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Stages of Star Formation
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Molecular Clouds in a
Galactic Context




CO and HI in the LMC

From slide from Annie Hughes

HI: Atomic Hydrogén.--
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Moy ~ 4-7 x 107 Mg (Fukui ea. 1999) My; ~ 4.8 x 10% Mg (LSS ea. 2003)

Mopra: 0=35" & Av=0.1 km s7! ATCA+PKS: 0=60” & Av=1.7 km s7!

http://www.atnf.csiro.au/research/LVmeeting/magsys_pres/
ahughes_MagCloudsWWorkshop.pdf
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M5 1 Galaxy: Hubble Heritage Image




Spiral Arm Section of M51

3.40 x 1.65 kpc: Elmegreen 2007 AplJ, 668, 1064




Molecular Clouds in the Milky
Way Galaxy




The Molecular Clouds in our Galaxy seen in
Dust Extinction

The Deep Sky

© 2000, Axel Mellinger




Molecular Clouds in our Galaxy seen 1n 12CO (1-0)

Clouds are composed primarily out of H, and He. However, in cold

clouds, these molecules don’t emit. We map molecular with dust
extinction and a varietv of molecules that do emit such as CO (tracers).




The Galaxy in CO
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“The CfA CO Survey (488,000 spectra 7’ resolution

IMASS Near-IR Survey
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The line of sight velocity is

V = wRsin(0)-wyR, sin(y)

Using identify of Rosin(y) = Rsin(0)

V = (w-wy)Rysin(y) or w = V/(Rysin(y))-w,

Given that Rw ~ constant

By solving for w we can determine two possible
solutions for R in inner galaxy, one solution for

R in outer galaxy.

http://www.haystack.mit.edu/edu/undergrad/srt/SRT %20Projects/rotation.html




Galactic Rotation Curve: Clemens 1985 Apl 295, 422

1985ApJ. .. 295, .422C
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CO in our Galaxy

5 kpc ring
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Using the rotation curve, we can map the distribution of
molecular and atomic gas with galactic radius.




Surveys for Molecular Clouds

CfA Survey 1980-present, molecule: CO, 7’ resolution, 7’
sampling

U Mass/Stony Brook Survey 1981-1984, molecule: CO, 45”
resolution, 180 sampling

Galactic Ring Survey, molecule 13CO, 46” resolution 22”
sampling http://www.bu.edu/galacticring/new_index.htm

Dobasi et al. Dark cloud Survey (using digital sky survey): http://
darkclouds.u-gakugei.ac.jp/astronomer/astronomer.html




Giant Molecular Clouds

Most of the CO emission in the galaxy can be divided up
into individual clouds with masses of 10#-106 solar masses.

These are typically referred to as Giant Molecular Clouds.




Giant Molecular Clouds
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CO map of WiIso_n et al. (2005) overlaid on imégéa of Orion

The Orion
Giant
Molecular

Cloud
Complex

Total mass
200,000 Msun
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Note: filamentary structure.
Map courtesy of P. Goldsmith, M . Heyer, G. Narayanan.




Molecular Clouds in the ‘hood

716 DAME ET AL.
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FiG. 7.—The distribution in the Galactic plane of molecular cdouds within 1 kpc of the Sun (Table 2). The circle radii are proportional to the cube roots of the

cloud masses and in most cases are close 1o the clouds” actual radii. The shading indicates distance from the Galactic plane.

The general regions of the * — 12 km/s ™ and Lindblad Ring clouds are indicated but individual clouds are not shown, The widths of these regions in heliocentric
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Mapping Molecular
Clouds




The Composition of Molecular
Clouds

H,

He (25% of mass)

dust (1% mass of mass)
CO (104 by number),
CS (~10-° by number)
NH;3 (10 by number)
NoH+ (10-19 by number)

and many other molecules with low abundances.
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Why molecular clouds cannot be mapped in H,

Two reasons:

H, is a symmetric molecule without a permanent dipole moment. Dipole transitions are
not permitted, so only electric quadrupole transitions are allowed.

Selection rules for electric dipole is AJ=2, thus the lowest rotational transition is the J=2 ->
0 transition.

Excitation energy of the J=2 is 510 K, typical cloud temperature is 30 K. In comparison,
the first energy level of CO is 5.5 K

Quadrupole transitions are much weaker than dipole transitions:

Ha (2->0) Ay =2.54x 1011 g1
CO(1-0) A,,=74x108s!




Mapping Molecular Clouds

e Combined 2CO and 13CO
e Extinction

e Thermal dust emission

e Virial theorem

e X-factor
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Calculating of CO Column Densities

2hv3 1
B" = o2 c)lt/,«"kT -1 (1)
In the case hv << kT then:
22 ’
B, = C—2k1 (2)

Thus we can define brightness temperature as:

- c? )
Ty =1"ﬁ (3)

Given the equation of radiative transfer:

iy, B,(1) ()
dr,

the solution is:
Ti(s) .. ., E
dr, T - T(s) (5)

which if you are observing a cloud of constant temperature 7', the integral is:

T,=T(1-¢™) ©)




Calculating of CO Column Densities

T T B
Ta(v) = (Fm— om0 ™)

