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Astrochemistry as a tool for Astrophysics

• Feedback = Astrophysical processes  
⇄ Astrochemistry 

• Different physical/heating processes (AGN, starburst) 
will produce different signature on the ISM


• PDR, XDR, MDR…  
 → Chemical feedback 

• Application: mm/submm spectroscopy can be a 
powerful tool to identify a dust-obscured energy source
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Typical spatial scale: ~100 pc

S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 6. a) Overlay of the CO(3–2) ALMA intensity contours (levels as in Fig. 4a) on the Pa↵ emission HST map (color scale as shown in
counts s�1pixel�1). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) ALMA intensity contours (levels as in Fig. 4c)
on the HST Pa↵ emission map (color scale as shown). The filled ellipses at the bottom right corners represent the CO beam sizes.

Fig. 7. a) Overlay of the CO(3–2) intensity contours (levels as in Fig. 4a) on the dust continuum emission at 349 GHz (color scale in Jy beam�1

units as indicated). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) intensity contours (levels as in Fig. 4c) on the dust
continuum emission at 689 GHz (color scale in Jy beam�1 units as indicated). The filled ellipses at the bottom right corners represent the CO beam
sizes.

We also report the detection of CO(3–2) emission at di↵erent
locations throughout the interarm region. These interarm com-
plexes, which remained undetected in dust emission due to the
lower dynamic range of the Band 7 continuum map, are orga-
nized into a network of filaments that extends out to the edge of
our mapped region.

5.2. HCN, HCO+, and CS maps

Figure 8 shows the integrated intensity maps of NGC 1068 ob-
tained with ALMA in the HCO+(4–3), HCN(4–3), and CS(7–
6) lines. In stark contrast with the CO(3–2) map, most of the
emission in these likely denser gas tracers that are characterized
by ⇠a factor 100 comparatively higher critical densities, stems
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F. Combes et al.: CO in NGC 1566

Fig. 9. Rotational velocity model adopted for NGC 1566 (black open
rectangles), based on the CO data points (blue triangles), and minimiz-
ing the residuals of Fig. 8. The Hα kinematic model from Agüero et al.
(2004) is also shown in red circles. Those data were obtained with 2.′′8-
wide slits, with insufficient spatial resolution to resolve the central peak.
The Hα velocity model rises linearly because of the deficiency of HII re-
gions inside a radius of 22′′ (see text).

Fig. 10. Total CO(3–2) spectrum, integrated over the observed map,
with a FoV of 18′′. The vertical scale is in Jy. The green line is the
result of the Gaussian fit with 3 velocity components (see Table 2). The
spectrum is primary beam corrected.

averaged over the 43′′ beam (Bajaja et al. 1995). This is expected
for thermalized excitation and a dense molecular medium. In
that case the CO(3–2) flux should be higher than the CO(2–1)
by up to a factor of 2.2 (flux varying as ∼ν2 for gas at tempera-
ture larger than 25K and density larger than 104 cm−3). Already
the CO(2–1) spectrum of Bajaja et al. (1995) appears broader
in velocity, which indicates some missing flux in our CO(3–2)
map. The SEST observations point to a total molecular mass of
1.3 × 109 M⊙, and in the central 43′′ beam of 3.5 × 108 M⊙. In

Fig. 11. Top: map of the HCO+(4–3) line in NGC 1566. The adopted
center is drawn with a black cross, and the phase center by a yellow
cross. The color scale is in Jy/beam×MHz (or 0.87 Jy/beam× km s−1).
Bottom: same for HCN(4–3). The beam size of 30 × 20 pc is indicated
at the lower left.

the 22′′ beam, the SEST CO(2–1) spectrum, together with the
CO(2–1)/CO(1–0) ratio of 1, yields a mass 1.7 × 108 M⊙, while
we find 0.7 × 108 M⊙ in our FoV of 18′′ assuming thermally
excited gas, and a Milky-Way like CO-to-H2 conversion factor,
of 2.3 × 1020 cm−2/(K km s−1) (e.g. Solomon & Vanden Bout
2005).

3.5. HCO+ and HCN

Along with CO(3–2), we detect the HCO+(4–3) and HCN(4–3)
emission lines, mainly in the center of the galaxy. The corre-
sponding maps are displayed in Fig. 11, and the integrated spec-
tra in Fig. 12. The lines are mainly detected in the nuclear spiral
structure, and are too faint to see the rest of the nuclear disk.
The HCO+ line is 3 times stronger than the HCN line, which
is expected for starburst galaxies such as M82 (e.g. Seaquist &
Frayer 2000). The detection of these lines reveals a high propor-
tion of dense gas, since the critical densities to excite the J = 4–3
transition of HCO+ and HCN are 6.5 × 106 and 1.6 × 108 cm−3,
respectively.

The integrated intensities and profile characteristics dis-
played in Table 2 reveal that the HCO+ line width is compa-
rable to the CO(3–2) width, while the HCN spectrum appears
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L64 M. Krips et al.: HCN(1–0) emission in NGC6951

Fig. 1. Integrated HCN(1–0) emission (black contours) overlaid on CO(2–1) (color scale; Schinnerer et al., in prep., García-Burillo et al. 2005)
in natural (left; a) and uniform weighting (right; b); the CO and HCN emission have been both integrated from −200 km s−1 to +200 km s−1.
We used a uv-taper for CO to match the angular resolution of our HCN data which is by a factor of ∼2 lower, and obtain identical beamsizes.
Black contours run from 3σ to 23σ (right: 7σ) in steps of 1σ = 0.06 Jy beam−1 km s−1 (right: 1σ = 0.10 Jy beam−1 km s−1); CO(2–1): 3σ =
1.0 Jy beam−1 km s−1(right: 3σ = 1.3 Jy beam−1 km s−1). The black line (left) indicates the major axis of the bar (PA = 100◦) and the grey line the
major axis of the galaxy (PA = 130◦). The black line (right) represents the most extreme central velocity gradients (PA = (160±20)◦). The (0,0)
position is at αJ2000 = 20h37m14.123s and δJ2000 = 66◦06′20.09′′ which is slightly different from the phase centre of the observations.

