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Three basic processes:

* Ab ti inst conti
sorption against continuum I

« Spontaneous emission I

« Stimulated emission e 1 %‘"ﬁi
(maser)
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Spectral Line Observing
Across the Frequencies

Available Frequency range (GHz):

1.25-1.78 16-28
P s 30-50
4.4-6.7 80-116

8.0-9.2

cm mm

12Zmm

3Jmm



3mm band ~ 800 lines
12mm band ~ 120 lines
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Observing Methods

- Position switching
* Frequency switching

* On-the-fly (OTF) mapping



Observing Methods

- Position switching
Beam switching
*True position switching

Problems:

« Spend half time off-source

» Spend time driving telescope (PSW)
» May be difficult to find an off-position



Observing Methods

Beam switching

This Is a sub-millimetrg
(850 micron) map me
SCUBA on the J_CIVI

Negative artifac’fs i@ the
northern half of the
are due to emission |

off-position.
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Position Switching

SEST spectra of G232.62+1.01
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Position Switching

SEST spectra of G339.97-0.52
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Frequency Switching

* Observing on-source all the time
« Observing the same path through the atmosphere

« Observing slightly different part of the bandpass



Frequency Switching



On-the-fly Mapping

Reference
Position

Beam Shape
&




On-the-fly Mapping
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Position




Data Reduction

Data reduction considerations:
« For Mopra/Parkes OTF maps, use livedata and gridzilla

* Livedata does initial bandpass calibration and
splits data into IF components
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Data Reduction

Data reduction considerations:
« For Mopra OTF maps, use livedata and gridzilla

* Livedata does initial bandpass calibration and
splits data into IF components

« Gridzilla regrids data and selects which data to include
based on Tsys or pixel range. Combines data using
mean, median etc.
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Observing Methods
Mapping with SCUBA
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\N2H+ (1-0)



Examples of Spectral Lines
Walsh et al. 2006, ApJ, 637, 860

Peak flux




Examples of Spectral Lines
Walsh et al. 2006, ApJ, 637, 860
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Examples of Spectral Lines
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Examples of Spectral Lines
Walsh et al. 2006, ApJ, 637, 860
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Examples of Spectral Lines
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Examples of Spectral Lines
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Examples of Spectral Lines
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Data cubes and moment maps
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« 0th moment

Data cubes and moment maps

= integrated intensity map [Jy km s]
= 2 I(v) ov

+ 1t moment = intensity weighted velocity map [km s7]

=2 1(v) v/ 2 I(v)

» 2" moment = 1o velocity dispersion [km s7]

= '\/2 [1(Vv) (V-M1)2] o I(v)
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Data cubes and moment maps
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Data cubes and moment maps

Moment O Moment 1 Moment 2
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Calculating Column Densities

=8 kn v (= ( T, )
J. p AV :
A h CEEEs 1=

N, = Column density in upper energy level




Calculating Column Densities

N, = S8ln v (= ( T, )
J. p AV :
A h CEEEs 1=

K = Boltzmann’s constant
=1.38 x 10%° m? kg s? K"’




Calculating Column Densities

N, =8knwe (= ( T, )
J. p AV :
A h CEEEs 1=

v = frequency of line transition
(eg. 115.271 GHz for CO(1-0))
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Calculating Column Densities

N =8 Kmva ™ ( T, )
I p AV :
Bh c® J. 1=

A = Einstein A coefficient for transition
= 16m3v3 2)
3ihc?

u

e, = permittivity of free space
= 8.854 x 10-72 m3 kg1 s*A?
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N =8 Kmva ™ ( T, )
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Bh c® J. 1=

A = Einstein A coefficient for transition
= 16x5v° e
3¢ hic’ a

u = magnetic dipole moment
(eg, for N,H* = 3.4 Debye



Calculating Column Densities

N =8 Kmva ™ ( T, )
J. p AV :
Bh c® J. 1=

A = Einstein A coefficient for transition
= 16x5v° e
3¢ hic’ a

u = magnetic dipole moment
(eg, for N,H* = 3.4 Debye = 1.13 x 10-2° C m)



Calculating Column Densities

N, =8 Kmv? J‘“‘“ ( T, )
p AV _
A,hc Il 1=

Integrated Intensity
(area under the curve)




Calculating Column Densities
N, =8 K Ve ( T,
J. , dv “ )
A h CEEEs 1 ze%

T, = optical depth




Optical Depth

Optically thick . r>>1 T,= T,(B,)

— Temperature probe

Optically thin t<=<IN =] (81-*)

— Column density probe



Calculating Column Densities

N =8 Kmva g™ ( T, )
J. p AV _
A h CEEEs 1=

N=N, efkT Q(T,,)
9u




Calculating Column Densities

N, = 8 K Ve ( T, )
J. , AV _
A, hcdl s 1-ew

Ju

g, = upper energy level degeneracy
= 2J+1




Calculating Column Densities

N =8 Kmva g™ ( T, )
J. p AV :
A h CEEEs 1=

N=N, o8k Q(T,,)
9u

E, = upper energy level (K)




