Observational ISM and Outline

Star Formation

* What are the molecular clouds?
* What is a giant molecular cloud?
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COvs. H,

The low abundance of CO (nqo/ny, <5 % 104 if

Carbon Monoxide

H

e J=1—-0 v=115GHz A=2.6 mm all C is in CO) compared to H, or HI is offset
e J=2—1 v=230GHz X=1.3mm =37 33.19K by the higher Einstein 4 values and lower e
e J=352 v=345GHz )=0.87 mm 245,795 Gl excitation temperatures T J
— 12CO lines can be optically thick == T
— Typically A a few mm for /=1 — 0 in heavy J=2— 16.60K — Isotopic lines of CO are important T A
diatomics (e.g. CS, SiO, SO) 730538 GH he 1 bund hat 13 & 3
— Hydrides (e.g. OH) have much higher rotational e — The lowera 'un ance_ means that _CO OF 8 I =— -
frequencies (near A= 400 um) because p is much J=1— 553K C'80 are optically thin when 2CO is
smaller Jog Y 1e21 Gt optically thick L, i
« COJ=1-0 at 115 GHz is the molecular [ | ||2| E =" =
analog of the HI 21-cm line ! L= s
X'zt v=0 X'z v=0
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Calculate N,

*  Typically, we use the first refuge of a scoundrel:

Assume Local Thermal Equilibrium

» Single temperature characterizes everything about the level
population distribution

— Least sophisticated, but also requires the least amount of
additional observational information

— Traditionally, the temperature is the physical temperature
of the system, but that fails apart in our apps

— We use a non-kinetic temperature, but no big woop.
— So the temperature to use is difficult to figure out

e Then to calculate mass of cloud.... Assume
geometry, assume X factor...
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Orion in the IR

Rosette Molecular Cloud
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F16. 1.— Velocity-integrated intensity of CO emission, Woo. The lowest contour is 0.5 K km s~ ', and the separation between contours is 1.5 K km s ', The border of the surveyed
4= x1°

region is indicated by the outer, solid line; in the small regions beyond the dashed line the map is undersampled, with a spacing of 4™ X




Dec. Offset (deq.)

TMC in 2CO

Taurus Molacular Cloud 1200 J=1—0 (Sot Feb 21 03:53:17 2004 GMT)

-2 -4

o
RiA Offset (deg.)

Taurus region in '2CO with the FCRAO 14-m
(FWHM = 45").

http://astro.berkeley.edu/~ay216/06/NOTES/ay216_2006_18.pdf
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Dec. Dffset (deg.)

TMC in BCO

Taurus Molecular Cloud 13C0O J=1-0

o
R.A Offset (deq.)

Taurus region in 3CO with the FCRAO 14-m
(FWHM = 45").

http://astro.berkeley.edu/~ay216/06/NOTES/ay216_2006_18.pdf
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CO and HI

* CO is generally the most easily observed molecular line
— No molecular cloud free of CO emission
— GMCs throughout the Milky Way can be detected in
CO (1-0) even with a small telescope
* Independent methods show that the velocity-integrated
intensity of the J=1-0 line measures N(H,) to within factor
of 2 or better when averaged over large region

— Accepted X factor value ranges from
1.5 to 3 x 10%° molecules cm? (K km s!)’!

— Dame et al. 2001 value was 1.8 x 1020
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CO and HI

* CO maps show a much clumpier morphology and different
global structure than the broad HI distribution

* Individual molecular clouds and cloud complexes can be
identified over much of the Galaxy

— Although CO lines are often optically thick there are
different velocities for different Galactic radii and so we can
find clouds over a large section of the Galactic disk

— In some regions the clouds complexes are confused, and
there is no definitive picture of the structure along these lines
of sight
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Distribution of Molecular
Clouds

10
Tog [T, (Kkms )

Dame et al. 2001: The CO distribution is plane of Galaxy is thin
— Vertical extent £45-75 pc over much of the disk
— Similar to that of OB associations
— Flares out to £100-200 pc

Astronomy 596 Spring 2007 hitp://astro berkeley.edu/~ay216/06/NOTES/ay216_2006_18.pdf
Jan 25, 2007

Inner galaxy/
outer galaxy

Jan 25, 2007

Astronomy 596 Spring 2007

Giant Molecular Complexes

* The strong (red-white) peaks in the
(/, v) maps are
giant molecular complexes
— M~ 105-10° Mg,
— o = 15 km/s or larger
* Appear to be well defined, coherent
structures
— ~80% of the total molecular gas is
contained within such structures
* Nearby examples include W44 (3

kpc) and the cloud associated with the
Cas A SNR

M44: Reach et al. 2006, ApJ, 131, 1479
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What is a Molecular Cloud?

