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Spectral line science
• Kinematics 

• Doppler velocities + proper motions = 3D dynamics 

• Conditions 

• Temperature, pressure number density, radiation 

• Chemistry 

• Composition, evolution 

• Fundamental physics 

• Magnetic fields, maser physics …



Atoms and Molecules in 
Space

• There is a lot of “stuff” between the stars 

• > 200 molecular species have been identified 

• Gas and dust is concentrated in molecular clouds 

• molecular clouds are where star formation takes place 

• A wide range of densities and temperatures 

• Atoms and molecules in space produce spectral lines which act like 
fingerprints that we can use to identify them 

• Chemistry in space 

• Spectral lines are powerful diagnostics of the physical and chemical conditions 
in astronomical objects



Molecular cloud 
composition

• Molecular clouds are composed of mostly 
hydrogen H2(~75%), helium He (~25%), dust (1%), 
Carbon Monoxide CO (10-4 by number) with >200 
other molecules with low abundance

http://www.cv.nrao.edu/php/splat/http://physics.nist.gov/cgi-bin/micro/table5/start.pl



Tielens et al. 1993

PAH / PDR 
H2 

CO

• Temperature variations in the ISM 
lead to transition zones called 
photodissociation regions or PDRs. 

• These exist between the hot 
(ionised) and  cold (neutral) ISM.  

• The physical and chemical 
properties of a PDR change with 
distance as the photons are 
absorbed 

• When the density of dust and 
molecules is high enough it shields 
the interior from UV radiation 

• This leads to a rich variety of atoms 
and molecules 

Molecular cloud 
composition



Orion KL survey at 3mm (100 GHz)

Tercero et al. (2010)



Origins of spectral lines

• Spontaneous emission rate depends on temperature 

• i.e Boltzmann distribution of molecular energies 

• Absorption rate also depends on the energy field 

• Energy density Uv  

• Stimulated emission 

• The Einstein coefficients describe the probability of emission and 
absorption

Origins of spectral lines 

● Spontaneous emission rate depends on temperature
● e.g. Boltzmann distribution of molecular energies 

● Absorption rate also depends on radiation field
● Energy density Un

● Stimulated emission needed to balance eq. dimensions 
● NUAUL + NUBULUn = NLBLUUn  

– NU / NL = gU /gL exp(-hn/kBT) in LTE 
          = ratio of statistical weights x  Boltzmann distribution
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Origin of spectral lines
• Spectral lines form due to electronic transitions in 

atoms and molecules 

• Electron transitions between orbits 

• Vibrational and rotational states in molecules 
(requires a dipole moment) 

• Spin-flip transitions (i.e. HI)



Electron transitions
• Emission energies correspond to the energy 

differences between quantised electron orbits 

• Absorption occurs when atoms / molecules 
absorb photons of the correct energy

Origins of spectral lines 

● Einstein coefficients
● Transition emits or absorbs photon at n = DE/h 
● Spontaneous emission rate depends on temperature

● i.e. Boltzmann distribution of molecule energies 
● Absorption rate also depends on radiation field

● Energy density Un
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Spontaneous
emission
AUL

Absorption
BLU

Stimulated
emission
BUL

DE



Spectral lines = electronic transitions

The light emitted has a
wavelength corresponding
to the the energy difference
between the two electron
energy levels.

Energy is released when an electron 
drops from an upper to a lower 
orbit, causing the atom to emit EM 
radiation. 

Spectral lines = electronic transitions

The light emitted has a
wavelength corresponding
to the the energy difference
between the two electron
energy levels.

The light emitted has a 
wavelength corresponding 
to the energy difference 
between the two electron 
energy levels � = �E/hc

Electron transitions



http://astro.unl.edu/naap/hydrogen/hydrogen.html

Transition between energy levels results in 
emission at discreet wavelengths 
• These are called Lyman, Balmer, Paschen  
• Due to the higher energy the emission is at 

much shorter wavelengths / higher 
frequency 

• http://astro.unl.edu/naap/hydrogen/
hydrogen.html 

• Hα emission is generated when an electron 
in hydrogen moves from n=3 to n=2 

• This is most likely to happen when the 
hydrogen captures and electron 

• It is a good indicator of ionised gas 
• Ionisation on large scales requires the 

presence of a massive star

Electron transitions

http://astro.unl.edu/naap/hydrogen/hydrogen.html
http://astro.unl.edu/naap/hydrogen/hydrogen.html


21-cm line 

Higher energy

Lower energy

• Observations of the 21 cm line in 1951 
marked the birth of spectral line radio 
astronomy 

• Electrons and protons have a quantum 
property called spin which can be in two 
orientations relative to the proton 
• Parallel 
• Anti-Parallel 

• Parallel levels have higher energy than 
Anti-Parallel 

• Flipping between these is the same as the 
electron being accelerated 

• This is a low energy transition leading to 
21 cm radio waves 

• The probability of this occurring is small 
2.9x10-15 s-1 

• 10 million years for a single hydrogen 
atom 

• Despite this we still see 21-cm emission 
so there must be a lot of hydrogen about!



