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à detectable	
  frac:on	
  of	
  Lbol	
  in	
  IR	
  molecular	
  lines	
  (mid-­‐IR	
  H2,	
  far-­‐IR	
  CO)

Promise	
  of	
  high-­‐J	
  CO	
  lines:	
  strong	
  enough,	
  liKle	
  ex:nc:on,	
  not	
  or	
  only	
  
weakly	
  produced	
  in	
  normal	
  star	
  forma:on	
  regions	
  (i.e.	
  direct	
  tracer	
  of	
  torus)

Krolik	
  &	
  Lepp	
  (1989):	
  

If	
  the	
  AGN	
  torus	
  exists,	
  it	
  should	
  emit	
  not	
  only	
  in	
  
thermal	
  con:nuum	
  (mid-­‐IR),	
  but	
  also	
  in	
  molecular	
  
cooling	
  lines	
  (e.g.	
  FIR)

Extragalac:c	
  High-­‐J	
  CO:	
  “Historical“	
  context
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    Krolik & Lepp 1989 – FIR CO lines from the Torus:
     LCO ~ (fabs×Lx,44)×J3 

– L57 = 7×1040fabsLx44 ergs-1   (J = 58  → 57.46 μm)
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    Krolik & Lepp 1989 – FIR CO lines from the Torus:
     LCO ~ (fabs×Lx,44)×J3 

– L57 = 7×1040fabsLx44 ergs-1   (J = 58  → 57.46 μm)
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• SB,	
  AGN,	
  feedback,	
  galaxy	
  evolu:on
– UV/X-­‐ray	
  (AGN	
  torus)
– Cosmic	
  rays
– Jets
– Turbulence
– Mergers	
  vs.	
  cold	
  accre:on
– Galaxy	
  dynamics
– Ouclows

• Methods
– Galac:c	
  templates
– Non-­‐LTE	
  radia:ve	
  transfer
– PDR/XDR/shock	
  models
– High	
  resolu:on	
  spectral	
  imaging

submm

far-­‐IR

millimeter

High-­‐J	
  CO	
  →	
  A	
  new	
  probe	
  of	
  warm	
  and	
  dense	
  molecular	
  gas
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  Nearby	
  templates:

• M82(SB)
• NGC1068	
  (Sy)
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n ~ 103.7 cm-3

T ~ 545 K
Mwarm ~ 1/3 Mcold

T ~ 25 K

RADEX Modeling

M82 (SPIRE)

Panuzzo+ 2010, 
Kamenetzky+ 2012 

• Higher	
  J	
  lines	
  much	
  brighter	
  than	
  PDR	
  predic:ons
⇒not tracing UV-heated gas

• Cosmic	
  ray	
  density	
  too	
  low
• Dissipa:on	
  of	
  turbulence

⇒ stellar wind and supernovae
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Figure 1. Continuum-subtracted spectra of the Jupper = 14–24 and Jupper = 30
CO lines. The blue curves show the line fits, and features other than CO are
labeled in red. For CO(16–15) and CO(17–16), the green and red curves show
the decomposition of the fit into CO and other lines, respectively. All lines are
detected with the exception of CO(23–22), which is blended with a strong H2O
line 209 km s−1 to the red. Here, the overplotted green curve is an average of
the CO(22–21) and CO(24–23) profiles as a reference.
(A color version of this figure is available in the online journal.)

Figure 2. Top: FIR CO line fluxes and upper limits measured here, along
with lower-J lines from the literature. The brightest set of Jupper = 1–4 line
fluxes is measured in 11′′–21′′ beams that contain a mixture of the CND and
the more extended emission (Israel 2009). The second set of Jupper = 1–3
points is interferometric measurements integrated over the central 4′′ from
Krips et al. (2011), and the fainter CO(1–0) flux is the same from Schinnerer
et al. (2000). The shaded region shows the range of good-fitting LVG models
(χ2

red = χ2/dof ! 1.1; Section 3.2.3), and the solid black curve is the
single best-fitting model, with the red and blue curves showing the individual
contributions from the ME and HE components. Middle: central velocities of
the FIR CO lines, with average values of the ME and HE line centers indicated
with horizontal red and blue lines. Bottom: measured FWHM of the FIR CO
lines, with tracks indicating the expected line widths (estimated by adding the
intrinsic line widths and the spectrometer resolution in quadrature) for sources
with intrinsic widths of 0, 100, 200, and 400 km s−1.
(A color version of this figure is available in the online journal.)

