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Threads
1. Nature of the problem, i.e. going from Tb  to  Ncol/Tex/𝜏  

2. Ongoing projects:

a. ThrUMMS, three iso-CO J=1➝0 lines, very large contiguous area = 
120 deg2, including lessons from CHaMP

b. 13CO with SEDIGISM J=2➝1 and ThrUMMS J=1➝0, large overlap 
area = 60 deg2  

c. SEDIGISM 13CO + C18O J=2➝1, only possible over small areas 
(~0.01 deg2) where Tb(C18O) ≳ 2-3 K 

3. Future projects:

a. Mutually reconciling 2a–2c, e.g. abundance variations, non-LTE 
conditions

b. Connecting 𝜏, Tex, Ncol cubes to SCIMES catalogues, Galactic 
structure, other topics (eg, CODEX project with GUSTO mission)



Herschel+Spitzer                                                                                                   SPIRE 250/PACS 100/ MIPS 24µm

ThrUMMS   DR3   (2014)                                                        12CO/13CO/C18O

How do we turn data into fundamental physics?  E.g., molecular 
mass + excitation, detailed comparisons with cold dust?

The Basic Problem
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Figure 2. The iso-CO ratio-ratio diagram (RRD), combining line ratios from the three data cubes for all of Regions 9–11 (covering the ⌘

Car GMC, the same area and 3-colour rendering as appears in Fig. 1). The coloured dots are contoured by voxel incidence at 2,4,8...64, and
overlaid by 2 grids (solid & dotted, labelled by R13) of ⌧(C18O) and R18 = [13CO]/[C18O] from the radiative transfer analysis, Eqs. 1–6.

derive the total CO mass distribution, and a dynamical
analysis of the clump envelopes relative to their interi-
ors. We begin, however, with composite colour images of
the integrated intensities in the 3 lines, for each Region
and separate velocity component, plus 3-colour overlays
for position-velocity (PV) maps as well. A sample (l,b)
mosaic for Regions 9–11 is shown in Figure 1.
This colour presentation gives us an intuitive feel for

the line ratio analysis to follow. By rendering the 12CO
emission as the red image, 13CO as green, and C18O as
blue, clumps which have a relatively low opacity and/or
high excitation will appear reddish, since in either con-
dition the 12CO line will be significantly brighter than
either the 13CO or C18O lines. In contrast, clumps that
appear bluer or greener than average signify gas where
the 13CO and/or C18O emission is more comparable in
brightness to the 12CO, which indicates higher opacity
and/or lower excitation. This is true for both the (l,b)
and PV images. The renderings in these figures are each
adjusted to produce whitish clouds when the line ratios
are more average, I18/I13 ⇠ 0.2, I13/I12 ⇠ 0.5, although
this varies somewhat from Region to Region (see further
below).
From Figure 1, we can clearly see that the central por-

tion of the GMC most closely surrounding ⌘ Car and
the various Trumpler clusters (i.e., most of Region 10
and the northern parts of Region 11) has higher exci-
tation (redder colour) that the more distal clumps. We
can also see that clumps BYF73, 77, and 111 (the bluer
clumps to the E and W) have particularly high opacity,
even compared to their neighbours.
This description is quantified with the same radiative

transfer analysis as performed by Barnes et al. (2015).
The approach is to assume, at each velocity channel and
pixel (i.e., we do this calculation in 3D), that all lines are
formed in Local Thermodynamic Equilibrium (LTE) at
a single excitation temperature Tex. Because of the high
opacity in the 12CO line, Tex is well-traced by the 12CO

brightness temperature:

Tmb = [S⌫(Tex)� S⌫(Tbg)](1� e

�⌧ ) (1)

⇡ (Tex � Tbg) , ⌧ � 1 and h⌫ ⌧ kT,

where ⌧ is the optical depth in the line, Tmb is the ob-
served main beam brightness temperature corrected for
the relevant antenna e�ciencies, Tbg = 2.726K is the
cosmic background temperature, and the source function
S⌫(T ) ⌘ h⌫/k(eh⌫/kT � 1) at frequency ⌫, with h and k

as Planck’s and Boltzmann’s constants, respectively. We
show the Rayleigh-Jeans approximation to S in the sec-
ond version of Eq. (1) for illustrative purposes only: in
all calculations herein, we use the full definition of S. We
also assume that all CHaMP clouds have a single abun-
dance ratio R13 ⌘ [12CO]/[13CO] = 60, a number typical
of molecular clouds near the solar circle (Giannetti et al.
2014), including those in the Carina Arm of the Milky
Way. As explained by Barnes et al. (2015), however,
the results of the calculations that follow are relatively
insensitive to this assumption; this insensitivity is also
illustrated in Figure 2 (see next) via grids for both R13
= 60 and 40.
The result is that we can evaluate not only the op-

tical depth in all lines at every (l,b,V ) position in the
data cubes, but also the inherent R18 ⌘ [13CO]/[C18O]
abundance ratio at every coordinate, via
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, (3)