Radiation Generation in Molecules

We have shown two ways in      
which atomic hydrogen emits 
radiation. Complex molecules also 
emit radiation: 
• Electronic, vibrational, 

rotational transitions 
• Collisional or radiative excitation 
• Energy levels are quantised (i.e 

discreet) 
• Only certain transitions are 

allowed between energy states



Energy levels of molecules



• Describes the fraction of radiation that 
passes through a medium  

• absorption and scattering 

• Integrated absorptivity times path length at 
a given frequency through a medium of 
depth S

Optical DepthOptical depth
● Optical depth tn = ∫kn ds    

● Integrated absorptivity x path length at n
● Through medium of depth s

● Optically thin emission, source func S 
● Ie = S(1 – e -t) ~ St (for 0 < t <<1)

● Absorption
● Ia =I0 e

-t

– Intensity reduction (I0–I a)/I0 = 1 – e -t 
– If  t <<1,  (I0–I a)/I0 ~  t
– (I0–I a)/I0 approaches 1 for large t

t << 1

t >> 1

s

Ia

Ie

I0



Line Profiles
• The quantised transition would produce a line that is infinitely sharp, 

however: 

• Line broadening: 

• Natural broadening due to the Uncertainty Principle 

• Thermal Doppler broadening: Thermal Boltzmann distribution of 
atoms / molecules  

• Collisional broadening: The collision of other particles interrupts the 
emission process and shortens the time leading to an increase in 
the uncertainty of the energy emitted 

• Zeeman splitting: Magnetic fields cause the spectral line emission to 
split into several features



Kinematics - Doppler Effect
• Movement of an emitting source towards or away from the observer 

produces a shift in the frequency 

• Analogous to the sound of a passing siren being distorted 

• For observations in the Milky Way the differential rotation leads to a 
shift in the frequency 

• Approaching sources are blue                                         shifted - 
higher frequency / shorter                                                  
wavelength                                                                           

• Receding sources are red lower                                                
frequency / longer wavelength





Doppler Effect

• The Doppler effect allows us to determine the velocity 
that an object is moving towards or away from us known 
as the radial velocity 

• If you can measure the shift in the wavelength of a 
spectral line you can determine the radial velocity via: 

• Where v is the relative radial velocity taken as positive for 
sources moving away from the observer and negative for sources 
moving towards the observer 

• Knowing this we can map the distribution                                             
of gas in the galaxy





Doppler Effect in HI (21 cm) Emission

 HI emission integrated over the velocity range -400 < v < +400 km/s in the LAB dataset, shown in 
Aitoff projection. The Galactic centre is in the middle. The integrated emission (0 < NH < 2·1022 
cm^(-2), logarithmic scale) yields column densities under the assumption of optical transparency; this 
assumption may be violated at latitudes within about 10° of the Galactic equator. (Kalberla et al. 
2005) 



Kinematic distance ambiguity

• The velocity can be used to determine the distance to a source 
assuming some model of how the Galaxy rotates 

• This is called the kinematic distance 
• Unfortunately the geometry gives rise to a degeneracy where a 

source may be located at either a near or far kinematic distance



Other Emission Mechanisms

We have only looked at how atoms and molecules 
emit spectral line radiation and heated objects 
emit blackbody emission but their exists many 
other emission mechanisms such as: 
• Maser emission 
– Stimulated emission of an inverted population 

• Synchrotron emission 
– Electrons spiralling around magnetic fields 

• Thermal Bremsstrahlung (free-free) emission  
– Electrostatic interactions in ionised (HII) regions



Maser emission 
A group of molecules are pumped into an excited 
state. When photons with an energy equal to the 
energy separation between E1 and E2 pass it 
stimulates a cascade. Leads to discrete emission. 

Synchrotron emission 
As a charged particle (normally electrons) spirals 
around a magnetic field it will release photons. The 
frequency is directly related to the speed of the 
particle, very fast (relativistic) electrons are 
required. The particle looses energy as it emits 
photons and slows thus releasing energy at longer 
wavelengths. 

Free-Free emission  
Unlike the previous two this is a thermal emission 
mechanism (depends on temperature). In an ionised 
gas (plasma) charged particles undergo interactions. 
Electrons can be accelerated by charged particles. A 
wide range of frequencies are generated based on 
the speed.



HI absorption
HI absorption

● Radio 
continuum 
greyscale

● HI absorption 
contours

● Gallimore+99

• Radio continuum grey scale 
• HI absorption contours 
• Gallimore+99

686 GALLIMORE ET AL. Vol. 524

residual subtractions were performed in the image (i.e., not
u, v) plane.

