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Overview of CHaMP

Started in 2002 with Nanten maps, first demographic approach to 
massive SF
Unbiased Mopra survey of all massive clumps in 120 deg2, simulta-
neous imaging in 35 species: 86–93 GHz (data collection 2004–07) and 
107–115 GHz (2009–2015)
Resolution 37” = high spatial dynamic range, and high sensitivity 
0.3–0.4 K in 0.1 km/s channels
Follow-up work with AAT, Gemini-S, SOFIA, archival data
Published data available
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Results to date
Yonekura et al 2005: first Nanten mapping of 𝜂 Carinae GMC and cores
Barnes et al 2010: discovery of massive global infall in BYF 73
Zhang et al 2010: origin of radio-FIR correlation in the Milky Way
Barnes et al 2011: first Mopra maps & HCO+ clump catalogue, a vast 
population of starless clumps, implied long latency periods for MSFR
Barnes et al 2013: AAT NIR signposts of MSFR, strong correlation 
between HCO+, Br𝛾 dense gas → post-SF feedback indicator
Ma et al 2013: first clump SED analysis
Barnes et al 2016: 12CO maps & clump catalogue, pressure confinement 
of clumps, supporting long latency periods, clumps as base unit 
(70-80% of mass) of GMCs
Schap et al 2017: HCN analysis, high column/subthermal gas, 
confirming post-SF feedback status
Andersen et al 2017: VLT NIR stellar content of BYF 73



Highlights from recent papers
Barnes, Hernandez, Muller, & Pitts 2018, ApJ, accepted:

full iso-CO radiative transfer solutions for 36 Regions
differential kinematics & dynamics
directly observer mass accretion/dispersal fluxes & timescales

Pitts, Barnes, & Varosi 2018a, MNRAS, submitted:
FIR SED fitting and dust T/N maps for 5 Regions
CO abundance variations
L/M is a function of T alone
clumps have only 4 morphotypes in T/abundance

Pitts, Barnes, Ryder, & Li 2018b, ApJL, submitted:
case study of one clump with SOFIA & Gemini-S



Insights from radiative transfer
From CHaMP: 

𝜂 Carinae Giant Molecular Cloud 
12CO 13CO C18O

Mopra beam

𝜂 Car



From line ratios to column densities
Physical parameters spatially variable, so solve for τ and 
Tex per voxel via plane-parallel radxfer
Column density depends on both τ and Tex , compute it 
directly



Surprise! Conversion laws transformed, 
and resolution in 3D Matters

More sophisticated 
analysis can reveal 
interesting trends

Need to do this in a 
velocity-resolved 
manner

Not doing so gives 
wrong N: many 
consequences to 
downstream science

data 

incomplete

NCO ∝ ICO1.9 ~ τTex standard X-fa
ctor with correct [1

2CO]
standard X-fa

ctor



Apply to envelopes vs. interiors

Compare 
12CO 
envelope 
material 
with interior 
N
Evaluate 
mass/
momentum 
distributions 
separately

12CO

13CO

C18O

VLSR 

Observer: 
sees either 
1 or 2

Tmb 12CO redshifts dominate: 
net envelope motions 
are inward

12CO blueshifts dominate: 
net envelope motions are 
outward

VLSR 

Tmb 

1

2
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Differential dynamics
Although this is 
just a snapshot, 
we see direct 
evidence of 
cloud mass 
assembly and 
dispersal 

All this points to 
a larger gas 
reservoir, longer 
depletion/SF 
timescales, other 
consequences

Mass flux

Accr./disp. 
timescale



Another surprise
Molecular clouds 
are both accreting 
and losing mass in 
a locally random 
way

Global average 
timescale for 
accretion, across 
many clumps, 
depends on ∑ :

See B+18, arXiv:
1806.00492

∑(t) = ∑mol et/16Myr 



Consequences
Spatially-resolved X-factor: it varies systematically, a lot!

