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centrally heated dust cloud : 	

               emitted SED as function of dust mass 	


•  peak shifts to longer λ  for increased τ (or dust mass)	

•  flux on long λ tail scales linearly with Mdust	
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R-J tail is optically thin, ���
  therefore���
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Table 3

Gaussian Fit Source Sizes

Beam Source Deconvolved

——————————– ———————————————————— —————————-
Source major minor PA major minor PA major minor T

B

00 00 � 00 00 � 00 00 K

Band 7

Arp 220 continuum 0.60 0.42 -32.0 0.66 ± 0.0022 0.50 ± 0.0016 -29.0 ± 0.57 0.28 0.27 33.9
Arp 220 continuum 0.60 0.42 -32.0 0.71 ± 0.0051 0.50 ± 0.0036 -15.7 ± 1.02 0.37 0.27 11.1
Arp 220 continuum 0.52 0.39 -27.2 0.63 ± 0.0041 0.46 ± 0.0029 -28.1 ± 0.97 0.36 0.24 34.9
Arp 220 continuum 0.52 0.39 -27.2 0.65 ± 0.0097 0.51 ± 0.0076 -17.4 ± 3.06 0.38 0.32 9.6
NGC 6240 continuum 0.55 0.46 65.6 0.74 ± 0.0405 0.60 ± 0.0329 -152.3 ± 13.07 0.50 0.39 0.4
NGC 6240 continuum 0.55 0.46 65.6 1.22 ± 0.1166 0.70 ± 0.0668 -150.4 ± 8.08 1.09 0.53 0.1
NGC 6240 continuum 0.53 0.44 64.7 0.72 ± 0.0049 0.59 ± 0.0040 -154.7 ± 1.70 0.49 0.40 0.3
NGC 6240 continuum 0.53 0.44 64.7 1.19 ± 0.0139 0.72 ± 0.0084 -149.3 ± 1.10 1.07 0.57 0.0

Band 9

Arp 220 continuum 0.32 0.28 -38.6 0.39 ± 0.0009 0.34 ± 0.0008 -41.6 ± 0.79 0.23 0.19 148.9
Arp 220 continuum 0.32 0.28 -38.6 0.44 ± 0.0018 0.37 ± 0.0016 -139.3 ± 1.23 0.30 0.24 47.2
NGC 6240 continuum 0.27 0.24 29.7 0.86 ± 0.0054 0.39 ± 0.0023 -173.1 ± 0.34 0.82 0.30 0.2

Lines

Arp220 CS (7-6) 0.60 0.42 -32.0 0.78 ± 0.005 0.60 ± 0.005 -31.4 ± 3.00 0.49 0.43 10.1
Arp220 CS (7-6) 0.60 0.42 -32.0 0.72 ± 0.004 0.54 ± 0.003 -34.9 ± 2.00 0.40 0.35 7.5
Arp220 HCN (4-3) 0.52 0.39 -27.2 0.77 ± 0.004 0.57 ± 0.003 -23.5 ± 1.00 0.57 0.41 39.3
Arp220 HCN (4-3) 0.52 0.39 -27.2 0.78 ± 0.004 0.59 ± 0.003 20.0 ± 1.50 0.58 0.45 21.5
NGC 6240 CS (7-6) 0.55 0.46 65.6 ....a ....a ....a ....a ....a ....a

NGC 6240 HCN (4-3) 0.53 0.44 64.7 1.26 ± 0.009 0.74 ± 0.008 -178.3 ± 3.00 1.14 0.60 1.5

Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the
parameters were the formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.

Table 4

ISM Masses from Dust Continuum

Source ⌫
obs

Flux T
d

a �
RJ

Mass

GHz mJy K 109M�

Arp 220 total 347.6 490 100 0.917 5.97
Arp 220 East 347.6 161 100 0.917 1.96
Arp 220 West 347.6 342 100 0.917 4.16

NGC 6240 693.5 126 25 0.468 1.64

Note. — ISM masses derived from the RJ continuum
flux using Equation 4 with distances of 74 and 103 Mpc
for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as
discussed in text.

tantly, the algorithm is capable of achieving significant
increases in the e↵ective spatial resolution using the kine-
matics plus the observed velocity profiles of the emissions
lines to sharpen the spatial resolution. (As noted above,
this was achieved in NGC 1068). Whether the resolution
increase is achieved depends on the magnitude of the gas
velocity dispersion compared with the gradients in the
velocity field on the scale of the observing beam. It also
of course depends on the emissivity being significant at
galactic radii where the rotation curve has a large gradi-
ent. The routine used here was written in IDL and then
tested on the same input models described in Scoville
et al. (1983) to confirm that it would recover the input

Table 5

Disk Models

Source V0 R0 incl. PA �
V

km s�1 pc � � km s�1

Arp 220 East 840 10 75 50 110
Arp 220 West 500 ⇠ 5 45 -15 260

NGC 6240 140 90 45 -15 160

model parameters correctly and do this in the presence
of added noise on the observed model line profiles. The
procedure is iterative and in all cases (including the mod-
els for Arp 220 and NGC 6240), the initial guess for the
radial emissivity distribution was taken to be constant
with radius to avoid bias toward a particular solution.