A possible source of error in this experiment is a
bandpass calibration artifact resulting from temperature
variations, and hence length variations, of the waveguide
system at the VLA (Carilli 1991 ; Lilie 1994). The signature
is a sinusoidal ripple with a period of 3 MHz, matching the
bandwidth used in this experiment. Among the sources
observed for this experiment, only the nuclear spectrum of
NGC 1068 displayed broad spectral features that could be
explained by the 3 MHz ripple. To test for this artifact, we
generated a spectrum of the phase calibrator for NGC 1068.
The phase calibrator showed similar spectral structure, cor-
responding to a spectral dynamic range of D400. We there-
fore have little conÐdence in the broad spectral features of
the nuclear 21 cm absorption proÐle of NGC 1068.

3. RESULTS

We detect H I absorption toward nine of the 13 sources
observed in this survey, making a detection rate of 69%.
The breakdown by nuclear activity is three of four Seyfert 1
nuclei detected (Fig. 1 ; also see Table 2) ; four of six Seyfert 2
nuclei detected (Fig. 2) ; and two of three starburst/LINER
nuclei detected (Fig. 3). Explicitly, the nondetections are
Mrk 668 (Seyfert 1), Mrk 3, and Mrk 348 (both Seyfert 2
with hidden Seyfert 1 nuclei), and NGC 2639 (LINER). We
summarize the basic properties of the integrated H I absorp-
tion in Table 3. Parameters of the integrated absorption-
line proÐles are provided in Table 4.

In several sources, the radio continuum was sufficiently
resolved that we could isolate or map the H I absorption
distribution against the extended continuum (see Figs.
4È11). Sources in which the H I absorption is unresolved but
the radio continuum is resolved are NGC 2110 (Fig. 6),
NGC 2992 (Fig. 7), NGC 4151 (Fig. 10), and Mrk 6 (Fig. 11).
The continuum and H I absorption in NGC 1068 are

FIG. 1.ÈGlobal (spatially integrated) H I absorption spectra of Seyfert
1 nuclei. The spectra are continuum subtracted and corrected back to zero
rest velocity based on the observed recessional velocities in Table 2. The
only nondetection among the Seyfert 1 nuclei was Mrk 668.

resolved (Figs. 4 and 5), and the H I absorption in NGC
3079 is marginally resolved against the background contin-
uum (Figs. 8 and 9). Follow-up MERLIN observations
have better resolved the H I absorption toward NGC 3079
(Pedlar et al. 1996), NGC 4151 (Mundell et al. 1995), and
Mrk 6 (Gallimore et al. 1998). H I absorption toward Mrk
231 has been resolved by the VLBA (Carilli, Wrobel, &

TABLE 2

SOURCE PROPERTIES

Right Ascension Declination cz Morphology
Source (1950) (1950) (km s~1) Reference Activity (NED)a

Mrk 348 . . . . . . . . 00 46 04.85 ]31 41 04.5 4507 ^ 4 1 2(1) SA(s)0/a
NGC 1068 . . . . . . 02 40 07.07 [00 13 31.2 1150 ^ 5 2 2(1) SA(rs)b
NGC 2110 . . . . . . 05 49 46.38 [07 28 00.9 2335 ^ 20 3 2 SAB0[
Mrk 3 . . . . . . . . . . . 06 09 48.24 ]71 03 10.5 3998 ^ 6 1 2(1) S0
Mrk 6 . . . . . . . . . . . 06 45 43.96 ]74 29 09.9 5640 ^ 10 4 1.5 SAB0]
NGC 2639 . . . . . . 08 40 03.12 ]50 23 10.2 3336 ^ 11 1 L SA(r)a
NGC 2992 . . . . . . 09 43 17.62 [14 05 42.9 2314 ^ 6 1 X Sa pec
NGC 3079 . . . . . . 09 58 35.01 ]55 55 15.5 1124 ^ 10 5 L SB(s)c
NGC 3504 . . . . . . 11 00 28.53 ]28 14 31.3 1534 ^ 2 6 SB SAB(s)ab
NGC 4151 . . . . . . 12 08 01.01 ]39 41 02.1 997 ^ 3 7 1.5 SAB(rs)ab
Mrk 231 . . . . . . . . 12 54 05.03 ]57 08 38.2 12650 ^ 20 8 1 SA(rs)c?
Mrk 668 . . . . . . . . 14 04 45.61 ]28 41 29.3 22957 ^ 40 9 1 . . .
NGC 5506 . . . . . . 14 10 39.14 [02 58 27.1 1815 ^ 9 1 2 Sa pec

NOTES.ÈProperties of the sources observed in this experiment. Coordinates mark the 21 cm continuum peak, not
necessarily the nucleus, at D2A resolution. Activity codes : 1.n \ Seyfert 1.n ; 2 \ Seyfert 2 ; 2(1) \ hidden Seyfert 1 ;
L \ LINER; SB \ starburst ; X \ narrow-line X-ray galaxy (see notes in the Appendix). Units of right ascension are
hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

a This research has made use of the NASA/IPAC Extragalactic Database (NED), which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration.