approach. A broad feature underneath the CO(15–14) line is
present in the raw data, likely due to an imperfect subtraction of
the telescope background, and we remove this feature using a
higher order baseline fit. The integrated CO(15–14) flux and the
residual line profile shown in Figure 1 are consistent with those
of adjacent transitions, and we estimate that the flux uncertainty
introduced by this baseline feature is less than the assumed
30% absolute flux calibration error. The CO(16–15) line is
blended with the 163 µm OH doublet, and CO(17–16) with
a pair of flanking OH+ lines. In both cases we estimate the CO
flux by simultaneously fitting all features. An unconstrained
Gaussian fit to the relatively low signal-to-noise ratio (S/N)
CO(22–21) line yields a much broader profile than for any
other transition, so here we fix the width of the CO profile
to the typical value derived from other line fits (corresponding
to an intrinsic FWHM of 250 km s−1; see Figures 2 and 7 and
the discussion in Section 4.2.1). CO(23–22) is blended with a
strong H2O line with a rest wavelength 209 km s−1 to the red.
If the combined feature were attributed solely to H2O, it would
be both broader and more blueshifted than any of the other
six H2O lines detected in the PACS scans, and we interpret
this as evidence for significant contamination by CO(23–22). A
comparison with the average of the CO(22–21) and CO(24–23)
profiles suggests that the CO(23–22) line is weaker and/or
more redshifted than these lines (Figure 1). However, due to
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Table 4
Heating Mechanisms

ME HE Full

XDR nH = 105.75 cm−3 nH = 105.25 cm−3 · · ·
FX = 9 erg cm−2 s−1 FX = 160 erg cm−2 s−1 · · ·

A ∼ (130 pc)2 A ∼ (21 pc)2 · · ·
PDR · · · nH = 106.5 cm−3 nH = 106 cm−3

· · · G0 = 104.75 G0 = 105

· · · LFUV ∼ 2 × 109 L$ LFUV ∼ 1010 L$

Shock C-shock C-shock · · ·
n0 = 2 × 105 cm−3 n0 = 106 cm−3 · · ·

v = 20 km s−1 v = 40 km s−1 · · ·
A ∼ (150 pc)2 A ∼ (16 pc)2 · · ·

Notes. Details for the models used in Figure 9. XDR and PDR models are from
Meijerink et al. (2007), ME C-shock model is from Flower & Pineau Des Forêts
(2010), and HE C-shock model is from Kaufman & Neufeld (1996).

irradiate the ISM over the central ∼kpc (Ogle et al. 2003; Garcı́a-
Burillo et al. 2010). Hard X-rays penetrate deeply into clouds
and efficiently heat large columns of molecular gas through
photoionization heating (Maloney et al. 1996). The bright H2
1–0 S(1) emission in the CND has been attributed to X-ray-
heated gas (Rotaciuc et al. 1991; Maloney 1997; Galliano &
Alloin 2002), and X-ray heating should also produce strong
emission in the FIR CO lines (Krolik & Lepp 1989).

Meijerink & Spaans (2005) and Meijerink et al. (2007)
present a detailed photochemical modeling of X-ray-dominated
regions (XDRs) that includes predictions for the emergent
CO line intensities as a function of the gas density (nH)
and incident hard X-ray flux (FX = F2–10 keV). We use their
type A models, which calculate the emission from a parsec-
thick cloud over a grid covering nH = 104–106.5 cm−3 and
FX = 1.6–160 erg cm−2 s−1. These models generate CO
line SEDs with similar shapes as the isothermal models used
in our LVG analysis, and an analogous two-component fit
reproduces the FIR CO line fluxes. In Figure 9(a), we show
a model that uses nH = 105.75 cm−3 and FX = 9 erg cm−2 s−1

for the ME emission (see Table 4). For an AGN luminosity
of L2–10 keV = 1043–1044 erg s−1, geometric dilution of the
radiation field at the d ∼ 100 pc distance of the H2 ring yields
a flux of FX = 8.4–84 erg cm−2 s−1, broadly consistent with
this modeled flux. For the plane-parallel geometry employed
by Meijerink et al. (2007), the absolute line luminosities scale
with the total XDR surface area, and the normalization of the
ME component of the model shown in Figure 9(a) requires
A ∼ (130 pc)2. Galliano et al. (2003) model the H2 ring as a
section of a 40 pc thick disk. For a radius of 100 pc the inner
surface area exposed to the AGN is then ∼(160 pc)2, similar
to the XDR model requirement. In sum, we conclude that if a
substantial fraction of the H2 ring is exposed to nuclear hard
X-rays, then both the shape of the ME segment of the CO SED
and the absolute line fluxes are naturally reproduced in this XDR
model.

