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Fig. 1.— Maps of (a) 12CO (1–0) and (b) 12CO (2–1) in the center of NGC 1068. Contours
are at 10, 20, ... 100% of the peak, which is 1.24 Jy km/s/beam in 12CO (1–0) and 3.43 Jy
km/s/beam in 12CO (2–1) . The central box in the 12CO (1–0) map shows the area of the
12CO (2–1) map.

 Schinnerer et al. (2000)

S. García-Burillo et al.: Molecular gas chemistry in AGN. II.

Fig. 3. CN integrated intensity map. Contour levels are 3σ, 4σ, 6σ, 9σ,
13σ to 25σ in steps of 6σ, with 1σ = 0.40 Jy km s−1 beam−1. The AGN
is identified by the cross and the CN beam is shown by an ellipse.

emission of their AGN spectrum comes from the CND itself,
with a residual "25% contribution from the SB ring. Taken to-
gether, these estimates indicate that the PdBI recovers practically
all of the SiO flux in the CND. Little SiO emission is detected
from the SB ring in the PdBI map. A few SiO clumps with sizes
∼beam and intensities at the 3−4σ level are distributed along the
SB ring.

The overall distribution of SiO in the CND, spatially re-
solved by the PdBI beam, shows an east-west elongation. The
deconvolved full size of the emission at a 4σ level is ∼400 pc
along the east-west axis. The CND is marginally resolved along
the north-south axis; the corresponding deconvolved size is
≤150 pc. These sizes are comparable with those derived from the
higher resolution 1−0 and 2−1 CO maps of the CND published
by S00, as well as with those derived from the CN(2−1) map
described in Sect. 4.2. The SiO emission is slightly asymmetric
around the AGN: the SiO emission peak is at (∆α, ∆δ) ∼ (0.5′′,
0′′). Instead, the CO map shows a maximum at (∆α, ∆δ) ∼ (1.2′′,
0′′) (see Fig. 1 of S00). The latter corresponds to the E CO knot,
in the notation of S00. The E CO knot is thus shifted ∼50 pc east
relative to the E SiO knot.

4.2. CN distribution

Both lines of CN (LF and HF, as defined in Sect. 2) are detected
in the CND of NGC 1068. As expected, none of the CN lines
are detected towards the SB ring, as this region is located well
beyond the edge of the primary beam of the PdBI at 226.8 GHz.
The HF/LF intensity ratio shows no significant spatial variation
inside the CND. The average ratio, ∼1.7, closely agrees with the
value expected in the limit of optically thin emission (HF/LF ∼
1.64 ± 0.14). For the remainder of this paper we will use the
higher S/N ratio maps of the HF line.

Figure 3 shows the intensity map of the HF line of CN(2−1)
obtained towards the CND of NGC 1068. We integrated the
emission in velocity channels from v = 955 to 1277 km s−1, i.e.,
similar to the velocity range used to derive the SiO map. With
this choice we encompass all significant line emission and at
the same time avoid blending with the LF CN(2−1) line. At this

spatial resolution (∼1′′) the overall morphology of the CND
traced by CN roughly resembles that seen in CO lines. At
close sight there are noticeable differences between these trac-
ers, though. The two CN knots, connected by a bridge of emis-
sion on the northern side of the CND, lie at (∆α, ∆δ) ∼ (0.9′′,
0′′) and (∆α, ∆δ) ∼ (−1.7′′, −0.5′′). As for SiO, the CN knot
located east is significantly closer to the AGN compared to the
corresponding CO knot.

5. Molecular gas kinematics

5.1. Background from previous work

The overall kinematics of molecular gas in the disk of NGC 1068
were modeled by S00 and B00. One of the scenarios advanced
by S00 invokes two embedded bars: an outer oval and a nuclear
bar of ∼17 kpc and 2.5 kpc deprojected diameters, respectively.
The two bars are coupled through resonance overlapping, so that
the corotation of the nuclear bar coincides with the outer inner
Lindblad resonance (ILR) of the oval. The gas response inside
r ∼ 5′′ (350 pc), a region that encompasses the whole CND
detected in SiO and CN, would lie between the ILRs of the nu-
clear bar.