composite (AGN+SB) galaxies (e.g., Arp 220, M 82,
NGC 6951; Gao & Solomon 2004a,b; Nguyen-Q-Rieu et al.
1992). Inactive galaxies have even lower ratios of RHCN/CO <
0.1. Many different effects can contribute to increased RHCN/CO
in active environments including higher gas opacities/densities
and/or temperatures, non-standard molecular abundances caused
by strong UV/X-ray radiation fields or additional non-collisional
excitation such as IR pumping through UV/X-ray heated dust.
Gao & Solomon (2004a) have ruled out the latter scenario for
large scale HCN emission and the lack of any clear correla-
tion between the hard X-ray and MIR luminosity in AGN (Lutz
et al. 2004) reduces the significances of IR pumping also at small
scales. However, Usero et al. (2004) present strong evidence in
the case of NGC 1068 that the nuclear gas chemistry is dom-
inated by X-ray radiation from the AGN yielding significantly
different molecular abundances than in SB or quiescent environ-
ments (Lepp & Dalgarno 1996; Maloney et al. 1996). Recent
IRAM 30 m observations of several HCN transitions in a sam-
ple of 12 nearby active galaxies also seem to support a signif-
icantly higher HCN abundance in AGN than in SB or inactive
environments, rather than a pure density/temperature or non-
collisional excitation effect (Krips et al., in prep.). If true, this
has a severe impact on the interpretation of RHCN/CO as a mea-
sure of the dense to total molecular gas mass fraction in active
galaxies (e.g., Gao & Solomon et al. 2004a,b) as discussed in
Graciá-Carpio et al. (2006). The study of nearby active galaxies
also reveals the limitations of RHCN/CO as a unique diagnostic in
distant sources whose starburst and AGN components cannot be
separated.

NGC 6951 is an active galaxy of Hubble type SAB(rs)bc at
a distance of 24 Mpc (Tully 1988); its active nucleus is classi-
fied as a transition object between a LINER and a type 2 Seyfert
(Pérez et al. 2000). In addition to its AGN, NGC 6951 also ex-
hibits a pronounced SB ring at a radius of 5′′ (≡480 pc) in Hα

Table 1. HCN(1–0) line parameters, obtained at the various peak (i.e.,
not spatially integrated) by fitting a Gaussian profile to the (naturally
weighted) data. Errors include uncertainties of the fit and calibration.
a From Schinnerer et al., in prep. b From uniformly weighted maps to
avoid contamination by the ring emission. c Spatially integrated over
the entire area of ±9′′; d In mJy; e in Jy km s−1.

Component peak flux FWHM IHCN(1−0) ICO(2−1)
a

(mJy beam−1) (km s−1) (Jy beam−1 km s−1)
N 11 ± 2.0 150 ± 6 1.8 ± 0.2 60 ± 6
W 10 ± 1.0 100 ± 8 1.1 ± 0.1 22 ± 2
E 12 ± 1.0 70 ± 5 1.0 ± 0.1 23 ± 2
S 13 ± 1.0 60 ± 4 0.9 ± 0.1 38 ± 4
Cb 4.8 ± 0.5 170 ± 20 0.9 ± 0.1 2.4 ± 0.2

Total fluxc 36.0 ± 4.0d 320 ± 14 12.0 ± 1.0e 470 ± 50e

(Marquez & Moles 1993; Wozniak et al. 1995; Rozas et al. 1996;
Gonzalez-Delgado & Perez 1997; Perez et al. 2000) and radio
emission (Vila et al. 1990; Saikia et al. 1994, 2002). Strong CO
and HCN emission is associated with the SB ring (e.g., Kohno
et al. 1999a; García-Burillo et al. 2005) while almost no emis-
sion had been hitherto found in the centre of NGC 6951. Only
recently have high angular resolution/high sensitivity PdBI ob-
servations revealed faint CO(2–1) emission in the central 0.5′′
(García-Burillo et al. 2005; Schinnerer et al., in prep.). The latter
observations are part of the PdBI NU(clei of)GA(laxies) project
(e.g., García-Burillo et al. 2003). We observed NGC 6951 in
HCN(1–0) to search for nuclear emission and assess differ-
ences between the SB ring and the AGN; the results of these
observations are presented here.

Dense gas in Seyfert galaxies 1967

0.3 arcsec from a symmetric Gaussian fit to the uv points. Thus, the
line emitting region is compact but nevertheless spatially resolved.

This conclusion is confirmed by comparing the HCN properties
with those of the HCO+ line (Fig. 1, right-hand panel), which has an
integrated flux of 2.13 ± 0.08 Jy km s−1 in a 3 arcsec aperture. The
latter has an FWHM of 1.94 × 1.34 arcsec2 that, given the errors
derived with Monte Carlo realizations listed in Table 3, is consistent
with the corresponding measurement above for the HCN line with
respect to the major axes, but implies a more extended source along
the minor axis. A symmetric Gaussian fitted to the uv table gives
an intrinsic FWHM of 1.7 ± 0.4 arcsec, also in agreement with the
size based on spatial coordinates.

The position angle of the HCO+ major axis appears to differ
slightly from that of the HCN, and their centres are marginally
offset with respect to the continuum. This could reflect different
distributions of the tracers even though the offset observed is of
the same order of the positional accuracy. On the other hand, the
PAs of the red/blue channels for the two lines (see Section 4) are in
much better agreement. The HCN and HCO+ lines are also similar
spectrally. Indeed, a single Gaussian fit to the spectra in Fig. 2 gives
FWHMs of 181 and 175 km s−1 for HCN (top panel) and HCO+

(bottom panel), respectively. We have derived uncertainties of 21
and 16 km s−1 with Monte Carlo techniques.

3.2 NGC 3227

A Gaussian fit to the 3 mm continuum (Fig. 3, left-hand panel) yields
a size of 1.15 × 1.05 arcsec2 FWHM at a position angle of 47◦.
This is very similar to the beam size and indicates the continuum
is spatially unresolved. The 3 mm flux density from the integrated
spectrum (Fig. 4) is 1.56 ± 0.24 mJy, consistent with the 1.79 ±
0.12 mJy obtained from the Gaussian fit to the continuum map.

The HCN line has an integrated flux of 1.86 ± 0.27 Jy km s−1

in a 3 arcsec aperture (Fig. 3, right-hand panel). Comparison with
the previous measurement of 2.1 Jy km s−1 at 2.4 arcsec resolution
(Schinnerer et al. 2000) suggests that very little of the line emission
has been resolved out at our higher resolution, and that most of the
HCN in NGC 3227 does originate from the central compact source.
The compact nature of the HCN emission is in stark contrast to the
CO(2–1) emission, as shown in Fig. 5. Indeed, the CO emission is
distributed around the circumnuclear ring (which is also seen in the
H-band stellar continuum, Fig. 5 and Davies et al. 2006), and very

Figure 3. The 3 mm continuum (left-hand panel, rms = 0.07 Jy beam−1 km
s−1) and HCN (right-hand panel, rms = 0.11 Jy beam−1 km s−1) emission
maps of NGC 3227. Labels are as in Fig. 1. The contour levels in the left-
hand panel are at three, five and seven times the noise level and in the
right-hand panel at two, four and six times the noise level. The white ‘plus’
sign in the right-hand panel indicates the location of the continuum peak.
The continuum is unresolved while the line emission is clearly extended.