5.2. Far-UV Heating

Far-UV (FUV; 6 eV < hν < 13.6 eV) photons offer another
means of heating the molecular gas. Photodissociation regions
(PDRs) powered by the FUV radiation from OB stars in the
Galaxy have indeed been identified as prominent sources of
FIR CO emission (e.g., Kramer et al. 2004), as have the FUV-
irradiated cavities of protostellar outflows (van Kempen et al.

Figure 9. FIR CO line fluxes and upper limits measured here, along with lower-J
lines from the literature (see Figure 2 for details), and XDR, PDR, and shock
model fits. (a) Overplotted is a two-component XDR fit (solid black), with
individual components in red and blue. Dotted section of the red curve shows
an extrapolation of the model. Upper limits to the Krolik & Lepp (1989) torus
model are shown by the black (constrained by the CO[44–43] limit) and green
(constrained by the stacked limit to selected Jupper = 34–47 transitions) dashed
curves. (b) Black curve shows a PDR fit to the full CO SED, and blue curve
shows a separate fit to the Jupper ! 19 lines. (c) Two-component shock fit with
same color scheme as panel (a). Blue curve shows a model interpolated and
extrapolated from a finite number of transitions (diamonds). Model parameters
and references are discussed in the text and summarized in Table 4.
(A color version of this figure is available in the online journal.)

2010). However, a comparison with the high-J CO emission
from the prototypical starburst galaxy M82 suggests that the
CO emission from NGC 1068 is too strong to be powered
by stellar FUV. Herschel observations of M82 have detected
the submillimeter CO transitions (Jupper = 4–13), which trace
emission from gas heated by shocks (Panuzzo et al. 2010)
and/or in PDRs (Loenen et al. 2010). For an LFIR ∼ 3×1010 L$
(Telesco & Harper 1980; Joy et al. 1987), the CO(13–12)/FIR
ratio integrated over the central 43.′′4 (∼821 pc) is ∼6 × 10−6.
The FIR continuum in M82 is produced by the FUV output
of young stars, and we interpret this CO(13–12)/FIR ratio as
a benchmark estimate of the fraction of FUV radiation that
may be converted to FIR CO emission in an extragalactic
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Notes. Details for the models used in Figure 9. XDR and PDR models are from
Meijerink et al. (2007), ME C-shock model is from Flower & Pineau Des Forêts
(2010), and HE C-shock model is from Kaufman & Neufeld (1996).
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and efficiently heat large columns of molecular gas through
photoionization heating (Maloney et al. 1996). The bright H2
1–0 S(1) emission in the CND has been attributed to X-ray-
heated gas (Rotaciuc et al. 1991; Maloney 1997; Galliano &
Alloin 2002), and X-ray heating should also produce strong
emission in the FIR CO lines (Krolik & Lepp 1989).

Meijerink & Spaans (2005) and Meijerink et al. (2007)
present a detailed photochemical modeling of X-ray-dominated
regions (XDRs) that includes predictions for the emergent
CO line intensities as a function of the gas density (nH)
and incident hard X-ray flux (FX = F2–10 keV). We use their
type A models, which calculate the emission from a parsec-
thick cloud over a grid covering nH = 104–106.5 cm−3 and
FX = 1.6–160 erg cm−2 s−1. These models generate CO
line SEDs with similar shapes as the isothermal models used
in our LVG analysis, and an analogous two-component fit
reproduces the FIR CO line fluxes. In Figure 9(a), we show
a model that uses nH = 105.75 cm−3 and FX = 9 erg cm−2 s−1

for the ME emission (see Table 4). For an AGN luminosity
of L2–10 keV = 1043–1044 erg s−1, geometric dilution of the
radiation field at the d ∼ 100 pc distance of the H2 ring yields
a flux of FX = 8.4–84 erg cm−2 s−1, broadly consistent with
this modeled flux. For the plane-parallel geometry employed
by Meijerink et al. (2007), the absolute line luminosities scale
with the total XDR surface area, and the normalization of the
ME component of the model shown in Figure 9(a) requires
A ∼ (130 pc)2. Galliano et al. (2003) model the H2 ring as a
section of a 40 pc thick disk. For a radius of 100 pc the inner
surface area exposed to the AGN is then ∼(160 pc)2, similar
to the XDR model requirement. In sum, we conclude that if a
substantial fraction of the H2 ring is exposed to nuclear hard
X-rays, then both the shape of the ME segment of the CO SED
and the absolute line fluxes are naturally reproduced in this XDR
model.