REFERENCES.È(1) de Vaucouleurs et al. 1991 ; (2) Brinks et al. 1997 ; (3) Nelson & Whittle 1995 ; (4) Meaburn,
Whitehead, & Pedlar 1989 ; (5) Irwin & Seaquist 1991 ; (6) Kenney, Carlstrom, & Young 1993 ; (7) Pedlar et al. 1993 ; (8)
Rigopoulou et al. 1996 ; (9) Huchra et al. 1990.



Absorption measurements
Absorption measurements

● t = –ln [( IC – IL)/IC)
● HI column density NHI 

= 1.83 1022 Ts ∫t(v) dv m-3 
 

Continuum + line

 Velocity v km s-1 

Line after subtraction

IL

IC

● See Gallimore et al. (1999) for more details



• Can be used to resolve the kinematic 
distance ambiguity (Urquhart et al. 2012)

Absorption measurements

1662 J. S. Urquhart et al.

Table 2 – continued

Field name Position (J2000) Continuum flux Source size
RA Dec. Peak Int. maj.×min. PA

(h m s) (d m s) (mJy) (mJy) (arcsec) (◦)

G339.9797− 00.5391 16:49:14.767 − 45:36:31.85 19.2 20.6 2.5 × 0.6 − 76
G340.2480− 00.3725 16:49:29.918 − 45:17:45.07 38.3 41.3 2.2 × 1.9 − 76
G340.2490− 00.0460 16:48:05.098 − 45:05:09.85 74.8 81.2 2.4 × 1.6 72
G344.2207− 00.5953 17:04:13.137 − 42:19:53.00 303.3 745.8 11.0 × 8.5 50
G344.4257+00.0451 17:02:09.575 − 41:46:44.47 460.2 1336.0 14.2 × 9.4 10
G345.0034− 00.2240 17:05:11.168 − 41:29:04.84 30.5 33.5 3.1 × 2.0 − 25
G345.4881+00.3148 17:04:28.006 − 40:46:20.97 448.8 790.1 8.2 × 6.4 7
G345.5472− 00.0801 17:06:19.353 − 40:57:52.97 36.3 34.6 0.0 × 0.0 0
G345.6495+00.0084 17:06:16.186 − 40:49:47.02 495.0 1251.0 11.6 × 8.6 − 49
G346.5235+00.0839 17:08:42.815 − 40:05:10.05 165.6 665.5 15.1 × 13.4 42
G347.2326+01.2633 17:06:01.947 − 38:48:35.28 54.9 60.9 2.9 × 2.4 − 22
G347.5998+00.2442 17:11:22.102 − 39:07:26.46 38.2 43.1 3.6 × 2.4 51
G348.5312− 00.9714 17:19:15.101 − 39:04:33.06 62.9 166.6 12.5 × 8.7 − 22
G348.6972− 01.0263 17:19:58.889 − 38:58:14.98 183.1 202.1 0.0 × 0.0 0
G348.7250− 01.0435 17:20:07.076 − 38:57:24.76 373.8 1139.0 20.0 × 5.4 − 84
G348.8922− 00.1787 17:16:59.926 − 38:19:22.90 119.9 231.7 9.8 × 5.8 − 27
G349.1055+00.1121 17:16:24.891 − 37:58:50.45 30.5 34.3 4.0 × 2.0 2

Figure 3. Source-averaged, high-resolution continuum-included H I spectra towards the H II regions observed with ATCA. The source velocity (vS), the
velocity of the tangent point (vT) and the position of the first absorption minimum (vA) are shown by the red, blue and green vertical lines, respectively. The
grey vertical band covers the velocity region 10 km s− 1 either side of the source velocity and is provided to give an indication of the uncertainty associated
with it due to streaming motions. The dotted horizontal line shows the 4σrms noise level determined from absorption-free parts of the spectra (see Section 2.3
for details). In the top and bottom panels, we provide examples of sources placed at the near and far distances, respectively. The full version of this figure is
available in the online version of the journal – see Supporting Information.

luminosity – the distance assignments will be discussed in the next
section. In the following two subsections, we test the reliability of
these results by comparing the distance solutions obtained for the
sources for which both high- and low-resolution data are available
and with distances assigned by previous studies reported in the
literature (see the last column of Table 3 for references).

3.1 Resolving the kinematic distance ambiguity

We have based our KDA resolutions for this sample of H II regions
on work presented by Kolpak et al. (2003). These authors measured
the source velocity (vS), the velocity of the tangent point (vT) and

the velocity of the highest velocity of absorption (vA) of a sample
of Northern hemisphere H II regions and found their sources fell
into two distinct groups; those where the vT − vS ≃ 0 and showed
no dependence on vT − vA, and those where vT − vS increases
with increasing vT − vA. These two groups are consistent with
expectations for H II regions located at the far and near distances,
respectively.

