
Figure 10: A 'true colour' image of the Circinus galaxy with red = [SIIJ, green =Ho:+[NIIJ and
blue = [0111]. This representation clearly shows the ionization cone, the extended circumnuclear
starburst and the chain of supernova remnants to the S.

with an enlargement of the central region
which clearly shows that, although the
nucleus is much more peaked in K' than
in Hand J, its position does not vary sig-
nificantly with wavelength (the IR images
are aligned within 0.2//).
The relative positions of the central

peaks in the various lines and continua
are summarized in Figure 9 where we
also include the contours of the [FeXI]
coronal line image (see also 094). Note
that, while the optical line/continua im-
ages are aligned within 0.04", the rela-
tive position of the IR peak is more un-
certain (± 0.2" 30") but sufficient to show
a shift between the optical and IR contin-
uum peaks.
A 'true-colour' line image (red = [SII],

green =HCY+[NII], blue = [0111]) is shown
in Figure 10 where the structure of the
cone and of the surrounding galaxy are
best visible.

The nucleus

In the continuum at 5100 A(Fig. 1) the
emission is dominated by late B stars
associated with an old starburst and ex-
tends over several arcsec with two spa-
tially resolved peaks which are sepa-
rated by 2// N-S but connected by a
fainter bridge. The southern peak is co-
incident with the much more prominent
7000 Anucleus (Fig. 2 ) which is single
and unresolved. In the infrared (Fig. 8)
the nucleus also shows only a single
peak whose position is coincident at J, H
and K' but which is more sharply peaked
at K'. This infrared peak is also shifted
by 0.25// relative to the southern visible
peak in the direction away from the ion-
ization cone (Fig. 9). We therefore as-
sume that the 'true' nucleus is at or close
to the position of the infrared peak and
that the shift of the visible peak is an
extinction effect. Extinction of the 'true'
nucleus by Av c:: 20 magnitudes would
be enough to hide it at 7000 A but not
at 1.25 pm and this value is close to that
derived from the 9.7 pm silicate feature
(Moorwood & Glass, 1984). The north-
ern peak at 5100Ashows faint Hcy and
[SII] emission, indicative of HII regions or
supernova remnants, but its nature is un-
clear and we have proposed polarimetric
imaging with HST to test if the visible 'nu-
clear' emission is dominated by scattered
light.

The ionization cone

The galaxy shows a spectacular, one-
sided [0111] ionization cone (Fig. 3) whose
asymmetry is probably due to extinction
by the galaxy disk (i c:: 65°) which also
contains a prominent dust lane visible to
the SE of the nucleus in the continuum
images (Figs. 1, 2).

Within the cone there are high-
excitation [FeXI] (see 094 for more
details of the coronal line emis-
sion) and [0111] clumps with observed
[OIII]/Hcy+[NII] > 2 (Fig. 6) or > 4 after
correction for reddening. The relative po-
sitions of the various line and continuum
peaks are shown in Figure 9. Both the
intensities and spatial distribution of the
high excitation lines can be modelled as-
suming photoionization by a power law
spectrum and a suitably low gas den-
sity, i.e. n e 40 cm-3 , to obtain an ion-
ization parameter U 0.01. Pure pho-
toionization models, however, cannot ex-
plain the simultaneous appearance of
the prominent [SII] emission which peaks
between [FeXI] and [0111] and is coin-
cident within 0.1// with the Hcy + [Nil]
peak (Figs. 4, 5, 9) and reaches [SII]/Hcy
+ [Nil] 2: 0.4 in some regions (Fig. 7).
Our actual model which reproduces the
high-excitation species predicts that [SII]
should be produced about 0.411 beyond
the [0111] peak and pure photoionization
models in general are unable to account
for this reverse distribution regardless
of the adopted nuclear ionizing contin-
uum. A similar problem was found in a

detailed spectroscopic study of the ex-
tended NLR of NGC1 068 (Bergeron et al.
1989). One possibility is that the [SII] knot
is a photodissociating (or photoevapo-
rating) molecular cloud with a large col-
umn density of freshly ionized gas leav-
ing the cloud at sound speed 0 km/s)
which shields the rest of the material from
soft ionizing photons but is transparent to
X-rays (lw > 100eV) which produce a
large partially ionized region at the sur-
face of the cloud.
We expect to obtain more detailed in-

formation on the relative roles of pho-
toionization and other excitation mech-
anisms from visible (EMMI) and infrared
(IRSPEC) spectroscopy scheduled at the
NTT in March 1995.
The line emission outside the cone

(P.A. <10°) is typical of low excitation HII
regions and is probably associated with
the circumnuclear starburst described
below.