6. DISCUSSION

6.1. Dense Star Forming Gas traced in HCN and CS

Within the nuclei of merging IR galaxies, a significant
fraction (⇠ 25 � 50%) of the ISM is at densities � 104

cm�3 – as can seen from the relatively strong emission
from molecules such as HCN, CS and HCO+ which have
high dipole moments relative to CO (hence high criti-
cal densities). In addition, if one simply takes the ISM
mass estimates (⇠ 3⇥109 M�) distributed within a disk
of radius 100 pc and thickness of 30 pc, the mean H2
density is 7000 per cc. To probe the structure of the re-

lines ...	
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è counter-rotating disks (as in Sakamoto etal ‘98)	
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Table 3
Gaussian Source Sizes from Table 2

Beam Source Deconvolved
——————————– ———————————————————— —————————-

Source major minor PA major minor PA major minor TB
00 00 � 00 00 � 00 00 K

Band 7

Arp 220 W continuum 0.60 0.42 -32.0 0.66 ± 0.0022 0.50 ± 0.0016 -29.0 ± 0.57 0.28 0.27 33.9
Arp 220 E continuum 0.60 0.42 -32.0 0.71 ± 0.0051 0.50 ± 0.0036 -15.7 ± 1.02 0.37 0.27 11.1
Arp 220 W continuum 0.52 0.39 -27.2 0.63 ± 0.0041 0.46 ± 0.0029 -28.1 ± 0.97 0.36 0.24 34.9
Arp 220 E continuum 0.52 0.39 -27.2 0.65 ± 0.0097 0.51 ± 0.0076 -17.4 ± 3.06 0.38 0.32 9.6
NGC 6240 S continuum 0.55 0.46 65.6 0.74 ± 0.0405 0.60 ± 0.0329 -152.3 ± 13.07 0.50 0.39 0.4
NGC 6240 N continuum 0.55 0.46 65.6 1.22 ± 0.1166 0.70 ± 0.0668 -150.4 ± 8.08 1.09 0.53 0.1
NGC 6240 S continuum 0.53 0.44 64.7 0.72 ± 0.0049 0.59 ± 0.0040 -154.7 ± 1.70 0.49 0.40 0.3
NGC 6240 N continuum 0.53 0.44 64.7 1.19 ± 0.0139 0.72 ± 0.0084 -149.3 ± 1.10 1.07 0.57 0.0

Band 9

Arp 220 W continuum 0.32 0.28 -38.6 0.39 ± 0.0009 0.34 ± 0.0008 -41.6 ± 0.79 0.23 0.19 148.9
Arp 220 E continuum 0.32 0.28 -38.6 0.44 ± 0.0018 0.37 ± 0.0016 -139.3 ± 1.23 0.30 0.24 47.2
NGC 6240 continuum 0.27 0.24 29.7 0.86 ± 0.0054 0.39 ± 0.0023 -173.1 ± 0.34 0.82 0.30 0.2

Lines

Arp220 W CS (7 - 6) 0.60 0.42 -32.0 0.78 ± 0.005 0.60 ± 0.005 -31.4 ± 3.00 0.49 0.43 10.1
Arp220 E CS (7 - 6) 0.60 0.42 -32.0 0.72 ± 0.004 0.54 ± 0.003 -34.9 ± 2.00 0.40 0.35 7.5
Arp220 W HCN (4 - 3) 0.52 0.39 -27.2 0.77 ± 0.004 0.57 ± 0.003 -23.5 ± 1.00 0.57 0.41 39.3
Arp220 E HCN (4 - 3) 0.52 0.39 -27.2 0.78 ± 0.004 0.59 ± 0.003 20.0 ± 1.50 0.58 0.45 21.5
NGC 6240 CS (7 - 6) 0.55 0.46 65.6 ....a ....a ....a ....a ....a ....a

NGC 6240 HCN (4 - 3) 0.53 0.44 64.7 1.26 ± 0.009 0.74 ± 0.008 -178.3 ± 3.00 1.14 0.60 1.5

Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the parameters were the
formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.

Table 4
ISM Masses from Dust Continuum

Source ⌫obs Flux Td
a �RJ

d Mass diameterb Radius < ⌃gas >c < NH2 >c

GHz mJy K 109 M� 00 pc M� pc�2 cm�2

Arp 220 total 347.6 490 100 0.917 5.97
Arp 220 East 347.6 161 100 0.917 1.96 . 0.38 . 69 & 1.3⇥ 105 & 6.0⇥ 1024

Arp 220 West 347.6 342 100 0.917 4.16 . 0.36 . 65 & 3.1⇥ 105 & 1.5⇥ 1025

NGC 6240 693.5 126 25 0.468 1.64 0.8 190 & 1.4⇥ 104 & 7.0⇥ 1023

Note. — ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103
Mpc for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
c Mean gas surface density and H2 column density assuming the gas mass is distributed uniformly over a disk
with the radius given in column 8.
d Rayleigh-Jeans correction factor from Equation 4.

Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-

citation temperature in an optically thick transition is
in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
this has been shown before (Scoville & Solomon 1974;
Goldreich & Kwan 1974), we restate this result here

since it is often asserted that the greater dipole moment
molecules have a higher critical density due to their more
rapid spontaneous decay – this is not physically correct
for optically thick transitions such as those of HCN and
CS. In fact, the excitation temperature is independent of
the A-coe�cient; hence, the line brightness temperature
depends only on the factor nH2nm/(dv/dr) where nm is
the volume density of the molecules (reflected above in
nl).

double Gaussian fits 	


band 7 continuum	


band 7 lines	


band 9 continuum	


Dust : major axis radius ~ 0.12’’ è 40 pc	

TB ~ 148 & 47 K (450 μm)	


HCN : major axis radius ~ 0.25’’ è  90 pc	

TB ~ 40 K	
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Table 3
Gaussian Source Sizes from Table 2

Beam Source Deconvolved
——————————– ———————————————————— —————————-

Source major minor PA major minor PA major minor TB
00 00 � 00 00 � 00 00 K

Band 7

Arp 220 W continuum 0.60 0.42 -32.0 0.66 ± 0.0022 0.50 ± 0.0016 -29.0 ± 0.57 0.28 0.27 33.9
Arp 220 E continuum 0.60 0.42 -32.0 0.71 ± 0.0051 0.50 ± 0.0036 -15.7 ± 1.02 0.37 0.27 11.1
Arp 220 W continuum 0.52 0.39 -27.2 0.63 ± 0.0041 0.46 ± 0.0029 -28.1 ± 0.97 0.36 0.24 34.9
Arp 220 E continuum 0.52 0.39 -27.2 0.65 ± 0.0097 0.51 ± 0.0076 -17.4 ± 3.06 0.38 0.32 9.6
NGC 6240 S continuum 0.55 0.46 65.6 0.74 ± 0.0405 0.60 ± 0.0329 -152.3 ± 13.07 0.50 0.39 0.4
NGC 6240 N continuum 0.55 0.46 65.6 1.22 ± 0.1166 0.70 ± 0.0668 -150.4 ± 8.08 1.09 0.53 0.1
NGC 6240 S continuum 0.53 0.44 64.7 0.72 ± 0.0049 0.59 ± 0.0040 -154.7 ± 1.70 0.49 0.40 0.3
NGC 6240 N continuum 0.53 0.44 64.7 1.19 ± 0.0139 0.72 ± 0.0084 -149.3 ± 1.10 1.07 0.57 0.0

Band 9

Arp 220 W continuum 0.32 0.28 -38.6 0.39 ± 0.0009 0.34 ± 0.0008 -41.6 ± 0.79 0.23 0.19 148.9
Arp 220 E continuum 0.32 0.28 -38.6 0.44 ± 0.0018 0.37 ± 0.0016 -139.3 ± 1.23 0.30 0.24 47.2
NGC 6240 continuum 0.27 0.24 29.7 0.86 ± 0.0054 0.39 ± 0.0023 -173.1 ± 0.34 0.82 0.30 0.2

Lines

Arp220 W CS (7 - 6) 0.60 0.42 -32.0 0.78 ± 0.005 0.60 ± 0.005 -31.4 ± 3.00 0.49 0.43 10.1
Arp220 E CS (7 - 6) 0.60 0.42 -32.0 0.72 ± 0.004 0.54 ± 0.003 -34.9 ± 2.00 0.40 0.35 7.5
Arp220 W HCN (4 - 3) 0.52 0.39 -27.2 0.77 ± 0.004 0.57 ± 0.003 -23.5 ± 1.00 0.57 0.41 39.3
Arp220 E HCN (4 - 3) 0.52 0.39 -27.2 0.78 ± 0.004 0.59 ± 0.003 20.0 ± 1.50 0.58 0.45 21.5
NGC 6240 CS (7 - 6) 0.55 0.46 65.6 ....a ....a ....a ....a ....a ....a

NGC 6240 HCN (4 - 3) 0.53 0.44 64.7 1.26 ± 0.009 0.74 ± 0.008 -178.3 ± 3.00 1.14 0.60 1.5

Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the parameters were the
formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.

Table 4
ISM Masses from Dust Continuum

Source ⌫obs Flux Td
a �RJ

d Mass diameterb Radius < ⌃gas >c < NH2 >c

GHz mJy K 109 M� 00 pc M� pc�2 cm�2

Arp 220 total 347.6 490 100 0.917 5.97
Arp 220 East 347.6 161 100 0.917 1.96 . 0.38 . 69 & 1.3⇥ 105 & 6.0⇥ 1024

Arp 220 West 347.6 342 100 0.917 4.16 . 0.36 . 65 & 3.1⇥ 105 & 1.5⇥ 1025

NGC 6240 693.5 126 25 0.468 1.64 0.8 190 & 1.4⇥ 104 & 7.0⇥ 1023

Note. — ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103
Mpc for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
c Mean gas surface density and H2 column density assuming the gas mass is distributed uniformly over a disk
with the radius given in column 8.
d Rayleigh-Jeans correction factor from Equation 4.

Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-

citation temperature in an optically thick transition is
in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
this has been shown before (Scoville & Solomon 1974;
Goldreich & Kwan 1974), we restate this result here

since it is often asserted that the greater dipole moment
molecules have a higher critical density due to their more
rapid spontaneous decay – this is not physically correct
for optically thick transitions such as those of HCN and
CS. In fact, the excitation temperature is independent of
the A-coe�cient; hence, the line brightness temperature
depends only on the factor nH2nm/(dv/dr) where nm is
the volume density of the molecules (reflected above in
nl).
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Table 3
Gaussian Source Sizes from Table 2

Beam Source Deconvolved
——————————– ———————————————————— —————————-

Source major minor PA major minor PA major minor TB
00 00 � 00 00 � 00 00 K

Band 7

Arp 220 W continuum 0.60 0.42 -32.0 0.66 ± 0.0022 0.50 ± 0.0016 -29.0 ± 0.57 0.28 0.27 33.9
Arp 220 E continuum 0.60 0.42 -32.0 0.71 ± 0.0051 0.50 ± 0.0036 -15.7 ± 1.02 0.37 0.27 11.1
Arp 220 W continuum 0.52 0.39 -27.2 0.63 ± 0.0041 0.46 ± 0.0029 -28.1 ± 0.97 0.36 0.24 34.9
Arp 220 E continuum 0.52 0.39 -27.2 0.65 ± 0.0097 0.51 ± 0.0076 -17.4 ± 3.06 0.38 0.32 9.6
NGC 6240 S continuum 0.55 0.46 65.6 0.74 ± 0.0405 0.60 ± 0.0329 -152.3 ± 13.07 0.50 0.39 0.4
NGC 6240 N continuum 0.55 0.46 65.6 1.22 ± 0.1166 0.70 ± 0.0668 -150.4 ± 8.08 1.09 0.53 0.1
NGC 6240 S continuum 0.53 0.44 64.7 0.72 ± 0.0049 0.59 ± 0.0040 -154.7 ± 1.70 0.49 0.40 0.3
NGC 6240 N continuum 0.53 0.44 64.7 1.19 ± 0.0139 0.72 ± 0.0084 -149.3 ± 1.10 1.07 0.57 0.0

Band 9

Arp 220 W continuum 0.32 0.28 -38.6 0.39 ± 0.0009 0.34 ± 0.0008 -41.6 ± 0.79 0.23 0.19 148.9
Arp 220 E continuum 0.32 0.28 -38.6 0.44 ± 0.0018 0.37 ± 0.0016 -139.3 ± 1.23 0.30 0.24 47.2
NGC 6240 continuum 0.27 0.24 29.7 0.86 ± 0.0054 0.39 ± 0.0023 -173.1 ± 0.34 0.82 0.30 0.2

Lines

Arp220 W CS (7 - 6) 0.60 0.42 -32.0 0.78 ± 0.005 0.60 ± 0.005 -31.4 ± 3.00 0.49 0.43 10.1
Arp220 E CS (7 - 6) 0.60 0.42 -32.0 0.72 ± 0.004 0.54 ± 0.003 -34.9 ± 2.00 0.40 0.35 7.5
Arp220 W HCN (4 - 3) 0.52 0.39 -27.2 0.77 ± 0.004 0.57 ± 0.003 -23.5 ± 1.00 0.57 0.41 39.3
Arp220 E HCN (4 - 3) 0.52 0.39 -27.2 0.78 ± 0.004 0.59 ± 0.003 20.0 ± 1.50 0.58 0.45 21.5
NGC 6240 CS (7 - 6) 0.55 0.46 65.6 ....a ....a ....a ....a ....a ....a

NGC 6240 HCN (4 - 3) 0.53 0.44 64.7 1.26 ± 0.009 0.74 ± 0.008 -178.3 ± 3.00 1.14 0.60 1.5

Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the parameters were the
formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.
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ISM Masses from Dust Continuum

Source ⌫obs Flux Td
a �RJ

d Mass diameterb Radius < ⌃gas >c < NH2 >c

GHz mJy K 109 M� 00 pc M� pc�2 cm�2

Arp 220 total 347.6 490 100 0.917 5.97
Arp 220 East 347.6 161 100 0.917 1.96 . 0.38 . 69 & 1.3⇥ 105 & 6.0⇥ 1024

Arp 220 West 347.6 342 100 0.917 4.16 . 0.36 . 65 & 3.1⇥ 105 & 1.5⇥ 1025

NGC 6240 693.5 126 25 0.468 1.64 0.8 190 & 1.4⇥ 104 & 7.0⇥ 1023

Note. — ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103
Mpc for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
c Mean gas surface density and H2 column density assuming the gas mass is distributed uniformly over a disk
with the radius given in column 8.
d Rayleigh-Jeans correction factor from Equation 4.

Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-

citation temperature in an optically thick transition is
in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
this has been shown before (Scoville & Solomon 1974;
Goldreich & Kwan 1974), we restate this result here

since it is often asserted that the greater dipole moment
molecules have a higher critical density due to their more
rapid spontaneous decay – this is not physically correct
for optically thick transitions such as those of HCN and
CS. In fact, the excitation temperature is independent of
the A-coe�cient; hence, the line brightness temperature
depends only on the factor nH2nm/(dv/dr) where nm is
the volume density of the molecules (reflected above in
nl).
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Table 3
Gaussian Source Sizes from Table 2

Beam Source Deconvolved
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Source major minor PA major minor PA major minor TB
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Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the parameters were the
formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.