5.2. Far-UV Heating

Far-UV (FUV; 6 eV < hν < 13.6 eV) photons offer another
means of heating the molecular gas. Photodissociation regions
(PDRs) powered by the FUV radiation from OB stars in the
Galaxy have indeed been identified as prominent sources of
FIR CO emission (e.g., Kramer et al. 2004), as have the FUV-
irradiated cavities of protostellar outflows (van Kempen et al.

Figure 9. FIR CO line fluxes and upper limits measured here, along with lower-J
lines from the literature (see Figure 2 for details), and XDR, PDR, and shock
model fits. (a) Overplotted is a two-component XDR fit (solid black), with
individual components in red and blue. Dotted section of the red curve shows
an extrapolation of the model. Upper limits to the Krolik & Lepp (1989) torus
model are shown by the black (constrained by the CO[44–43] limit) and green
(constrained by the stacked limit to selected Jupper = 34–47 transitions) dashed
curves. (b) Black curve shows a PDR fit to the full CO SED, and blue curve
shows a separate fit to the Jupper ! 19 lines. (c) Two-component shock fit with
same color scheme as panel (a). Blue curve shows a model interpolated and
extrapolated from a finite number of transitions (diamonds). Model parameters
and references are discussed in the text and summarized in Table 4.
(A color version of this figure is available in the online journal.)

2010). However, a comparison with the high-J CO emission
from the prototypical starburst galaxy M82 suggests that the
CO emission from NGC 1068 is too strong to be powered
by stellar FUV. Herschel observations of M82 have detected
the submillimeter CO transitions (Jupper = 4–13), which trace
emission from gas heated by shocks (Panuzzo et al. 2010)
and/or in PDRs (Loenen et al. 2010). For an LFIR ∼ 3×1010 L$
(Telesco & Harper 1980; Joy et al. 1987), the CO(13–12)/FIR
ratio integrated over the central 43.′′4 (∼821 pc) is ∼6 × 10−6.
The FIR continuum in M82 is produced by the FUV output
of young stars, and we interpret this CO(13–12)/FIR ratio as
a benchmark estimate of the fraction of FUV radiation that
may be converted to FIR CO emission in an extragalactic
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regions (XDRs) that includes predictions for the emergent
CO line intensities as a function of the gas density (nH)
and incident hard X-ray flux (FX = F2–10 keV). We use their
type A models, which calculate the emission from a parsec-
thick cloud over a grid covering nH = 104–106.5 cm−3 and
FX = 1.6–160 erg cm−2 s−1. These models generate CO
line SEDs with similar shapes as the isothermal models used
in our LVG analysis, and an analogous two-component fit
reproduces the FIR CO line fluxes. In Figure 9(a), we show
a model that uses nH = 105.75 cm−3 and FX = 9 erg cm−2 s−1

for the ME emission (see Table 4). For an AGN luminosity
of L2–10 keV = 1043–1044 erg s−1, geometric dilution of the
radiation field at the d ∼ 100 pc distance of the H2 ring yields
a flux of FX = 8.4–84 erg cm−2 s−1, broadly consistent with
this modeled flux. For the plane-parallel geometry employed
by Meijerink et al. (2007), the absolute line luminosities scale
with the total XDR surface area, and the normalization of the
ME component of the model shown in Figure 9(a) requires
A ∼ (130 pc)2. Galliano et al. (2003) model the H2 ring as a
section of a 40 pc thick disk. For a radius of 100 pc the inner
surface area exposed to the AGN is then ∼(160 pc)2, similar
to the XDR model requirement. In sum, we conclude that if a
substantial fraction of the H2 ring is exposed to nuclear hard
X-rays, then both the shape of the ME segment of the CO SED
and the absolute line fluxes are naturally reproduced in this XDR
model.

