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ABSTRACT

We have undertaken a Parkes ammonia spectral line study, in the lowest two inver-
sion transitions, of southern massive star formation regions, including young massive
candidate protostars, with the aim of characterising the earliest stages of massive star
formation. 138 sources from the submillimetre continuum emission studies of Hill et al.

were found to have robust (1,1) detections, including two sources with two velocity
components, and 102 in the (2,2) transition.

We determine the ammonia line properties of the sources: linewidth, flux density,
kinetic temperature, NH3 column density and opacity, and revisit our SED modelling
procedure to derive the mass for 52 of the sources. By combining the continuum emis-
sion information with ammonia observations we substantially constrain the physical
properties of the high-mass clumps. There is clear complementarity between ammonia
and continuum observations for derivations of physical parameters.

The MM-only class, identified in the continuum studies of Hill et al., display
smaller sizes, mass and velocity dispersion and/or turbulence than star-forming
clumps, suggesting a quiescent prestellar stage and/or the formation of less massive
stars.

Key words: line: profiles – stars: formation – stars: fundamental parameters – stars:
early-type – ISM: molecules – masers.

1 INTRODUCTION

Massive stars are dynamical and enigmatic powerhouses
that shape and drive both their local stellar neighbour-
hood and the ecology and evolution of their host galaxy.
Despite this heavy influence, the formation and evolution
of a massive star is not well understood. Particularly per-
plexing are the earliest evolutionary stages of massive star
formation (MSF). The difficulty lies in the unambiguous de-
tection, identification and characterisation of these stages,
snapshots of which are difficult to obtain as a result of the
general rarity of candidates and the rapidity of their evolu-
tion (Garay & Lizano 1999).

Whether or not massive stars are scaled-up analogs
of low-mass stars is still uncertain. Massive stars exert
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considerable radiative pressure on the surrounding dust
and gas, which in principle could halt and reverse spher-
ical infall of the collapsing protostar. Therefore, a ‘sim-
ple’ scaled-up version of low mass star formation is in-
sufficient for massive stars. There are a number of dif-
ferent approaches to address this dilemma as outlined in
the reviews by Evans et al. (2002); Menten et al. (2005);
Zinnecker & Yorke (2007); Beuther et al. (2007).

As their sophistication increases numerical simulations
in two and three dimensions show that the radiation pres-
sure problems associated with spherical symmetry can be
overcome (e.g. Krumholz et al. 2009). It is still not clear
however, whether the bulk of the mass that finally ends up
on the massive star comes from the monolithic collapse of
a single dense core (e.g. McKee & Tan 2003) or is accreted
from surrounding lower density gas which is funneled to the



Background 
•  Formation/evolution of HMS not well 

understood.
– especially the earliest stages

•  Difficulty in unambiguous identification & 
characterisation of these phases.

•  Natal molecular cloud expected to be:
–   dense, massive and cold
– detectable only at (sub)mm wavelengths

•  Initial protostar is:
– massive, cool, low luminosity
– evolution sees increase in mass, temp, luminosity



Cold Core Search 
•  Hill et al (2005) SIMBA survey (1.2mm)
– Target methanol maser & UC HII regions
–  Identified ‘mm-only’ cores
– Proposed evolutionary phase.

•  mm-only cores
– Assoc. with water masers (Breen et al)
– Hyper compact HII regions?

•  Different phases of SF traced by different 
objects:
– Masers (CH3OH, H2O), UC HII, HC HII?
–  i.e. indicative of evolutionary phase?



Characterising Protostars 
•  Luminosity, mass, temperature are 

fundamental physical attributes
– Use to characterise nature/evolutionary status
– Similarly as for low mass stars (Andre et al.)

•  Temperature places constraints on
– Chemical composition of core
•  Which species present

– Size and type of grains that form
•  Properties derived from SED modelling.