Table 4
ISM Masses from Dust Continuum

Source ⌫obs Flux Td
a �RJ

d Mass diameterb Radius < ⌃gas >c < NH2 >c

GHz mJy K 109 M� 00 pc M� pc�2 cm�2

Arp 220 total 347.6 490 100 0.917 5.97
Arp 220 East 347.6 161 100 0.917 1.96 . 0.38 . 69 & 1.3⇥ 105 & 6.0⇥ 1024

Arp 220 West 347.6 342 100 0.917 4.16 . 0.36 . 65 & 3.1⇥ 105 & 1.5⇥ 1025

NGC 6240 693.5 126 25 0.468 1.64 0.8 190 & 1.4⇥ 104 & 7.0⇥ 1023

Note. — ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103
Mpc for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
c Mean gas surface density and H2 column density assuming the gas mass is distributed uniformly over a disk
with the radius given in column 8.
d Rayleigh-Jeans correction factor from Equation 4.

Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-

citation temperature in an optically thick transition is
in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
this has been shown before (Scoville & Solomon 1974;
Goldreich & Kwan 1974), we restate this result here

since it is often asserted that the greater dipole moment
molecules have a higher critical density due to their more
rapid spontaneous decay – this is not physically correct
for optically thick transitions such as those of HCN and
CS. In fact, the excitation temperature is independent of
the A-coe�cient; hence, the line brightness temperature
depends only on the factor nH2nm/(dv/dr) where nm is
the volume density of the molecules (reflected above in
nl).
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Table 3
Gaussian Source Sizes from Table 2

Beam Source Deconvolved
——————————– ———————————————————— —————————-

Source major minor PA major minor PA major minor TB
00 00 � 00 00 � 00 00 K
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Arp 220 W continuum 0.60 0.42 -32.0 0.66 ± 0.0022 0.50 ± 0.0016 -29.0 ± 0.57 0.28 0.27 33.9
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Arp 220 W continuum 0.52 0.39 -27.2 0.63 ± 0.0041 0.46 ± 0.0029 -28.1 ± 0.97 0.36 0.24 34.9
Arp 220 E continuum 0.52 0.39 -27.2 0.65 ± 0.0097 0.51 ± 0.0076 -17.4 ± 3.06 0.38 0.32 9.6
NGC 6240 S continuum 0.55 0.46 65.6 0.74 ± 0.0405 0.60 ± 0.0329 -152.3 ± 13.07 0.50 0.39 0.4
NGC 6240 N continuum 0.55 0.46 65.6 1.22 ± 0.1166 0.70 ± 0.0668 -150.4 ± 8.08 1.09 0.53 0.1
NGC 6240 S continuum 0.53 0.44 64.7 0.72 ± 0.0049 0.59 ± 0.0040 -154.7 ± 1.70 0.49 0.40 0.3
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Lines
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Note. — Sizes and major axis PA estimates obtained from 2d gaussian fits listed in Table 2. The uncertainties in the parameters were the
formal errors from the multi-component Gaussian fitting.
a No convergent fit obtained.
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a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
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with the radius given in column 8.
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Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-
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in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
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Goldreich & Kwan 1974), we restate this result here
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Note. — ISM masses derived from the RJ continuum flux using Equation 4 with distances of 74 and 103
Mpc for Arp 220 and NGC 6240.
a Adopted dust temperature used for mass calculation as discussed in text.
b Angular diameter estimate from deconvolved major axis of dust emission Gaussian fit (Table 3) using the
Band 7 measurements for Arp 220 (since the Band 9 dust emission is optically thick) and Band 9 for NGC
6240 (since the SNR is better in Band 9).
c Mean gas surface density and H2 column density assuming the gas mass is distributed uniformly over a disk
with the radius given in column 8.
d Rayleigh-Jeans correction factor from Equation 4.

Here, dv/dr is the line-of-sight velocity gradient.
Combining Equations 13 and 14 one sees that the ex-

citation temperature in an optically thick transition is
in fact independent of the spontaneous decay rate (Aul).
This is because transitions with higher spontaneous de-
cay rates also have proportionally higher optical depth
and hence lower photon escape probabilities. Although
this has been shown before (Scoville & Solomon 1974;
Goldreich & Kwan 1974), we restate this result here

since it is often asserted that the greater dipole moment
molecules have a higher critical density due to their more
rapid spontaneous decay – this is not physically correct
for optically thick transitions such as those of HCN and
CS. In fact, the excitation temperature is independent of
the A-coe�cient; hence, the line brightness temperature
depends only on the factor nH2nm/(dv/dr) where nm is
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relative strength of HI & HeII submm lines ���
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   quite independent of ne & Te ���
   ���
   don’t expect maser amplification ���
���
è lines fluxes è UV luminosity & UV hardness 	