⌧12=R13⌧13 , and (4)

⌧13=R18⌧18 , (5)

where the subscripts 12, 13, and 18 refer to the Tmb, ⌧ ,
and S of the relevant isotopologue. With Tex from Eq. 1,

The Basic Problem
Observe line emission

We want physical quantities, 
like mass distribution, 
excitation conditions

Emissivity ≠ Mass              
(see later)

CHaMP IV. Molecular Clump Dynamical Evolution 5

R13 assumed, and Tbg known, these equations solve for
⌧13, ⌧18, ⌧12, and R18 in turn. The basic physics is il-
lustrated in what we call the iso-CO ratio-ratio diagram
(RRD): a composite example is given in Figure 2 for all
voxels in Regions 9–11. This diagram can be thought of
analogously to the colour-colour diagrams (CCDs) widely
used for various diagnostics and studies of stellar pho-
tometry and evolution in the optical and near-IR.
Having solved for the ⌧ and Tex at each voxel in a given

Region, we can then simply evaluate the column density
for any species over the same volume via6

N =
3h

8⇡3
µ

2

Q(Tex)eEu/kTex

Ju(eh⌫/kTex

� 1)

Z
⌧dV , (6)

where µ is the molecule’s dipole moment, Q is the rota-
tional partition function, Eu and Ju are the energy and
quantum number of the upper level of the transition at
frequency ⌫, and the integral is over each cloud’s emission
profile as a function of velocity. This expression can also
be evaluated at each channel (or voxel) rather than as
an integral, giving a cube of N in each species as a func-
tion of (l,b,V ). The ⌧ , Tex, R18, and N cubes can then
be processed with the usual moment calculations, or re-
projected into position-velocity diagrams, as for regular
data cubes. Figure 3 gives examples of such maps, while
the same moments for all Regions appear in Appendix
B.
The approach here derives N12CO and N

13CO based on
the 12CO and 13CO data, and doesn’t depend on R18
directly. This means that we can solve for R18 indepen-
dently via Eq. 5. Thus, R18 is found to vary widely, by a
factor of >⇠20 across the di↵erent clumps, even while R13
is assumed not to. The derived R18 variations would
hardly change if we chose di↵erent values for R13, but
the latter are unlikely to vary by more than a factor of
2 since almost all clouds (except the farthest) share the
Sun’s Galactocentric distance, R0. Therefore, even con-
sidering only R18, CHaMP delivers an interesting new
result which has consequences for astrochemical models.
The N

12CO cubes in particular, being derived directly
from the radiative transfer solutions, are equivalent to
total mass surface density ⌃mol cubes7 via

⌃mol=NH
2

µmol mH (7)

=1.88M� pc�2
N

12CO R12/(10
24molecm�2) ,

where µmol = 2.35 for 9% He by number, mH is the
mass of the H atom, and R12 ⌘ [H2]/[12CO] (see §4–§5).
Because they derived from an intrinsic property of the
gas in each cloud, these cubes’ moments will be a truer
representation of the cloud’s physical state than equiva-
lent moments of any individual spectral line’s Tmb cube.
As can be seen by comparing Eqs. 1 and 6, the spec-
tral line cubes give instead moments of the emissivity
of each species, a complex convolution of that line’s op-
tical depth, excitation temperature, and chemistry (via
the abundance) at di↵erent velocities, compared to the
di↵erent combination of ⌧ and Tex contributing to the
cloud’s actual column density. Our LTE plane-parallel

6 This formula corrects a typographical error from the version
that appears in Paper I.

7 We make a distinction between ⌃mol defined from N

12CO, and
⌃12 defined from I

12CO: see §??.

Peak ⌧12

Peak Tex

R
N12CO dV

Avg. R18

Figure 3. Sample maps of physical quantities from radiative
transfer analysis (Eqs. 1–6) in Region 26b, as labelled. The 5th

and 6th panels are RGB colour overlays of Tex,N12CO,⌧12 and
Tex,R18,⌧12 (resp.), highlighting the di↵erences in the spatial dis-
tributions of the 4 quantities.

