to 27 mag. (b) Comparison
of N,H" J = 1-0 integrated emission (contours) and the visual extinction image. The N,H™ contours begin at 0.3 K km s7! and step in units of 0.2 K km s7%.

These maps were referenced to @ = 17°2223822 and 6 = —23°49'3470 (J2000). The peak A, is located 6” east and 12" south of this position.

Credit:ESO & (Bergin et al. 2002) \
pon Hore

£

GMCs: highly supersonic

cores: subsonic (thermal broadening) <
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Figure 3. Velocity dispersion map derived from fitting all hyperfine components simultaneously. The protostar position is shown by the star, and the contour shows
the contour Tpeax = 0.5 K. The box on the map presents the region where we zoom in and present the corresponding spectra in the right panel, which shows only the
main component of the NHz(1.1) line. The centroid velocity and velocity dispersion obtained from the fit are displayed for each position. Top spectra in the right panel
display two main hyperfine components clearly separated thanks to their low-velocity dispersion (the coherent core), while when moving to positions outside the core
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the lines get weaker and broader (evident by the disappearance of the gap between hyperfine components).

(Pineda et al. 2010)
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