Scoville & Murchikova ’13 (ApJ)	


Submm Recombination Lines 9

Table 2
HI and HeII Paired Submm Lines

HI ⌫ HeII n↵ ⌫ (GHz) �⌫ (GHz) ✏HI ✏HeII

n↵ GHz n↵ GHz GHz erg sec�1 cm3 erg sec�1 cm3

20 764.230 32 766.940 -2.710 1.21⇥10�30 4.45⇥10�30

21 662.404 34 641.108 21.296 9.05⇥10�31 3.09⇥10�30

22 577.896 35 588.428 -10.531 6.85⇥10�31 2.59⇥10�30

23 507.175 37 499.191 7.985 5.25⇥10�31 1.85⇥10�30

24 447.540 38 461.286 -13.746 4.06⇥10�31 1.57⇥10�30

25 396.901 40 396.254 0.647 3.17⇥10�31 1.15⇥10�30

26 353.623 42 342.894 10.729 2.50⇥10�31 8.47⇥10�31

27 316.415 43 319.781 -3.366 1.99⇥10�31 7.32⇥10�31

28 284.251 45 279.432 4.818 1.60⇥10�31 5.50⇥10�31

29 256.302 46 261.787 -5.485 1.29⇥10�31 4.79⇥10�31

30 231.901 48 230.713 1.187 1.05⇥10�31 3.67⇥10�31

31 210.502 50 204.370 6.132 8.67⇥10�32 2.83⇥10�31

32 191.657 51 192.693 -1.036 7.18⇥10�32 2.48⇥10�31

Note. — In ALMA Band 7 (275 to 365 GHz), the IF frequency is 4 GHz and the
correlator has a nominal coverage of 4 ⇥ 2 GHz or 8 GHz in each sideband. Therefore
a single tuning can cover ⇠16 GHz of bandwidth.

gas EM. For completeness, the free-free flux density in
the submm regime is given by

Sff = 75.0
EMH+

4⇥ 1068
⌫�0.17
300Ghz T�0.5

104K D�2
100Mpc mJy,(19)

where we have included a factor 1.1 to account the
the He+ free-free emission assuming [He/H] = 0.1 and
⌫�0.17 is the frequency dependence of the Gaunt factor
at submm wavelengths. In most instances the thermal
dust emission will dominate the free-free so the latter is
not generally a useful tracer of the ionized gas EM.

5.1. Dust Extinction

We have stressed that a major advantage of the submm
recombination lines is that they are at su�ciently long
wavelengths that dust extinction should be negligible,
since for standard dust properties the extinction should
be A(�) ⇠ 10�4(�µm/300µm)�1.8AV at submm and
longer wavelengths (e.g. Battersby et al. 2011; Planck
Collaboration 2011b,a). Thus for AV < 1000 mag, ex-
tinction at � > 300µm should be minimal. However,
there are a few extreme cases such as Arp 220 and
young protostellar objects which may have somewhat
higher dust columns. In these cases, the recombina-
tion lines provide a unique probe of the dust extinction
through measurements of HI lines at di↵erent submm
wavelengths. Their intrinsic flux ratios can be deter-
mined from Figure 2; the extinction is then obtained by
comparison of the intrinsic and observed line ratios. In
su�ciently bright recombination line sources with high
extinction, such observations could potentially be used to
determine the frequency dependence of the dust extinc-
tion in the submm – this has been a major uncertainty
in the analysis of submm continuum observations.

6. CONCLUSIONS

We have evaluated the expected submm wavelength
line emission of HI, HeI and HeII as probes of dust em-
bedded star formation and AGN luminosity. We find
that the low-n ↵ transitions should provide a linear probe
of the emission measures of the di↵erent ionized regions.
Although their energy levels will have population inver-
sions, the negative optical depths will be << 0.1 for the

maximum gas columns expected and hence there is no
significant maser amplification.
The submm HI and HeII lines have major advantages

over other probes of SF and AGN activity: 1) the dust
extinctions should be minimal; 2) the emitting levels (n
< 30 for HI and < 50 for HeII) have high critical den-
sities (ncrit > 104 cm�3, Sejnowski & Hjellming 1969)
and hence will not be collisionally suppressed; and 3)
they arise from the most abundant species and therefore
do not have metallicity dependences. The emission line
luminosities of the HI (and HeI) submm recombination
lines are therefore a direct and linear probe of the EUV
luminosity and hence SFR if the source is a starburst.
The emission ratios of HI to HeII can be a sensitive

probe of the hardness of the EUV ionizing radiation field,
providing a clear discriminant between AGN and SBs.
The observed ratios of the submm HI recombination

lines may also be used to determine the extinction in
highly extincted luminous sources and to constrain the
shape of the submm extinction curve.
Lastly, we find that these lines should be readily de-

tectable for imaging with ALMA in luminous galaxies
out to 100 Mpc and less luminous sources at lower red-
shift. We note that the far infrared fine structure lines
observed with Herschel often show line deficits in the
ULIRGs relative to the IR luminosity, possibly indicating
either dust absorption of the EUV or collisional suppres-
sion of the emission rates at high density (Graciá-Carpio
et al. 2011); the latter will not be a problem since the
HI and HeII lines are permitted transitions with high
spontaneous decay rates.

