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« HI and CO

Outline

* What are the molecular clouds?

« What is a giant molecular cloud?
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1 Hydrogen

HI H

1.008

1

+ Total mass of atomic H exceeds H, in the Galaxy.

» Atomic H is the reservoir that ultimately produces molecular
clouds.

* A new dimension entered radio astronomy with the detection
of the A = 21 cm line of atomic hydrogen
— Long wavelength is less affected by extinction.

— Generally in emission but also in absorption against a background
continuum radio source, e.g., an HII region

— 21 cm line measures the quantity of interstellar HI
— Doppler shift gives radial velocities

* What causes this emission?
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Spin Flip

» Consequence of the proton and electron spins

» H atom consists of 1 proton + 1 electron

— Electron: spin §=1/2
— Proton: nuclear spin
— Total spin: F=S+1
* Hyperfine interaction

Meutral atomic Hydrogen creates 21 cm radiation

=12
=0orl
leads to

splitting of ground level:
- F=1 g=2F+1=3 E=587x10%eV
~F=0 g=2F+tl=1 EF0eV
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Hyperfine

In 'H %S, , the F =0 and F = 1 have zero electric dipole
— F=0 — 1 is a magnetic dipole transition
« 4,)=285x 10!
— Or a mean lifetime

Hydrogen hyperfine Nuclear Electron
of =11 MyI' structure spin spin
.. . - t t
— Collisionally excited 1s ; p l 50x 10 ey
— Usually collisionally A t
de-excited, but some emit 1420 MHz

] A=21cm
— With enough atoms, can

gather an appreciable radio signal

— The signal is directly proportional to the to column density
(i.e. # of atoms/cm™?) for N(HI) << 5.5 x10%°¢cm™
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Pioneer 10
PN

Hyperfine unit used on Pioneer 10 plaque
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Radiative Transfer: LTE
T, = TBGe" +T.(1- e’)

» Can rewrite the standard radiative transfer equation with a
brightness temperature (think radio astronomer perversion)

* In LTE the slab of material is at a single temperature that
characterizes everything about the level population
distribution

Ty is the observed brightness temperature
— Ty is any power from “behind” the slab

T, is the power from the slab (T, in this case)

spin

— 1 is the optical depth of the slab
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Probing the ISM

The excitation temperature
generally 1s T,
(i.e. dominate
collisions).

Can observe an extended
source and an extragalactic T, % —

bI‘ight source. radio source
(cont. spectrum)

C? Tkmetlc

HI cloud

blank sky =y

Have to assume the cloud
properties don’t change

f4r blank sl radio source
between ON/OFF positions. \kyTbge B T
2 equations and 2 unknowns / i\ STt Tofle®
(tand T,), can derive both I g—t
column density and "
temperature! Assumption
TS < Tsrc
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Observational Evidence for 2 Phases:
CNM/WNM

» Evidence for the
CNM/WNM

— Clark 1965 ApJ 142 1298

— Radhakrishnan 1972 ApJS
24 15

— Dickey 1979 ApJ 228 465
— Payne 1983 ApJ 272 540

Radhakrisnan 1972 ApJS 24 15

* Good agreement between narrow absorption lines and narrow peak
emission lines: AV = 3 km/s

* There is excess emission outside the region over which absorption
occurs (dashed lines): AV = 9 km/s

Emission and Absorption
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Note that the absorption features are
sharper than the corresponding
emission spectrum

Absorption: various clumps of cold
clouds with different velocities

(Cold Neutral Medium). Not all EG
source show absorptions— small
filling factor.
Emission: warm gas (Warm Neutral
Medium). Ubiquitous emission—
large filling factor.
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CNM

* 40% of atomic neutral gas
+ Cold diffuse clouds with 7= 70 K
=> narrow absorption + emission components
» CNM occurs in clumps throughout the disk of the Milky
Way with z= 100 pc
— Typically in disk: NHI) 1 picness = 6102 cm
— Locally: N(HI) = 4 x 10*°cm
* We live in a “H I hole”
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http://www.cnm.com.br/

WNM

* 60% of atomic neutral gas

* Broad emission component, but temperature

difficult to estimate
— AV=9kms!=T< 10000 K
— Limits ont=> 7> 3000 K

— T =8000 K

* WNM is distributed throughout Milky Way with

substantial filling factor

= “raisin-pudding”model of ISM

» Large scale height (Gaussian z = 250 pc and
exponential z =500 pc), which means >> than CNM)

=> warm H [ halo?
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Anticorrelation