Schinnerer et al. (2000) and B00 also proposed a nuclear
warp model to alternatively account for the anomalous kinemat-
ics of molecular gas in the CND. The non-coplanar gas response
in the nuclear region could have been caused by the interaction
of the molecular disk with the jet or with the associated ioniza-
tion cone. Baker’s model proposes a warped molecular disk that
evolves from a low inclination (i ∼ 30◦) at r ∼ 2.5′′ to a highly-
inclined disk (i ∼ 77◦) at r ∼ 0.5′′. This configuration naturally
explains the steep velocity gradient (high velocities) measured
in the major axis position-velocity (p-v) diagram of CO at small
radii (r ≤ 2′′). In particular, S00 favor a hybrid model where
the gas response to the bar is combined with a nuclear warp.
Besides being able to reasonably fit the gas kinematics, the main
advantage of the hybrid solution over the pure bar model is that
the first explains the asymmetric excitation of molecular gas ev-
idenced by the remarkably different R = 2−1/1−0 line ratios
measured in the east and the west CO lobes. Baker (2000) ar-
gues that the east lobe with the higher R corresponds to the di-
rectly X-ray illuminated surface of a warped disk, whereas the
west lobe corresponds to the back of the warped disk, character-
ized by a lower R. The illumination of the CND gas by X-rays
may also explain the particular chemistry of molecular clouds
analyzed in Sect. 6.2.

The kinematics of molecular gas in the inner r ∼ 50 pc
region are also complex, as recently revealed by the 2.12 µm
H2 1−0 S(1) map of Müller-Sánchez et al. (2009). These data,
mostly sensitive to hot (TK " 103 K) and moderately dense
(n(H2) " 103 cm−3) molecular gas, show a structure that
bridges the CND and the central engine. This connection is made
through highly elliptical streamers detected in H2 lines. Davies
et al. (2008) used these data to study the large-scale kinematics
of molecular gas in the CND itself and concluded that the whole
CND is a lopsided ring in expansion (Krips et al., in prep.).
The scenario of an expanding ring, first advanced by Galliano
& Alloin (2002), could be linked to the onset of a nuclear warp
instability.

5.2. SiO kinematics

Figure 4a shows the isovelocity contour map of the CND of
NGC 1068 derived from SiO. Isovelocities were obtained using
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Fig. 9. a) (Upper left panel) SiO(2−1)/CO(1−0) velocity-integrated intensity ratio (RSiO/CO) (color scale) derived at the spatial resolution of SiO
inside the CND. This ratio is equivalent to a brightness temperature ratio for the observed common line widths of SiO and CO. An ellipse shows
the SiO beam. b) (Lower left panel) The SiO/CO ratio is here displayed as function of velocity and spatial offset across the major axis at PA = 90◦
(SiO/CO pv). The CO pv plot is displayed in contours (CO pv). c) (Upper right panel) Same as a) but showing here the CN(2−1)/CO(1−0)
velocity-integrated intensity ratio (RCN/CO)(color scale) derived at the spatial resolution of CO. An ellipse shows the CO beam. d) (Lower right
panel) Same as b) but adapted to compare here the CN/CO ratio along the major axis (CN/CO pv) with the corresponding CO pv plot.

6.2. Chemical differentiation in the CND

6.2.1. SiO abundances

Figure 9a shows the SiO(2−1)/CO(1−0) velocity-integrated in-
tensity ratio (RSiO/CO) in the CND, derived with a spatial reso-
lution corresponding to that of SiO. The changes in RSiO/CO are
more significant along the major axis, where the spatial resolu-
tion is the highest. RSiO/CO changes by about a factor of three
inside the CND: it goes from a peak value of ∼0.11 ± 0.01 in
a region close to the AGN to a minimum of ∼0.04 ± 0.02 at
the eastern boundary of the CND (∆α ∼ +3′′); RSiO/CO reaches
a secondary maximum (∼0.10 ± 0.01) at the western edge of