We thank Chris Hirata for discussions during this
work, Zara Scoville for proof reading the manuscript and
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nH2 = 2-3!
  x105 cm-3!

Figure 11. Left – The ratio of the level excitation temperature to the gas kinetic temperature (Tx/Tk) is shown as a function of density
for the HCN (4 -3) and CS (7 - 6) lines, calculated from Equation 16 for the parameters discussed in the text, specifically Tk = 100 K and
standard galactic abundances 2 ⇥ 10�8 and 2 ⇥ 10�9 for HCN and CS relative to H2. The observed thermalization ratios (derived from
the line brightness temperatures, see text) are ⇠ 0.4 and 0.1, requiring nH2 =2.0 and 3.0⇥105 cm�3, respectively for HCN and CS. Right
– Line optical depths are shown. The optical depths corresponding to the solution densities are ⇠ 130 and 3 for the HCN (4 -3) and CS (7
- 6) lines, averaged over the line profile.

Table 6
Arp 220 – CO and Dust Masses

S2�1�V S1�0�V ISM(CO) ISM(dust)

109M� 109M�

East 120 30 – 46 3.9 – 6.0 2.0
West 187 47 – 72 6.0 – 9.2 4.2

Note. — CO (2 - 1) fluxes for the nuclei are from Sakamoto
et al. (1999). Similar 2-1 fluxes are given by Downes &
Solomon (1998): 130 and 220 Jy km s�1(assuming their table
entries for the East and West nuclei are reversed). Flux units
are Jy km s�1. A lower limit on the 1 - 0 flux is obtained by
assuming the flux scales as ⌫2 and the ratio is therefore 4:1.
The upper limit is obtained by adopting the global CO (2-1)
/ (1-0) flux ratio of Arp 220 (1071/410 = 2.6 Scoville et al.
1997). ISM(CO) is the ISM mass estimate obtained from
the CO (1-0) flux assuming the standard Galactic CO-to-H2
conversion factor and ISM(dust) is the ISM masses estimated
from dust RJ continuum flux as listed in Table 4.

Using the masses derived from the dust emission in §4
and Table 4, we can assess very approximately the e↵ec-
tive CO (1 - 0) conversion factor for the Arp 220 nuclei
(assuming the masses obtained from the dust emission
are valid). To circumvent the problem that angular res-
olution of existing CO (1 -0) is not su�cient to cleanly
separate the two nuclei, and to separate their emission
from the more extended CO emission, we make use of
the CO (2-1) observations of Sakamoto et al. (1999) at
0.500resolution which is similar to the resolution of our
350 GHz continuum imaging. To estimate the e↵ective
(1 - 0) flux one can multiply by a factor 1/4, assum-
ing the two lines have constant brightness temperature,
i.e. they are fully thermalized. Alternatively, one might
scale by the global (2-1)/(1-0) flux ratio = 2.6 (Scoville
et al. 1997). The 1-0 flux obtained using this latter ra-

tio should be viewed as an upper limit since the global
flux ratio includes low excitation CO from larger galactic
radii. These estimates are listed in Table 6.
For the standard Galactic CO-to-H2 conversion factor

↵CO(1�0) = 3 ⇥ 1020 H2 cm�2 (K km s�1)�1, the H2

mass is MH2 = 1.18 ⇥ 104S1�0�V d

2
Mpc (see Appendix

in Sanders et al. 1991). The resulting CO-based mass
estimates are given in column (4) of Table 6 after multi-
plying by a factor 1.36 to account for He. The ISM mass
estimates from the CO (1 - 0) using the standard Galactic
CO-to-H2 conversion factor are 2 - 3 times higher than
the estimates obtained from the dust continuum (see Ta-
ble 6). The lower CO estimates are probably more valid
for the nuclei since the flux ratio of the high excitation
gas is very likely to be thermalized and therefore have
the limiting 4:1 ratio.
For self-gravitating molecular clouds or galactic nu-

clei where the gas is the dominant mass component,
one expects the CO-to-H2 conversion factor to scale as
p

nH2/Tk (Dickman et al. 1986; Bryant & Scoville 1996),
relative to the density and temperature of the Galactic
GMCs for which the standard conversion factor was de-
rived. The Galactic GMC ratio is ⇠

p

300/10 ⇠ 1.7 and
the ratio for the Arp 220 nuclei is ⇠

p

105/100 ⇠ 3.2.
Thus a factor ⇠ 2 change in ↵CO(1�0) is to be expected
– this is consistent with the discrepancy between the CO-
and dust-based ISM mass estimates given in Table 6.
Thus we conclude that the e↵ective CO-to-H2 conver-

sion factor in the Arp 220 nuclei is approximately a factor
2 reduced from the standard Galactic value. Most of this
reduction can be attributed to the expected changes in
the mean gas density and gas kinetic temperature. The
CO-to-H2 conversion factor can also be reduced if the
line width is increased due to there being a significant
stellar mass contribution in the self-gravitating region

using Galactic αCO 	


è CO-to-H2 conversion factor only different by 2-3x	


how much does  αCO  change in ULIRGs ??	




