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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 diameterb Radius < ⌃
gas

>c

GHz mJy K 109 M� 00 pc M� pc�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

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

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

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 assuming the gas mass is distributed uniformly over a disk with the
radius given in column 8.

There are two primary objectives in using this routine
to derive the best fit model. First, it is more e�cient fully
explore the full parameter space as compared with an ap-
proach where one simply changes by hand parameters of
the model and then compares visually or by chis-square
value the model with the observational constraints since
there are 35 parameters in the fit. More importantly, the
algorithm is capable of achieving significant increases in
the e↵ective spatial resolution using the kinematics 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 rotation
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 large gradi-
ents. 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
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Table 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.

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-
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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-
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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.
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from molecules such as HCN, CS and HCO+ which have
high dipole moments relative to CO (hence high criti-
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Figure 9. The rotation velocity and emissivity radial distributions derived from the maximum likelihood kinematic deconvolution for the
nuclear disks in Arp 220 East and West and NGC 6240.

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 form of
solution.
The minimized chi-squared parameters are give in Ta-

ble 5.1 and and the rotation curves and radial emissiv-
ity distributions are shown in Figure 9. Figures 10 - 12
show the observed and model spectra for Arp 220 East
and West and NGC 6240 to illustrate the general qual-
ity of the fits. In NGC 6240 (Figure 12) the agreement
between the model and observed spectra is very good
but this galaxy’s kinematics are dominated by dispersion
rather than rotation. In both Arp 220 East and West
the general agreement between the model and observed
spectra is acceptable given the simplified assumptions of
the model – axisymmetry and no radiative transfer con-
siderations. The most obvious mismatch is in positions
where the line profile shows two distinct velocity peaks.
These are poorly reproduced in the model since most
positions require a high velocity dispersion to minimize
the chi-square and the high dispersion (assumed constant
across the disk) then precludes matching narrow line pro-
file peaks. We did not attempt to make the modeling
more complex (for example with position-dependent ve-
locity dispersion) since it is entirely possible that the line
profile dips between the peaks are due to self-absorption
by the HCN and without measurements of trace isotopes
of HCN it is impossible to distinguish these possibilities.
In fact given the simplicity of the model it is quite im-
pressive how good the overall qualitative agreement is.
The major results of this modeling exercise are to yield

a self-consistent rotation curve and emissivity distribu-
tion. The derived emissivity distributions in both nuclei
of Arp 220 are very strongly concentrated to very small
radius, R . 20 pc; in NGC 6240 the emission apparently
arises fairly uniformly out to radii ⇠ 250 pc. For Arp 220
the instrumental resolution (HPBW) of the HCN (4-3)
observations is ⇠ 0.500 or a diameter of 180 pc. Thus the

Table 5

Disk Models

Source V0 R0 incl. PA �
v

km s�1 pc � � km s�1

Arp 220 East 350 30 71 47 90
Arp 220 West 360 40 64 -15 90
NGC 6240 100 20 70 -6 160

deconvolution is revealing a source ⇠ 5 times smaller and
it will be interesting to see the results of higher resolution
ALMA imaging in future cycles.
The kinematics derived from the modeling can be used

to estimate dynamical masses for these compact gas con-
centrations. For the case of purely circular rotational
motion and isotropic random motions, we calculate an
approximate dynamical mass from

M(R)=2.3⇥ 108
�
V 2
rot 100 + �2

v 100

�
R100 M� (9)

where the velocities are normalized to 100 km s�1and
the radius to 100 pc. For each nucleus in Arp 220 the
dynamical masses are ⇠ 7⇥ 108M�at R = 20 pc and ⇠

3⇥ 109M�at R = 100 pc. For NGC 6240, the dynamical
mass estimates are ⇠ 6 ⇥ 108 and 1.4 ⇥ 109 M�at R =
250 and 600 pc. The vertical structure of the disks will
be a Gaussian with thickness (FWHM) given by

FWHM(R)' 100�v 100

✓
R100

Vrot 100

◆
pc (10)

A more precise formulation of the disk thickness is not
warranted since it would require knowledge of the relative
fractions of the mass in stars and gas and a more accurate
rotation curve. In the event that the disk is entirely self-
gravitating and the gas mass is completely dominant then
it can be shown (see Spitzer 1942; Scoville et al. 1997)
that the thickness depends quadratically on the velocity
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Figure 9. The rotation velocity and emissivity radial distributions derived from the maximum likelihood kinematic deconvolution for the
nuclear disks in Arp 220 East and West and NGC 6240.
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NGC 6240 – observed and model spectra!

Figure 12. Comparison of observed (blue dashed line) and model (red solid line) spectra for NGC 6240 with the model using the
axisymmetric emissivity and rotation curve shown in Figure 9 and Table 5.1. At the top of each frame the �↵ and �� o↵sets from the
nucleus are given in arc sec and the location of the point relative to the disk are shown by the ellipse and square point. Velocity o↵sets
relative to the centroid velocity are -400 to 400 km s�1.

Figure 13. The dynamical mass (Equation 5.1) and disk thickness (Equations 5.1 and 5.1)are shown based on the rotation velocity and
velocity dispersions derived from the maximum likelihood kinematic deconvolution for the nuclear disks in Arp 220 East and West and
NGC 6240.
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Figure 14. The mean disk gas densities are shown for the ISM
masses from Table 4, distributed with constant mass surface den-
sity out to the radius given in Table 4. The scale height as a
function of radius is that for the hydrostatic case (solid lines in
Figure 13, obtained using Equation 5.1). The mass surface density
was divided by a factor 1.36 to remove the He mass contribution.
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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 diameterb Radius < ⌃
gas

>c

GHz mJy K 109 M� 00 pc M� pc�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

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

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

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 assuming the gas mass is distributed uniformly over a disk with the
radius given in column 8.

There are two primary objectives in using this routine
to derive the best fit model. First, it is more e�cient fully
explore the full parameter space as compared with an ap-
proach where one simply changes by hand parameters of
the model and then compares visually or by chis-square
value the model with the observational constraints since
there are 35 parameters in the fit. More importantly, the
algorithm is capable of achieving significant increases in
the e↵ective spatial resolution using the kinematics 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 rotation
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 large gradi-
ents. 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
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 long standing issue with ULIRGs – AGN vs SB ??���
      ALMA can discriminate !!���

	


	


	


	


	


	


	


	


	



                                                 H vs He+ submm recomb. lines ���
                                                               Scoville & Murchikova ’13 (ApJ)���

	


	


	



EUV spectra are 
very different  !!	





 ionization equilibrium : ���
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è He++ / H+ changes by 20x���
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H 26α : 4 Jy km/s	



H 26α – a new probe of dust obscured SF !!	


     Arp 220 East                                           West         	



low-n recomb. line flux èHII emission measure (n2 x volume) 	


                                        èLyc ν 	


                                           4 Jy km/s è  100 M¤ / yr	