Circumnuclear starburst activity

The Hcy image (Fig. 4) clearly reveals
the presence of a young starburst (:::; 108
yr) lying c:: 1011 (200 pc) from the nu-
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Fig. 2. Top panels show integrated ACIS-S images in different energy bands (from left to right: 3.0–
6.0 keV, 6.2–6.5 keV, and 6.5–6.8 keV) within the central ≈14×14 arcsec2 region. The size of each
pixel is 0.0625×0.0625 arcsec2, and smoothing was performed using a Gaussian kernel with FWHM
of 0.495 arcsec. The gray solid contours enclose the area with pile-up fractions larger than 5% for
each energy band. Bottom panels show images constructed by dividing two of the three images
(from left to right: 6.2–6.5 keV/3.0–6.0 keV and 6.5–6.8 keV/3.0–6.0 keV) from which the nuclear
point source emission was subtracted. We calculated the ratios with images whose pixel size was
0.25×0.25 arcsec2. Smoothing was performed with the same Gaussian kernel as above. Contours
corresponding to the pile-up fraction of 5% determined from the 0.5–8.0 keV simulated data and the
observed data via the pileup map command are shown by solid and dot-dashed lines, respectively.
Two dotted circles with a 1-arcsec radius indicate the subregions of CNR-E and CNR-SE. In all of
the figures, the magenta star corresponds to the SMBH position, labeled as the Nucleus, the third
subregion.
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- Motivation: Understanding of co-evolution b/w galaxies and SMBHs 
- AGNs basically emit X-rays, and therefore X-ray irradiation of the 

ISM is an un-avoidable effect on host galaxies. 
- X-ray-irradiated regions can be traced by Fe-Kα emission at 6.4 keV.

⇒ Study of the Fe-Kα emission would give us insights into 
    an AGN feedback 

the Circinus gal.



X-ray Irradiation of the ISM 
19
96
Ap
J.
..
46
6.
.5
61
M

ξeff = LX/R2nH2N1.1att
(Maloney+96)

- X-ray irradiation causes a change of the chemical 
composition. → X-ray Dominated Region (XDR) 

- In the vicinity of an X-ray src, molecular dissociation is 
expected. 

X-ray

H H2

χe<10-3χe~10-1-10-2



SF and Phases of Gaswhere the scatter clearly is larger than the random observational
errors, and is much larger than the random uncertainties in the
extinction-corrected luminosities (!0.1 dex; see Fig. 3). There
are a number of possible causes for this large scatter. Variations
in the ages of the regions must be a factor; as a molecular com-
plex evolves, the ionizing flux will first peak, then dissipate, and
the cold gas mass of the complex will evolve as well, as the re-
gion disperses over time. Moreover we have no reason to expect
a priori that the conversion fraction of gas to stars is a universal
constant in all clouds (see discussion in x 6).

None of the mechanisms discussed above are likely to bias the
slope of the SFR surface density versus gas surface density law to
a significant degree. Another parameter that might influence the
dispersion or even the slope of the measured Schmidt law would
be a large variation in the CO/H2 conversion factor X. A fixed
value of X has been adopted in this analysis. The conversion fac-
tor would need to fluctuate by nearly an order of magnitude to
account for the observed scatter, and this is unlikely. A multi-
frequency study of M51a in CO by Garcia-Burillo et al. (1993)
found evidence for possible variations in X between the spiral arm
and interarm regions, so we cannot rule out some possible bias
due to CO/H2 variations. However, we suspect that the dispersion
mainly arises from a combination ofmeasuring uncertainties (espe-
cially in the molecular gas surface densities) and physical effects,
including variations in the ages of the associations and clusters and
actual variations in the star formation efficiency among the clouds.

Figure 5 shows the correlationwith the H i and inferredH2 sur-
face densities separately.Molecular gas dominatesmost of the gas
clouds in the inner disk of M51a, so the comparison of SFR and
H2 surface densities is similar to the relation in Figure 4,

log!SFR ¼ (1:37! 0:03) log!H2
# (3:78! 0:09); ð8Þ

where the units for the SFR and hydrogen surface densities are
the same as in equation (7). The slope of this molecular-only

Fig. 5.—Relation between local SFR density and molecular and atomic hy-
drogen surface densities separately. The solid green and open black triangles de-
note H2 surface densities (see Fig. 4), with open red circles indicating CO upper
limits (same symbol notation as for Fig. 4). Blue asterisks show the correspond-
ing relation between SFR surface densities and H i surface densities. The dashed
line shows the best bivariate least-squares fit to themolecular densities alone. The
fit to total gas density (see Fig. 4) is shown for reference as the solid line.

Fig. 4.—Relationship between SFR surface density and total (atomic plusmolecular) hydrogen surface density for 257H ii regions and infrared sources measured in the
central 350 00 region of M51 (the area covered in CO by BIMA SONG). Solid green triangles denote SFRs derived from extinction-corrected Pa! fluxes, all in the central
14400, while open black triangles denote SFRs determined from combined 24 "m and H! fluxes, using the method described in x 4. Open red circles denote regions with
only 3 # upper limits in CO (see text).

KENNICUTT ET AL.342 Vol. 671

HI 

H2,H2 

- Why do we care about the 
mol. gas dissociation? 

- The positive correlation 
b/w Σmol and ΣSFR  
suggests a causal link 
b/w mol gas and the 
ability to form stars.  

-

(Kennicutt+07)

- A naive expectation is 
that X-ray emission can 
suppress SF by 
dissociating molecules.



An Observational Test in the Circinus Galaxy

- D = 4.2 Mpc (1” ~ 20 pc). 
- A Compton-thick AGN host.

Obs.: Chandra & ALMA 
- high spatial res. (< 1”). 
- high penetrating power 

of X-ray & submm/mm.