With a single line, we have 1 
equation with 2 unknowns, 
𝜏 and Tex:

Quo vadis?



For J=1➝0, have 12CO, 13CO, and C18O data, so 5 
equations (3 radxfer + 2 abundance ratios R13, R18 
connecting species) in 9 unknowns:  3×𝜏, 3×Tex, 3×Ncol  
Assume single, common Tex (LTE) and R13 = 60 (both 
reasonable) so 3 more ➝ 8 equations
Final relation: 𝜏12>>1, giving (e.g.) Tex ≈ Tmb(12CO)+2.73  
Now solve directly:

ThrUMMS: a “simple” example
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Figure 2. The iso-CO ratio-ratio diagram (RRD), combining line ratios from the three data cubes for all of Regions 9–11 (covering the ⌘

Car GMC, the same area and 3-colour rendering as appears in Fig. 1). The coloured dots are contoured by voxel incidence at 2,4,8...64, and
overlaid by 2 grids (solid & dotted, labelled by R13) of ⌧(C18O) and R18 = [13CO]/[C18O] from the radiative transfer analysis, Eqs. 1–6.

derive the total CO mass distribution, and a dynamical
analysis of the clump envelopes relative to their interi-
ors. We begin, however, with composite colour images of
the integrated intensities in the 3 lines, for each Region
and separate velocity component, plus 3-colour overlays
for position-velocity (PV) maps as well. A sample (l,b)
mosaic for Regions 9–11 is shown in Figure 1.
This colour presentation gives us an intuitive feel for

the line ratio analysis to follow. By rendering the 12CO
emission as the red image, 13CO as green, and C18O as
blue, clumps which have a relatively low opacity and/or
high excitation will appear reddish, since in either con-
dition the 12CO line will be significantly brighter than
either the 13CO or C18O lines. In contrast, clumps that
appear bluer or greener than average signify gas where
the 13CO and/or C18O emission is more comparable in
brightness to the 12CO, which indicates higher opacity
and/or lower excitation. This is true for both the (l,b)
and PV images. The renderings in these figures are each
adjusted to produce whitish clouds when the line ratios
are more average, I18/I13 ⇠ 0.2, I13/I12 ⇠ 0.5, although
this varies somewhat from Region to Region (see further
below).
From Figure 1, we can clearly see that the central por-

tion of the GMC most closely surrounding ⌘ Car and
the various Trumpler clusters (i.e., most of Region 10
and the northern parts of Region 11) has higher exci-
tation (redder colour) that the more distal clumps. We
can also see that clumps BYF73, 77, and 111 (the bluer
clumps to the E and W) have particularly high opacity,
even compared to their neighbours.
This description is quantified with the same radiative

transfer analysis as performed by Barnes et al. (2015).
The approach is to assume, at each velocity channel and
pixel (i.e., we do this calculation in 3D), that all lines are
formed in Local Thermodynamic Equilibrium (LTE) at
a single excitation temperature Tex. Because of the high
opacity in the 12CO line, Tex is well-traced by the 12CO

brightness temperature:

Tmb = [S⌫(Tex)� S⌫(Tbg)](1� e

�⌧ ) (1)

⇡ (Tex � Tbg) , ⌧ � 1 and h⌫ ⌧ kT,

where ⌧ is the optical depth in the line, Tmb is the ob-
served main beam brightness temperature corrected for
the relevant antenna e�ciencies, Tbg = 2.726K is the
cosmic background temperature, and the source function
S⌫(T ) ⌘ h⌫/k(eh⌫/kT � 1) at frequency ⌫, with h and k

as Planck’s and Boltzmann’s constants, respectively. We
show the Rayleigh-Jeans approximation to S in the sec-
ond version of Eq. (1) for illustrative purposes only: in
all calculations herein, we use the full definition of S. We
also assume that all CHaMP clouds have a single abun-
dance ratio R13 ⌘ [12CO]/[13CO] = 60, a number typical
of molecular clouds near the solar circle (Giannetti et al.
2014), including those in the Carina Arm of the Milky
Way. As explained by Barnes et al. (2015), however,
the results of the calculations that follow are relatively
insensitive to this assumption; this insensitivity is also
illustrated in Figure 2 (see next) via grids for both R13
= 60 and 40.
The result is that we can evaluate not only the op-

tical depth in all lines at every (l,b,V ) position in the
data cubes, but also the inherent R18 ⌘ [13CO]/[C18O]
abundance ratio at every coordinate, via