Figure 4. Integrated spectrum of NGC 3227 showing the 3 mm continuum
and the HCN line with a Gaussian fit (in blue) showing the large velocity
dispersion of the line (FWHM = 207 km s−1).

little originates from the central arcsec. On the other hand, the HCN
emission is dominated by the nucleus itself.

A symmetric Gaussian fit to the data in the uv plane yields a
projected intrinsic FWHM of 0.8 ± 0.3 arcsec. This is consistent
with the FWHM of 1.5 × 1.04 arcsec2 (at PA 47◦) measured from the
reconstructed image, once the finite beam size is taken into account.
It indicates that the line emission is resolved. However, we note that
the long axis of the nuclear emitting region coincides with the minor
axis of the circumnuclear ring, which as Fig. 5 shows is traced by
the CO(2–1) emission. Along this axis, HCN emission from the ring
may be blended with that from the nucleus, which would bias the
size measurement of the nuclear source. We have therefore separated
these contributions by extracting a profile along this position angle
(see Fig. 6) and fitting three independent Gaussians at fixed positions
– representing the nucleus and a cut through the ring on either side –
to the overall HCN profile. One of these, which would be associated
with the ring to the south-west, has a negligible contribution and
so does not appear in the plot. However, the north-east side of the
HCN profile is clearly broadened by a subsidiary peak. Since the
asymmetry of the full profile can be matched by the addition of a
component at the same location as the CO (which arises from the
ring), we conclude that it is associated with the ring. Accounting
for this reduces the observed FWHM of the nuclear component
slightly to 1.28 arcsec. Quadrature correcting the observed 1.28 ×
1.04 arcsec2 size of this component for the beam indicates that the
intrinsic source size may be as small as 0.5 arcsec along both axes,
a little less than implied by direct fitting of the uv data.

As found in NGC 2273, the HCN line in NGC 3227 has a remark-
ably large velocity width. A simple Gaussian fit to the integrated
spectrum in Fig. 4 gives an FWHM of 207 ± 34 km s−1, where,
as before, we have used Monte Carlo techniques to estimate the
uncertainty.

3.3 NGC 4051

A Gaussian fit to the continuum map of NGC 4051 (Fig. 7, left-hand
panel) gives an FWHM of 1.13 × 0.90 arcsec2 at PA = 82◦. Com-
paring this to the 1.07 × 0.72 arcsec2 beam at 80◦ suggests the 3 mm
continuum is basically unresolved. The mean flux density of 0.9 ±
0.2 mJy measured from the integrated spectra (Fig. 8) is consistent
with the 1.02 ± 0.07 mJy from a Gaussian fit to continuum map.

Symmetric Gaussians directly fitted to the uv data give FWHMs
of 0.85 and 1.35 arcsec for the projected intrinsic size of the HCN
and HCO+ lines, respectively (we note that, as before, because
these sizes are derived from the uv data, they are free of beam
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(d) CS(J=7-6)(c) HCO+(J=4-3)

(b) HCN(J=4-3)

330 pc

(a) CO(J=3-2)  
VLSR > 4900 km s-1

Figure 3. Integrated intensity maps of (a) CO(3-2), (b) HCN(4-3), (c) HCO+(4-3), and (d) CS(7-6), in the central 2 kpc region of NGC 7469. The rms noises (1
σ) are 0.23, 0.06, 0.07, and 0.07 Jy beam−1 km s−1 in (a), (b), (c), and (d), respectively. Note that we could not observe CO(3-2) emission at VLSR > 4900 km s−1

due to our spectral setting, thus the displayed map is incomplete (south-east part is deficient). The white filled ellipses indicate the synthesized beams (∼ 0.50′′
× 0.40′′). The central crosses indicate the peak position of the 860 µm continuum (= nucleus). Contours are: (a) -5, 3, 5, 10, 20, 30, ..., and 130 σ, (b) -5, 3, 5,
10, 20, 30, ..., and 70 σ, (c) -5, 3, 5, 10, 20, 30, 40, and 50 σ, (d) -5, 3, and 5 σ, respectively. Negative contours are indicated by dashed lines. See also Section 2
for the velocity ranges integrated over.

is necessary to realize the observed high RHCN/HCO+ in some
AGNs.

6.2.1. XDR, PDR, and MDR chemistry

The molecular abundances and the resultant column-
integrated line intensities of our target molecules under gas-
phase XDRs and PDRs are extensively modeled by Meijerink
& Spaans (2005) and Meijerink et al. (2007). In their XDR
model, RHCN/HCO+ can exceed unity only at the surface of low-
to-moderate density gas (nH ! 105 cm−3) for a hydrogen col-
umn density (NH) of 1022.5 cm−2 or less, where high X-ray
flux (e.g., FX " 10 erg s−1 cm−2) can be expected. However,
for larger NH where the FX is attenuated, the opposite is true.
This is due to the fact that the range of the ionization rate over
which HCO+ abundance is high is much wider than that of
HCN (Lepp & Dalgarno 1996).

We first discuss the RHCN/HCO+ of the CND of NGC 7469
(denoted as N7469 (CND) in Figure 4), which is compara-
ble to those of some SB galaxies such as NGC 253 despite
its high X-ray luminosity (log L2−10keV = 43.2; Brightman &
Nandra 2011). The spectral contamination from the SB ac-
tivity to our beam (∼ 150 pc), on the other hand, would not
be significant considering the age estimated for the most re-
cent star formation episode in the CND (110-190 Myr, Davies

et al. 2007). How is the cooling time scale? For the same rea-
son, we could safely discard the possibility that a mechanical
heating due to SNe being significantly at work there. In addi-
tion, we can not find any morphological and kinematic signa-
ture of a jet-ISM interaction in the high resolution maps of H2
and Brγ emissions (Hicks et al. 2009; Müller-Sánchez et al.
2011). Therefore, at this moment we simply regard that the
CND of NGC 7469 to be a pure giant XDR. The lack of spa-
tial resolution leads us to observe molecular clouds far away
from the nucleus, of which conditions does not meet the Mei-
jerink et al.’s criterion. The geometry of the type-1 nucleus
and the CND with the inclination angle of 30◦-50◦ (Davies
et al. 2004; Hicks et al. 2009; Müller-Sánchez et al. 2011) can
further boost the line-of-sight NH. Under this situation, the
not so high RHCN/HCO+ , which is a spatially integrated one,
would not be inconsistent to the models in Meijerink et al.
2007. Higher resolution observations are desirable to explore
the spatial distribution of the ratio. Probably we can observe
a higher ratio at the innermost regions of the CND.