Using the Kolpak et al. (2003) method requires only measuring
the three velocities. Making the assumption that the H II region is
still embedded within its natal molecular cloud, we can use 13CO
emission to determine the source velocity (i.e. Urquhart et al. 2007b,
2008a). We determine the velocity of the tangent point using the
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Resolving KDAs towards H II regions 1657

Figure 1. Schematic of the KDA. The observer is at (0, 8.5) kpc, the line
of sight to the target is the solid straight line from this point. Near and far
distances are shown from a particular orbit, as is the tangent point at which
the radial velocity is just the total velocity. The solar circle is shown by
the large dashed circle, and the locus of the tangent points is shown by the
smaller dashed circle.

that source’s kinematic distance. The radial velocities can be found
from Doppler-shifted spectra emitted through the rotational transi-
tion of molecular lines such as from CO, CS or NH3, which can
be obtained relatively straightforward (e.g. Urquhart et al. 2007b,
2008a, 2011b).

While the source velocity measurement and distance determina-
tion in the outer Galaxy is simple, a problem arises when calculating
the kinematic distances of sources with Galactic radii less than that
of the Sun – inside the solar circle. Within the solar circle there
are two possible solutions for every radial velocity, corresponding
to two radial distances. These radial distances are equally spaced
on either side of the tangent point, one on the near side of the ob-
ject’s orbit and the other on the far side (see Fig. 1 for a schematic
diagram). Only sources actually located at the tangent point avoid
this ambiguity. This effect is known as the kinematic distance am-
biguity (KDA) and can result in luminosities being calculated with
values that are orders of magnitude in error. However, as young,
massive sources reach the main sequence whilst still embedded in
their natal molecular cloud, it is possible to resolve the KDA to these
sources.

There are a number of methods discussed in the literature that
can be applied to do this. For H II regions which have strong ra-
dio continuum emission, the basic principle behind solving their
KDA is that interstellar lines such as H2CO (formaldehyde; see e.g.
Downes et al. 1980; Araya et al. 2001, 2002) or neutral hydrogen
(H I; e.g. Kolpak et al. 2003) absorb the continuum free–free emis-
sion of the H II region. As radial velocities increase to a maximum
at the tangent point along any line of sight, interstellar absorption
at velocities higher than that of the H II region implies that the H II

region lies at the far distance. If, on the other hand, the radial veloc-
ities of the absorption lines are smaller than the object’s velocity,
then the object is located at the near distance. A measure of the
object’s radial velocity can be obtained using CO emission from
the surrounding cloud or radio recombination emission lines. This
method was used by Fish et al. (2003) and Kolpak et al. (2003) to
determine the distances to 20 and 49 UC H II regions, respectively.

A similar method using H110α radio recombination line emission
(for the object’s radial velocity) and H2CO absorption was used
by Araya et al. (2002), Watson et al. (2003) and Sewilo et al.
(2004).

For MYSOs which – by definition – do not yet have strong
radio free–free emission (see e.g. fig. 6 of Hoare et al. 2007), we
cannot use absorption against the target’s radio continuum emission.
Methods do exist that use H I self-absorption against any Galactic
background emission instead (e.g. Jackson et al. 2002; Busfield
et al. 2006), but these are much less certain (Anderson & Bania
2009).

The RMS survey has identified a sample of ∼1300 MYSO can-
didates and UC H II regions in approximately equal numbers and
located throughout the Galaxy. In this paper we focus on resolving
the KDA towards a large sample of UC H II regions (∼100) located
primarily in the fourth quadrant of the Galaxy using the method
described previously.

In the next section we briefly describe a set of targeted high-
resolution 21-cm radio observations towards ∼80 relatively bright
H II regions identified from our previous radio observations (i.e.
Urquhart et al. 2007a). We complement these high-resolution ob-
servations with lower resolution archival H I data extracted from
the Southern and VLA (Very Large Array) Galactic Plane surveys
(SGPS, McClure-Griffiths et al. 2005; VGPS, Stil et al. 2006, re-
spectively); an overview of these surveys is presented in Section 2.2.
In Section 3 we compare the velocity of the H I absorption seen in
the two data sets with molecular line data obtained towards the RMS
sources to resolve the kinematic distance ambiguities towards these
UC H II regions. We discuss the Galactic distribution of our sample
of young massive stars with respect to the positions of the spiral
arms and Galactic bar in Section 4. In Section 5 we summarize our
results and present our conclusions.

2 H I DATA

2.1 Compact array observations

2.1.1 Description of set up and procedures

Observations were made using the Australia Telescope Compact
Array (ATCA) between the 2008 January 24 and 28 (project code
C1772; Lumsden et al. 2007). The ATCA is located at the Paul Wild
Observatory, Narrabri, New South Wales, Australia, and consists of
6×22 m antennas, 5 of which lie on a 3 km east–west railway track
with the sixth antenna located 3 km farther west. This allows the
antennas to be positioned in several configurations with baselines
ranging in length from 30 metres up to 6 km.