12CO 1s 1n optically thick
limit: T, >1

13CO 1s 1n optically thick
/ limit: T, < 1

Niot(12C0O) = 2.6 x 10141 T / Tadv




MOLECULAR HYDROGEN DENSITY [cm™3]

INFRARED AND MICROWAVE MOLECULAR LINES AS PROBES OF
PHYSICAL CONDITIONS IN MOLECULAR CLOUDS
1 I I

From Genzel 1989
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Advantages of Molecular Data: Velocity

Information (a 3rd dimension)
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Structure of Clouds I: Data Cubes

COMPLETE=COordinated Molecular
Probe Line Exinction Thermal Emission




Structure of Clouds I: Data Cubes




Structure of Clouds I: Data Cubes




Problems with
CO (and other
molecules

Declination offset (arcsec)

100 50 0 -50 -100
Right ascension offset (arcsec)

e Freeze out

50

e Chemistry

Declination offset (arcsec)
Declination offset (arcsec)

NH* J=1-0

e Optical depth & excitation

150 100 50 0 -50 -100 150 100 50 0 -5 -100
Right ascension offset (arcsec) Right ascension offset (arcsec)

|‘, ' Bergin EA, Tafalla M. 2007,
Annu. Rev. Astron. Astrophys. 45:339-96

Bergin et al. 2002
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Extinction Mapping

The Dark Cloud B68 at Different Wavelengths (NTT + SOFI)
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Extinction Mapping
F,(app) = F,(abs)(10pc/D)%e™ ™

F,(app) 1s observed flux
F,(abs) is unattenuated flux observed at 10 pc

—2.5logro0(F, (app)/(F,(Vega))
—2.5logro(F, (abs)(10 pc /D) " (F,(Vega))
(Fu(

( e
—2.5log10(F, (abs)(10 pc/D)?*/(F,(Vega)) — 2.5log1o(e”
( /

—2.5log10(F, (abs)(10 pc/D)?/(F,(Vega)) + 1.097,
My + Ay + 5log(D/10 pc)

T )




Color Excess

my, —mx, = My, — My, + Ax, — Ay,

/

Observed Intrinsic color Color Excess due to interstellar dust

color e e —
8 -
| g
g 6 — =
For the near-IR H and K-bands, the £ | Ks .
color excess 1s given by: s 1] ’
£ B i
2 | =
: s \ :
o . Wt 4 4 )

1 1.5 2 2.5

Wavelength (um)

mirmsic AaMASS filters, Cohen et
al. 2003, 126, 1090.

E(H — K) = (H — K)observed — (H — K)
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The Dark Cloud L9777

Alves et al. 1998 ApJ 506, 292
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Visible light image
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The Interstellar Extinction Law from 0.1 to 100 um
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Converting From Color Excess to
Column Density

E(]] ]\") (]] [\r)r)bsu'z'c d (]] ]\')'intr'insi(

(H — K)jntrinsic = 0.20 £ 0.13 mag
Ay =158TE(H — K)

N(Hy) =1 x 10" (Ay )em™?
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Smoothing the Extinction Map

Smoothing box
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IRAS 60 and 100 micron images

60 micron 100 micron




Thermal Emission

In optically thin limit (tTv << 1):

I, = B,(1—¢e ™)
2hv? 1 .
— (:2 ehl//ka —1 (1 — € | )
2hy3 1
— Ty

2 ehv/kKT _
Use relationship:

T, = a\™ P Ny

Where a and 3 are empirically determined.




Thermal Emission (Con’t)
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Determining Cloud Mass With The Virial Theorem

Assume clouds are bound and in equilibrium

Virial theorem: T' = -1/2U (where T 1s K.E. and U is gravitational potential energy)

T = 1/2 M <v?> where <v?> is the velocity dispersion of the cloud and can be derived from the
linewidth.

For a spherical cloud with a uniform density:
U = -3/5 G M?/R (you should be able to derive this!!!)

In this case we can derive a cloud mass:

1/2 M<v?> = 3/5 GM?/R => M = (5/(6G) <v?> R)

This is typically written as:
M{[solar mass] = k;R[pc]AV2[km s!]

where AV is the Full Width at Half Maximum (FWHM) of the line and k; depends on the degree

of central concentration. If p(r) is the density as a function of radius:
p(r) = constant, k,= 210, p(R) ~1/r: k; =190, p(R) ~1/r2: k, =126




Determining cloud masses in CO Surveys of our
galaxy and others.

Statement of Problem:
1. Most surveys are done in CO because 13CO line it too weak.
2. 12CO line 1s optically thick - how can we measure masses?

3. We measure sizes of cloud, line widths and integrated 2CO
temperatures.




Determining Cloud Mass With the X-Factor

Measure for each pixel of cloud the quantity W
Weo=[Tco dv [K km s1]
Then convert to column density:

N(H;) = X Wepwhere X = 1.7 x 10?0 cm2/K km s/

X has been calculated empirically by comparing CO data, HI data, and
maps of the 100 um dust emission (Dame, Hartmann & Thaddeus
2001 ApJ, 547,792).

This cannot be used to map accurately column density, but is
reasonable for finding masses over molecular clouds.

M = 2.7my [N(H,)D?dQ2 where D is the distance, Q2 is solid angle, and
2.7my 1s the mass per hydrogen molecule.
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