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ABSTRACT

We provide a new physical insight on the hot molecular clouds near the nucleus of the obscured AGNs.

We performed near-infrared spectroscopic observations of heavily obscured AGNs in order to reveal physi-

cal characteristics of molecular clouds, especially focused on the CO fundamental ro-vibrational absorption

around 4.7 µm. We have made systematic moderate-resolution spectroscopic observations toward 30 rep-

resentative (U)LIRGs using the AKARI/IRC, and some of the ULIRGs showed the strong CO absorption

feature. For three bright (U)LIRGs that show a steep red continuum with the deep CO absorption feature,

IRAS 08572+3915, UGC 05101, and IRAS 01250+2832, we have also made high-resolution spectroscopic

observations using the Subaru/IRCS. We have successfully detected many absorption lines up to highly

excited rotational levels, and these lines are very deep and extremely broad. The derived physical con-

ditions of molecular clouds are extreme; the gas temperature is as high as several 100 to a 1000 K, the

H2 column density is larger than 1022 cm−2, and the gas density is greater than 107 cm−3. Such hot and

dense molecular clouds must exist around the central engine of the AGN.
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1. INTRODUCTION

Recent observations at many wavelengths, for example

the X-ray background observations, infrared deep cos-

mological surveys, and (sub)millimeter deep galaxy sur-

veys, surely show the importance of heavily obscured

active galactic nuclei (AGNs) in the galaxy evolution

history. However, the physical characteristics of obscur-

ing molecular clouds near the nuclei have never been

measured directly, and the exact nature of the obscured

AGNs is still controversial.

The technique we employ to estimate the physical

† Based on data collected at Subaru Telescope, which is operated

by the National Astronomical Observatory of Japan.
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conditions of molecular clouds near the AGN is near-

infrared spectroscopy of the CO fundamental (v=1←0)

ro-vibrational absorption around 4.7 µm. Continuum

emission associated with the bright, compact central nu-

cleus of AGN is used as a background source and the

foreground molecular clouds are to be observed in ab-

sorption. This technique achieves very high spatial res-

olution, since the resolution is determined by the size of

the background continuum source. In addition, a large

number of CO lines covering a wide range of rotational

levels can be observed simultaneously with the same

instrument under the same conditions, if the spectral

resolution is high enough to resolve each ro-vibrational

absorption line. This enables accurate determination of

the physical conditions such as the temperatures and
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column densities of the molecular clouds.

2. OBSERVATIONS

We performed two kinds of spectroscopic observa-

tions. One is systematic moderate-resolution (R∼120)

spectroscopic observations toward 30 representative

(U)LIRGs using the IRC on the AKARI satellite.

The other is high-resolution (R∼5,000–1,0000) spectro-

scopic observations toward three bright sources using

the IRCS+AO188 on the Subaru Telescope.

2.1. AKARI/IRC Spectroscopy

AKARI/IRC spectroscopic observations had been con-

ducted as a part of the AKARI mission program called

”AGNUL” (PI: T. Nakagawa). The spectra at the

2.5–5.0 µm were taken with the NG grism mode,

which achieve spectral resolution of R∼120 at 3.6 µm.

AKARI/IRC has the superb high sensitivity with the

continuous wavelength coverage, because it is free from

the atmospheric influence. This 2.5–5.0 µm spec-

troscopy is one of the unique capability of AKARI, be-

cause Spitzer does not have spectroscopic capability in

this wavelength region and the ground-base telescopes

cannot take the continuous spectrum under the atmo-

spheric window.

The AKARI/IRC spectra show plentiful absorption

and emission features from dust, molecules, atoms, and

ions. In addition to the PAH 3.3 µm emission features

(traces of starburst activity) and the carbonaceous dust

absorption features (traces of obscured AGNs), we have

successfully detected the CO ro-vibrational absorption

around 4.7 µm. Although the spectral resolution of

AKARI/IRC was not enough to resolve the CO absorp-

tion into each ro-vibrational absorption line, we could

estimate the temperature and column density of CO gas

by the absorption profile.

2.2. Subaru/IRCS Spectroscopy

For three bright obscured AGNs that show a steep

red continuum with deep CO absorption feature,

IRAS 08572+3915, UGC 05101, and IRAS 01250+2832,

we have also made high-resolution (R=5,000–10,000)

spectroscopic observations at M -band echelle of the

IRCS+AO188 on the Subaru Telescope atop Mauna

Kea, Hawaii. Thanks to the effectiveness of AO188, we

were able to obtain the high-resolution spectrum with

high quality. This spectral resolution was enough not

only to resolve each ro-vibrational absorption line of

gaseous CO but also to investigate the velocity structure

of the gas clouds. Although the spectral coverage was

severely limited due to the influence of the atmospheric

transmission, we could estimate the physical properties

of CO gas accurately by the LTE model fitting.