A 6-km array configuration was used to achieve an effective
spatial resolution for our sources of about 10 arcsec at 21 cm. The
correlator was set up to make simultaneous continuum and spec-
tral line observations at 21 cm; the continuum observations used a
bandpass of 128 MHz centred at a frequency of 1384 MHz, while
the spectral line observations used 8 MHz of bandwidth with 512
spectral channels centred at 1422 MHz to detect H Iabsorption. With
an 8-MHz bandwidth and 512 channels, the spectral line observa-
tions provide a velocity range of approximately 1600 km s−1 with a
channel resolution of ∼3.3 km s−1.

In total, 69 fields were observed which include 85 compact H II

regions identified by the RMS survey. We have chosen targets in
the range 27–200 mJy to observe from the list of Urquhart et al.
(2007a). Fields were grouped by position into small blocks of be-
tween 8 and 10 sources; these were observed in snapshot mode,
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RNA precursor?

RNA 
precursor?

● Glycoaldehyde
● 2nd isomer

● GBT detection in 
Sgr B2
● Hollis+ 2004
● Sugar in space!

– Acetic acid is 
the 3rd isomer

      www.nrao.edu/pr/2004/coldsugar/www.nrao.edu/pr/2004/coldsugar/

• Glycoaldehyde 
• 2nd isomer 

• GBT detection in Sgr B2 
• Hollis+ 2004 
• Sugar in space! 

• Acetic acid is the 3rd isomer 
• Beer in space?
•

http://www.nrao.edu/pr/2004/coldsugar/
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The G305 Example
The G305 star-forming complex 1439

Figure 1. Wide-field three-colour image [8 µm (red), 4.5 µm (green) and 3.6 µm (blue)] GLIMPSE image of the G305 complex, with the positions of Danks
1 and 2 overplotted with boxes. Our scan area is shown by light grey boxes.

be the driving force behind the central diffuse H II region (Clark &
Porter 2004).

Here, we report on our first observations of NH3 (1,1), (2,2), (3,3)
and the 22 GHz H2O maser line, using the Mopra radio telescope.
Previous imaging of G305 by the H2O Southern Galactic Plane
Survey (HOPS) (Walsh et al. 2008) has revealed the presence of
NH3 hotspots in G305, but lacked the depth to trace less massive
clumps and moderate column densities. Using NH3 which has an
effective critical density of 104–105 cm−3 (Ho & Townes 1983),
we are able to trace the dense gas structure of the region. Surveys
of such dense regions are critical to relating the properties of the
molecular gas to the star-forming properties of the cloud. We intend
to make use of these low-resolution NH3 maps as a pathfinder for
future high-resolution interferometric observations. We also report
the positions of 22 GHz H2O maser emission, which have been
shown to be good tracers of the early stages of low- and high-mass
star formation (Furuya 2003). In high-mass young stellar objects
(YSOs), H2O masers have been found to be associated with hot
molecular cores, molecular outflows and jets. H2O maser emission
is believed to highlight an evolutionary phase before the onset of a
UC H II region around an embedded star (Furuya 2003). In low-mass
YSOs, H2O masers are found to be associated with predominantly
Class 0 YSOs and in excited shocks of protostellar jets in the vicinity
of the star. Thus, they are an excellent signpost of the early stages
of star formation.

In Section 2, we present details of the observations and the
data reduction processes. In Section 3, we present our obser-

vational results and derive basic parameters. Section 4 presents
our discussion and in Section 5 we present a summary of our
results.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N
PROCEDURES

Observations were made using the Australia Telescope National
Facility (ATNF) telescope Mopra. This is a 22-m antenna located
26 km outside the town of Coonabarrabran in New South Wales at
an elevation of 866 m above the sea level and at a latitude of 31◦

south.
The telescope is equipped with a 12 mm receiver with a frequency

range of 16 to 27.5 GHz. The UNSW Mopra spectrometer (MOPS)
is made up of four 2.2 GHz bands which overlap slightly to provide
8 GHz continuous bandwidth. The Mopra spectrometer has two
possible modes, narrow and broadband modes. The narrow band or
‘zoom’ mode of MOPS was used and this allowed us to observe
16 spectra simultaneously, with a bandwidth of 137.5 MHz over
4096 channels in each zoom window. This gives a channel spacing
of 34 kHz, corresponding to a velocity resolution of ∼ 0.4 km s−1

at 24 GHz. We set our zoom windows to match those used in the
HOPS survey [see table 1 in Walsh et al. (2008) for details of
targeted lines]. Our line detections are summarized in Table 1. In
this paper, we focus upon the analysis of the NH3 and H2O maser
detections. We postpone the analysis of the remaining detections
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CO observations
• The most abundant molecule after H2  

• Critical density of ~102 cm-3 traces the lower density global gas content 

• Rotational mode leads to emission at ~110 GHz 

• Observations of multiple CO lines allows physical properties to be 
determined 

• 12CO, 13CO, C18O 

• The following data can be obtained at: 