5.2. Far-UV Heating

Far-UV (FUV; 6 eV < hν < 13.6 eV) photons offer another
means of heating the molecular gas. Photodissociation regions
(PDRs) powered by the FUV radiation from OB stars in the
Galaxy have indeed been identified as prominent sources of
FIR CO emission (e.g., Kramer et al. 2004), as have the FUV-
irradiated cavities of protostellar outflows (van Kempen et al.

Figure 9. FIR CO line fluxes and upper limits measured here, along with lower-J
lines from the literature (see Figure 2 for details), and XDR, PDR, and shock
model fits. (a) Overplotted is a two-component XDR fit (solid black), with
individual components in red and blue. Dotted section of the red curve shows
an extrapolation of the model. Upper limits to the Krolik & Lepp (1989) torus
model are shown by the black (constrained by the CO[44–43] limit) and green
(constrained by the stacked limit to selected Jupper = 34–47 transitions) dashed
curves. (b) Black curve shows a PDR fit to the full CO SED, and blue curve
shows a separate fit to the Jupper ! 19 lines. (c) Two-component shock fit with
same color scheme as panel (a). Blue curve shows a model interpolated and
extrapolated from a finite number of transitions (diamonds). Model parameters
and references are discussed in the text and summarized in Table 4.
(A color version of this figure is available in the online journal.)

2010). However, a comparison with the high-J CO emission
from the prototypical starburst galaxy M82 suggests that the
CO emission from NGC 1068 is too strong to be powered
by stellar FUV. Herschel observations of M82 have detected
the submillimeter CO transitions (Jupper = 4–13), which trace
emission from gas heated by shocks (Panuzzo et al. 2010)
and/or in PDRs (Loenen et al. 2010). For an LFIR ∼ 3×1010 L$
(Telesco & Harper 1980; Joy et al. 1987), the CO(13–12)/FIR
ratio integrated over the central 43.′′4 (∼821 pc) is ∼6 × 10−6.
The FIR continuum in M82 is produced by the FUV output
of young stars, and we interpret this CO(13–12)/FIR ratio as
a benchmark estimate of the fraction of FUV radiation that
may be converted to FIR CO emission in an extragalactic
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PDR	
  from	
  SF	
  ring	
  (r=1.1kpc),	
  excited	
  by	
  FUV	
  
from	
  young	
  stars	
  in	
  the	
  galac:c	
  arms

XDR	
  from	
  CND	
  (r=150	
  pc),	
  excited	
  by	
  
X-­‐rays	
  from	
  AGN

XDR	
  from	
  CND	
  (r=150	
  pc),	
  excited	
  by	
  
X-­‐rays	
  from	
  AGN

XDR	
  from	
  infalling	
  clump	
  (r=40	
  pc),	
  
excited	
  by	
  X-­‐rays	
  from	
  AGN	
  (or	
  shock	
  
from	
  jet	
  interac:on)	
  or	
  clumpy	
  cloud	
  
torus?

The CO Line-SED of NGC1068 from J=0 …40

Hailey-Dunsheath+ 2012Spinoglio+ 2012
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Single Low High