* Molecular clouds (by definition) are regions where the
mass is primarily molecular

— Much of the volume is not necessarily molecular
— Highly structured with large range of density
— Filling factor is low
* Perhaps less than ~ 0.2
* Most of the molecular ISM is in the form of giant
molecular clouds
— M~ 107°Mg with a sharp cut off at 6 x 10 Mg,
— D~50pc
— <ny,>~100 cm
» What sets the upper mass range?
— Galactic tidal field?
— Feedback from massive stars?
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What is a Molecular Cloud?

* Molecular clouds:

— Contain molecules
(but don’t forget HI)

— Self-gravitating

Magnetized

Turbulent
* The central role of gravity, not their
molecular composition, that
distinguishes them from any other
phase of the ISM

 Stars form only in molecular clouds

— Understanding star formation starts " st S
with understanding molecular clouds
Tl w e
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Molecular Clouds

Nearby Molecular Clouds

Distange fram

= p——— 1a0- * HI or diffuse molecular clouds are kept from dispersing

e mw ¥R a
phyemEE . .
I A B PG R from pressure balance of internal motion to the rarefied
) |z|€28pe .
@ warm medium
2> +25pc . .
o PO indsice » Larger molecular clouds are dominated by self-gravity
x ri & Fing Chouda
E Cepheus v
e Tourusygy @ traoa?
S AR = ;:IR;:: . o L “Table 3.1 Physical Properties of Molecular Clouds
cnam;::r;'ﬁ{ /) *9 . Cloud Type Ay nt‘fg L T M Examples
UNENALYTZED DESESTIONS 55"*4'//P D'ruh (mag) (cm : ) (pc) (K) (M@)
INCOWFLETE Moass Lupus
. Diffuse 1 500 350 50 ¢ Ophiuchi
Taums s tf};e nearest m‘}leculfu cloud o w0*vo Giant Molecular Clouds 2 100 50 15 10° Orion
- 1te<? ow-mass star ormatlf)n ) O o* Ve Dark Clouds
Ige?. rest site of OB star formation is o Galactic Complexes 5 500 10 10 10* Taurus-Auriga
rion . e 7o center Individual 10 10 2 10 30 Bl
E;‘;‘ée;;gi‘;“glggmplex is the Cygnus o , Dense Cores/Bok Globules 10 10* 01 10 10  TMC-1/B335

The Formation of Stars. Steven W. Stahler and Francesco Palla
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Properties of Local GMCs

Molecular Clouds

. . T T T T
Mass 1-2x 10 M@ * Typl.cal glant cloud " Rosette Molecular Cloud .
- survives ~ 3 x 107 years
Mean diameter 45 pc before destroyed by
Projected surface area 2100 pc? embedded OB stars a8
* On average, converts
3% of mass to stars N
4102 o : .
Volume 9.6 x 10*pc * Every OB association g T
Volume density (H,) ~ 50 cm3 closely associated with %
GMCs.
Mean column (H,) 3-6 x 10?2 cm™ L
Surface density ~ 4 kpc? ,
) l,’ HI Envelope
Mean separation ~ 500 pc gin -
e“slsm ehlazm shlzam sh‘24"‘
Right Ascension o
A ing 2 A ing 2 Stahler: Formation of Stars
Jan 25, 2007 stronomy 596 Spring 2007 Jan 25, 2007 stronomy 596 Spring 2007 !
- Dense Gas Tracers
Spatial Structure
Molecule Transitions Frequency E/k Ny (cm3)
E (GHz) (K) @10K
p 12¢160 1-0 1152 5.5 1100
8 2-1 230.5 16.6 6700
32 345.7 33.2 2x 10
" Calictie Longitude CS 1-0 49.0 24 4.6x 104
 (b)CfAl2m
) 2-1 98.0 7.1 3.0x 10
" NH, (1,1) 23.7 1.1 1.8x 103
: 2.2) 237 4 2.1x103

Galactic Longitude
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Fig, 1,—Half niensity clouds, in the 1.3 cm (J, K) = {1,1) lines of NH ,, from Benson & Myers (19893, and in the 30
mm J =2~ 1 linc of CS, nd h 27mmJ = 1—tllru of C' DiwnFull:(lWSwF ‘or each map, North is up, East is Iali and the linear scale 0.2 pe is indicated. A

cross indicates an associated

Jan 25, 2007

Astronomy 596 Spring 2007

19G 9/€ rdV 1661 [ 18 Siehp

Orion A as a Typical Cloud i

* Cloud A (L1641) exhibits some typical features of GMCs
— Elongated

* Parallel to the plane of the Galaxy
Strong velocity gradient (rotation)

— GMCs have well defined boundaries
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* GMC:s are discrete objects

Lumpy

* Near unity surface filling factors
(traced by optically thick '2CO 1-0)

OB associations form in GMCs
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