SED Modelling 
•  Using Bayesian Inference 
– Considers potential correlations between parameters
– Produce quantitative range of validity of parameters
– Probability of occurrence of each parameter
•  Not just the best parameter

– Systematic sampling in reasonable period
– Radiative transfer on limited data results in 

degeneracies
•  Modelled a two-component blackbody
– central warm core surrounded by cold dust envelope.
– Hot component radiates as blackbody
– Cold component from optically thin emission.



BC: Before Ammonia 
•  Hill et al. (2009)
– Fit SED models to sample of 180 sources
•  Representing diff. stages of evolution

– SIMBA (Hill05), SCUBA (Hill06), MSX, IRAS
– 2-component or single
– Only works well if observational data well 

constrained.
•  i.e. well sample in wavelength space.

– Extract temperature, mass, luminosity
– Mm-only appear to be younger, colder examples 

of HMSF
•  Early stage protostars? 

    



Parkes Ammonia Obs. 
(Hill et al. 2010) 

•  NH3 (1-1) and (2-2)
– simultaneous 

•  New K-band receiver
–  16-26GHz

•  55m dish at 23GHz
•  5min on source
•  244 sources
•  Position switch mode
•  Reduced with ASAP, fit with CLASS



Ammonia (NH3) 
•  Excellent molec. cloud thermometer
– Kinetic/rotational temperature.

•  Readily detectable in quiescent clouds & low-
luminosity regions
–  i.e. birthplace of HMS

•  Probe high-density gas
•  Resilient to depletion (as opposed to CS) 
•  Five-fingers give optical depth info.
•  Gives density & molecular abundance
•  Physical parameters: linewidth, VLSR , column 

density and virial mass.



Constraining Protostars 
Linewidth 

•  Indicator of evolution - Sridharan et al.(2005) 
•  Larger for UC HII (Churchwell et al. 1990)
•  mm-only narrower linewidth than maser & UC HII

•  Masers trace that of the whole sample
– Masers ubiquitous tracers of SF

•  NH3 (1,1) and (2,2) from same gas
– Similar linewidths 
– Broader NH3(2,2) linewidths could be interpreted as 

internal heating
•  Thermal linewidths indicates turbulence is clearly 

dominating for all sources



10 T. Hill et al.

0.0

0.5

1.0

 0  5  10
0.0

0.5

1.0

 

C
um

ul
at

iv
e 

fra
ct

io
n

Linewidth [km/s]

C
um

ul
at

iv
e 

fra
ct

io
n

R+M+MR
R

M
MR

MM−only

NH3 (1,1)

NH3 (2,2)

−2  0  2
0.0

0.5

1.0

Linewidth difference (2,2) − (1,1) [km/s]

C
um

ul
at

iv
e 

fra
ct

io
n

Figure 2. Cumulative distribution of the NH3(1,1) (top) and
NH3(2,2) (middle) linewidths of the sample. Key is as on plot.
There is a slight offset between the (1,1) and (2,2) transitions.

of source as an indication of evolutionary status, with more
quiescent and less evolved cores having smaller linewidths.

The cumulative distribution plots of the NH3(1,1) and
NH3(2,2) linewidth (see Fig. 2), with respect to the class
of source in the sample, confirms that the MM-only sources
have the narrowest linewidths of the sample. Class R sources
are confined to a small region of the linewidth parameter
space which may simply reflect the small number of sources
in this sample (see Table 4). For both the NH3(1,1) and
(2,2) distributions, the maser sample traces that of the sam-
ple with active star formation (class M+MR+R) indicating
that masers are ubiquitous tracers of massive star forma-
tion. Class MR sources have the broadest linewidths of the
sample, given that they have two indicators of active star
formation they could potentially be warmer and/or more
evolved.

To test the hypothesis that two, or more, classes

of source are drawn from the sample parent population,
Kolmogorov-Smirnov (KS) tests were performed. For both
the (1,1) and (2,2) transition, the KS-tests for the individual
classes were inconclusive which is likely due to the low num-
ber of sources in the individual samples of active sources (M,
MR and R). When comparing the MM-only sample (class
MM) with the star formation sample (class M+MR+R), the
statistics become significant enough to perform robust KS
tests. The null hypothesis, that the samples are drawn from
the same population, can clearly be rejected when compar-
ing the MM-only sample (class MM) with the star formation
sample (class M+MR+R) - see full red and dotted black
line in Fig. 2. This results holds for both the (1,1) and (2,2)
transition, with probabilities smaller than 10−3 and 7×10−5,
respectively.