𝜂 Carinae GMC



Even more surprises
Use Herschel data to compute dust-based NH2 map
Derive [12CO]/[H2] abundance map: it’s mostly much 
lower than expected, and varies a lot too!



Temp/abundance morphotypes
Abundance patterns reduce to only 4 morphotypes, which 
depend mainly on T/radiation environment

FAR-IR SED-FITTING & CO ABUNDANCES OF MASSIVE MOLECULAR CLUMPS IN THE CHAMP SURVEY
Rebecca L. Pitts1, Peter J. Barnes1,2, Stuart D. Ryder3, Dan Li4, Frank Varosi1

1Astronomy Department, University of Florida, P.O. Box 112055, Gainesville, FL 32611, USA, 2School of Science and Technology, University of New England, Armidale NSW 2351, Australia, 3Australian 
Astronomical Observatory, 4National Optical Astronomy Observatory, 950 North Cherry Avenue, Tucson, AZ 85719, USA

CO Abundance: appearance is physics and environment matters

Abstract: We used FIR/sub-mm photometry from the Herschel Space 
Observatory and the Atacama Pathfinder EXperiment (APEX) to fit 
pixel-by-pixel modified Planck SEDs to molecular clumps in the Census 
of High- and Medium mass Protostars (CHaMP) (280°<l<300°, -4°<b<2°).  
We present maps of H2 column density for molecular clumps in the 
Carina Nebula complex (Regions 9 - 11), and surrounding RCW 64 
(Region 26). We compare the column densities of CO and H2 (NCO
and NH2,) to chart spatial variations in their correspondence, and 
derive maps of the CO abundance (denoted [CO/H2]). We find the 
CO abundance varies by an order of magnitude or more across each 
region, averaging a few×10−5 per H2, and its distribution across each 
clump correlates with environmental conditions, especially dust 
temperature. This, plus the tension between dust- and CO-derived H2
column densities shows that even at clump scales, no single CO 
abundance is appropriate to convert from NCO to NH2. We also find 
that L/M depends almost exclusively on dust temperature and thus 
does not independently trace cloud evolution. Finally, using data from 
the Australia Telescope Compact Array (ATCA) and Gemini’s Thermal-
Region Camera Spectrograph (T-ReCS) to de-blend BYF73 (in Region 
9) in the FIR/submm, we find protostellar objects account for <5% of its 
mass and the most massive core, MIR 2, accounts for nearly half of the 
clump’s ~104L⊙ luminosity despite being only ~1% of its 2×104 M⊙ mass.

NH2 (pink) and CO abundance (rainbow) maps of Regions 9 (above left column), 10 (above right column), and 26b 
(below). Regions 11 and 26a are not shown, but have similar ranges of values to Regions 10 and 26b respectively. Note the 

poor correspondence between the peaks in NH2 and those in [CO/H2]

L/M from dust SED-fitting traces temperature, not evolution

❖ F-Type: local maximum in NH2 coincides with 
local minimum in [CO/H2]

❖ FA-Type: same as F-Type, but higher-[CO/H2] 
envelope is lop-sided. If the highest-[CO/H2] 
side faces an ionizing radiation source, it is a 
Sublimating FA (sFA)-Type.

❖ C-Type: local maximum in NH2 coincides with 
either a local maximum in [CO/H2] or a flat 
[CO/H2] distribution.

❖ A-Type: local maxima in NH2 and [CO/H2] are 
offset from each other. If a known OB 
star/cluster is nearby, these may be 
subdivided as:
❖ Sublimating (sA-Type): where [CO/H2] 

enhancement faces an ionizing flux source.
❖ Dissociating (dA-Type): where [CO/H2] peaks 

opposite the local max in NH2 from the ionizing 
flux source. Max [CO/H2] is often very low.

❖ P-Type: local maximum in [CO/H2] has no 
counterpart in NH2; usually tiny.