T13
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⌧12=R13⌧13 , and (4)

⌧13=R18⌧18 , (5)

where the subscripts 12, 13, and 18 refer to the Tmb, ⌧ ,
and S of the relevant isotopologue. With Tex from Eq. 1,

Side benefit: in this case, 
column density is very 

HDR (high dynamic range) 
effectively peeling away 

the iso-CO layers



Results from DR6 (pending)

Eyeball physics (with 
Dylan Barnes): lots 
of cold (low Tex), 
opaque (high 𝜏) 
clouds, high NCO 
rare (B+2021, in 
prep.)

 12CO/13CO/C18O

 12CO/13CO/C18O

Tex/NCO/𝜏

Tex/NCO/𝜏



SCIMES Analysis

Intensity		
Based	
Extrac0on:	
•  2.5σ	detec*on	

limit	
•  4σ	minimum	

separa*on	
difference	

Column		
Density	
Based	
Extrac0on	

ThrUMMS	
Sector:		
330°-336°	
13CO	(1-0)	
(dv=-150-50	km	s-1)		

(with 
Sebastian 

Lopez,       
B+2021, in 

prep.)

Mass 
distribution 

is much 
clumpier 

than 
emission 

distribution 
I ≠ N 

Thousands 
of clouds!



Other lessons from CHaMP
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!

HiGAL  
350/250/ 260 µm

X12 in
CHaMP
Region 9
(Pitts+2019)
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Figure 7. Log-log plot of [NCO/NH2 ] vs. Td , with fitted curve and residuals. A) Gaussian-kernel-smoothed
pixel density plot of CO abundance (denoted %) vs. Td, fitted empirically with a second-degree polynomial
in log-space (red solid line). The dashed red lines show fits where the parameters are adjusted by 1� in their
mutual posterior probability distributions as estimated by MCMC. B) Pixel density distribution of residuals
in the fit of % vs. Td, with the 1� dispersion around the binned average indicated by red dashed lines.

trends for smaller individual regions suggest the relative symmetry with the low-temperature side340

may be due to averaging over many much steeper trends.341

One popular method of estimating the FUV field strength from FIR/submm data is to follow342

Kramer et al. 1999 in assuming that nearly all FIR emission is reprocessed FUV emission, and so343

the ISRF is proportional to the integral of the SED. There are two problems with this approach as it344

pertains to our study. First, it assumes that internal heating is negligible—not a terrible assumption345

when close to 90% of prestellar clumps are e↵ectively quiescent (at this resolution) and as likely346

to be dispersing as accreting (Barnes et al. 2018)—but where that assumption fails, the internally-347

heated gas falls in the part of the [NCO/NH2 ]-Td plot where the ISRF is most needed to explain the348

dispersion. Second and more importantly, much like L/M (see discussion in PBV19, §4.2), the ISRF349

field computed this way is not an independent quantity. All of the variables used to compute it are350

already in Equation (1) in some form.351

Comparison of this temperature-abundance distribution to laboratory measures of ion current352

through CO (proportional to the partial pressure or column density of CO in the gas phase) versus353

substrate temperature reveals several possible features of astrophysical interest. First, as detailed354

previously in Pitts et al. 2019, laboratory experiments show that the amount of gas-phase CO peaks355

for substrate temperatures between 27 and 30 K in the absence of an externally-applied UV field356

(Öberg et al. 2009; Noble et al. 2012; Muñoz Caro et al. 2010, 2016). As one might expect for a357

range of environments with nontrivial ISRFs, in Figure 7, the peak abundance in CO occurs at a358

substantially lower temperature, 20.0+0.4
�0.9 K. Twenty Kelvin also looks at first glance like a sort of359

preferred temperature, but as most of this concentration is occurring in just three Regions, we are360

skeptical of the significance. Next, we refer readers to Figure 10 in Muñoz Caro et al. 2010 and361

Figure 9 in Cazaux et al. 2017 to visualize how the gas-phase CO concentration varies with substrate362

A 12CO abundance law

All CHaMP data 
(Paper V, Pitts & 
Barnes 2021):

Median abundance   
≈ 7.4×10–5 per H2 or 
about 1/3 canonical

Caveats: LTE, GDR; 
otherwise, pretty 
straightforward

log10(NCO/NH2,dust) = –10 [log10(Td/20.0 K)]2 – 4.13



SEDIGISM: slightly messier
With SEDIGISM, we also have J=2➝1 for 13CO + C18O: 
how does this help?