Here, we also discuss the RHCN/HCO+ in NGC 1068, whose
X-ray luminosity is quite comparable (log L2−10keV = 43.0;
Marinucci et al. 2012) to that of NGC 7469. Again we can
discard the contamination from PDRs or SNe because of the
moderate stellar age in its CND (200-300 Myr; Davies et al.
2007). García-Burillo et al. (2014) found a high RHCN/HCO+ of
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Fig. 5. Integrated intensity maps in the central 800 ! 800 (560 pc ! 560 pc) region of NGC 1097, derived by calculating the zeroth moment of the ALMA
data cubes. The cross indicates the peak position of the 860 !m continuum. Both maps are shown on the same intensity scale so as to allow easy
comparison. (a) Integrated intensity map of the HCN (J = 4–3) emission over a velocity range from VLSR = 1160 to 1450 km s"1. The value at the
860 !m peak position is 7.5 Jy beam"1 km s"1, and the source size is estimated to be 1:0034 ! 1:0004 with PA = "9:ı1. The beam size is 1:0050 ! 1:0020
with PA = "72:ı4. The contour levels are 5, 10, 20, ###, 70 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1. (b) Integrated intensity map of the
HCO+ (J = 4–3) emission over a velocity range from VLSR = 1215 to 1440 km s"1. The value at the 860 !m peak position is 3.7 Jy beam"1 km s"1,
and the source size is estimated to be 1:0031 ! 1:0006 with PA = "14:ı7. The beam size is 1:0049 ! 1:0018 with PA = "71:ı3. The contour levels are 5, 10,
15, ###, 30 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1.

Fig. 6. ALMA band 7 spectra at the 860 !m peak of NGC 1097. Indicated spectral lines are marked at the systemic velocity of the galaxy (1271 km s"1:
Koribalski et al. 2004). We detected CO (J = 3–2), HCN (J = 4–3), and HCO+ (J = 4–3) with > 3 " significance. Other lines are undetected by this
observation. Full line names and line parameters are listed in table 4. The velocity resolutions and rms noise levels are in table 2. Colors indicate the
different spectral windows (spw 0, 1, 2, and 3, from left to right) and the continuum emission has already been subtracted.

profile). We assume that the velocity error is ˙1 channel
(8.3 km s"1). The total integrated flux within the central
r $ 2:005 (175 pc) is 13.6 ˙ 0.2 Jy km s"1 for HCN (J = 4–3),
and 7.8 ˙ 0.2 Jy km s"1 for HCO+ (J = 4–3), respectively.
Even at a degraded % 50 km s"1 resolution, no emission
from the lines indicated in figure 6 was detected other than
HCN (J = 4–3), HCO+ (J = 4–3), and CO (J = 3–2). Upper
limits to the integrated intensities were derived for these unde-
tected transitions assuming a Gaussian profile with an FWHM
similar to ∆v derived for HCN (J = 4–3). By using these

derived values, for example, the H12CN to H13CN line ratio
is > 12.7 (3 " ) on the brightness temperature scale, indicating
that our main target line, HCN (J = 4–3), has # < a few, and is
not severely optically thick, considering the 12C=13C isotopic
ratio obtained so far [e.g., % 50 in Galactic sources: Lucas and
Liszt (1998), > 40 in starburst galaxies: Martı́n et al. (2010)].

It should be noted that among the lines listed in table 4,
HCN (J = 4–3) and HCO+ (J = 4–3) could be observed in
high-redshift objects by using ALMA, since these lines are
relatively strong (detectable), and they are still within the
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Molecular Energy Diagnostics 
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Submm HCN-diagram: ALMA Band 7 lines

[CI](1-0)/CO(1-0) diagnostic:  
new method under initial investigation

→ I will show new ALMA data obtained recently



5
Figure 1. Submillimeter-HCN diagram using HCN(4–3)/HCO+(4–3) and HCN(4–3)/CS(7–6) integrated intensity ratios (RHCN HCO+ and RHCN CS in the text,
respectively) in the brightness temperature scale. Only the data obtained with high-resolution observations (spatial resolution <500 pc, except for NGC 4945) are
used. The red circles and the blue squares indicate AGNs and SB galaxies, respectively. The abbreviated names of AGNs are shown. Herethe term “AGN” simply
means that the galaxy hosts an AGN, regardless of its dominance in the total energy budget of the galaxy. See Table 1 for the details of the data. The systematic errors
are also included here.

Figure 2. Same as Figure 1, but the whole sample, including both the high-resolution (spatial resolution <500 pc; filled symbols) and the low-resolution (spatial
resolution >500 pc; opensymbols) data, is plotted. The red circles, green diamonds, and blue squares indicate AGNs, buriedAGNs, and SB galaxies, respectively
(see also Table 1). The abbreviated names of AGNs and buriedAGNs are shown. See Table 1 for the details of the data. The systematic errors are included here.
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AGN-dominated

SB-dominated

1. Submm-HCN Diagram: 
Toward the submm-version of the BPT-diagram?

HCN-enhncement discriminates AGN and SB



• HCN(4-3)/HCO+(4-3) 
※ Tb unit


• nH2 = 105 cm-3; Tkin = 50K, 
100K, 200K


• Filled symbols  
    → X(HCN)/X(HCO+) = 10


• Open symbols  
→ X(HCN)/X(HCO+) = 1


• The abundance of HCN is 
enhanced in AGNs w.r.t. SB 
galaxies

Non-LTE radiative transfer  
modeling of emission lines
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High Gas Temperature Chemistry
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Harada et al. 2010, ApJ, 721,1570

• Neutral-neutral reactions are enhanced at T > 300K 


• Efficient formation of HCN (e.g., CN + H2 → HCN + H)


• Efficient destruction of HCO+ (e.g., HCO+ + H2O → H3O+ + CO)

7



Origin of the high temperature?

8
Figure 1. Submillimeter-HCN diagram using HCN(4–3)/HCO+(4–3) and HCN(4–3)/CS(7–6) integrated intensity ratios (RHCN HCO+ and RHCN CS in the text,
respectively) in the brightness temperature scale. Only the data obtained with high-resolution observations (spatial resolution <500 pc, except for NGC 4945) are
used. The red circles and the blue squares indicate AGNs and SB galaxies, respectively. The abbreviated names of AGNs are shown. Herethe term “AGN” simply
means that the galaxy hosts an AGN, regardless of its dominance in the total energy budget of the galaxy. See Table 1 for the details of the data. The systematic errors
are also included here.

Figure 2. Same as Figure 1, but the whole sample, including both the high-resolution (spatial resolution <500 pc; filled symbols) and the low-resolution (spatial
resolution >500 pc; opensymbols) data, is plotted. The red circles, green diamonds, and blue squares indicate AGNs, buriedAGNs, and SB galaxies, respectively
(see also Table 1). The abbreviated names of AGNs and buriedAGNs are shown. See Table 1 for the details of the data. The systematic errors are included here.