Calculating Column Densities

N =8 Kmva g™ ( T, )
J. p AV _
A, h CoEEE e

N=N, e=7Q(T)
9u

Q(T,,) = partition function (a sum over
all energy states) at a given

temperature, T,




Calculating Column Densities

Values for u, v, E, and Q(T,,) can be found at "CDMS”
( jen)

Note that CDMS quotes E,, rather than E,and units
are in cm™', rather than K. (1K = 100 hc/k cm™)



Applying Column Densities

Walsh et al. 2007, ApJ, 655, 958
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Applying Column Densities
Given column density of N,H* clump in NGC1333:

* Assume LTE
« Assume size of clump

» Assume relative abundance of N,H* to H,
(=108 x 0

» Assume mean molecular weight 2.3
“>Mass of clump




Applying Column Densities

Compare to Virial Mass:

Myr =210 dv2 r
M. km/s pc

Assumes uniform density profile
If density falls off as r?,
210 changes to 126.



Applying Column Densities



Applying Column Densities

Ju

N = Nu eEu/kT Q(

ex)



Rotation Diagrams

n(~)= in(= S
n gu)‘ “(Q(T)) KT ex

+ Plot In (N /g,) vs. E,/k

T

» Y-intercept = In (N/Q(T))



Rotation Diagrams

Ammonia in a high mass star forming region

(1.1)
(2.2
¥ | =1 | L L L L
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T = 1026l 52 K
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— 30 } a
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(Longmore et al. 2007, MNRAS, 379, 5335)
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Atoms, Molecules, lons and Radicals in Space
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Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,OH CH,CN SiO CS HCCCN



Some of the more important lines
H OH NH, H,0 HCN CO HCO* N,H* CH,OH CH,CN SiO CS

Hi - atomic hydrogen

HCCCN

Ubiquitous low density gas tracer

Frequency
(GHz)

1.420

Critical density ~ 10" cm™3
Strong enough to be easily
detected in other galaxies

— traces outer edges

Tully-Fisher relation




Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,OH CH,CN SiO CS HCCCN

(Walter & Heithausen 1999)



Some of the more important lines

H OH NH; H,O HCN CO HCO*® N,H* CH,OH CH,CN SiO CS HCCCN

OH - Hydroxyl Radical

Frequency
(GHz)

Maser and thermal emission

Found towards star forming regions,
Evolved stars (post-AGB), SNRs,

1. 612
1.665
1.667
2l
4.765
6.035

Extragalactic sources




Some of the more important lines
H OH NH, H,O0 HCN CO HCO* N,H* CH,OH CH,CN SiO CS

NH, - Ammonia

HCCCN

Frequency
(GHz)

Maser and thermal emission

Ubiquitous medium to high density
Gas tracer > 10° cm™

23.694
Aol 2
23.670
24.139
24.532
25.056
etc

Closely traces density structure




Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,0H CH,CN SiO CS HCCCN

NH; (1,1) / Main line
Optical Depth: spectrum
Tmain _ (1 'E_T)
Ts‘at (1 ) E_Eﬁ) I_nner satellite

I

a = 0.28 (inner) l'. Outer satellite
a = 0.22 (outer) \
ST1=0.5




Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,OH CH,CN SiO CS HCCCN

H,O - Water

Frequency
(GHz)

Maser only 5 D35

Most common maser known
(star forming regions, evolved stars,
Circumnuclear disks)



Some of the more important lines
H OH NH, H,0 HCN CO HCO* N,H* CH,0H CH,CN SiO CS HCCCN

NGC 4258 S
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Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,0H CH,CN SiO CS HCCCN

HCN - Hydrogen Cyanide

Frequency
(GHz)

Ubiquitous high density gas tracer 88.632

Hyperfine structure

Bright enough to be seen in the
centres of other galaxies



Some of the more important lines

H OH NH; H,O HCN CO HCO* N,H* CH,O0H CH,CN SiO CS HCCCN
CO - Carbon Monoxide
Frequency
Ubiquitous low density gas tracer ~—(2C2k
Critical density ~10%2 cm™ BCO | 110 207
C'®0 | 109.978
C'70 | 112.358

Strongly influenced by
outflows in our Galaxy

Found in the cores of galaxies

Can be traced right across the universe




Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,O0H CH,CN SiO CS HCCCN

CO - Carbon Monoxide

Second most abundant molecule
X~10%xH,

CO (1-0) one of the brightest lines

e
. .rfh:.::"'ﬂ .
e e ' i ol
- g - bl e - e e e o= -
o ot TS,
R i

[55%&TH5&$5HHENNWMWM
Thaddeus, 2000)




Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,O0H CH,CN SiO CS HCCCN

CO - Carbon Monoxide
On the other side of the universe!