Target: the Circinus galaxy

What we have done is to reveal an XDR around an AGN

→ Good for detecting faint,  
    extended emission.

→ Good to study the dense  
    nuclear region with the least  
    bias. 

- high S/N data.

Table 2. Chandra Data List

ObsID Obs. date (UT) Grating Exp.

(ksec)

(1) (2) (3) (4)

12823 2010/12/17 NO 147

12824 2010/12/24 NO 38

62877 2000/06/16 YES 48

4770 2004/06/02 YES 48

4771 2004/11/28 YES 52
.

(1) Observation ID. (2) Observation start date. (3)

Check on the grating observation. (4) Exposure after

data reduction.

Table 3. ALMA Data List

Project code Obs. date (UT) Molecules Exp.

(min)

(1) (2) (3) (4)

#2015.1.01286.S 2015/12/31 HCO+(J=4–3) 3
(PI: F. Costagliola) HCN(J=4–3)

CO(J=3–2)

#2015.1.01286.S 2015/12/31 HCO+(J=3–2) 5
(PI: F. Costagliola) HCN(J=3–2)

#2016.1.01613.S 2016/11/24 HCO+(J=4–3) 125
(PI: T. Izumi)

.

(1) (a) The dataset was used mainly to constrain and discuss the physical and chemical properties of the molecular gas (Sections ??,

??, and ??). (b) The dataset was used to reveal the dense molecular gas distribution to be compared to the Fe Kα line image

(Section ??). (2) Project identification and principal investigator. (3) Observation start date. (4) Total on-source exposure time.

(5) Molecular emission line(s) taken from each data.
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Fluorescent Iron-Kα Line as a Probe

- 6.2-6.5 keV/3.0-6.0 keV ratios 
→ an proxy of the EW (Fe-Kα)

Spatially Resolved Spectrscopic Study of Circinus Galaxy with Chandra and ALMA 15
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Figure 6. From the left to the right, the figures represent

the unfolded X-ray spectra extracted from Cone, East- and

South limb regions, respectively. The lower panels show the

residuals in units of χ. The continuum component and iron

emission lines located across ∼6–7 keV are plotted with solid

and dot-dashed lines. Note that the Nuclear spectra are not

analyzed because of the serious pile-up effect.

Younes, G., Porquet, D., Sabra, B., & Reeves, J. N. 2011,

A&A, 530, A149

Young, A. J., & Wilson, A. S. 2004, ApJ, 601, 133

Walsh, J. L., van den Bosch, R. C. E., Barth, A. J., &

Sarzi, M. 2012, ApJ, 753, 79

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.

2010, AJ, 140, 1868

(τ~1 for the X-ray w/ the edge energy when  
  log NH/cm-2 ~ 23.9)

- The iron-Kα line probes X-ray-irradiated regions.

↔ 1 arcsec

Fig. 2. Top panels show integrated ACIS-S images in different energy bands (from left to right: 3.0–
6.0 keV, 6.2–6.5 keV, and 6.5–6.8 keV) within the central ≈14×14 arcsec2 region. The size of each
pixel is 0.0625×0.0625 arcsec2, and smoothing was performed using a Gaussian kernel with FWHM
of 0.495 arcsec. The gray solid contours enclose the area with pile-up fractions larger than 5% for
each energy band. Bottom panels show images constructed by dividing two of the three images
(from left to right: 6.2–6.5 keV/3.0–6.0 keV and 6.5–6.8 keV/3.0–6.0 keV) from which the nuclear
point source emission was subtracted. We calculated the ratios with images whose pixel size was
0.25×0.25 arcsec2. Smoothing was performed with the same Gaussian kernel as above. Contours
corresponding to the pile-up fraction of 5% determined from the 0.5–8.0 keV simulated data and the
observed data via the pileup map command are shown by solid and dot-dashed lines, respectively.
Two dotted circles with a 1-arcsec radius indicate the subregions of CNR-E and CNR-SE. In all of
the figures, the magenta star corresponds to the SMBH position, labeled as the Nucleus, the third
subregion.
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6.2-6.5 keV/3.0-6.0 keV



X-ray Irradiation
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Fig. 3. X-ray spectra (black crosses) extracted from the CNR-E and CNR-SE regions. Each figure
represents only a single spectrum taken from the ObsID = 12823 data and rebinned for clarity. The
spectra were reproduced by the contaminating X-ray from the nuclear point source (gray) and the
extended emission of interest (blue). Lower data represent the residuals.

Simulation parameters, such as nominal position, start time, and exposure, were set to those of

each of the two observations (ObsID = 12823 and 12824). The source position was set to the

X-ray peak found in the 3–6 keV band image. Even if we adopt the SMBH position instead,

our conclusion does not change. To reduce statistical fluctuations of the simulated models, we

performed 100 MARX simulations for each observation, and took their average. Because the

pile-up was ignored in the simulation as default, we also created pile-up affected data according

to a standard procedurei. Then, we confirmed good agreement between the simulated and

observed data by comparing their central 1-arcsec spectra. The data without the pileup is used

to confirm regions affected by the pile-up at different energy bands by taking advantage of the

record of the intrinsic count rates (Section 4.3). The other data is used to subtract the nuclear

emission from observed images to reveal the extended emission (Section 4.3), and also is taken

into consideration in analyzing spectra at the subregions of interest (Section 4.4).