5

The Astrophysical Journal, 818:42 (23pp), 2016 February 10 Izumi et al.

Izumi et al. 2016,  
ApJ, 818, 42
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Time dependence of HCN abundance?

9

• We might select AGNs recently caused “mechanical feedback”  
by jet/outflow. 
→ We can explain the time-dependent chemistry as well, since 
shocks reset the chemistry

The Astrophysical Journal, 765:108 (26pp), 2013 March 10 Harada, Thompson, & Herbst

Figure 4. Radial and height dependence of fractional abundances at t = tcross in the Model 1, Q = 1 disk. Upper left panel: HCN; upper right panel: CN; middle left
panel: HCO+; middle right panel: HC3N; lower left panel: CS; lower right panel: OH+. Note that the color scale is different for CS.
(A color version of this figure is available in the online journal.)

10

The Astrophysical Journal, 765:108 (26pp), 2013 March 10 Harada, Thompson, & Herbst

Figure 5. Radial and height dependence of fractional abundances at steady state in the Model 1, Q = 1 disk. Upper left panel: HCN; upper right panel: CN; middle
left panel: HCO+; middle right panel: HC3N; lower left panel: CS; lower right panel: OH+. Note that the color scale is different for CS.
(A color version of this figure is available in the online journal.)
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Brief Summary 1

10

• AGN vs SB diagnostics by using enhanced HCN intensity (w.r.t HCO+ 
and CS) in AGNs (@ALMA Band 7)


• Abundance variation of HCN is responsible for the enhancement


• High-temperature neutral-neutral reactions can be natural explanation 
- maybe, this method is sensitive to AGNs recently caused mechanical 
feedback (jet/outflow)



2. A new method in the ALMA era 
- C0/CO ratio -

11
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Idea: X-ray dissociation: CO → C0

• We can easily expect much more efficient CO dissociation in 
XDRs than in PDRs. → Efficient formation of C0


• Underlying physics/chemistry is rather simple!

R. Meijerink et al.: Diagnostics of irradiated dense gas in galaxy nuclei. II. 805

Fig. 10. CI 609 µm/13CO(2–1) ratio for PDR (left) and XDR (right) models.

5.8. HCO+ rotational lines and HCN/HCO+ line intensity
ratios

In Fig. A.11, we show the HCO+(1–0) and HCO+(4–3) line in-
tensities, with critical densities ncr ∼ 2 × 105 and 4 × 106 cm−3,
respectively. These critical densities are significantly lower than
for HCN, causing a smaller spread in line intensities. Typically,
the HCO+ lines are stronger in XDRs than in PDRs by a factor
of at least three. This is a direct consequence of the higher ion-
ization degree in XDRs (Meijerink & Spaans 2005), leading to
an enhanced HCO+ formation rate.

Note in this that Lepp & Dalgarno (1996, their Fig. 2) find a
rather wide range of ionization rates for which the HCO+ abun-
dance is large. As for the HCN discussed above, this is consistent
with our results since we integrate the depth dependent HCO+
abundance profile that results from the attenuation of the im-
pinging X-ray flux. The HCO+ line-of-sight integral thus picks
up a large contribution and competes favorably with the PDR
line emissivities.

In Figs. 13 and A.12, we show the cumulative HCN(1–0)/
HCO+(1–0) and HCN(4–3)/HCO+(4–3) line intensity ratios, for

the same PDR and XDR models as in Sect. 5.5. Depending on
the incident radiation field, HCN or HCO+ is more abundant
at the PDR edge of the cloud. Around the H/H2 transition a min-
imum in the HCO+ abundance is seen in the PDR. Deeper into
the cloud, the HCO+ abundance increases again, and is then con-
stant. This is also the case for HCN, and the HCN/HCO+ abun-
dance ratio is larger than unity. Therefore, at sufficiently large
columns and densities, the HCN(1–0)/HCO+(1–0) line intensity
ratio becomes larger than one.

In the XDR models, HCO+ is chemically less abundant than
HCN for very large HX/n (Meijerink & Spaans 2005). For larger
columns HCO+ becomes more abundant, however, and eventu-
ally the cumulative column density of HCO+ becomes larger
than HCN (see specifically Fig. 10 in Paper I). This follows
directly from the fact that the HCO+ abundance is high over
a much wider range of ionization rates than HCN (Lepp &
Dalgarno 1996, their Figs. 2 and 3).

Figure 14 clearly shows that the HCN/HCO+ ratio dis-
criminates between PDRs and XDRs in the density range be-
tween n = 105 and 106.5 cm−3 (cloud type A). The HCN(1–0)/
HCO+(1–0) and HCN(4–3)/HCO+(4–3) line ratios are both
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Why submm people like [CI] line(s)?

13

• Easy to solve line excitation 
→ There are only two transitions


• Good tracer of molecular mass!!


• We can observe them in high-z objects (z ~ 5)
Modelling [C I] emission from turbulent MCs 1613

Figure 5. Top left: map of the total column density of hydrogen nuclei, NH. The area shown is approximately 16 pc by 16 pc and contains most of the mass
of the cloud. Top right: map of velocity-integrated intensity in the [C I] 1 → 0 transition, computed using RADMC-3D with the LVG approximation. Bottom left:
the same as in the top-right panel, but for the [C I] 2 → 1 transition. Bottom right: the same as in the top-right panel, but for the J = 1 → 0 transition of 12CO.

map. The [C I] emission traces most of the structure down to a total
hydrogen column density of approximately NH = 1021 cm−2, but
does not pick out the low-density gas at the edges of the cloud.
Comparing this map with the CO emission map, we see that both
tracers pick out the same basic cloud structure, but that [C I] appears
to do a slightly better job close to the edges of the cloud. The [C I]
2 → 1 emission also seems to be a good tracer of cloud structure in
the denser regions, but becomes extremely faint towards the edges
of the cloud.

The widespread [C I] emission that we see in our map is very dif-
ferent from the limb-brightened emission predicted by simple 1D
PDR models, but is qualitatively consistent with the predictions of
clumpy PDR models and with observations of [C I] in real GMCs,
which typically find a good correlation between the [C I] and CO
emission (see e.g. Stark & van Dishoeck 1994; Kramer et al. 2008).
This is a testament to the central role that turbulence plays in struc-
turing the cloud. As we have already seen, the neutral atomic carbon
in our model cloud is found at a similar range of effective visual
extinctions to those that we would expect based on PDR model
results. The key difference is that gas with this effective extinction
is not located in a single coherent structure at the edge of the cloud.
Because of the turbulent motions, the cloud is highly structured, al-
lowing radiation to penetrate deep into the interior (see also Bethell
et al. 2004; Bethell, Zweibel & Li 2007). The [C I] emitting surfaces
that we see are therefore found throughout the cloud and are present

along most lines of sight. The crucial role that density substructure
within GMCs plays in explaining the observed [C I] emission has
been understood for some time (see e.g. Genzel et al. 1988; Stutzki
et al. 1988; Plume, Jaffe & Keene 1994; Kramer et al. 2004), and
our results strongly support this picture.