• wget ftp://star-ftp.herts.ac.uk/pub/Hindson/
SpectraLine_Examples.tar.gz --no-passive-ftp



CO results

The G305 star-forming complex 5

3 RESULTS & ANALYSIS

3.1 Molecular gas towards G305

The observations of CO towards G305 reveal a complex and
clumpy molecular environment with a range of spatial scales of
both interconnected and isolated molecular gas typical of GMCs
(Fig. 2). To describe these various scales of emission we define the
emission in terms of clouds (3–20 pc), clumps (0.5–3 pc) and cores
( 0.5 pc). Molecular gas is concentrated in four large clouds, cor-
responding to large molecular clouds detected in NH3 (Hindson
et al. 2010), to the (Galactic) north, south and east of the central
cavity. In the top panel of Fig. 2 we present a three colour compos-
ite image of 12CO, 13CO and C18O in red, green and blue respec-
tively. The 12CO emission has the lowest excitation level and so
traces the lowest density gas whilst 13CO and C18O reveal denser
gas. Figure 2 reveals a number of dense clouds embedded within
low-density gas, which connects the northern and southern lobes in
the west of the complex.

We utilise the GLIMPSE 5.8µm mid-infrared band to high-
light the photo-dominated region (PDR) which reveals the thin
boundary between the ionised and neutral gas in G305 where UV
photons are able to penetrate the surface of the molecular gas
and excite polycyclic aromatic hydrocarbons (PAHs) into emission
(Rathborne et al. 2002). Comparison between CO and 5.8µm emis-
sion allows us to speculate as to the relationship between the molec-
ular gas and the PDR. Figure 2 reveals that the molecular material is
coincident with the PDR located at the interface between the molec-
ular and ionised gas surrounding the central cavity of G305 (Fig. 2
bottom panel). The central cavity is bound to the north by two large
molecular clouds, to the south by a lobe of dense molecular gas and
to the west by a tenuous strip of gas. The cores of the molecular
emission within these clouds lie behind the leading edge of the PDR
indicating that the interior of the molecular clouds are being e↵ec-
tively shielded from ionising radiation. A gradient in the molecular
emission brightness temperature is clearly visible in a number of
regions sloping away from the PDR and ionising sources. This sug-
gests that the molecular material close to the cavity has been swept
up and compressed into a dense layer. Conversely there are a num-
ber of regions in which the molecular material appears to be in the
process of being dispersed or destroyed such as between the two
molecular clouds in the north, several sites along the southern lobe
and most noticeably toward the east. We discuss the morphology of
the molecular gas in more detail and present more detailed figures
in Section 4.1.

The mean central velocity of the CO emission presented here
and NH3 emission presented in Hindson et al. (2010) are in good
agreement at �36.6 and �37.4 km s�1 respectively confirming they
trace the same material. However, the higher spatial and velocity
resolution of the CO observations resolve multiple clumps within
the bounds of the NH3 clouds as expected. We argue that the G305
complex is most likely flattened in the plane of the sky rather than
spherically symmetric. First, there is very little molecular emis-
sion projected towards the centre of the complex at any velocity,
which excludes the spherical shell hypothesis. Second from the
channel map (Fig. 3) we can see that the velocity distribution of
molecular gas is not spherical. The clouds of molecular gas to the
north and south of the central cavity are at approximately �41 and
�30 km s�1, respectively. The northern clouds of gas are approach-
ing > 10 km s�1 faster than the southern clouds (Fig. 3). This ve-
locity gradient across the complex could be driven by expansion
or shearing motion and indicates that G305 is not being viewed
straight on but projected at an angle. To explore the morphology

Figure 2. Top: Three colour composite image of the 12CO, 13CO and
C18O J = 1–0 emission towards G305 in red, green and blue respectively.
Each image has been integrated between a velocity range of �50.6 and
�24.9 km s�1. The Mopra beam is shown in the top-left by a 3600 black
circle. Bottom: 13CO contours in blue are presented over a Glimpse 5.8µm
grey scale background. Contours begin at 7 K km s�1 and then increment
by 5 K km s�1 from 10 to 35 K km s�1. Note that the bottom figure covers a
smaller field-of-view, excluding the isolated emission to the north-east.

further we consider the PDR. If we assume the complex is a flat-
tened sphere viewed face on with no inclination we would expect
to see a clear boundary between the PAH and molecular emission.
If the orientation of G305 is at some inclination angle we would
expect the PAH and molecular emission to be superimposed upon
each other. We find both instances exist within G305; the north-east
region has PAH emission projected onto the face of the molecular
emission whilst the north-west has a clear boundary and the south-
west exhibits a mixture of the two. We conclude that the molecular
gas in G305 is distributed in a complex three-dimensional structure
with non-uniform orientation.