4.3 Mapping of Iron Emission Lines

We probe the X-ray-irradiated dense gas mainly through an Fe Kα emission line map. Other

emission from ionized irons is useful for the discussion as well. Thus, it is mapped supplemen-

tarily. First, we create X-ray images based on Energy Dependent Sub-pixel Event Repositioning

(e.g., Tsunemi et al. 2001; Mori et al. 2001; Li et al. 2003, 2004) ii, which makes it possible

i http://cxc.harvard.edu/ciao/threads/marx sim/

iiMore details are available in

http://cxc.harvard.edu/ciao/why/acissubpix.html
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- Multiple regions w/ bright 
Kα emission 

- high EWs (> 1 keV) are 
consistent w/ being 
irradiated by an X-ray src.

EW = 2.3+1.4-0.8 keV

Fig. 2. Top panels show integrated ACIS-S images in different energy bands (from left to right: 3.0–
6.0 keV, 6.2–6.5 keV, and 6.5–6.8 keV) within the central ≈14×14 arcsec2 region. The size of each
pixel is 0.0625×0.0625 arcsec2, and smoothing was performed using a Gaussian kernel with FWHM
of 0.495 arcsec. The gray solid contours enclose the area with pile-up fractions larger than 5% for
each energy band. Bottom panels show images constructed by dividing two of the three images
(from left to right: 6.2–6.5 keV/3.0–6.0 keV and 6.5–6.8 keV/3.0–6.0 keV) from which the nuclear
point source emission was subtracted. We calculated the ratios with images whose pixel size was
0.25×0.25 arcsec2. Smoothing was performed with the same Gaussian kernel as above. Contours
corresponding to the pile-up fraction of 5% determined from the 0.5–8.0 keV simulated data and the
observed data via the pileup map command are shown by solid and dot-dashed lines, respectively.
Two dotted circles with a 1-arcsec radius indicate the subregions of CNR-E and CNR-SE. In all of
the figures, the magenta star corresponds to the SMBH position, labeled as the Nucleus, the third
subregion.
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Fig. 3. X-ray spectra (black crosses) extracted from the CNR-E and CNR-SE regions. Each figure
represents only a single spectrum taken from the ObsID = 12823 data and rebinned for clarity. The
spectra were reproduced by the contaminating X-ray from the nuclear point source (gray) and the
extended emission of interest (blue). Lower data represent the residuals.

Simulation parameters, such as nominal position, start time, and exposure, were set to those of

each of the two observations (ObsID = 12823 and 12824). The source position was set to the

X-ray peak found in the 3–6 keV band image. Even if we adopt the SMBH position instead,

our conclusion does not change. To reduce statistical fluctuations of the simulated models, we

performed 100 MARX simulations for each observation, and took their average. Because the

pile-up was ignored in the simulation as default, we also created pile-up affected data according

to a standard procedurei. Then, we confirmed good agreement between the simulated and

observed data by comparing their central 1-arcsec spectra. The data without the pileup is used

to confirm regions affected by the pile-up at different energy bands by taking advantage of the

record of the intrinsic count rates (Section 4.3). The other data is used to subtract the nuclear

emission from observed images to reveal the extended emission (Section 4.3), and also is taken

into consideration in analyzing spectra at the subregions of interest (Section 4.4).

4.3 Mapping of Iron Emission Lines

We probe the X-ray-irradiated dense gas mainly through an Fe Kα emission line map. Other

emission from ionized irons is useful for the discussion as well. Thus, it is mapped supplemen-

tarily. First, we create X-ray images based on Energy Dependent Sub-pixel Event Repositioning

(e.g., Tsunemi et al. 2001; Mori et al. 2001; Li et al. 2003, 2004) ii, which makes it possible

i http://cxc.harvard.edu/ciao/threads/marx sim/

iiMore details are available in

http://cxc.harvard.edu/ciao/why/acissubpix.html
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Table 7. Physical Parameters of Molecular Gas

Region logNH2 logn(H2) Tk [HCN]/[HCO+] χ2

(cm−2) (cm−3) (K)

(1) (2) (3) (4) (5) (6)

Nucleus 24.5 [25.0] 5.0 [4.5] 290 [190–400] 3 0.45

CNR-E 24.5 [20.0–25.0] 3.5 [3.0–5.0] 200 [50–70,110,120,140,170–330] 2 [3,4] 0.71

CNR-SE 23.5 [24.5,25.0] 4.5 [3.0–4.0] 130 [80–280,340–400] 4 [2–5] 0.42
Notes.

Columns: (1) Subregion name. (2) Molecular hydrogen gas column density. (3) Molecular hydrogen gas density. (4)

Kinetic temperature. (5) Abundance ratio between the HCN and HCO+ molecules. (6) Chi-square value. The values

in the brackets represent those acceptable within 1σ from the best-fit chi-square value.