Having established that the [C I] 1 → 0 line appears to be a
promising gas tracer, the next step is to quantify what fraction of
the molecular gas in the cloud it allows us to observe. A simple
starting point is to compute what fraction of the total H2 mass is
found along lines of sight with [C I] integrated intensities greater
than some minimum value WC I,1−0,min, and then to look at how this
value changes as we vary WC I,1−0,min. The results of this anal-
ysis are shown in Fig. 6, together with similar results for the
[C I] 2 → 1 line, the 12CO J = 1 → 0 line and the 13CO J = 1 → 0
line.

We see that for all of the lines, the fraction of the cloud that we
detect is a strong function of the minimum integrated intensity. In
the case of [C I] 1 → 0, almost 80 per cent of the molecular mass of
the cloud is located along lines of sight with integrated intensities
in the narrow range 1 < WC I,1−0,min < 5 K km s−1. In the case of
the [C I] 2 → 1 line, we see similar behaviour, but the minimum
integrated intensity required in order to detect any given amount of
the molecular gas is typically at least a factor of a few smaller.

If we compare this with the behaviour of 12CO, we see that
if our minimum integrated intensity for both lines is greater than

MNRAS 448, 1607–1627 (2015)

[CI](1-0) intensityNH

Glover et al. (2015)

The Astrophysical Journal, 730:18 (14pp), 2011 March 20 Walter et al.

Figure 7. Left: C i(2–1) spectrum of APM 08279+5255; the line is not detected.

S234 GHz = 2.0 ± 0.22 mJy (Figure 6, right), in good agreement
with the extrapolation from the SCUBA measurement (and con-
sistent with the estimate of Tacconi et al. 2006, of S233 GHz =
1.5 ± 0.5 mJy, their Table 1).

3.2. 30 m Observations

We have observed both the C i(1–0) and C i(2–1) emission in
six additional sources, four quasars and two SMGs. All fitted
parameters and line fluxes are summarized in Table 3. In the
following we briefly discuss the individual sources.

3.2.1. APM 08279+5255

This source is one of the (apparently) brightest sources known
to date, with a submillimeter flux of S850 µm = 75 ± 4 mJy
(Lewis et al. 1998). The first CO detections by Downes et al.
(1999, J = 4, J = 9) already indicated the extreme excitation
conditions of the molecular gas (studied in detail in Weiß et
al. 2007a). One of the explanations for its apparent brightness
and extreme excitation is that the lensing geometry is such that
the central 100 pc of this source is magnified by a large factor
(µ = 60–100; Weiß et al. 2007, see also Egami et al. 2000).9
The C i(1–0) line has been detected by Wagg et al. (2006). The
source is not detected in C i(2–1) emission with an upper limit
of 1 Jy km s−1 (Figure 7, left; upper limits are given in Table 3).

9 We note that Riechers et al. (2009a) derived a magnification factor of only
∼4 for the molecular gas phase.

Figure 8. Left: C i(1–0) spectrum of RX J0911+0551. Right: C i(2–1) spectrum of RX J0911+0551. See Table 3 for respective fluxes and noise.

Figure 9. C i upper limits for BRI 1335–0417. Left: C i(1–0) observations. Right: C i(2–1) observations including the adjacent CO(7–6) line. The arrows in both panels
indicate the expected central position of the C i lines.

7

z ~ 2.8 SMG

Walter et al. 2011



Current status of [CI] observation

14

• There is only ONE spatially 
resolved extragalactic [CI](1-0) 
measurement  
→ NGC 253 (Krips et al. 2016)


• This indicates that [CI] line is 
really a new tool for extragalactic 
(but rather nearby) studies.  


• [CI](1-0)/CO(1-0) ratio ~ 0.4  
at the center (TB unit)

(Peterson et al. 2014) and stellar mass surface density (Davies et al. 2007) are available in NGC 7469,
we can estimate an enclosed gas mass within a certain radius through dynamical modelings (i.e., gas
mass ∼ dynamical mass - black hole mass - stellar mass). Given that cold molecular gas dominates
the gas mass budget at the central regions of galaxies (e.g., Honma et al. 1995), an observational
estimation on [CI](1–0) conversion factor (X[CI](1−0)) is then achieved. We will model the dynamics
with either a tilted-ring model or Fourier-decomposition technique (e.g., Fathi et al. 2015; Salak et
al. 2016). Note that our study will give the first observational constraint on X[CI](1−0) toward an
XDR, where carbon chemistry differs a lot from PDRs. This information is particularly valuable for
measuring cold gas mass at high-z quasars.

3. Sensitivity estimation

170 pc

~0.4

~0.2

NGC 253 (SB galaxy)

[CI](1-0)/12CO(1-0) ratio

K km s-1 unit

Figure 5: [CI](1–0)/12CO(1–0) flux ratio distribution
in the nearby SB galaxy NGC 253 (Krips et al. 2016),
measured at the K km s−1 unit.

As we try to find chemical variations between the XDR
and the PDRs, we focus on the two representative po-
sitions (A = XDR and B = PDR; Fig.4) for our sensi-
tivity estimations. For J = 1–0, 2–1, 3–2 12CO lines,
previous measurements on peak flux densities are used
(Fig.3). We assume that the emissions uniformly spread
over those apertures (indicated as θres in Fig.3) to de-
rive peak flux densities at the proposed 0′′.3 beam. Note
that we used flux densities at around the systemic veloc-
ity for the partially observed 12CO(3–2) emission. For
13CO(2–1), we assume 13CO(2–1)/12CO(2–1) flux ratio
to be the same as that (∼ 7%; Jy km s−1 unit) at the
CND of NGC 1068 (type-2 AGN with similar L2−10keV