1st approach: combine 13CO J=2➝1 from SEDIGISM 
with 13CO J=1➝0 from ThrUMMS:

Then we have to iteratively solve for the 2 lines’ 𝜏 and 
common Tex (2 equations in 3 unknowns) by connecting 
them through detailed balance:   𝜏2-1/g2 = (𝜏1-0/g1)e–hv2-1/kTex .

Equivalent to iteratively solving for 2 versions of N, and 
matching them, as in Schuller et al 2017:
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Figure 2. The iso-CO ratio-ratio diagram (RRD), combining line ratios from the three data cubes for all of Regions 9–11 (covering the ⌘

Car GMC, the same area and 3-colour rendering as appears in Fig. 1). The coloured dots are contoured by voxel incidence at 2,4,8...64, and
overlaid by 2 grids (solid & dotted, labelled by R13) of ⌧(C18O) and R18 = [13CO]/[C18O] from the radiative transfer analysis, Eqs. 1–6.

derive the total CO mass distribution, and a dynamical
analysis of the clump envelopes relative to their interi-
ors. We begin, however, with composite colour images of
the integrated intensities in the 3 lines, for each Region
and separate velocity component, plus 3-colour overlays
for position-velocity (PV) maps as well. A sample (l,b)
mosaic for Regions 9–11 is shown in Figure 1.
This colour presentation gives us an intuitive feel for

the line ratio analysis to follow. By rendering the 12CO
emission as the red image, 13CO as green, and C18O as
blue, clumps which have a relatively low opacity and/or
high excitation will appear reddish, since in either con-
dition the 12CO line will be significantly brighter than
either the 13CO or C18O lines. In contrast, clumps that
appear bluer or greener than average signify gas where
the 13CO and/or C18O emission is more comparable in
brightness to the 12CO, which indicates higher opacity
and/or lower excitation. This is true for both the (l,b)
and PV images. The renderings in these figures are each
adjusted to produce whitish clouds when the line ratios
are more average, I18/I13 ⇠ 0.2, I13/I12 ⇠ 0.5, although
this varies somewhat from Region to Region (see further
below).
From Figure 1, we can clearly see that the central por-

tion of the GMC most closely surrounding ⌘ Car and
the various Trumpler clusters (i.e., most of Region 10
and the northern parts of Region 11) has higher exci-
tation (redder colour) that the more distal clumps. We
can also see that clumps BYF73, 77, and 111 (the bluer
clumps to the E and W) have particularly high opacity,
even compared to their neighbours.
This description is quantified with the same radiative

transfer analysis as performed by Barnes et al. (2015).
The approach is to assume, at each velocity channel and
pixel (i.e., we do this calculation in 3D), that all lines are
formed in Local Thermodynamic Equilibrium (LTE) at
a single excitation temperature Tex. Because of the high
opacity in the 12CO line, Tex is well-traced by the 12CO

brightness temperature:

Tmb = [S⌫(Tex)� S⌫(Tbg)](1� e

�⌧ ) (1)

⇡ (Tex � Tbg) , ⌧ � 1 and h⌫ ⌧ kT,

where ⌧ is the optical depth in the line, Tmb is the ob-
served main beam brightness temperature corrected for
the relevant antenna e�ciencies, Tbg = 2.726K is the
cosmic background temperature, and the source function
S⌫(T ) ⌘ h⌫/k(eh⌫/kT � 1) at frequency ⌫, with h and k

as Planck’s and Boltzmann’s constants, respectively. We
show the Rayleigh-Jeans approximation to S in the sec-
ond version of Eq. (1) for illustrative purposes only: in
all calculations herein, we use the full definition of S. We
also assume that all CHaMP clouds have a single abun-
dance ratio R13 ⌘ [12CO]/[13CO] = 60, a number typical
of molecular clouds near the solar circle (Giannetti et al.
2014), including those in the Carina Arm of the Milky
Way. As explained by Barnes et al. (2015), however,
the results of the calculations that follow are relatively
insensitive to this assumption; this insensitivity is also
illustrated in Figure 2 (see next) via grids for both R13
= 60 and 40.
The result is that we can evaluate not only the op-

tical depth in all lines at every (l,b,V ) position in the
data cubes, but also the inherent R18 ⌘ [13CO]/[C18O]
abundance ratio at every coordinate, via
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⌧13=R18⌧18 , (5)

where the subscripts 12, 13, and 18 refer to the Tmb, ⌧ ,
and S of the relevant isotopologue. With Tex from Eq. 1,