To compute CO abundance, we divided NCO maps from Barnes et al. 2018 (subm.) by 
dust-based NH2 maps. Comparing to the NH2 maps, and knowing the locations of 
nearby OB stars/clusters, each clump could be classed by appearance in [CO/H2] as:

These morphologies were found to correlate with the minimum temperature of the 
clump in a way that, unlike NH2, was not vastly different from cloud to cloud.

On a pixel-by-pixel basis, [CO/H2] 
vs. dust temperature is a snap-
shot of the competition between 
CO desorption from ice and CO 
dissociation. There exists a 
temperature between ~15 and 
27 K where the pixel-averaged 
[CO/H2] is maximized near the 
canonical 10-4, and almost any 
clump morphotype can be 
seen. CO ice binding energy 
increases with the temperature 
at which it froze out, so the 
temperature of maximal [CO/H2] 
encodes some qualitative 
information about the cloud’s 
earliest physical conditions.

In the optically thin limit, the 
dependence of L/M on NH2
disappears, so if the dust 
emissivity index (β), dust opacity 
coefficient (κ0), and gas-to-dust 
ratio (γ) are held constant, L/M 
becomes an abstract 
restatement of the temperature:

L/M does, however, make visible 
the exceptionally weak inverse 
correlation between NH2 and T in 
starless clumps. Only clumps 
known to contain protostars
have a different functional form.

BYF 73 is one of the least-evolved 
massive molecular clumps known

T-ReCS resolved 8 MIR sources at 8.74, 10.4, 
12.3, and 18.3 µm. Only MIR-1, 2, and 5 appear 
to be embedded, with Av ranging from 15 to 
55. Gaussian fitting to Herschel data at the 
known coordinates and PSFs recovered MIR 2 
and 1. Our SED-fitting code was able to fit MIR 2 
with T=49.2±0.5 K and NH2 = 8±1×1028 m-2. 
Assuming MIR-2’s size at 3 mm is representative, 
its mass is thus 220±40 M⊙ and its mean 
density (n) is 8×1013 m-3. 

This agrees with n from the 
ratio of the [OI] 145µm and 
[CII] 158µm lines, as well as 
the [CII] line flux, taken by 
FIFI-LS aboard SOFIA and 
compared to n vs. FUV field 
strength (G) maps from PDR 
Toolbox (Kaufman+2006). 
The same maps constrain G 
along the PDR front west of 
BYF 73 to between 101.5 and 
102 G0.

Above: [OI]145/[CII]158
line ratio map via FIFI-LS. 
Left: 3-color T-RECS image 
with ATCA 3 mm overlay. 
Bottom: 3-color Herschel 
image (70, 160, & 350 µm)

MIR2 dwarfs MIR1 and 3, and 
pumps out ~50% of BYF73’s total 
luminosity, but is only 1% of the 
total mass of the clump. There-
fore, BYF 73 is ≳97% gas, one of 
the most gas-dominated star-
forming clumps ever found. MIR 
1-3 also show no signs of outflows, 
so the physical conditions at the 
onset of massive star formation 
are largely preserved. Thus BYF73 
is among the most promising
places to observe the elusive 
transition from starless core to 
class-0 protostar.
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Yet more surprises

These types 
don’t seem 
to depend 
on column 
density, but 
they do 
depend on 
Tdust 

FAR-IR SED-FITTING & CO ABUNDANCES OF MASSIVE MOLECULAR CLUMPS IN THE CHAMP SURVEY
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CO Abundance: appearance is physics and environment matters