densities from excitation of HCN (4-3) and CS (7-6) :	

	

for optically thin lines,  nH2 crit > A/<σv>	

for thick lines,     A è  A βescape  ~  A/τ     w/  τ  α   A ���
���
        è   nH2 crit > Aβ / <σv>  è reduced by τ   ���
                                                è nH2 crit   indep. of A !!	
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Figure 11. Left – The ratio of the level excitation temperature to the gas kinetic temperature (Tx/Tk) is shown as a function of density
for the HCN (4 -3) and CS (7 - 6) lines, calculated from Equation 16 for the parameters discussed in the text, specifically Tk = 100 K and
standard galactic abundances 2 ⇥ 10�8 and 2 ⇥ 10�9 for HCN and CS relative to H2. The observed thermalization ratios (derived from
the line brightness temperatures, see text) are ⇠ 0.4 and 0.1, requiring nH2 =2.0 and 3.0⇥105 cm�3, respectively for HCN and CS. Right
– Line optical depths are shown. The optical depths corresponding to the solution densities are ⇠ 130 and 3 for the HCN (4 -3) and CS (7
- 6) lines, averaged over the line profile.
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(assuming the masses obtained from the dust emission
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olution of existing CO (1 -0) is not su�cient to cleanly
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from the more extended CO emission, we make use of
the CO (2-1) observations of Sakamoto et al. (1999) at
0.500resolution which is similar to the resolution of our
350 GHz continuum imaging. To estimate the e↵ective
(1 - 0) flux one can multiply by a factor 1/4, assum-
ing the two lines have constant brightness temperature,
i.e. they are fully thermalized. Alternatively, one might
scale by the global (2-1)/(1-0) flux ratio = 2.6 (Scoville
et al. 1997). The 1-0 flux obtained using this latter ra-

tio should be viewed as an upper limit since the global
flux ratio includes low excitation CO from larger galactic
radii. These estimates are listed in Table 6.
For the standard Galactic CO-to-H2 conversion factor

↵CO(1�0) = 3 ⇥ 1020 H2 cm�2 (K km s�1)�1, the H2

mass is MH2 = 1.18 ⇥ 104S1�0�V d

2
Mpc (see Appendix

in Sanders et al. 1991). The resulting CO-based mass
estimates are given in column (4) of Table 6 after multi-
plying by a factor 1.36 to account for He. The ISM mass
estimates from the CO (1 - 0) using the standard Galactic
CO-to-H2 conversion factor are 2 - 3 times higher than
the estimates obtained from the dust continuum (see Ta-
ble 6). The lower CO estimates are probably more valid
for the nuclei since the flux ratio of the high excitation
gas is very likely to be thermalized and therefore have
the limiting 4:1 ratio.
For self-gravitating molecular clouds or galactic nu-

clei where the gas is the dominant mass component,
one expects the CO-to-H2 conversion factor to scale as
p

nH2/Tk (Dickman et al. 1986; Bryant & Scoville 1996),
relative to the density and temperature of the Galactic
GMCs for which the standard conversion factor was de-
rived. The Galactic GMC ratio is ⇠

p

300/10 ⇠ 1.7 and
the ratio for the Arp 220 nuclei is ⇠

p

105/100 ⇠ 3.2.
Thus a factor ⇠ 2 change in ↵CO(1�0) is to be expected
– this is consistent with the discrepancy between the CO-
and dust-based ISM mass estimates given in Table 6.
Thus we conclude that the e↵ective CO-to-H2 conver-

sion factor in the Arp 220 nuclei is approximately a factor
2 reduced from the standard Galactic value. Most of this
reduction can be attributed to the expected changes in
the mean gas density and gas kinetic temperature. The
CO-to-H2 conversion factor can also be reduced if the
line width is increased due to there being a significant
stellar mass contribution in the self-gravitating region

Tx / Tk	
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è HCN 3-2 and CS 7-6      	

         ~ 2-4 x 105 cm-3  	




Arp 220 nuclei at radiation pressure limit for dust	

      Scoville 2001, 2003, Thompson+ 2005, Murray+3005 	

	

for self-gravitating sphere or disk, 	

	

frad / g = κ/c ΣL / 4 π G ΣM   > 1  if 	

	

          ΣL / ΣM  or  L/M  > 500 L¤ / M¤	

	

	

	

Arp 220 –  L / M ~ 2x1012 / 4x109 = 500 L¤ / M¤

	


          	

      è self-regulating SB	

	

 Edd. ratio increases to smaller r since rad. is harder 	

         



ULIRGs w/ ALMA : ���
���
probe ISM mass using RJ dust continuum ���
    optically thin ���
���
use line profile modeling for super-resolution ���
���
���
submm H & He+  recomb. lines w/  ALMA    ���
      è dust obscured SF & AGN            ���
           (no metallicity and density dependence)���
���
���
radii ~ 25 – 50 pc !! , M ~ 2-4x109 M¤ , mostly gas ���
densities ~ 105 cm-3  (from dust, HCN, CO and grav.)���
���
             ALMA is revolutionary !! ���
���
���
	