3. RESULTS

3.1. AKARI/IRC Spectrum

The top panel of Figure 1 shows the observed

AKARI/IRC spectrum toward IRAS 08572+3915,

which is a warm ULIRG (Ultra-Luminous InfraRed

Galaxy) at the redshift of 0.0583. This galaxy is op-

tically classified as a Low-Ionization Nuclear Emission-

line Region (LINER) galaxy, and is famous for its

extremely deep silicate absorption feature at 9.7 µm.

The AKARI/IRC spectrum, which has similar spectral

shapes and flux levels with the 3–4 µm spectrum taken

with the IRTF telescope (Imanishi et al. 2006), is dom-

inated by the carbonaceous dust absorption feature at

3.4 µm (τ3.4 ∼ 0.8) with no evidence for the 3.3 µm

PAH emission. We have detected the deep and broad

CO absorption feature, which clearly indicate that the

gas responsible for CO absorption has high temperature

(T � 100 K) and large column density.

The middle panel of Figure 1 shows the observed

AKARI/IRC spectrum toward UGC 05101, which is a

cold ULIRG at the redshift of 0.040. This galaxy is also

optically classified as LINER. The AKARI/IRC spec-

trum, which is similar to the 3–4 µm spectrum taken

with the Subaru/IRCS (Imanishi et al. 2001), shows

the deep water ice absorption at 3.1 µm (τ3.1 ∼ 1.0)

and the deep carbonaceous dust absorption at 3.4 µm

(τ3.4 ∼ 0.6) with the 3.3 µm PAH emission. The mid-

infrared spectrum of this galaxy also shows rich absorp-

tion features at 6.0 µm water ice and 9.7 µm silicate dust

as well as the many PAH emissions. Again, we have de-

tected the deep CO absorption feature in the plentiful

spectrum.

The bottom panel of Figure 1 shows the observed

AKARI/IRC spectrum toward IRAS 01250+2832 at

the redshift of 0.0428. This galaxy is a new object

that is identified as an obscured AGN using the cata-

log of AKARI Mid-infrared All-Sky Survey (Oyabu et

al. 2011). AKARI detected the excess of mid-infrared

emission that implied the existence of hot dust associ-

ated with an AGN. Though the optical spectrum of this

galaxy is that of typical elliptical galaxy, the AKARI

near-infrared spectrum shows a steep red continuum

with deep CO absorption feature. The characteristics

of the detected CO absorption feature are very similar
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Figure 1. AKARI/IRC NIR grism spectra of obscured AGNs

in the observed wavelength frame. (Top) IRAS 08572+3915

spectrum taken in the Phase-1 period, (Middle) UGC 05101

spectrum taken in the Phase-2 period, and (Bottom)

IRAS 01250+2832 spectrum taken in the warm Phase-

3 period (Oyabu et al. 2011). Gray lines of the

IRAS 01250+2832 spectrum are the Subaru/IRCS L-grism

spectrum (Shirahata et al. 2013b), which is well in agree-

ment with the AKARI/IRC spectrum. All three spectra

show a steep red continuum with strong CO absorption fea-

ture, although other features of PAH emission and absorp-

tion (H2O, CO2, and carbonaceous dust) are various.

to that of the CO absorption in ULIRGs, for example

IRAS 08572+3915 and UGC 05101. This result is re-

markable in the sense that IRAS 01250+2832 shows very

strong CO absorption but no dust absorption features,

though the other ULIRGs having CO absorption always

show the strong dust absorption features.

3.2. Subaru/IRCS spectrum

The left panel of Figure 2 shows the Subaru/IRCS

spectrum of 4.900–5.128 µm toward IRAS 08572+3915,

which clearly shows many absorption lines of CO in the

fundamental band arising from rotational levels as high

as J = 17. The right panel of Figure 2 shows line profiles

of various transitions. The velocity profiles reveal three

distinct components, the strongest and broadest (∆v >

200 km s−1) of which is due to highly blueshifted (−160

km s−1) gas. A much weaker but even warmer compo-

nent, which is highly redshifted (+100 km s−1), is also

detected, in addition to a cold component centered at

the systemic velocity of the galaxy. From the popula-

tion diagram based on Figure 2, we can derive column

density and temperature of molecular gas in the line of

sight. On the assumption of local thermodynamic equi-

librium (LTE), there are at least two components with

different excitation temperatures, ∼20 K and ∼270 K.