Making Molecular Clouds

IIIIIII T T llll‘ll T 71 IIIIIII .
1000 ] * Now we have stuff in between stars (ISM)
: 5oo§ [N :  But we want to make stars.
The higher the - SN ] ,
. 30% » Stars form in GMCs, so how do we make those?
optical depth (1), -7 _ o
the lower the 3 — CNM and WNM are in pressure equilibrium (2 phases)
temperature ; 100 — Can not consider molecular gas as an ISM phase
S sof — gravity dominated
30+ = Fit to Corrected Data 1
- === Fit to Uncorrected Data <
o] -
cevrpd o gyl ! Ll
001 005 010 030 00
‘ _ (1-eTct)
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Molecular Emission
The Problem —
100,000 JI
‘ F'T
* Energy difference between two —k
« How to trace molecular material? electronic states: typically a T CO
few eV (10,000 cm™") W o
* Molecular clouds are mostly made from H, S VIS and UV L
* And H, does not play well, emission-wise * Energy difference between two | 7T —
2 play i g. ) 60,000 - j 000 /60— M
* One of the most difficult to detect molecules under vibrational states typically % f |
. i 0.1-0.3 eV (~500-3000 cm!) ¢ | |
typical molecular cloud conditions - A :
‘ . — IR ap,000 |- 15444 / 4000 - / oF
— No permanent dlpc(l)le ml(imen:i muslt rad1at§ .throug}ia « Energy difference between two + / s |
relatively slow and weak quadrupole transition (AJ=2) rotational states typically 0.001 / | / s
 Lucky for us, the next abundant molecule, CO, eV (~10 cm™) e S I e
comes to the rescue! — (sub)millimeter |/ - 560 / T
ol L lolst oL 0—oL 25"""'0
http://www.strw.leidenuniv.nl/~dave/ISM/lecture]2.pdf XI:* XIZ. 9o
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Carbon Monoxide

J=1—-0 v=115GHz X=2.6 mm
J=2—1 v=230GHz A=13mm . 210K
J=3->52 v=345GHz }=0.87 mm 345,705 Gz
— Typically A a few mm for /=1 — 0 in heavy J=20— 16.60 K
diatomics (e.g. CS, SiO, SO)
. ) . 230538 GHz
— Hydrides (e.g. OH) have much higher rotational
frequencies (near A= 400 pm) because p is much J==—f— 553 K
smaller 115.271 GHz
J = () e
CO J=1-0 at 115 GHz is the molecular [ | |||
analog of the HI 21-cm line !
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COvs. H,

The low abundance of CO (nqo/ny, <5 % 104 if
all C is in CO) compared to H, or HI is offset
by the higher Einstein 4 values and lower
excitation temperatures

1500

— 12CO lines can be optically thick

1000

[HHHET

— Isotopic lines of CO are important

E(cm™)

— The lower abundance means that *CO or
C'80 are optically thin when 2CO is
optically thick

500 |-

Astronomy 596 Spring 2007
Jan 23, 2007

©
9

>
i
-
@

©

H

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
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Orion Taurus Auriga
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Dame et al. (2001 Ap] 547
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Orion Finding
Chart
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Dec. Offset (deq.)

TMC in 2CO

Taurus Molecular Cloud 12C0 J=1-0 (Sot Feb 21 03:53:17 2004 GMT)

e}
R Offset (deg.)

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

TMC in BCO

Taurus Molecular Cloud 13C0 J=1-0

o
R.A. Offset (deg.)

Taurus region in 3CO with the FCRAO 14-m
(FWHM = 45").
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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 value is 2 to 3 x 10?° molecules cm™ (K km s!)!
— Dame et al. 2001 value is 1.8 x 100
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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

tog fT,.,dv (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
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Inner galaxy/
outer galaxy
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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

— A large fraction of the total molecular
gas is contained within such
structures

ms )

LSR radial velosity (ks

* Nearby examples include W44 (3 D
kpc) and the cloud associated with the EESSSSSESEESE. i \
Cas A SNR -k

M44: Reach et al. 2006, Ap], 131, 1479 :::: w0 e . i
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What is a Molecular Cloud?

Nearby Molecular Clouds

R Diterce from - * Molecular clouds:
““;g“ z w; s ° = [ — Contain molecules (but don’t forget
I QAR o @ e L HI)
2> +25pc — Self-gravitating

ori 4 'y ﬁiﬁfﬁ:; — Magnetized

: om0 ek — Turbulent
o e snear @ ~ "Jsf:. S e * The central role of gravity, not their

e e ® molecular composition, that

Coal Soek—"y" ¢ J ] L

/
G T-a J
i
anu-:'/"ﬁ o

distinguishes them from any other
phase of the ISM

UNENILYZED DHSESYATICNS
IKCOMPLETE
Mass

Taurus is the nearest molecular cloud g  i*ug

~ Siteof low-mass star formation 7y g3 « Stars form only in molecular clouds
Nearest site of OB star formation is Galactic
Orion 1% g yore ' conter — Understanding star formation starts
Nearest cloud complex is the Cygnus 1 kg , with understanding molecular clouds
rift/Cygnus OB7 |
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