Fig. 7. (Left) Color-coded ratio between the 6.2–6.5 keV and 3.0–6.0 keV images, corresponding to
a proxy of the Fe Kα line equivalent width, and the HCO+(J=4–3) velocity-integrated intensity map
(white contour). (Right) The same figure as in the left panel, except for the use of color and the
illustration that represents possible atomic to molecular gas transition boundaries (green dashed
lines). The magenta and white stars are located at the SMBH position.
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- Next is quantitative  
discussion w/ XDR model

ξeff = LX/R2N1.1attnH2
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→  gas irrespective  
of atomic/mol. phases



Physical State of the ISM 

- Line ratios are compared w/ statistical equilibrium 
calculations involving collisional and radiative processes.

Nucleus CNR-SE CNR-E

log NH2 [cm-2] 24.5 [25.0] 23.5 [24.5-25.0] 24.5 [20.0-25.0]

log nH2 [cm-3] 5.0 [4.5] 4.5 [3.0-4.0] 3.5 [3.0-5.0]

Tk [K] 290  [190-400] 130 [80—400] 200 [50-330]

[HCN]/[HCO+] 3 [-] 4 [2-5] 2 [3-4]
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Fig. 4. (Left) Velocity-integrated intensity maps created using channels from VLSR = 200 to 650 km s−1. The contour levels
are 5σ, 10σ, 20σ, 40σ, and 80σ, where σ is 0.24 Jy beam−1 km s−1, 0.61 Jy beam−1 km s−1, 0.23 Jy beam−1 km s−1, and
0.55 Jy beam−1 km s−1 for HCO+(J=3–2), HCO+(J=4–3), HCN(J=3–2), and HCN(J=4–3), respectively. Negative signals
at −5σ are also shown in red contours, if present. (Middle) Intensity-weighted mean velocity maps. The contours represent
the VLSR with steps of 25 km s−1. (Right) Intensity-weighted velocity dispersion maps with the contours separated by
10 km s−1. The bottom-left filled ellipses represent beam sizes of 1.37×1.00 arcsec2 with PA = 49.2 degrees, 1.02×0.80
arcsec2 with PA = 54.9 degrees, 1.37×1.01 arcsec2 with PA = 48.8 degrees, and 1.02×0.79 arcsec2 with PA = 52.8 degrees
for HCO+(J=3–2), HCO+(J=4–3), HCN(J=3–2), and HCN(J=4–3), respectively. The SMBH position is denoted with the
black (Moment 0 and 2) or magenta (Moment 1) star.
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for HCO+(J=3–2), HCO+(J=4–3), HCN(J=3–2), and HCN(J=4–3), respectively. The SMBH position is denoted with the
black (Moment 0 and 2) or magenta (Moment 1) star.
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Fig. 4. (Left) Velocity-integrated intensity maps created using channels from VLSR = 200 to 650 km s−1. The contour levels
are 5σ, 10σ, 20σ, 40σ, and 80σ, where σ is 0.24 Jy beam−1 km s−1, 0.61 Jy beam−1 km s−1, 0.23 Jy beam−1 km s−1, and
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black (Moment 0 and 2) or magenta (Moment 1) star.
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Fig. 4. (Left) Velocity-integrated intensity map of CO(J=3–2) created using channels from VLSR = 200 to 650 km s−1. The
white contour levels are 5σ, 10σ, 20σ, 40σ, 80σ, 160σ, and 320σ, where σ is 0.521 Jy beam−1 km s−1. Negative signals
at −10σ and −5σ are also shown in red contours. (Middle) Intensity-weighted mean velocity map. The contours represent
the VLSR with steps of 25 km s−1. (Right) Intensity-weighted velocity dispersion map with the contours separated by 10
km s−1. The bottom-left filled ellipses represent a beam size of 1.09×0.84 arcsec2 with PA = 50.8 degrees. The SMBH
position is denoted with the black (Moment 0 and 2) or magenta (Moment 1) star.

Fig. 5. (Left) Velocity-integrated intensity map of HCO+(J=4–3) created using channels from VLSR = 150 to 700 km s−1.
The contour levels are 5σ, 10σ, 20σ, 40σ, 80σ, and 160σ, where σ is 0.054 Jy beam−1 km s−1. Negative signals at −5σ
are also shown in red contours. The spectra in Figure 6 were extracted using the synthesized beams centered at the yellow
crosses, except for the Nucleus, the spectra of which are taken from the center (the cyan star). (Middle) Intensity-weighted
mean velocity map. The contours represent the VLSR with steps of 25 km s−1. (Right) Intensity-weighted velocity dispersion
map with the contours separated by 10 km s−1. The bottom-left filled ellipses represent a beam size of 0.61×0.59 arcsec2

with PA = −1.25 degrees. The SMBH position is denoted with the cyan (Moment 0 and 2) or magenta (Moment 1) star.

the statistical error.

In contrast to the (a) dataset, the (b) dataset was used

to reveal the molecular gas distributions in detail by ex-

ploiting the high SNR. We produced the HCO+(J=4–3)

line data cube via the clean task using the same options

adopted above. However, we increased the velocity res-

olution to 9.8 km s−1 so as not to miss the broad com-

ponents. Setting a different velocity resolution does not

largely affect our discussion. The primary beam correc-

tion was conducted using the impbcor task. Figure 5 shows

the Moment 0, 1, and 2 maps of HCO+(J=4–3). Except

for the Moment 0 map, 10σ clipping was applied. We

adopted a wider channel range of VLSR = 150–700 km

s−1 to cover broad but faint components. High RMS noise

of 0.73 mJy beam−1 was achieved, while the beam size

was 0.61×0.59 arcsec2 with PA = −1.25. Note that the

Moment 2 map shows a bit higher values than that cre-

ated using the (a) dataset. We confirmed that line fluxes

and velocity-integrated brightness temperatures used for

discussion were however consistent between the (a) and

(b) datasets.