Quasar at z=6.4
Universe ~10%r old

ﬂb "'—|_|.JL|Il

|_
Bertoldi et al. 200




Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,OH CH,CN SiO CS HCCCN

HCO™ - Oxomethylium

Frequency
: e . (GHz)
Occurs in similar regions to CO 39 188
Higher critical density H"EO+ 86.754
~2 % 105 cm-3 mLFES, 85.162

Like CO enhanced in outflows and
suffers from freeze-out onto dust grains
In cold, dense regions



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,OH CH,CN SiO CS HCCCN

N,H" - Diazenylium

Frequency

Reliable high density gas tracer AClard

935.173

Hyperfine structure gives optical depth
Critical density ~ 2 x 10° cm™
Does not show up in outflows

Less prone to freeze-out/depletion



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

CH;OH - Methanol

Frequency

Both thermal and maser (GHz)

6.669

MANY spectral lines (asymmetric 12.179
rotor) 24.933
44 .069

96.741
etc




Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* €CH,0H CH,CN SiO CS HCCCN

Thermal Methanol

Lines in 12Zmm and 3mm bands
— rotation diagram

12mm ladder:

24.928 CH,OH (3,,-3,,) E Energy = 35K
24.933 CH,OH (4, ,-4,,) E Energy = 44K
24.959 CH,OH (5,,-5,,) E Energy = 56K
25.018 CH,OH (6,,-6,5) E Energy = 70K

27.472 CH,OH (13,,,-13, 4,) E Energy = 232K



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

Class |
CH,OH
maser

—

(3305.2+0.2
High-mass star

forming region
(Walsh et al. 2007,
MNRAS, 380, 1703)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

(3305.2+0.2
High-mass star

forming region

(Walsh et al. 2007 Thermal CH,OH spectrum
MNRAS, 380, 1703)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

(3305.2+0.2
High-mass star

forming region
(Walsh et al. 2007,
MNRAS, 380, 1703)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

(3305.2+0.2
High-mass star

forming region
(Walsh et al. 2007,
MNRAS, 380, 1703)

I T T I T T
G305A | South) CHOH |

Weak CH,OH |
““maser ]

«— hermal !




Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

Methanol Masers

Class | masers collisionally excited
Class Il masers radiatively excited

Class | usually found offset from star
Formation sites

Class |l closely associated with sites
Of high-mass star formation
(and nothing else)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;0H CH,CN SiO CS HCCCN

Methanol Masers

Methanol masers tracing high-mass
Circumstellar disks?

Use methanol masers to determine

Distances to Galactic sources through
VLBI



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH;O0H CH;CN SiO CS HCCCN

CH,;CN — Methyl Cyanide

_ Frequency

Useful rotational ladders (GHz)
(close together) 01.987
e - - 110.353

"Velocity (km/s) o
CH;CN Spectrum Rotation diagram using the
J=(5-4) & J=(6-5) transitions.
(Purcell et al. 2006, MNRAS, 367, 553)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,OH CH,CN SIiO CS HCCCN

SI0O — Silicon Monoxide

Frequency
Both maser and thermal emission (GH2)

43.423
Maser emission in vibrationally 86 243
Excited states only seen towards  86.847 |

2 or 3 SF regions. But results very
productive in Orion.



e Matthews et al. 2007

Frequency
I (GHZ)
43.423

Excited sta!
2 or 3sour |
productive



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,OH CH,CN SIiO CS HCCCN

SI0O — Silicon Monoxide

Both maser and thermal emission
Maser emission in vibrationally
Excited states only seen towards
2 or 3 sources. But results very
productive in Orion.

Thermal SIO closely associated with

Outflows In star forming regions

Frequency

{{"‘;sz

43.423
86.243

- 86.847



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,OH CH,CN SIiO CS HCCCN

SI0O — Silicon Monoxide

Cesaroni et al. 1999 [IRAS 20126+4104

HCOT(1-0)  Si0(2-1)
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Some of the more important lines
H OH NH; H,O HCN CO HCO*® N,H* CH,O0H CH,CN SiO €S HCCCN

CS — Carbon Sulfide

Frequency
Ubiquitous tracer of high density gas | gpg

48.991
Critical density ~ 2 x 106 cm™ 97 981

Suffers from freeze-out onto
dust grains (depletion)



Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,;0H CH,CN SiO CS HCCCN

HCCCN - Cyanoacetylene

Frequency
Hot core molecule (GHz)

(tracer of high mass star formation) 18 196

27.294
36.392

90.980
100.078




Some of the more important lines
H OH NH; H,O HCN CO HCO* N,H* CH,;0H CH,CN SiO CS HCCCN

HCCCN - Cyanoacetylene

Frequency
Hot core molecule (GHz)

(tracer of high mass star formation) 18 196




Summary

Spectral lines give a wealth of information
Useful to all scales of astronomy

Data cubes and moment maps important
diagnostics

Many different spectral lines tell us about a
wide variety of physical conditions

NH,; and H,O are vitally important to SKA