The column density of CO in the warm (∼270 K) com-

ponent is NCO ∼ 4.5× 1018 cm−2, which in fully molec-

ular gas corresponds to an H2 column density of NH2

∼ 2.5 × 1022 cm−2. The thermal excitation of CO up

to the observed high rotational levels requires a density

greater than nc(H2) > 2× 107 cm−3, implying that the

thickness of the warm absorbing layer is extremely thin

(∆d < 4 × 10−2 pc), even if it is highly clumped. See

Shirahata et al. (2013a) for more details.

Figure 3 shows the Subaru/IRCS spectrum of 4.520–

5.140 µm toward IRAS 01250+2832. We can obtain the

high-quality spectrum in the wide wavelength coverage,

which contains all of the CO ro-vibrational absorption

lines. This spectrum clearly shows many CO absorption

lines up to very highly excited levels (J > 30). These

lines are very deep (τmax) and extremely broad (FWHM

∼ 200 km s−1), and have complicated line profiles con-

sisting of various velocity components. The characteris-

tics of the detected CO lines are very similar to that of

IRAS 08572+3915. The detected CO absorption lines

of IRAS 01250+2832 reveal two distinct components; a

hot gas with a temperature of ∼700 K, and a warm gas

with a temperature of ∼150 K, under the LTE condi-

tion. The CO column density of the hot molecular gas

is estimated to be NCO ∼ 1.3 × 1019 cm−2, which cor-

responds to an H2 column density of NH2
∼ 7.2 × 1022

cm−2, for a covering factor of 0.5. The CO column den-

sity of the warm molecular gas is estimated to be NCO

∼ 8.0 × 1018 cm−2, which corresponds to an H2 col-
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Figure 2. (Left) Subaru/IRCS high-resolution (R∼5,000) spectrum of IRAS 08572+3915 NW showing fundamental band

ro-vibrational lines of CO at 4.900–5.128 µm. The adopted continuum is drawn as a thick line. The wavelengths of the

R- and P -branch lines of 12C16O corresponding to the host galaxy are indicated on the top by solid vertical lines. The

atmospheric transmission curve is shown on the bottom panel. (Light) Observed line profiles for various transitions in the

IRAS 08572+3915 spectrum shown in the left panel. The horizontal axis is the velocity relative to the systemic velocity of

the host galaxy.

umn density of NH2
∼ 4.4 × 1022 cm−2, for a covering

factor of unity. One more interesting point of this spec-

trum is that these clouds exhibit very low CO isotopic

ratio (12CO/13CO = 13.3) based on the spectral shape

at 4.9–5.1 µm. Such a low CO isotopic ratio cannot be

explained with the normal well-mixed dust model.

4. DISCUSSIONS

We have obtained high-resolution Subaru/IRCS spectra

of the obscured AGNs, which contain strong absorption

lines of CO in the fundamental band up to highly excited

rotational levels. In these galaxies, the high tempera-

tures with combined the large column density for the

warm and hot components imply that the CO absorp-

tion originates in molecular clouds near the nucleus of

the AGN. As for the derived extreme physical conditions

of molecular clouds, typical photo-dissociation models

cannot explain the existence of hot and dense molecular

clouds with such a large column density, hence we pro-

posed that these molecular clouds are exposed by the

X-ray radiation originated in AGN. The complex line

shape indicates that the structure of obscuring mate-

rial around the nucleus, the putative molecular torus, is

much more complicated than the simple torus geometry

assumed in the unified scheme of AGNs.

Recently, Hershel detected the pure rotational lines

up to highly excited levels in emission in the far-infrared

wavelength toward many obscured AGNs (e.g., Mrk 231;

van der Werf et al. 2010; NGC 1068; Hailey-Dunsheath

et al. 2012; Spinoglio et al. 2012). The combination of

these two observations, both the CO ro-vibrational ab-

sorption lines in the near-infrared wavelength and the

CO pure rotational emission lines in the far-infrared

wavelength, will be an effective tool to reveal the ge-

ometrical structure of the warm molecular clouds in

AGNs. More details are presented in Nakagawa et al.

(in this volume).
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