5.1.1 Basic Molecular Line Properties

We constrain the basic quantities of the emission lines

in the three subregions (Nucleus, CNR-E, and CNR-

SE) through the spectra taken with a single synthesized

beam (≈1.01×1.37 arcsec2) centered at each region (see

Figure 5). The Gaussian functions are fitted as shown in

HCO+(3-2) HCO+(4-3) HCN(3-2) HCN(4-3) CO(3-2)

→ constrains on NH2, n(H2), Tk, [HCN]/[HCO+]

- Multiple mol. line detections by ALMA

 (i.e., non-LTE code by van der Tak+07)



Is the X-ray emission powerful enough?

ξeff = LX/R2NαattnH2 

LX ~ 1.3e+43 (1–100 keV) 
  (NuSTAR estimate by Arevalo+14) 

R ~ 60 pc  
   (spatial resolved map) 
Natt ~ 1e+23.9 cm-2 

    (τ~1 for the neutral iron) 

nH2 ~ 1e+3.0-5.0 cm-3 

     (mol. line ratios fit by RADEX)

Nucleus CNR-SE CNR-E

log ξeff < -4.0 -4.6~-2.6 -4.0~-2.5



Towards a further XDR study

line ratios for various sets of the kinetic temperature, the hydrogen density (nH2), and the column
density. Including abundance ratios of HCO+ and HCN with respect to H2, the number of the free
parameters is five. Thus, the five molecular lines (i.e., 10 line ratios) are highly useful to constrain
nH2

*3. The attenuating column density (NH) is assumed to be logNH/cm−2 ∼ 23.9, corresponding to
media optically-thick to the iron-K edge 7.1 keV photon (Morrison & McCammon 1983). Given an
X-ray luminosity (LX) and a photon index found in the literature, ξeff can be robustly estimated. In
case of Circinus galaxy, the estimated is log ξeff ∼ -4 – -3, consistent with a value predicted in the
atomic-to-molecular gas transition boundary.

3. Sample: Nearby AGN of NGC 4388 and NGC 4945
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Figure 4: Predicted physical scales of atomic-to-
molecular transition boundaries (i.e., log ξeff = −3) for
the Swift/BAT sources against the redshift. The solid
and dashed lines denote achievable spatial resolutions
of 1.0 arcsec and 0.5 arcsec, respectively.

We select two targets (NGC 4945 and NGC
4388; see Table 1 for their information) for which
transition boundaries may be resolved by Chan-
dra and ALMA. For the selection, we used the
Swift/BAT 105-month catalog (Oh et al. 2018),
providing the X-ray luminosity and the photon
index for all the cataloged sources. Using those
parameters, we can calculate expected radii of
the boundaries by assuming lognH2/cm−3 = 3.
The assumption would be reasonable given that
the HCO+(4–3) emission is suppressed in the
molecular dissociation region as shown in Fig-
ure 3. Figure 4 compares the radii with repre-
sentative spatial resolutions that can be accom-
plished by Chandra and ALMA. Here, it should
be stressed that even for the most extended
transition boudary, the size is ∼ 1.5 arc-
sec, and hence high spatial resolutions of
ALMA (∼ 0.5 arcsec) are indispensable to identify the boundary. Then, given a typical
Chandra’s resolution of 0.5 arcsec, we select the AGN that likely dissociates molecules beyond the 1.0
arcsec scale. Further, to obtain good quality X-ray images, we restrict our sample to those observed
by Chandra with long exposures (> 250 ksec in total).

Table 1: The information of our sample
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10]

Name Ra Dec. z D Res. logL1−100keV 1σHCO+(3−2) 1σHCO+(4−3) Time
[deg.] [deg.] [Mpc] [pc/”] [erg s−1] [mJy] [mJy] [hours]

NGC 4388 186.4448 12.6621 0.0084 36 173 5×1043 0.2 0.2 7.6
NGC 4945 196.3645 -49.4682 0.0019 8 39 2×1042 0.4 0.4 1.9

Total Time 9.5

Notes: [1] Target name. [2]-[3] Position. [4] Redshift. [5] Luminosity distance. [6] Spatial resolution for each
distance. [7] X-ray luminosity in the 1–100 keV band, derived based on the Swift/BAT 105-month catalog (Oh
et al. 2018). [8] 1σ sensitivity for Band 6. It is determined so that the HCO+(3–2) line is detected at 5σ level.
[9] 1σ sensitivity for Band 7. It is determined so that the HCO+(4–3) line is detected at 5σ level. [10] Required
time for the scientific goal. This includes overheads.

*3The minimum number of molecular gas lines needed to constrain the five free parameters is four. However, we
request the five lines observations because we can observe them with the same number of science goals (two) as needed
to observe four lines.