4D Max Range 4D Max Range 4D Max Range

NGC253

T [K] 1260 1000 - 1585 200 50 - 200 250 200 - 794

nH2 [cm�3] 103 102.8 - 103.4 103.2 103 - 103.8 105.4 103.6 - 105.4

dv/dr [km s�1pc�1] 8 5 - 8 2.5 1 - 16 630 –

NH2 [cm�2] 1022.2 1021.7 - 1022.3 1022.7 1022.2 - 1023.5 1021.0 –

MH2 [M�] 106.7 106.3 - 106.9 107.2 106.7 - 108.0 105.5 –

M83

T [K] 1260 794 - 1585 316 50 - 794 1585 > 1000

nH2 [cm�3] 103.0 103.0 - 103.4 103.4 103.0 - 103.8 104.0 103.6 - 105.0

dv/dr [km s�1pc�1] 8 6 - 20 10 5 - 32 25 –

NH2 [cm�2] 1021.3 1020.8 - 1021.4 1021.4 1020.7 - 1022.4 1020.3 –

MH2 [M�] 105.9 105.5 - 106.0 106.0 105.3 - 107.0 104.9 –

M82

T [K] 630 500 - 794 50 20 - 63 400 316 - 500

nH2 [cm�3] 102.6 102.4 - 102.8 103.4 103.2 - 103.6 103.6 103.8 - 104.6

dv/dr [km s�1pc�1] 40 15 - 1000 1000 > 398 10 –

NH2 [cm�2] 1022.0 1021.8 - 1022.3 1022.0 < 1022.6 1021.3 –

MH2 [M�] 108.2 108.0 - 108.5 108.2 – 107.7 –

NGC4945

T [K] 500 400 - 630 50 20 - 200 316 200 - 630

nH2 [cm�3] 103.6 103.4 - 104.0 103.0 102.4 - 103.2 105.0 103.8 - 105.4

dv/dr [km s�1pc�1] 1.0 0.5 - 1.3 16 1 - 126 250 > 30

NH2 [cm�2] 1022.1 1021.8 - 1022.4 1022.2 1021.5 - 1023.1 1020.0 < 1022.1

MH2 [M�] 106.9 106.5 - 107.2 106.9 106.3 - 107.9 104.8 < 106.9

Circinus

T [K] 794 630 - 1260 100 50 - 125 500 316 - 1000

nH2 [cm�3] 103.4 103.2 - 103.6 103.0 103.0 - 103.6 104.2 103.4 - 104.8

dv/dr [km s�1pc�1] 5 4 - 6 1 0.5 - 5 25 2.5 - 1000

NH2 [cm�2] 1021.1 1020.9 - 1021.5 1021.8 1021.2 - 1022.3 1020.1 1019.7 - 1021.5

MH2 [M�] 105.9 105.7 - 106.3 106.6 106.0 - 107.0 104.9 104.5 - 106.3

IC694

T [K] 794 630 - 1000 794 500 - 1000 1995 < 2500

nH2 [cm�3] 103.4 103.2 - 103.6 103.4 103.2 - 103.8 105.4 104.0 - 105.6

dv/dr [km s�1pc�1] 3 2 - 5 3 2.5 - 5 1000 1 - 1000

NH2 [cm�2] 1021.4 1021.1 - 1021.5 1021.4 1021.0 - 1021.5 1019.4 > 1018.7

MH2 [M�] 108.4 108.2 - 108.5 108.4 108.0 - 108.5 106.4 > 105.7

Arp220

T [K] 630 500 - 1000 50 20 - 63 200 158 - 316

nH2 [cm�3] 102.8 102.4 - 103.0 103.6 103.2 - 104.2 104.8 104.4 - 105.0

dv/dr [km s�1pc�1] 1 0.5 - 6 40 13 - 50 500 250 - 1000

NH2 [cm�2] 1022.6 1022.5 - 1023.1 1022.4 1022.1 - 1023.4 1021.0 1020.9 - 1021.7

MH2 [M�] 109.2 109.1 - 109.6 109.0 108.6 - 109.9 107.6 107.5 - 108.3
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Single Low High