As the NH3(1,1) and (2,2) transition are expected to
be emitted from the same gas, we would then expect that
they display similar linewidths. The top two panels of Fig-
ure 2 suggest that there is a slight increase in linewidth with
an increase in the NH3 transition. Note that the NH3(1,1)
plot includes all sources, whilst the NH3(2,2) plot includes
sources with a Rel. Group equal to 1 or 2, as Group 3 sources
have only upper limits for this transition. This result is in
agreement with Pillai et al. (2006) who also found that for
some of their IRDCs the (2,2) linewidths were slightly larger
than the (1,1) linewidths, which they interpreted to mean
that each transition was not exactly tracing the same gas.
Broader NH3(2,2) linewidths, with respect to the NH3(1,1)
linewidth, could be interpreted as internal heating, but fur-
ther (mapping) observations of these sources are necessary
to examine this.

The bottom panel of Figure 2 is a plot of the difference
between the NH3(1,1) and (2,2) linewidth. This panel places
the top and middle panel in context, indicating that approx-
imately half of the sources have broader (2,2) linewidths and
the other half have less broad line widths compared with the
NH3(1,1) transition. This panel also clearly shows that each
of the classes of source have comparable (2,2) versus (1,1)
linewidths. If we refer to the sources for which we have ro-
bust detections (i.e. a Rel. Group equal to 1 or 2), the (2,2)
linewidths can vary from -2.0 to 2.5 kms−1 broader than the
(1,1) transition with a median and mean of 0.0 kms−1.

For the 45 per cent of sources with NH3(1,1) linewidths
broader than the (2,2) transition, the (2,2) linewidth is 50 to
99 per cent that of the width of the (1,1) transition, with a
median of 90 per cent of the (1,1) linewidth. The small differ-
ence in linewidth ensures that we can use the two transitions
to determine the temperature of the cores.

Thermal linewidths range from 0.1 to 0.4 kms−1 with
a median of 0.2 kms−1, as calculated from the NH3 derived
kinetic temperature. The turbulence is clearly dominating
for all sources, including the MM-only where the linewidth
is the smallest.

4.2 Optical Depth τ

The optical depth of the sample ranges from 0.1 to 3.8 for
the NH3(1,1) transition and from 0.1 to 9.4 for the (2,2)
transition. We caution however that this lower limit is sim-
ply the minimum value for optical depth as determined from
CLASS, and should simply be interpreted as optically-thin
emission. The median optical depth of the NH3(1,1) is 1.4

Constraining Protostars 
Linewidth 



Constraining Protostars: 
•  Optical Depth: not different between classes.
•  Column Density: not very different 11

compared with 0.1 for the (2,2) transition. These optical
depth values are consistent with Longmore et al. (2007) who
found that the majority of their maser sources have optical
depths between 0.3 and 5. There is no obvious difference in
the optical depth between the different classes of source for
either of the NH3 transitions. Only 22 per cent of sources
observed in both (1,1) and (2,2) have greater optical depths
for the (2,2) transition.

4.3 VLSR

The VLSR of the sample ranges from -87.8 to 113kms−1.
There are no trends between the source VLSR and type of
source in the sample.

4.4 Flux Density

The NH3(1,1) flux density of the sample ranges from 0.3
to 11.60 Jy/beam, both of which are MM-only sources, with
a median of 2.4 Jy/beam. The different classes of source in
the sample display a similar range of flux. Class M, MM and
MR have similar median flux density values of 2.5 Jy/beam,
whilst class R have a median flux of 1.6 Jy/beam, though the
sample of active star formation sources (class M, MR and
R) has a median value of 2.4 Jy/beam. For nine sources, the
flux density of the (2,2) transition is greater than that of the
(1,1) – see section 3.3.