3

R = (LX/ξeffnH2Nαatt)0.5
- ξeff = 10-3  
- nH2 = 103 cm-3 

- Natt = 1023.9 cm-2

1 arcsec

0.5 arcsec



High-E resolution calorimeters
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Fig. 1. The 6.1–6.45 keV SXS spectrum including the neutral Fe-Kα line
at ∼6.4 keV in the rest frame. It is fitted with the model of powerlaw +
zgauss1 + zgauss2, which corresponds to a sum of spectral continua
from the ICM and AGN, an Fe-Kα1, and an Fe-Kα2 emission line, respec-
tively. (Color online)

Fe-Kα line energy. The other Chandra datasets were taken
with ACIS in the imaging mode. Although pile-up is sig-
nificant in the central region (< 4′′; see the detail in sub-
subsection 3.1.3), the possible Fe-Kα line flux in the outer
region (> 4′′) can be constrained. We select (1) the data sets
which have an angular offset from NGC 1275 less than
0.′1 in order to make use of high angular resolution (0.′′5),
and (2) those taken in 2004 to reduce systematic uncertain-
ties associated with the aging of the instruments. The final
datasets we use are summarized in table 1.

3 Data analysis and results

3.1 Fe-Kα spectral and spatial analyses

We begin by examining the spectral and spatial structure of
the neutral Fe-Kα line emission.

3.1.1 The SXS spectrum
We analyze a spectrum extracted from a field of 3 × 3
pixels (pixel #0–#8) of the microcalorimeter array cen-
tered on NGC 1275 (which is in pixel #4), since ∼95%
of the AGN counts are contained in this region (Hitomi
Collaboration 2016). Figure 1 shows this nine-pixel NXB-
subtracted spectrum in the 6.1–6.45 keV (observed) range;
a clear emission line can be seen at ∼6.28 keV, which cor-
responds to ∼6.40 keV in the rest frame. Detailed spectral
fitting at microcalorimeter resolution must account for the
fact that the neutral Fe-Kα line is actually a doublet with
intrinsic energies 6.404 keV and 6.391 keV for Fe-Kα1 and
Fe-Kα2, respectively. We fit this section of the spectrum with
a model consisting of a power law (representing the sum of
the ICM and AGN continuum) and two redshifted Gaussian
lines with intrinsic energies of Fe-Kα1 and Fe-Kα2 (XSPEC

model powerlaw + zgauss1 + zgauss2). Atomic physics
dictates that the intrinsic intensity of Fe-Kα1 is twice of
that of Fe-Kα2, and so the relative normalization of the
Gaussian lines are linked accordingly. Free parameters of
the model are the photon index " and the normalization
NPL of powerlaw, the redshift z and overall intensity of the
Fe-Kα1/Fe-Kα2 doublet, and the (common) velocity width
σ of the Fe-Kα1/Fe-Kα2 doublet. Fitting is performed using
microcalorimeter energy bins of 1 eV; we do not further
bin the spectrum. We perform the spectral fitting with
C-statistics (Cash 1979), because of the modest count rate
in each bin.

This simple model provides a good description of the
spectrum (with C-statistics/d.o.f. = 326.2/344).1 The best-
fitting parameter values are summarized in table 2. Despite
the fact that the sum of the EWs of the two Fe-Kα lines
(EW1 + EW2) is just ∼9 eV, they are detected with a high
significance level of ∼5.4 σ thanks to the high energy reso-
lution of the SXS. This clearly illustrates the line detecting
capability of X-ray microcalorimeters. After including the
effects of the instrumental broadening in the modeling, the
Fe-Kα lines have a resolved velocity width with the Gaus-
sian sigma of 4.4–13.1 eV (90% confidence range), corre-
sponding to a velocity width of 500–1500 km s−1 (FWHM;
90% confidence range). A Gaussian model is a good fit to
the data.

Figure 2 shows the confidence contours between the Fe-
Kα intensity (sum of two lines) and redshift. The redshift
of 0.01702+0.00059

−0.00060 is consistent, within 90% errors, with
the value (z∗ = 0.017284) measured by optical emission
lines of stars in NGC 1275 (Hitomi Collaboration 2018a).
This shows that the center energies of the Hitomi detected
lines are consistent with the neutral values of Fe-Kα1 and
Fe-Kα2 lines at 6.404 and 6.391 keV, respectively, at the
redshift of NGC 1275. However, the derived AGN red-
shift is inconsistent with that of the ambient ICM emission
(zICM = 0.01767 ± 0.00003: Hitomi Collaboration 2016).
Refer to Hitomi Collaboration (2018a) for more discus-
sions about the redshift difference between NGC 1275 and
ICM.

In order to consider systematic errors which come from
the SXS gain uncertainty and the spatial distribution of
the ICM bulk motion, we next fit the 6.1–6.45 keV spec-
trum extracted from the event sets with neither the z nor
parabolic correction, with the same models and parameter
settings as above. As shown in table 2, the Gaussian sigma
becomes 5.2–14.4 eV (90% confidence range after including
the instrumental broadening in the modeling), which corre-
sponds to the 90% confidence range of the velocity width of
600–1600 km s−1 (FWHM). The line detection significance

1 C-statistics is distributed as χ2 in the case of a large number of samples (Cash 1979).
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- Hitomi study of NGC 1275  
constrained iron line emitting  
regions.  
- 1σ ~ 200-700 km/s   =>  r > 1 pc 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Table 3. Results of the spectral fits to the XMM-Newton, Chandra/HEG, and Chandra/ACIS spectra in the 4–8 keV band.