The bulk of molecular emission is found around the central
cavity but we also detect a number of isolated clumps of molecular
emission located away from the cavity boundary. This includes the
isolated mid-infrared core in the far north-west (G304.93+0.55),

c� 2010 RAS, MNRAS 000, 1–??

• Identified 57 clumps 
• Tkin: ~12−21 K 
• Sizes: 0.6 – 2.8 pc 
• Mass: 100 – 1.6x104 M⊙  
• Total mass:  ~3x105 M⊙  

• Hindson et al. (2013)

12CO contours indicate the presence of molecular gas in 
G305 surrounding the central cavity
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3-D visualisation
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Figure 4.17: Three-dimensional render of the PPV 12CO cube. Left panel shows a face on
orientation with red, blue and green surface contours are at 6, 9 and 12 K. The right hand panel

shows the same render from a rotated viewing angle.

Chapter 4. Wide-area molecular mapping of NH3 and H2O masers 115

Figure 4.17: Three-dimensional render of the PPV 12CO cube. Left panel shows a face on
orientation with red, blue and green surface contours are at 6, 9 and 12 K. The right hand panel

shows the same render from a rotated viewing angle.

3-D viewers such as Gaia provide a way to search for velocity structures in a cube



Outflow candidates
• Star formation leads to 

outflows of material 

• This can be seen if it is 
orientated along the 
lone of sight 

• Position Velocity (PV) 
diagrams can be used 
to explore the velocity 
structure 

• Direct indicator of 
ongoing star formation

Chapter 4. Wide-area molecular mapping of NH3 and H2O masers 132

(c) East

(d) South West

Figure 4.25: continued.



Ammonia
Radio 

transitions
● Complex molecules 

have more, close 
transitions

● NH3 'symmetric top'
● Spin states split lines

● Many transitions 
around 24 GHz

● Useful thermometer
● Energy subdivided 

between states
● Weaker individual 

transitions Wilson+1993

• NH3 is my favourite molecule! 
• Traces dense gas >104 cm-3 

• Represents the reservoir for future star 
formation 

• Quantum tunnelling allows the Nitrogen to 
travel through the plane of the hydrogen atoms 

• Hyperfine splitting leads to a characteristic 
multi-peaked spectra 

• Can determine the optical depth and 
temperature using the multi-peaked spectra



Ammonia1444 L. Hindson et al.

Figure 3. Clump-averaged spectra of the 15 NH3 clumps towards G305. Clumps have been integrated spatially over the clump area defined by FELLWALKER,
and spectra have been Hanning smoothed to provide a sensitivity of ∼0.01 K per ∼0.8 km s−1 channel. Hyperfine fitting is applied to the (1,1) emission and
Gaussian fitting is applied to the (2,2), shown as red overplots.
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Figure 4.5: Contour map of the peak temperature NH3 (1,1), (2,2) and (3,3) emission towards
G305 in green, red and yellow contours respectively. Emission is over-plotted onto a GLIMPSE
5.8 µm (greyscale) image. Detected H2O masers are shown by blue circles centered on black
crosses. The boundaries defined by FELLWALKER are shown by a grey outline and numbered
according to Table 4.4. All contours begin at 0.15 K and increment by 0.1 K, the noise in the
map is 0.06 K. The Mopra beam at 23.694 GHz (13600) is presented in the top right. Following
the nomenclature presented in Chapter 2 the complex is separated into four sub-regions with

grey boxes.

4.5.3 NH3 results

A total of 15 NH3 (1,1) clumps are identified, 12 of which are associated with (2,2) emission

and a further 6 exhibit (3,3) emission (Tables 4.4, 4.5, 4.6 and Fig. 4.5). NH3 emission is found

between �65.0 and �10.0 km s�1 with the peak emission occurring at �36.6 km s�1. This very

large velocity range is due to the hyperfine nature of the NH3 spectrum.

• Tkin: ~21−31 K 
• Size: < 2.6 − 10.1 pc 
• Mass : 3 − 122×103  M⊙  

• Total Mass :  ~ 6×105 M⊙  
• Hindson et al (2010)

• 15 x NH3 (1,1) 
• 12 x NH3 (2,2)  
• 6 x NH3(3,3)   
• 16 H2O masers



Masers
• There ≳ 16 maser species   
• Occur in different 

environments 
• coherent velocity, high 

density 
• H2O masers occur in star 

forming regions 
• Very bright 
• Multi-peaked spectrum 

caused by the different 
velocities of the gain 
medium



Putting it all together
• CO traces low density gas, NH3 traces high density gas, H2O masers 

trace star formation 

• Together we can build up a picture of the environment and star 
formation in G305

12CO 
5.5 GHz 
NH3

Various star formation tracers including H2O 
masers (green crosses)



Summary
• We have looked at spectral line science in a mostly 

Galactic context 

• A wide range of spectral lines probe varied 
environments 

• Continuum and spectral line observations give 
complimentary information 

• Questions?