the CND (∆α ∼ −3′′). This range of values confirms and
significantly expands the differences in the SiO/CO ratios be-
tween the east (∼0.07) and the west (∼0.10) lobes of the CND,
identified by U04 as coming from the blue and the red veloc-
ity components of the line profiles respectively. Figure 9b shows
the SiO/CO ratio displayed here as a function of velocity and
position across the major axis of the galaxy. The differences in
the SiO/CO ratios, which go from ∼0.05 to ∼0.5, expand out to
about one order of magnitude depending on the velocity chan-
nel and position along the major axis. Line ratios follow a reg-
ular pattern, where the highest ratios are associated with high
velocities. In particular, the SiO/CO ratio is ∼0.35 ± 0.05 at
|v − vsys| = 80−160 km s−1 towards the AGN and the western
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Figure 4. (Left panel) The CO(1–0) integrated intensity map of the Seyfert 2 galaxy NGC 1068
[47] using the PdBI. (Right panel) Same for the SiO(2–1) line, but here showing the inner
r∼300 pc region of the circumnuclear molecular disk (CND) of the galaxy mapped with the
PdBI. The filled ellipse represents the beam size. Figure adapted from [32].

Figure 5. (Left panel) The HCN(1–0) line intensity map obtained with the PdBI towards the
CND of NGC 1068. (Middle) and (right panels) The HCO+/HCN, HNC/HCN and CN/HCN
line ratio maps of the CND of NGC 1068 derived from PdBI data. Contours in the right panel
stand for X-ray emission mapped by Chandra from 0.25 to 7.50 keV [50]. Figure adapted from
[49]

disks (CND) of many Seyfert galaxies [37, 35, 38, 36]. It is tempting to link the existence of
overluminous HCN lines with the influence on molecular gas of some of the distinctive ingredients
of AGN activity. Among these, X-rays are suspected to be able to process large column densities
of molecular gas around AGNs, producing X-ray dominated regions (XDR). The abundances
of certain ions, radicals and molecular species can be enhanced [39, 40, 41, 42]. In particular,
and while still a highly debated issue, it has been discussed that the abundance of HCN can be
boosted in XDRs, partly accounting for the reported observational dichotomy between starbursts
and AGNs. Alternatively, the excitation of HCN lines in AGNs, some of them being sources
with a high a infrared luminosity, might be affected by IR pumping through a 14µm vibrational
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 Molecular abundances

NGC1068(CND) TMC-1

HCN 1×10-7 2×10-8

CN (0.2-1.3)×10-7 5×10-9

HCO+ (0.6-13)×10-8 8×10-9

CS 1×10-8 4×10-9



Disk density

“Dense disk”:Thompson et al. 
(2005): disk is supported by the 
radiation-pressure on dust

Toomre-stable disk Q~1

ρmid~Ω2/(πGQ); Ω=(GMBH/
r3+2σ/r2)-1/2

“Tenuous disk”: 

Q=5 

Thick scale height h/r~0.5 
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Ionization from X-rays

X-ray from the central core

LX~6×1043erg s-1

Enhancement of CN, HCN, 
HCO+ at steady-state as ζ/n 
increases (Lepp and Dalgarno, 
1996). 

OH+ and H2O+ are enhanced 
at higher ζ/n.
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Temperature

Tdust = TBB=750 K (r/pc)-1/2

Gas heating

X-ray heating 

Gas-dust collision

Gas cooling

Approximation of line cooling 
(Goldsmith et al. 2001)
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HCN and CN

HCN abundances can 
be enhanced due to the 
high temperature.

Abundances at the 
crossing time match the 
observation better for 
CN and HCN. 
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Fig. 9. a) (Upper left panel) SiO(2−1)/CO(1−0) velocity-integrated intensity ratio (RSiO/CO) (color scale) derived at the spatial resolution of SiO
inside the CND. This ratio is equivalent to a brightness temperature ratio for the observed common line widths of SiO and CO. An ellipse shows
the SiO beam. b) (Lower left panel) The SiO/CO ratio is here displayed as function of velocity and spatial offset across the major axis at PA = 90◦
(SiO/CO pv). The CO pv plot is displayed in contours (CO pv). c) (Upper right panel) Same as a) but showing here the CN(2−1)/CO(1−0)
velocity-integrated intensity ratio (RCN/CO)(color scale) derived at the spatial resolution of CO. An ellipse shows the CO beam. d) (Lower right
panel) Same as b) but adapted to compare here the CN/CO ratio along the major axis (CN/CO pv) with the corresponding CO pv plot.