2× ➝



In Test Field (TF, with Audra 
Hernandez):

Form a ratio of two Ns calculated 
from each line,                              
then find Tex where 𝜂=0

Example 1: solvable voxel

Example 2: not solvable                
(more on next slide)

Most (well, ~half) voxels solvable 
for 𝜏2-1, 𝜏1-0, Tex, and Ntotal(13CO)

Iterative Approach

A&A proofs: manuscript no. sedigism-intro

including: optical depths, excitation temperatures, molecular
abundances, and column densities. Barnes et al. (2015) already
demonstrated the diagnostic power of such an approach with
the ThrUMMS data alone, finding a new value of the conver-
sion factor between CO emissivity and mass column density,
which suggests that the total molecular mass of the Milky Way
may have previously been substantially underestimated. They
did this assuming only a common LTE excitation between the
three main iso-CO species, and a fixed intrinsic abundance ra-
tio R13 = [12CO]/[13CO]. While the latter may indeed also vary,
their results on the mass distribution are relatively insensitive to
the exact value assumed for R13.

The validity of a common Tex between the very optically
thick 12CO lines and the more typically optically thin 13CO and
C18O lines is a more relevant issue, but the SEDIGISM data now
allow a straightforward resolution to this issue as well. Building
upon the method described by Kramer et al. (1999) and Hernan-
dez et al. (2011), we have developed a root-finding algorithm to
compute ⌧, Tex and the column density at each voxel of the data
cube. We arrive at our solutions by matching the column den-
sity calculated from each 13CO transition across a range of Tex.
The column density is given by the usual plane parallel radiative
transfer equation:

N =
3h

8⇡3µ2
Q(Tex)eEl/kTex

Ju(1 � e�h⌫/kTex )

Z
⌧uldV, (4)

where the total N is calculated separately for each transition line
(Ju = 2 or 1), µ is the dipole moment of the CO molecules,
Q(Tex) is the rotational partition function, and El is the energy of
the lower state of transition Ju ! Ju � 1.

The optical depth, ⌧ul, is derived through the plane-parallel
radiative transfer equation:

Tmb =
h⌫
k

( fTex � fTbg )(1 � e�⌧ul ). (5)

Here Tmb is the main beam brightness temperature, Tbg is the
background temperature of 2.73 K, and fT = [exp(h⌫/(kT)) �
1]�1. Since Tmb for both transitions are observed with either the
ThrUMMS or SEDIGISM surveys, we can use equations (4) and
(5) to express the ratio between the J=2–1 and J=1–0 column
densities as a function of Tex:

⌘21(Tex) =
���� log
⇣Ntot,21

Ntot,10

⌘����, (6)

where Ntot,21 and Ntot,10 are the total column densities calculated
from each line transition using equation (4).

To improve computing time we simplified the iterative
method of Hernandez et al. (2011), who estimated the three-
dimensional Tex distribution throughout a highly filamentary
IRDC using C18O J=2–1 and C18O J=1–0. This modification
is possible since equation (6) is a function with a global mini-
mum within a domain of Tex � 2.73 K, which represents when
N21 and N10 are equal (i.e., when ⌘21 = 0). Thus, the voxel Tex
can be estimated by simply minimizing ⌘21 within Tex of range
2.73 to 30 K, the typical excitation temperature range for GMCs
(e.g., Barnes et al. 2015). By equating N21 and N10, we are
assuming that their excitation temperatures are equal. It is
possible that the excitation will di↵er between the two tran-
sitions and produce unequal, possibly sub-thermal, excita-
tion temperatures. However, for lower density cloud regions,
Jiménez-Serra et al. (2010) combined 13CO J=1–0 data with
the J=3–2 and J=2–1 LVG analysis, finding that the over-
all column densities were within a factor of 2. We find that
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Fig. 21. Top: The total 13CO column density was estimated over a range
of Tex from each line transition separately using Eq. (4). Bottom: The
distribution of ⌘21 (Eq. (6)) over the same range of Tex. Since we have
defined ⌘21 as the absolute di↵erence between the two total column den-
sity estimates, the Tex in this voxel is determined by locating the global
minimum, as shown by the vertical dotted black line. For this example
voxel, we find Tex = 7.8 K.

most voxels with S/N >⇠4 have line ratios that allow conver-
gence to a single assumed Tex. For some noisier voxels, the
algorithm fails to converge to a Tex solution due to "unphys-
ical" line ratios assuming a shared Tex; these voxels are then
omitted from our analysis. While mathematically this might
suggest di↵erential thermalisation, we discount this possibil-
ity due to the low S/N at these locations.