Abstract: We used FIR/sub-mm photometry from the Herschel Space 
Observatory and the Atacama Pathfinder EXperiment (APEX) to fit 
pixel-by-pixel modified Planck SEDs to molecular clumps in the Census 
of High- and Medium mass Protostars (CHaMP) (280°<l<300°, -4°<b<2°).  
We present maps of H2 column density for molecular clumps in the 
Carina Nebula complex (Regions 9 - 11), and surrounding RCW 64 
(Region 26). We compare the column densities of CO and H2 (NCO
and NH2,) to chart spatial variations in their correspondence, and 
derive maps of the CO abundance (denoted [CO/H2]). We find the 
CO abundance varies by an order of magnitude or more across each 
region, averaging a few×10−5 per H2, and its distribution across each 
clump correlates with environmental conditions, especially dust 
temperature. This, plus the tension between dust- and CO-derived H2
column densities shows that even at clump scales, no single CO 
abundance is appropriate to convert from NCO to NH2. We also find 
that L/M depends almost exclusively on dust temperature and thus 
does not independently trace cloud evolution. Finally, using data from 
the Australia Telescope Compact Array (ATCA) and Gemini’s Thermal-
Region Camera Spectrograph (T-ReCS) to de-blend BYF73 (in Region 
9) in the FIR/submm, we find protostellar objects account for <5% of its 
mass and the most massive core, MIR 2, accounts for nearly half of the 
clump’s ~104L⊙ luminosity despite being only ~1% of its 2×104 M⊙ mass.

NH2 (pink) and CO abundance (rainbow) maps of Regions 9 (above left column), 10 (above right column), and 26b 
(below). Regions 11 and 26a are not shown, but have similar ranges of values to Regions 10 and 26b respectively. Note the 

poor correspondence between the peaks in NH2 and those in [CO/H2]

L/M from dust SED-fitting traces temperature, not evolution

❖ F-Type: local maximum in NH2 coincides with 
local minimum in [CO/H2]

❖ FA-Type: same as F-Type, but higher-[CO/H2] 
envelope is lop-sided. If the highest-[CO/H2] 
side faces an ionizing radiation source, it is a 
Sublimating FA (sFA)-Type.

❖ C-Type: local maximum in NH2 coincides with 
either a local maximum in [CO/H2] or a flat 
[CO/H2] distribution.

❖ A-Type: local maxima in NH2 and [CO/H2] are 
offset from each other. If a known OB 
star/cluster is nearby, these may be 
subdivided as:
❖ Sublimating (sA-Type): where [CO/H2] 

enhancement faces an ionizing flux source.
❖ Dissociating (dA-Type): where [CO/H2] peaks 

opposite the local max in NH2 from the ionizing 
flux source. Max [CO/H2] is often very low.

❖ P-Type: local maximum in [CO/H2] has no 
counterpart in NH2; usually tiny.

To compute CO abundance, we divided NCO maps from Barnes et al. 2018 (subm.) by 
dust-based NH2 maps. Comparing to the NH2 maps, and knowing the locations of 
nearby OB stars/clusters, each clump could be classed by appearance in [CO/H2] as:

These morphologies were found to correlate with the minimum temperature of the 
clump in a way that, unlike NH2, was not vastly different from cloud to cloud.

On a pixel-by-pixel basis, [CO/H2] 
vs. dust temperature is a snap-
shot of the competition between 
CO desorption from ice and CO 
dissociation. There exists a 
temperature between ~15 and 
27 K where the pixel-averaged 
[CO/H2] is maximized near the 
canonical 10-4, and almost any 
clump morphotype can be 
seen. CO ice binding energy 
increases with the temperature 
at which it froze out, so the 
temperature of maximal [CO/H2] 
encodes some qualitative 
information about the cloud’s 
earliest physical conditions.

In the optically thin limit, the 
dependence of L/M on NH2
disappears, so if the dust 
emissivity index (β), dust opacity 
coefficient (κ0), and gas-to-dust 
ratio (γ) are held constant, L/M 
becomes an abstract 
restatement of the temperature:

L/M does, however, make visible 
the exceptionally weak inverse 
correlation between NH2 and T in 
starless clumps. Only clumps 
known to contain protostars
have a different functional form.