For the NH3(2,2) transition the flux density of the
sample ranges from 0.3 to 6.4 Jy/beam, with a median of
1.2 Jy/beam. Each of the four classes of source display simi-
lar flux ranges for this transition. The median NH3(2,2) flux
density of each class suggests that the MM-only sources are
not as bright as the other classes of source. We caution how-
ever that this difference is small. The NH3(2,2) flux density
of the MM-only cores is 75 per cent that of the sample with
active star formation.

Cumulative distributions and Komolgorov-Smirnov
(KS) tests indicate that there is little difference between
each of the classes in terms of their flux density.

The peak line intensity of the NH3(2,2) transition for
our sources is on average 40 per cent that of the (1,1) tran-
sition (excluding the nine sources which have greater (2,2)
flux densities). This ratio is in excellent agreement with
Pillai et al. (2006) who also find that for their sample of
IRDCs, the peak intensity of the (2,2) is 40 per cent that of
the (1,1).

4.5 Kinetic Temperature Tkin

The kinetic temperature of the sample ranges from 9.0 to
98.0 K, with a median of 20 K. Despite such a large temper-
ature range, only 22 per cent of sources have temperatures
greater than 30 K, whilst only 6 per cent have temperatures
in excess of 50K. 78 per cent of sources are cooler than
30 K. As discussed in section 3.2 and 5.3, the lower transi-
tion (1,1) and (2,2) NH3 data are useful as a thermometer
when the temperature is less than 30 K (Danby et al. 1988).
When the temperature is greater than this, these transi-
tions can not support accurate temperature determinations.
Tafalla et al. (2004) are more conservative and suggest that
NH3(1,1) and (2,2) actually poorly constrain temperatures
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Figure 3. Cumulative distribution of the column density of the
different classes in the sample. Key is on the plot.

greater than 20K. However, our method of modelling, i.e.,
Bayesian inference, factors in the larger error bars for ill con-
strained temperatures, when deriving masses from SEDs -
see section 5.2.2.

The MM-only sources are cooler on average than each
of the individual classes comprising maser and/or radio con-
tinuum associations as well as the sample of active star for-
mation (class M+MR+R) - see Table 5. The cumulative
distribution plot of the temperature is discussed in detail in
section 5.1.

Pillai et al. (2006) found that the temperature of their
IRDC sample range from 11–17 K, whilst Churchwell et al.
(1990) find approximately half of their UC HII sample to
range between 15 and 25K and the other half to have tem-
peratures in excess of 25 K.

4.6 Total Column Density

The total column density of the sources, derived from
both the NH3(1,1) and (2,2) transitions, ranges from 0.3
to 15.7×1014 cm−2, with a median column density of
2.8×1014 cm−2. Figure 3 presents the cumulative distribu-
tion plot of the column density. The radio sample (class R)
has the lowest column density on average compared with the
other classes – see Table 5.

4.7 Correlations

Cross-correlating each of the parameters discussed in the
aforementioned sections reveals very few trends and thus
relationships between them. There is a slight correlation be-
tween the flux and the optical depth of a sources, with an
increase in flux translating to an increase in the optical depth
of the source.

Both Longmore et al. (2008) and Pillai et al. (2006)
found that the NH3(1,1) linewidth and kinetic temperature
of a sources are correlated, with an increase in one leading
to an increase in the other. Longmore et al. (2008) found
that when they compared these two parameters, the NH3-
only cores of their sample – those without methanol maser
associations – were confined to a small and distinct region
in the plot, which was clearly separate from the parameter



Constraining Protostars 
Temperature 

•  Median is 20K
– NH3 (1,1) & (2,2) reliable up to 30K.

•  mm-only cooler on average
•  Pillai et al. (2006) found for IRDCs  11–17 K
•  Churchwell et al. (1990) find half of their UC 

HII sample to range between 15 and 25 K and 
the other half to have temperatures > 25K.



•  180 sources
•  Fit for 4 free parameters: Thot, Rhot,Tcold, Mcold

•  Absence of FIR data, where the peak of the 
dust emission lies, hinders accurate 
determinations of the source temperature.