For the present study, we use the 13CO data from both sur-
veys. We first convolve the 3000 resolution SEDIGISM cubes to
the 7200 resolution of the ThrUMMS data. Tex was estimated for
all voxels with Tmb measurement above zero to avoid unphysical
column density estimates and improve computing time. Fig. 21
presents the Tex solution for one example voxel. For each voxel
with a Tex solution, we are able to compute the opacities (⌧21
and ⌧10) and total column density, N(13CO). Finally, by perform-
ing this analysis for each voxel, we are able to derive the three-
dimensional spatially- and velocity-resolved distribution of the
physical conditions of the 13CO gas.

Fig. 22 presents the results for ⌧2�1, Tex and N(13CO) in
the science demonstration field, as longitude-velocity maps in-
tegrated along b. The distributions of these three quantities on
a voxel basis are shown in Fig. 23. Interestingly, the Tex and
⌧ distributions, while each contributing to the column density,
are distinctly di↵erent in several places. That is, some locations
with high N are mostly due to a high excitation while other lo-
cations derive their high N from a high opacity. The latter is es-
pecially interesting since we see that the highest column density
clumps reach peak 13CO opacities of ⇠8, which certainly shows
that common assumptions about optically thin emission can lead
one’s analysis and physical interpretation astray. Maps of single
lines cannot by themselves give us this physical insight.

6.2. The 13CO X-factor

From this radiative transfer solution, we can directly compute an
important result which bears on much of the new science pre-
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Progress…
Work is continuing 
(with Sebastian 
Lopez) using a faster 
Newton’s method and 
cleaner algorithm 
than in TF

The physics is non-
trivial: even LTE 
modelling has 
intrinsic numerical 
issues…

convolve to T 
resolution

bin to S 
channels

ThrUMMS SEDIGISM

regrid to 
ThrUMMS

combine & 
model

cubes of 
physical 
quantities

SAM both



Line Ratios are … Interesting
~Half the voxels have 
very low T2/T1 ratio: 
subthermal(?) 
excitation

Convergence remains 
tricky, especially in 
low-Tex/high-𝜏 DSD 
(double solution 
domain) near 
subthermal limit

Eventually, will need 
non-LTE analysis for 
new physics

LT
E works

or non-LTE or
self-absorption

DSD



Unexpected Results
Of the voxels which have LTE solutions, most are high 
opacity (𝜏2-1 = 0.4–4) and low excitation (Tex = 6–9 K)
Assuming 𝜏 << 1 should be avoided



X factors and other questions
Can also compute 13CO X-
factor: ~flat with I(13CO) in 
TF, but probably only 
because of Central Limit 
Thm.

X13 hides a multitude of 
sins, e.g. no provision for 
subthermal voxels!

Inside & outside the TF,  
X13 varies regionally & 
globally; need to map its 
value

Implications for Dark 
Molecular Gas & NH2, 
extragalactic work, etc.

artifact of DSD

X13 in TF agrees with dust-based 
column density measurements on 

average, but strongly varies with 𝜏, 
and with Tex if 𝜏 small, BUT should 

probably be ~2×(?) higher for 
subthermal voxels



More Applications
2nd approach: iteratively solve between SEDIGISM 
J=2➝1 13CO & C18O lines’ 𝜏 & Tex  (again, 2 equations in 
3 unknowns)

Need to also assume R18: will investigate how this works, 
given the CHaMP result that R18 varies… a lot!

Work (with Prerak Garg) in an l=13° test map (1Q), but 
only over small areas (~few arcmin2)

4 Barnes et al.

Figure 2. The iso-CO ratio-ratio diagram (RRD), combining line ratios from the three data cubes for all of Regions 9–11 (covering the ⌘

Car GMC, the same area and 3-colour rendering as appears in Fig. 1). The coloured dots are contoured by voxel incidence at 2,4,8...64, and
overlaid by 2 grids (solid & dotted, labelled by R13) of ⌧(C18O) and R18 = [13CO]/[C18O] from the radiative transfer analysis, Eqs. 1–6.