4D Max Range 4D Max Range 4D Max Range

NGC253

T [K] 1260 1000 - 1585 200 50 - 200 250 200 - 794

nH2 [cm�3] 103 102.8 - 103.4 103.2 103 - 103.8 105.4 103.6 - 105.4

dv/dr [km s�1pc�1] 8 5 - 8 2.5 1 - 16 630 –

NH2 [cm�2] 1022.2 1021.7 - 1022.3 1022.7 1022.2 - 1023.5 1021.0 –

MH2 [M�] 106.7 106.3 - 106.9 107.2 106.7 - 108.0 105.5 –

M83

T [K] 1260 794 - 1585 316 50 - 794 1585 > 1000

nH2 [cm�3] 103.0 103.0 - 103.4 103.4 103.0 - 103.8 104.0 103.6 - 105.0

dv/dr [km s�1pc�1] 8 6 - 20 10 5 - 32 25 –

NH2 [cm�2] 1021.3 1020.8 - 1021.4 1021.4 1020.7 - 1022.4 1020.3 –

MH2 [M�] 105.9 105.5 - 106.0 106.0 105.3 - 107.0 104.9 –

M82

T [K] 630 500 - 794 50 20 - 63 400 316 - 500

nH2 [cm�3] 102.6 102.4 - 102.8 103.4 103.2 - 103.6 103.6 103.8 - 104.6

dv/dr [km s�1pc�1] 40 15 - 1000 1000 > 398 10 –

NH2 [cm�2] 1022.0 1021.8 - 1022.3 1022.0 < 1022.6 1021.3 –

MH2 [M�] 108.2 108.0 - 108.5 108.2 – 107.7 –

NGC4945

T [K] 500 400 - 630 50 20 - 200 316 200 - 630

nH2 [cm�3] 103.6 103.4 - 104.0 103.0 102.4 - 103.2 105.0 103.8 - 105.4

dv/dr [km s�1pc�1] 1.0 0.5 - 1.3 16 1 - 126 250 > 30

NH2 [cm�2] 1022.1 1021.8 - 1022.4 1022.2 1021.5 - 1023.1 1020.0 < 1022.1

MH2 [M�] 106.9 106.5 - 107.2 106.9 106.3 - 107.9 104.8 < 106.9

Circinus

T [K] 794 630 - 1260 100 50 - 125 500 316 - 1000

nH2 [cm�3] 103.4 103.2 - 103.6 103.0 103.0 - 103.6 104.2 103.4 - 104.8

dv/dr [km s�1pc�1] 5 4 - 6 1 0.5 - 5 25 2.5 - 1000

NH2 [cm�2] 1021.1 1020.9 - 1021.5 1021.8 1021.2 - 1022.3 1020.1 1019.7 - 1021.5

MH2 [M�] 105.9 105.7 - 106.3 106.6 106.0 - 107.0 104.9 104.5 - 106.3

IC694

T [K] 794 630 - 1000 794 500 - 1000 1995 < 2500

nH2 [cm�3] 103.4 103.2 - 103.6 103.4 103.2 - 103.8 105.4 104.0 - 105.6

dv/dr [km s�1pc�1] 3 2 - 5 3 2.5 - 5 1000 1 - 1000

NH2 [cm�2] 1021.4 1021.1 - 1021.5 1021.4 1021.0 - 1021.5 1019.4 > 1018.7

MH2 [M�] 108.4 108.2 - 108.5 108.4 108.0 - 108.5 106.4 > 105.7

Arp220

T [K] 630 500 - 1000 50 20 - 63 200 158 - 316

nH2 [cm�3] 102.8 102.4 - 103.0 103.6 103.2 - 104.2 104.8 104.4 - 105.0

dv/dr [km s�1pc�1] 1 0.5 - 6 40 13 - 50 500 250 - 1000

NH2 [cm�2] 1022.6 1022.5 - 1023.1 1022.4 1022.1 - 1023.4 1021.0 1020.9 - 1021.7

MH2 [M�] 109.2 109.1 - 109.6 109.0 108.6 - 109.9 107.6 107.5 - 108.3
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Single Low High

4D Max Range 4D Max Range 4D Max Range

NGC6240

T [K] 2000 1260 - 2000 1000 794 - 1260 2000 1260 - 2500
nH2 [cm�3] 103.0 102.8 - 103.4 104.2 104.0 - 104.4 102.4 > 103.2

dv/dr [km s�1pc�1] 6 5 - 8 1000 > 500 2 1 - 63
NH2 [cm�2] 1022.4 1021.9 - 1022.6 1021.4 1021.1 - 1021.6 1022.9 > 1021.7

MH2 [M�] 109.2 108.7 - 109.5 108.2 108.0 - 108.5 109.7 > 108.5

Mrk231

T [K] 630 500 - 794 50 20 - 63 316 158 - 501
nH2 [cm�3] 102.8 102.6 - 103.0 103.8 103.6 - 104.0 104.2 103.2 - 104.8

dv/dr [km s�1pc�1] 1 0.5 - 1.3 200 158 - 250 50 > 2
NH2 [cm�2] 1021.4 1021.3 - 1021.6 1021.2 1021.0 - 1021.7 1020.3 < 1021.6