•  The mass and luminosity of a source are highly 
correlated with the temperature, thus 
assessing the evolutionary status of a source 
from SED fitting alone is difficult

Previous SED Modelling 
Hill et al. (2009) 



SED modelling using NH3 
•  NH3 provides a more accurate and 

independent determination of the temperature15
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Figure 5. The probability curves of one source (G10.288–0.127, corresponding to the bottom row of Fig. 1 Hill et al. 2009) comparing
the two SED methods. The black line indicates the probability curve corresponding to a SED fit temperature (Hill et al. 2009) whilst
the red probability curve is indicative of the probability when the temperature is fixed using the ammonia derived Tkin. As can be seen,
constraints on the temperature translate as tighter probability curves for parameters resulting from SED modelling, i.e., mass.

the kinetic temperature derived from NH3 is large, the con-
straints from the SED fitting and the NH3 analysis are very
complementary. SED modelling provides good constraints
on the upper limit of the temperature when the ammonia
data are ill-constrained due to the absence of higher tran-
sitions (see section 3.2). On the other hand, NH3 provides
good constraints on the lower limit to the temperature when
the ambiguities from SED modelling become very large.

Comparison of the temperature-fit probability curves
(Hill et al. 2009) with those of the probability curves pro-
duced here, indicates that, in most instances, the mass prob-
ability peaks in the same place for both methods. In all in-
stances, the probability curve of the mass for each individual
source is more tightly constrained using the NH3 tempera-
tures, as is demonstrated in Fig. 5.

The cumulative distribution plot of the temperature
(Fig. 6, left) suggests that class MM sources are slightly
cooler than the other classes of source. This difference re-
flects the fact that 9 of the 11 sources in Rel. Group 3,
and thus sources with upper limits, are MM-only sources
which effectively add a ‘bump’ to the MM-only curve at low
temperatures. However, the difference between the MM-only
sources and those with signatures of massive star formation
is not statistically significant, with a KS test probability of
0.4. If we do not include the sources in Rel. Group 3, the
distribution of the temperature shows little distinction be-
tween the different classes of source in the sample for this
parameter with a KS probability of 0.98.

The cumulative distribution plot of the mass (Fig. 6,
middle) indicates that the MM-only sources are the least
massive of the sample, whilst class MR are the most massive.
The difference in the mass is more significant than for the
temperature, though the KS test, with a probability of 0.08,
does not allow us to rule on the null hypothesis that MM-
only sources are drawn from the same population as that
star formation sources. This is likely a result of the relatively
small number of sources modelled.

The cumulative distribution plot of the luminosity
(Fig. 6, right) reveals the MM-only sources to be marginally
less luminous than the other classes of source, which is not
surprising given that the mass and luminosity are correlated
and the temperature of the sources is slightly smaller.

5.4 Luminosity vs Mass Diagram

As per Hill et al. (2009), we have drawn a luminosity vs.
mass (hereafter M − L diagram) diagram for the sources
which we have re-modelled with SEDs. André et al. (2000)
proposed that the M − L diagram was a useful diagnostic
tool for class 0 and class I low-mass protostars, which pro-
vides insight into a source’s evolutionary status. Hill et al.
(2009) showed that care should be taken with interpretation
of M − L diagrams drawn from SEDs.

Due to the low number of sources which were re-
modelled in each class of source, little distinction can be
discerned for the different classes of source nor can proposed
evolutionary tracks be drawn from this diagram. The M −L
diagram can be found in Figure 7.

5.5 Determining a mass for NH3 sources not SED
modelled

Of the 138 sources deemed to have good NH3(1,1) fits re-
liable kinetic temperatures were derived for 128 (see sec-
tion 3.3). Of these 128 only 52 NH3 sources were originally
SED modelled by us. Consequently, only 52 NH3 sources
have enough information to draw spectral energy distribu-
tions and determine their mass.