BYF 73 is one of the least-evolved 
massive molecular clumps known

T-ReCS resolved 8 MIR sources at 8.74, 10.4, 
12.3, and 18.3 µm. Only MIR-1, 2, and 5 appear 
to be embedded, with Av ranging from 15 to 
55. Gaussian fitting to Herschel data at the 
known coordinates and PSFs recovered MIR 2 
and 1. Our SED-fitting code was able to fit MIR 2 
with T=49.2±0.5 K and NH2 = 8±1×1028 m-2. 
Assuming MIR-2’s size at 3 mm is representative, 
its mass is thus 220±40 M⊙ and its mean 
density (n) is 8×1013 m-3. 

This agrees with n from the 
ratio of the [OI] 145µm and 
[CII] 158µm lines, as well as 
the [CII] line flux, taken by 
FIFI-LS aboard SOFIA and 
compared to n vs. FUV field 
strength (G) maps from PDR 
Toolbox (Kaufman+2006). 
The same maps constrain G 
along the PDR front west of 
BYF 73 to between 101.5 and 
102 G0.

Above: [OI]145/[CII]158
line ratio map via FIFI-LS. 
Left: 3-color T-RECS image 
with ATCA 3 mm overlay. 
Bottom: 3-color Herschel 
image (70, 160, & 350 µm)

MIR2 dwarfs MIR1 and 3, and 
pumps out ~50% of BYF73’s total 
luminosity, but is only 1% of the 
total mass of the clump. There-
fore, BYF 73 is ≳97% gas, one of 
the most gas-dominated star-
forming clumps ever found. MIR 
1-3 also show no signs of outflows, 
so the physical conditions at the 
onset of massive star formation 
are largely preserved. Thus BYF73 
is among the most promising
places to observe the elusive 
transition from starless core to 
class-0 protostar.
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L/M traces T, not evolution
For SED fits, 
L/M ∝ T𝛽+4   

Tdust falls 
towards the 
centers of 
most clumps

See R. Pitts 
poster 21/
back wall, 
and P+18a 
MNRAS 
subm.

FAR-IR SED-FITTING & CO ABUNDANCES OF MASSIVE MOLECULAR CLUMPS IN THE CHAMP SURVEY
Rebecca L. Pitts1, Peter J. Barnes1,2, Stuart D. Ryder3, Dan Li4, Frank Varosi1

1Astronomy Department, University of Florida, P.O. Box 112055, Gainesville, FL 32611, USA, 2School of Science and Technology, University of New England, Armidale NSW 2351, Australia, 3Australian 
Astronomical Observatory, 4National Optical Astronomy Observatory, 950 North Cherry Avenue, Tucson, AZ 85719, USA

CO Abundance: appearance is physics and environment matters

Abstract: We used FIR/sub-mm photometry from the Herschel Space 
Observatory and the Atacama Pathfinder EXperiment (APEX) to fit 
pixel-by-pixel modified Planck SEDs to molecular clumps in the Census 
of High- and Medium mass Protostars (CHaMP) (280°<l<300°, -4°<b<2°).  
We present maps of H2 column density for molecular clumps in the 
Carina Nebula complex (Regions 9 - 11), and surrounding RCW 64 
(Region 26). We compare the column densities of CO and H2 (NCO
and NH2,) to chart spatial variations in their correspondence, and 
derive maps of the CO abundance (denoted [CO/H2]). We find the 
CO abundance varies by an order of magnitude or more across each 
region, averaging a few×10−5 per H2, and its distribution across each 
clump correlates with environmental conditions, especially dust 
temperature. This, plus the tension between dust- and CO-derived H2
column densities shows that even at clump scales, no single CO 
abundance is appropriate to convert from NCO to NH2. We also find 
that L/M depends almost exclusively on dust temperature and thus 
does not independently trace cloud evolution. Finally, using data from 
the Australia Telescope Compact Array (ATCA) and Gemini’s Thermal-
Region Camera Spectrograph (T-ReCS) to de-blend BYF73 (in Region 
9) in the FIR/submm, we find protostellar objects account for <5% of its 
mass and the most massive core, MIR 2, accounts for nearly half of the 
clump’s ~104L⊙ luminosity despite being only ~1% of its 2×104 M⊙ mass.