to NGC 7469; Krips et al. 2011). For [CI](1–0), as no
high resolution data is available for NGC 7469 (except for ∼ 50′′ aperture data with Herschel/SPIRE; Lu
et al. 2017), we instead use recently obtained [CI](1–0)/12CO(1–0) flux ratio map of the nearby SB galaxy
NGC 253 (Krips et al. 2016; Fig.5): we adopt the flux ratio of 0.2 (K km s−1 unit) as a conservative (we
expect higher ratio in XDRs) value. The above-estimated 12CO(1–0) peak flux density at the 0′′.3 beam is
converted to the [CI](1–0) value. −Then the smaller value between A and B estimated in the above way
(see TJ for details) are used for further sensitivity requirements, for each emission line.
We propose to detect the peaks of faint 12CO(1–0), 13CO(2–1), and [CI](1–0) at S/N = 5, at a common

velocity resolution dV = 30 km s−1. This will lead us to detect the line fluxes at higher S/N (> 10), which
enables robust non-LTE modellings according to our experience (e.g., Izumi et al. 2013, 2016). The proposed
dV is sufficient to resolve line profiles as judged from Figs. 3 and 4. Meanwhile, we try to detect the much
brighter 12CO(2–1) and 12CO(3–2) line peaks at S/N = 30 at dV = 10 km s−1, not only to measure line
fluxes but also to conduct a detailed dynamical analysis: this S/N and dV are comparable to the ones of
recent CO dynamical studies with ALMA (e.g., Salak et al. 2016). The results from the two lines will
be checked for the consistency. Note that we will use two array configurations for each line observation
(including ACA) to secure that the SB ring (∼ 3′′ − 4′′ diameter; Fig.4) containing PDRs is surely within
the maximum recoverable scales. Thus, we set the largest angular scale to be 5′′.
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2016, ApJ, 823, 68 • Schleicher, D. R. G., et al. 2010, A&A, 513, A7 • van der Tak, F. F. S., et al. 2007,
A&A, 468, 627 • Walter, F., et al. 2011, ApJ, 730, 18

4

Krips et al. (2016)



Our ALMA Cycle 4 Study:  
Circinus galaxy (AGN)
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• The nearest (4.2 Mpc) type-2 Seyfert 
→ high spatial resolution (~20 pc/arcsec)


• L2-10keV = 4 × 1042 erg/s (Marinucci et al. 
2012) → Strong XDR may extend to 
~20-30 pc (Schleigher et al. 2010)


• Our objective: compare [CI](1-0)/CO(1-0) 
ratio with NGC 253 (Starburst) Credit: HST/NASA/ESA

Line Band θ 
(pc x pc)

1σ  
(mJy/beam)

dV 
(km/s)

ton-source 
(hr)

[CI](1-0) 8 13 x 12 7.5 2.8 1.2

CO(3-2) 7 5.7 x 4.5 1.8 3.4 3.9

→ I need to convert CO(3-2) flux to CO(1-0) flux



[CI](1-0)CO(3-2)

40 pc 40 pc

Spatial Distribution
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• Now you can see that [CI](1-0) is clearly concentrated toward the AGN 
position! → indicate the CO dissociation


• Then, measure [CI](1-0)/CO(1-0) ratio next → compare with NGC 253  
- (3-2)/(1-0) flux ratio ~ 25 @NGC 1068 (Viti et al. 2014) is assumed



(Peterson et al. 2014) and stellar mass surface density (Davies et al. 2007) are available in NGC 7469,
we can estimate an enclosed gas mass within a certain radius through dynamical modelings (i.e., gas
mass ∼ dynamical mass - black hole mass - stellar mass). Given that cold molecular gas dominates
the gas mass budget at the central regions of galaxies (e.g., Honma et al. 1995), an observational
estimation on [CI](1–0) conversion factor (X[CI](1−0)) is then achieved. We will model the dynamics
with either a tilted-ring model or Fourier-decomposition technique (e.g., Fathi et al. 2015; Salak et
al. 2016). Note that our study will give the first observational constraint on X[CI](1−0) toward an
XDR, where carbon chemistry differs a lot from PDRs. This information is particularly valuable for
measuring cold gas mass at high-z quasars.

3. Sensitivity estimation

170 pc

~0.4

~0.2

NGC 253 (SB galaxy)

[CI](1-0)/12CO(1-0) ratio

K km s-1 unit

Figure 5: [CI](1–0)/12CO(1–0) flux ratio distribution
in the nearby SB galaxy NGC 253 (Krips et al. 2016),
measured at the K km s−1 unit.

As we try to find chemical variations between the XDR
and the PDRs, we focus on the two representative po-
sitions (A = XDR and B = PDR; Fig.4) for our sensi-
tivity estimations. For J = 1–0, 2–1, 3–2 12CO lines,
previous measurements on peak flux densities are used
(Fig.3). We assume that the emissions uniformly spread
over those apertures (indicated as θres in Fig.3) to de-
rive peak flux densities at the proposed 0′′.3 beam. Note
that we used flux densities at around the systemic veloc-
ity for the partially observed 12CO(3–2) emission. For
13CO(2–1), we assume 13CO(2–1)/12CO(2–1) flux ratio
to be the same as that (∼ 7%; Jy km s−1 unit) at the
CND of NGC 1068 (type-2 AGN with similar L2−10keV

to NGC 7469; Krips et al. 2011). For [CI](1–0), as no
high resolution data is available for NGC 7469 (except for ∼ 50′′ aperture data with Herschel/SPIRE; Lu
et al. 2017), we instead use recently obtained [CI](1–0)/12CO(1–0) flux ratio map of the nearby SB galaxy
NGC 253 (Krips et al. 2016; Fig.5): we adopt the flux ratio of 0.2 (K km s−1 unit) as a conservative (we
expect higher ratio in XDRs) value. The above-estimated 12CO(1–0) peak flux density at the 0′′.3 beam is
converted to the [CI](1–0) value. −Then the smaller value between A and B estimated in the above way
(see TJ for details) are used for further sensitivity requirements, for each emission line.
We propose to detect the peaks of faint 12CO(1–0), 13CO(2–1), and [CI](1–0) at S/N = 5, at a common

velocity resolution dV = 30 km s−1. This will lead us to detect the line fluxes at higher S/N (> 10), which
enables robust non-LTE modellings according to our experience (e.g., Izumi et al. 2013, 2016). The proposed
dV is sufficient to resolve line profiles as judged from Figs. 3 and 4. Meanwhile, we try to detect the much
brighter 12CO(2–1) and 12CO(3–2) line peaks at S/N = 30 at dV = 10 km s−1, not only to measure line
fluxes but also to conduct a detailed dynamical analysis: this S/N and dV are comparable to the ones of
recent CO dynamical studies with ALMA (e.g., Salak et al. 2016). The results from the two lines will
be checked for the consistency. Note that we will use two array configurations for each line observation
(including ACA) to secure that the SB ring (∼ 3′′ − 4′′ diameter; Fig.4) containing PDRs is surely within
the maximum recoverable scales. Thus, we set the largest angular scale to be 5′′.