Assuming that the NH3 temperature is equiva-
lent to that of the dust temperature (Li et al. 2003;
Schnee & Sargent 2007), we can estimate the mass of the
remaining sources which have reliable NH3 and millimetre
continuum data. Here we ignore sources which are lacking
millimetre continuum or distance information.

•  Comparison of old and new SED modelling
•  Black=old prob, temp fit for. Red= SED, temp. as derived 

from NH3. Source has limited sampling of SED



Results   
•  Accurate temperatures necessary for 

accurate mass derivations.
16 T. Hill et al.
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Figure 6. Cumulative distributions for the SIMBA sources that were re-modelled with SEDs using their NH3 temperature. The key on
the left plot indicates the different classes of source in the sample. left: distribution of temperature. middle: distribution of mass. right:
distribution of luminosity.
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Figure 7. Mass-Luminosity diagram for the different classes of
source in the sample. Each of the points represents the median
value (i.e. the values at which the cumulative probability distri-
bution is 0.5) of the mass and luminosity of the individual sources
(green cross: mm, red plus sign: m, blue triangles:mr and pink cir-
cles: r). The contour levels represent the regions enclosing 68 per
cent of the Bayesian probability for a given class of sources (green
full line: mm, red dashed line: m, blue dot-dash line: mr and pink
dot-dot-dash line: r). The full and dashed straight lines depict
the M = L and M = L0.6 relations, respectively. The same figure
can be found in Hill et al. (2009, Fig. 3) for sources which were
previously SED modelled.

The 65 NH3 sources for which we derive a mass from
their NH3 temperature, according to the procedure outlined
in section 4.1, and equation 1, of Hill et al. (2005), are pre-
sented in Table 7. Sources which have reliable temperature
information and an estimate of the error associated with the
temperature have both a minimum and maximum estima-
tion of the mass in columns 3 and 4. Those sources for which
a mass was derived from an upper limit temperature value
do not have a temperature range and are lacking values in
these columns. These masses should be treated with caution
and are an estimate of the mass only.

Though the mass drawn from this method is derived
solely from the millimetre continuum flux, rather than a

SED sampled at various wavelengths, it provides a useful
approximation to the source mass in the absence of fur-
ther data. Hill et al. (2005) showed that the contribution
of free-free emission to the millimetre flux is expected to be
negligible compared with the dust emission. We recognise
the potential for contributions from free-free emission that
may be missed from the interferometric survey (Walsh et al.
1998) used to draw these conclusions and we caution inter-
pretation of these results (cf. Longmore et al. 2009).

6 DISCUSSION

6.1 Physical properties of the clumps

Previous work has shown the MM-only cores of our sam-
ple to be excellent candidates for young massive protostars.
Their characteristic physical properties, such as tempera-
ture and mass, suggested that these objects are indicative
of the earliest stages of massive star formation. These con-
clusions, which were drawn from (sub)millimetre continuum
emission observations and spectral energy distribution mod-
elling, are not without their caveats. SED modelling is sub-
ject to ambiguities and is heavily reliant on well constrained
temperatures in order to produce a reliable mass estimate.
In addition, it is not yet known whether the MM-only core
is indeed forming massive stars.

Using the kinetic temperatures as derived from this NH3

line study, we are now in a position to ascertain which phys-
ical properties of the MM-only cores are similar to those
of sources with known star formation activity, and which
physical properties differ.

Analysis, in the previous sections, has revealed the MM-
only class to have smaller NH3 linewidths on average than
class M, MR and R - those sources with a methanol maser
and/or radio continuum association. This is true for both
ammonia transitions. SED modelling, using the Bayesian
inference method, in conjunction with well constrained ki-
netic temperatures, as derived from ammonia, reveals the
MM-only cores to be the least massive of the sample.

Interestingly, class MM sources display many similar-
ities in the distributions of the other physical parameters



Usefulness of NH3 

•  Constrains 
– SED modelling
– Resultant parameters
•  Luminosity, mass, temperature

– Understanding of sources
– Evolutionary State.

•  Puts us in a position to better position to 
understand HMSF

•  NH3 and continuum observations provide 
complementary constraints