NH2 (pink) and CO abundance (rainbow) maps of Regions 9 (above left column), 10 (above right column), and 26b 
(below). Regions 11 and 26a are not shown, but have similar ranges of values to Regions 10 and 26b respectively. Note the 

poor correspondence between the peaks in NH2 and those in [CO/H2]

L/M from dust SED-fitting traces temperature, not evolution

❖ F-Type: local maximum in NH2 coincides with 
local minimum in [CO/H2]

❖ FA-Type: same as F-Type, but higher-[CO/H2] 
envelope is lop-sided. If the highest-[CO/H2] 
side faces an ionizing radiation source, it is a 
Sublimating FA (sFA)-Type.

❖ C-Type: local maximum in NH2 coincides with 
either a local maximum in [CO/H2] or a flat 
[CO/H2] distribution.

❖ A-Type: local maxima in NH2 and [CO/H2] are 
offset from each other. If a known OB 
star/cluster is nearby, these may be 
subdivided as:
❖ Sublimating (sA-Type): where [CO/H2] 

enhancement faces an ionizing flux source.
❖ Dissociating (dA-Type): where [CO/H2] peaks 

opposite the local max in NH2 from the ionizing 
flux source. Max [CO/H2] is often very low.

❖ P-Type: local maximum in [CO/H2] has no 
counterpart in NH2; usually tiny.

To compute CO abundance, we divided NCO maps from Barnes et al. 2018 (subm.) by 
dust-based NH2 maps. Comparing to the NH2 maps, and knowing the locations of 
nearby OB stars/clusters, each clump could be classed by appearance in [CO/H2] as:

These morphologies were found to correlate with the minimum temperature of the 
clump in a way that, unlike NH2, was not vastly different from cloud to cloud.

On a pixel-by-pixel basis, [CO/H2] 
vs. dust temperature is a snap-
shot of the competition between 
CO desorption from ice and CO 
dissociation. There exists a 
temperature between ~15 and 
27 K where the pixel-averaged 
[CO/H2] is maximized near the 
canonical 10-4, and almost any 
clump morphotype can be 
seen. CO ice binding energy 
increases with the temperature 
at which it froze out, so the 
temperature of maximal [CO/H2] 
encodes some qualitative 
information about the cloud’s 
earliest physical conditions.

In the optically thin limit, the 
dependence of L/M on NH2
disappears, so if the dust 
emissivity index (β), dust opacity 
coefficient (κ0), and gas-to-dust 
ratio (γ) are held constant, L/M 
becomes an abstract 
restatement of the temperature:

L/M does, however, make visible 
the exceptionally weak inverse 
correlation between NH2 and T in 
starless clumps. Only clumps 
known to contain protostars
have a different functional form.

BYF 73 is one of the least-evolved 
massive molecular clumps known

T-ReCS resolved 8 MIR sources at 8.74, 10.4, 
12.3, and 18.3 µm. Only MIR-1, 2, and 5 appear 
to be embedded, with Av ranging from 15 to 
55. Gaussian fitting to Herschel data at the 
known coordinates and PSFs recovered MIR 2 
and 1. Our SED-fitting code was able to fit MIR 2 
with T=49.2±0.5 K and NH2 = 8±1×1028 m-2. 
Assuming MIR-2’s size at 3 mm is representative, 
its mass is thus 220±40 M⊙ and its mean 
density (n) is 8×1013 m-3. 