6.2. Chemical differentiation in the CND

6.2.1. SiO abundances

Figure 9a shows the SiO(2−1)/CO(1−0) velocity-integrated in-
tensity ratio (RSiO/CO) in the CND, derived with a spatial reso-
lution corresponding to that of SiO. The changes in RSiO/CO are
more significant along the major axis, where the spatial resolu-
tion is the highest. RSiO/CO changes by about a factor of three
inside the CND: it goes from a peak value of ∼0.11 ± 0.01 in
a region close to the AGN to a minimum of ∼0.04 ± 0.02 at
the eastern boundary of the CND (∆α ∼ +3′′); RSiO/CO reaches
a secondary maximum (∼0.10 ± 0.01) at the western edge of

the CND (∆α ∼ −3′′). This range of values confirms and
significantly expands the differences in the SiO/CO ratios be-
tween the east (∼0.07) and the west (∼0.10) lobes of the CND,
identified by U04 as coming from the blue and the red veloc-
ity components of the line profiles respectively. Figure 9b shows
the SiO/CO ratio displayed here as a function of velocity and
position across the major axis of the galaxy. The differences in
the SiO/CO ratios, which go from ∼0.05 to ∼0.5, expand out to
about one order of magnitude depending on the velocity chan-
nel and position along the major axis. Line ratios follow a reg-
ular pattern, where the highest ratios are associated with high
velocities. In particular, the SiO/CO ratio is ∼0.35 ± 0.05 at
|v − vsys| = 80−160 km s−1 towards the AGN and the western
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Figure 4. (Left panel) The CO(1–0) integrated intensity map of the Seyfert 2 galaxy NGC 1068
[47] using the PdBI. (Right panel) Same for the SiO(2–1) line, but here showing the inner
r∼300 pc region of the circumnuclear molecular disk (CND) of the galaxy mapped with the
PdBI. The filled ellipse represents the beam size. Figure adapted from [32].

Figure 5. (Left panel) The HCN(1–0) line intensity map obtained with the PdBI towards the
CND of NGC 1068. (Middle) and (right panels) The HCO+/HCN, HNC/HCN and CN/HCN
line ratio maps of the CND of NGC 1068 derived from PdBI data. Contours in the right panel
stand for X-ray emission mapped by Chandra from 0.25 to 7.50 keV [50]. Figure adapted from
[49]

disks (CND) of many Seyfert galaxies [37, 35, 38, 36]. It is tempting to link the existence of
overluminous HCN lines with the influence on molecular gas of some of the distinctive ingredients
of AGN activity. Among these, X-rays are suspected to be able to process large column densities
of molecular gas around AGNs, producing X-ray dominated regions (XDR). The abundances
of certain ions, radicals and molecular species can be enhanced [39, 40, 41, 42]. In particular,
and while still a highly debated issue, it has been discussed that the abundance of HCN can be
boosted in XDRs, partly accounting for the reported observational dichotomy between starbursts
and AGNs. Alternatively, the excitation of HCN lines in AGNs, some of them being sources
with a high a infrared luminosity, might be affected by IR pumping through a 14µm vibrational
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OH+, H2O+, and H3O+

OH+ and H2O+ were detected in many sources by APEX and 
Herschel.

They trace very high X-ray ionization rate.
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OH+, H2O+, and H3O+

N(H3O+)/N(HCO+)~24 (Aalto et al. 2010) in NGC 1068 

→ higher than other types of galaxies
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Summary of AGN chemistry

The abundances of HCN, CN, HCO+, and other species are likely 
to change in different location of the circumnuclear disk. 

Non-steady-state abundances of CN and HCN are likely. 

Effects of stellar activity from UV-photons and cosmic-rays are 
negligible within r<100pc.

Future work

Temperature calculation coupled with chemistry

Radiative transfer