References: • Buchner, J., et al. 2015, ApJ, 802, 89 • Davies, R. I., et al. 2004, ApJ, 602, 148 •
Davies, R. I., et al. 2007, ApJ, 671, 1388 • Fathi, K., et al. 2015, ApJL, 806, L34 • Honma, M., et al.
1995, A&A, 304, 1 • Israel, F. P., & Baas, F. 2002, A&A, 383, 82 • Izumi, T., et al. 2013, PASJ, 65, 100
• Izumi, T., et al. 2015, ApJ, 811, 39 • Izumi, T., et al. 2016, ApJ, 818, 42 • Krips, M., et al. 2011, ApJ,
736, 37 • Krips, M., et al. 2016, A&A, 592, L3 • Liu, T., et al. 2014, ApJ, 783, 106 • Lu, N., et al. 2017,
arXiv:1703.00005 • Maloney, P. R., et al. 1996, ApJ, 466, 561 • Meijerink, R., & Spaans, M. 2005, A&A,
436, 397 • Meijerink, R., et al. 2007, A&A, 461, 793 • Meijerink, R., et al. 2011, A&A, 525, A119 • Offner,
S. S. R., et al. 2014, MNRAS, 440, L81 • Peterson, B. M., et al. 2014, ApJ, 795, 149 • Salak, D., et al.
2016, ApJ, 823, 68 • Schleicher, D. R. G., et al. 2010, A&A, 513, A7 • van der Tak, F. F. S., et al. 2007,
A&A, 468, 627 • Walter, F., et al. 2011, ApJ, 730, 18
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[CI](1-0)/CO(1-0) diagnostic
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• The ratio is x5 higher in Circinus (AGN) than in NGC 253 (Starburst).  
→ support our claim that the ratio is enhanced in AGNs!


• We plan to expand the sample number to confirm this trend. 

Circinus

20 pc

~2



Brief Summary 2
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• [CI](1-0)/CO(1-0) (or other transitions?) can be a new identifier of 
AGNs → Efficient CO dissociation to C0 in XDRs


• We indeed found x5 enhanced ratio in Circinus (AGN) than in NGC 
253 (SB): these are only two galaxies with spatially resolved [CI](1-0) 
measurements at this moment…


• We plan to expand the sample from next ALMA (cycle 6~?)



Summary
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• AGN vs SB diagnostics by using enhanced HCN intensity (w.r.t HCO+ 
and CS) in AGNs (@ALMA Band 7)


• Abundance variation of HCN is responsible for the enhancement


• High-temperature neutral-neutral reactions can be natural explanation 
- maybe, this method is sensitive to AGNs recently caused mechanical 
feedback (jet/outflow)

• [CI](1-0)/CO(1-0) (or other transitions?) can be a new identifier of 
AGNs → Efficient CO dissociation to C0


• We indeed found x5 enhanced ratio in Circinus (AGN) than in NGC 
253 (SB): these are only two galaxies with spatially resolved [CI](1-0) 
measurements…


• We plan to expand the sample from next ALMA (cycle 6~?)



Backup
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PDR and XDR
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 �              

P1: JER/MBL/sny P2: MBL/plb QC: MBL/tkj T1: MBL

July 4, 1997 8:48 Annual Reviews AR037-06

182 HOLLENBACH & TIELENS

Figure 3 A schematic diagram of a photodissociation region. The PDR is illuminated from the
left and extends from the predominantly atomic surface region to the point where O2 is not appre-
ciably photodissociated ('10 visual magnitude). Hence, the PDR includes gas whose hydrogen
is mainly H2 and whose carbon is mostly CO. Large columns of warm O, C, C+, and CO and
vibrationally excited H2 are produced in the PDR. The gas temperature Tgas generally exceeds the
dust temperature Tgr in the surface layer.

molecular gas in dense star-forming cores, most molecular gas in the Galaxy
is found at Av . 10 in Giant Molecular Clouds (GMCs). Therefore, all of the
atomic and most of the molecular gas in the Galaxy is in PDRs.
Not only do PDRs include most of the mass of the ISM, but PDRs are

the origin of much of the IR radiation from the ISM (the other significant
sources are H II regions and dust heated by late-type stars). The incident
starlight is absorbed primarily by large carbon molecules (polycyclic aromatic
hydrocarbons or PAHs) and grains inside a depth Av ⇠ 1. Most of the absorbed
energy is used to excite the PAHs and heat the grains and is converted to
PAH IR features and far-infrared (FIR) continuum radiation of the cooling
grains. However, typically 0.1–1% of the absorbed FUV energy is converted
to energetic (⇠1 eV) photoelectrons that are ejected from PAHs and grains
and heat the gas (“photoelectric heating”). Although the gas receives 102–103
times less heating energy per unit volume than the dust, the gas attains higher
equilibrium temperatures because of the much less efficient cooling of the gas
(via [C II] 158 µm and [O I] 63 µm) relative to the radiative dust cooling.
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• Basically a simple layered structure driven by UV photons


• But in actual, interstellar turbulence mixes layers (e.g., Offner et al. 2014)

Hollenbach & Tielens (1997)



PDR and XDR
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• Extends over a large volume  
→ No layered structure


• Driven by X-ray photons 
(and yielded e.g., electrons)


• Much more efficient heating 
than in PDRs

Maloney et al. (1996)



Submm HCN-diagram: 
Case study in NGC 1097
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ALMA%band%7%spectrum%%
at%the%center%of%NGC%1097%%

including%HCN%and%HCO+%J=4:3�
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Izumi, Kohno et al. 2013, PASJ, 65, 100 

(1) HCN/HCO+ exceeds unity even in J=4-3 
(2) No CS(7-6); no vibrationally-excited HCN�

1σ ~ 2 mJy/b

Izumi et al. 2013, PASJ, 65, 100

• HCN(4-3)/HCO+(4-3) > 1 


• HCN(4-3)/CS(7-6) > 10


• Similarly high ratios in another AGN (NGC 1068)


• These high ratios are not seen in Starburst galaxies  
→ Watching the Feedback from AGNs? Key feature to identify AGNs?



• We use a RADEX code  
- van der Tak et al. 2007, A&A, 468, 627 
- http://home.strw.leidenuniv.nl/~moldata/radex.html


• Statistical equilibrium: 
- Collisional process 
- Radiative process 
- Background radiation


• Optical depth is treated with an 
escape probability method


• Input parameters: 
nH2, Tkin, Tbg, dV, Nmol


• We assume a spherical, uniform, 
single cloud for the modeling

http://www.alma-allegro.nl/expertiseareas/science-modelling-tools/45

Non-LTE modeling of 
line radiative transfer

24

http://home.strw.leidenuniv.nl/~moldata/radex.html