This agrees with n from the 
ratio of the [OI] 145µm and 
[CII] 158µm lines, as well as 
the [CII] line flux, taken by 
FIFI-LS aboard SOFIA and 
compared to n vs. FUV field 
strength (G) maps from PDR 
Toolbox (Kaufman+2006). 
The same maps constrain G 
along the PDR front west of 
BYF 73 to between 101.5 and 
102 G0.

Above: [OI]145/[CII]158
line ratio map via FIFI-LS. 
Left: 3-color T-RECS image 
with ATCA 3 mm overlay. 
Bottom: 3-color Herschel 
image (70, 160, & 350 µm)

MIR2 dwarfs MIR1 and 3, and 
pumps out ~50% of BYF73’s total 
luminosity, but is only 1% of the 
total mass of the clump. There-
fore, BYF 73 is ≳97% gas, one of 
the most gas-dominated star-
forming clumps ever found. MIR 
1-3 also show no signs of outflows, 
so the physical conditions at the 
onset of massive star formation 
are largely preserved. Thus BYF73 
is among the most promising
places to observe the elusive 
transition from starless core to 
class-0 protostar.
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A case study: BYF 73
The only CHaMP clump out of 300 that is rapidly 
collapsing
Most massive @ 20,000 M⨀, 𝛼vir ~ 0.1, dM/dt = 0.03 M⨀/yr 
(B+2010)

Spitzer/AAT:

(The exception that 
proves the rule)



Gemini-S/T-ReCS data
Only 8 point sources, only 6 of which are likely protostars, only 3 of 
which are massive, only 1 of which is detectable with ATCA

Clump is gas-dominated, but most of this gas is focused around 1 core



SOFIA/FIFI-LS data
MIR 2 is most massive 
@ 200–400 M⨀, but only 
1-2% of clump’s mass

Has 60% of clump’s 
luminosity, some of 
which may be coming 
from gravitational PE 
release

CII and OI lines mostly 
trace SF, not so much 
the mass

See R. Pitts poster 21/
back wall, and P+18b 
ApJL subm.



Summary
Barnes et al 2018: single X-factor is illusory, mass conversion follows 
power laws NCO ∝ ICO

2 ~ τTex at full velocity resolution, averaging 
down to NCO ∝ ICO

1.3 when velocity-integrated; overall cloud masses 
~2–3x higher 

Long mass assembly times, and long clump lifetimes (~50+ Myr), now 
directly confirmed as gas “sedimentation” from pressure-confining 
envelopes, with a gradually rising star formation rate as ∑ rises and 
ending with a terminating crescendo of MSF 

Pitts et al 2018a: NH2 and Td maps from FIR-SED fitting show CO 
abundance varies strongly across Regions and clumps, but has 4 
distinct morphological types which depend strongly on Td and G0 due 
to depletion/desorption/dissociation of CO 

Pitts et al 2018b: BYF 73’s C+/O0 ratio & MIR/FIR continuum confirm 
dense, high mass cloud with its massive central protostellar core as 
focus of infall, smooth-gas-dominated, early evolutionary state 



Final thoughts
Takeaways: long latency periods, dense gas tracers don’t trace dense gas, 
emissivity ≠ column density

Marginally bound 
molecular clump 

forms, stochastically 
accumulates/disperses 

mass from larger 
flows, becomes base 

unit of  SF

“Denser” clump forms, 
pressure-stabilised by 

overlying massive envelope; gas 
mostly sub-thermal & 

opaque, slow accumulation/
dispersal continues, Tdust drops

Final, rapid mass 
inflow, massive 
protostar(s) & 

protocluster form, 
Tdust rises

Hot core phase, “dense 
gas” tracers become bright, 
gas warms, opacity dropsClassic HII region, 

molecular cloud 
disperses, cluster 

revealed

Long latency period     ~50-100 Myr

~0.3 Myr

~1 Myr

~5 Myr

Lower mass protostellar cores 
form, gas inflows help maintain 

turbulence but species deplete; 
cloud cools, appears “quiescent”

Low- & medium-
mass SF accelerates 
during last few Myr