derive the total CO mass distribution, and a dynamical
analysis of the clump envelopes relative to their interi-
ors. We begin, however, with composite colour images of
the integrated intensities in the 3 lines, for each Region
and separate velocity component, plus 3-colour overlays
for position-velocity (PV) maps as well. A sample (l,b)
mosaic for Regions 9–11 is shown in Figure 1.
This colour presentation gives us an intuitive feel for

the line ratio analysis to follow. By rendering the 12CO
emission as the red image, 13CO as green, and C18O as
blue, clumps which have a relatively low opacity and/or
high excitation will appear reddish, since in either con-
dition the 12CO line will be significantly brighter than
either the 13CO or C18O lines. In contrast, clumps that
appear bluer or greener than average signify gas where
the 13CO and/or C18O emission is more comparable in
brightness to the 12CO, which indicates higher opacity
and/or lower excitation. This is true for both the (l,b)
and PV images. The renderings in these figures are each
adjusted to produce whitish clouds when the line ratios
are more average, I18/I13 ⇠ 0.2, I13/I12 ⇠ 0.5, although
this varies somewhat from Region to Region (see further
below).
From Figure 1, we can clearly see that the central por-

tion of the GMC most closely surrounding ⌘ Car and
the various Trumpler clusters (i.e., most of Region 10
and the northern parts of Region 11) has higher exci-
tation (redder colour) that the more distal clumps. We
can also see that clumps BYF73, 77, and 111 (the bluer
clumps to the E and W) have particularly high opacity,
even compared to their neighbours.
This description is quantified with the same radiative

transfer analysis as performed by Barnes et al. (2015).
The approach is to assume, at each velocity channel and
pixel (i.e., we do this calculation in 3D), that all lines are
formed in Local Thermodynamic Equilibrium (LTE) at
a single excitation temperature Tex. Because of the high
opacity in the 12CO line, Tex is well-traced by the 12CO

brightness temperature:

Tmb = [S⌫(Tex)� S⌫(Tbg)](1� e

�⌧ ) (1)

⇡ (Tex � Tbg) , ⌧ � 1 and h⌫ ⌧ kT,

where ⌧ is the optical depth in the line, Tmb is the ob-
served main beam brightness temperature corrected for
the relevant antenna e�ciencies, Tbg = 2.726K is the
cosmic background temperature, and the source function
S⌫(T ) ⌘ h⌫/k(eh⌫/kT � 1) at frequency ⌫, with h and k

as Planck’s and Boltzmann’s constants, respectively. We
show the Rayleigh-Jeans approximation to S in the sec-
ond version of Eq. (1) for illustrative purposes only: in
all calculations herein, we use the full definition of S. We
also assume that all CHaMP clouds have a single abun-
dance ratio R13 ⌘ [12CO]/[13CO] = 60, a number typical
of molecular clouds near the solar circle (Giannetti et al.
2014), including those in the Carina Arm of the Milky
Way. As explained by Barnes et al. (2015), however,
the results of the calculations that follow are relatively
insensitive to this assumption; this insensitivity is also
illustrated in Figure 2 (see next) via grids for both R13
= 60 and 40.
The result is that we can evaluate not only the op-

tical depth in all lines at every (l,b,V ) position in the
data cubes, but also the inherent R18 ⌘ [13CO]/[C18O]
abundance ratio at every coordinate, via

T13

T12
=


S13(Tex)� S13(Tbg)

S12(Tex)� S12(Tbg)

�
1� e

�⌧
13

1� e

�R
13

⌧
13

, (2)

T18

T13
=


S18(Tex)� S18(Tbg)

S13(Tex)� S13(Tbg)

�
1� e

�⌧
18

1� e

�⌧
13

, (3)

⌧12=R13⌧13 , and (4)

⌧13=R18⌧18 , (5)

where the subscripts 12, 13, and 18 refer to the Tmb, ⌧ ,
and S of the relevant isotopologue. With Tex from Eq. 1,



Future Work
Connect NCO catalogues from SCIMES (T:1-0, S:2-1) 
with properly segmented dust-based NH2 structures 
(CODEX project)

Map abundances [13CO]/[H2] and R13 = [12CO]/[13CO] 
across 4Q by combining N13 maps with dust-based NH2 
maps (still need to assume a single GDR)

Re-analyse Galactic distribution of NH2 , X13, Tex, etc. 
with respect to spiral arms (globally) or filament/cloud 
structure & properties (locally)



Conclusions

Main takeaway: N-based physics is different than I-
based physics, affecting inferences of mass, structure, 
excitation, other derived cloud properties.  Ignoring this 
risks the validity of your science.

These projects are staff-limited: postdocs, students, 
please help!