MH2 [M�] 109.4 109.3 - 109.6 109.2 109.0 - 109.7 108.3 < 109.6

NGC1068

T [K] 1585 1260 - 2000
nH2 [cm�3] 103.4 103.2 - 103.6

dv/dr [km s�1pc�1] 20.0 13 - 32
NH2 [cm�2] 1021.9 1021.7 - 1022.2

MH2 [M�] 107.0 106.8 - 107.3

NGC4418

T [K] 1260 1000 - 2000
nH2 [cm�3] 103.4 103.2 - 103.6

dv/dr [km s�1pc�1] 2 1.6 - 10.0
NH2 [cm�2] 1020.9 1020.6 - 1021.1

MH2 [M�] 107.4 107.1 - 107.6

NGC3690

T [K] 200 126 - 250
nH2 [cm�3] 103.6 103.4 - 103.8

dv/dr [km s�1pc�1] 1.6 0.8 - 2.5
NH2 [cm�2] 1022.5 1022.4 - 1022.9

MH2 [M�] 109.6 109.5 - 1010.0

c� 0000 RAS, MNRAS 000, 000–000
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Single Low High

4D Max Range 4D Max Range 4D Max Range

NGC6240

T [K] 2000 1260 - 2000 1000 794 - 1260 2000 1260 - 2500
nH2 [cm�3] 103.0 102.8 - 103.4 104.2 104.0 - 104.4 102.4 > 103.2

dv/dr [km s�1pc�1] 6 5 - 8 1000 > 500 2 1 - 63
NH2 [cm�2] 1022.4 1021.9 - 1022.6 1021.4 1021.1 - 1021.6 1022.9 > 1021.7

MH2 [M�] 109.2 108.7 - 109.5 108.2 108.0 - 108.5 109.7 > 108.5

Mrk231

T [K] 630 500 - 794 50 20 - 63 316 158 - 501
nH2 [cm�3] 102.8 102.6 - 103.0 103.8 103.6 - 104.0 104.2 103.2 - 104.8

dv/dr [km s�1pc�1] 1 0.5 - 1.3 200 158 - 250 50 > 2
NH2 [cm�2] 1021.4 1021.3 - 1021.6 1021.2 1021.0 - 1021.7 1020.3 < 1021.6

MH2 [M�] 109.4 109.3 - 109.6 109.2 109.0 - 109.7 108.3 < 109.6

NGC1068

T [K] 1585 1260 - 2000
nH2 [cm�3] 103.4 103.2 - 103.6

dv/dr [km s�1pc�1] 20.0 13 - 32
NH2 [cm�2] 1021.9 1021.7 - 1022.2

MH2 [M�] 107.0 106.8 - 107.3

NGC4418

T [K] 1260 1000 - 2000
nH2 [cm�3] 103.4 103.2 - 103.6

dv/dr [km s�1pc�1] 2 1.6 - 10.0
NH2 [cm�2] 1020.9 1020.6 - 1021.1

MH2 [M�] 107.4 107.1 - 107.6

NGC3690

T [K] 200 126 - 250
nH2 [cm�3] 103.6 103.4 - 103.8

dv/dr [km s�1pc�1] 1.6 0.8 - 2.5
NH2 [cm�2] 1022.5 1022.4 - 1022.9

MH2 [M�] 109.6 109.5 - 1010.0

c� 0000 RAS, MNRAS 000, 000–000
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Characterizing	
  the	
  excita:on	
  of	
  the	
  molecular	
  gas	
  and	
  the	
  nature	
  of	
  the	
  energy	
  source

PACS	
  spectra	
  
(SHINING) APEX	
  spectrum	
  

CO	
  (6-­‐5)

CO Line SEDs  in local ULIRGsRatios
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What next?

Spinoglio+	
  2012
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CO at high redshifts - Caveats

PSS	
  J2322+1944	
  z=4.1
(Weiß+	
  2011)
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• High-J CO lines (together with ionized species like H2O+ and 
OH+) are a promising tool to help distinguish between XDR, 
PDR, CDR and shock excitation/chemistry

• However, observationally there is a lot of scatter, and a good 
sampling of the CO line SED up to really high-J (J≈40 at 65µm) 
is needed (and expansion of the models)

• Ratio-ratio diagrams (a la 
CO(18-17)/CO(1-0)  vs.  CO(6-5)/CO(1-0) 
must be explored more, both, observationally and theoretically

• Interpretation of high-z high-J CO lines (e.g. CCAT, NOEMA, 
ALMA) not straightforward!

Summary
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• 1 pc torus (basis of Krolik & Lepp 1989) excluded

• “Clumpy Torus” models with slightly larger extension (~10pc) 
could still work.  Testing needs inclusion of gas/line emission in 
these models, and observations up to really high J

• Further “calibration” of the methods and the models with 
SPICA – both MCS and SAFARI – at spatially resolved nearby 
template objects will be critical

Summary