Component Parameter XMM-Newton/PN and MOS XMM-Newton/MOS Chandra/HEG Chandra/HEG
in 2001 in 2006 in 1999 in 2000

(simultaneous fitting)

constant Cinst 0.85 ± 0.07 . . . . . . . . .

powerlaw ! 1.24 ± 0.19 1.50 ± 0.14 0.76 ± 0.58 2.01+0.48
−0.47

NPL
∗ 1.35+0.50

−0.36 2.79+0.73
−0.58 0.56+0.90

−0.35 9.81+11.23
−5.20

zgauss E (keV) 6.40 (fix)

σ (eV) 10 (fix)

z 0.017284 (fix)
Nzgauss

† 12.59+6.22
−5.90 13.26+6.01

−5.79 2.35+6.74
−2.35

C-statistics/d.o.f. 1418.03/1445 820.86/788 615.14/789

Component Parameter Chandra/ACIS in 2004 (simultaneous fitting)

apec Te (keV) 4.22 ± 0.09
A (solar) 0.47 ± 0.01

zapec 0.017284 (fix)
Napec

‡ 3.70 ± 0.08
zgauss E (keV) 6.40 (fix)

σ (eV) 10 (fix)
zzgauss =zapec

Nzgauss
† 1.90+1.50

−1.49

C-statistics/d.o.f. 3232.51/2999

∗The powerlaw normalization at 1 keV, in units of 10−3 photons keV−1 cm−2 s−1.
†The zgauss normalization, in units of 10−6 photons cm−2 s−1.
‡The apec normalization, in units of {10−16/4π[DA(1 + z)]2}

!
nenHdV, where DA is the angular size distance to the source (cm), and ne and nH are

the electron and H densities (cm−3).

level with the least bias. For that purpose, we analyze the
4–8 keV spectra to reduce the systematic uncertainty caused
by the ICM emission subtraction. The spatial variation of
the ICM emission also makes suitable background subtrac-
tion difficult. The RMFs and ARFs are generated in a stan-
dard manner appropriate to a point source. We fit these
data with a model consisting of a power-law continuum
and a Gaussian Fe-Kα emission line (powerlaw + zgauss).
When fitting the PN and MOS spectra in 2001, the system-
atic uncertainty between the two is taken into consideration
by applying the constantmodel to the total (Cinst in table 3).
The photon index and normalization of the powerlaw, and
the normalization of the zgauss, are left free, while the line
energy, its width, and the redshift of zgauss are fixed at
6.4 keV, 10 eV, and 0.017284, respectively. Table 3 and
figure 4 summarize the fitting results. The Fe-Kα fluxes
are measured to be (12.59+6.22

−5.90) × 10−6 photons cm−2 s−1

in 2001, and (13.26+6.01
−5.79) × 10−6 photons cm−2 s−1 in 2006

(errors are 90% confidence). The line fluxes are in good
agreement with that in 2016 obtained from the Hitomi
data despite the significant brightening of the AGN con-
tinuum (powerlaw) emission indicating a lack of immediate
response of the line to continuum changes.

Fig. 4. Comparison of the Fe-Kα fluxes among different satellites, instru-
ments, years, and regions. Open squares, filled circles, and filled triangle
show the Fe-Kα fluxes obtained by Chandra, XMM-Newton, and Hitomi,
respectively. Error bars show 90% confidence ranges.
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Disentanglement of iron lines w/ XRISM
XRISM (Astro-H) obs. simulation of a Circinus like spectrum

- a ratio of fluxes from a torus and an outer region is ~ 6% 
- their velocity disp. (σ) are set to ~ 1000 km/s and ~ 20km/s 
- exposure = 100 ksec 

C-stat/d.o.f = 80/90 C-stat/d.o.f = 116/93

We may detect iron lines (Kα1, Kα2) from an outer region.

red = torus    
blue = outer reg.

(from CXO) (from ALMA)
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Disentanglement of iron lines w/ XRISM

red = inner refl.   
blue = outer refl. XRISM combined with ALMA may enable us to find  
iron emission from outer regions (e.g., > torus).   
→ this result would lead to the science by future  
high-spatial resolution telescopes (e.g., AXIS, Lynx…)

(from CXO) (from ALMA)

C-stat/d.o.f = 80/90 C-stat/d.o.f = 116/93

- a ratio of fluxes from a torus and an outer region is ~ 6% 
- their velocity disp. (σ) are set to ~ 1000 km/s and ~ 20km/s 
- exposure = 100 ksec 

We may detect iron lines (Kα1, Kα2) from an outer region.

XRISM (Astro-H) obs. simulation of a Circinus like spectrum



- AGN usually emit X-rays, and therefore the X-ray 
irradiation is an un-avoidable effect on the host galaxy. 

- Chandra and ALMA obs. have revealed the spatial anti-
correlation b/w the molecular gas and iron-Kα line 
emission. 

- Moderately high ionization parameters are consistent 
with molecules being dissociated by the X-ray emission. 

- XRISM will also have potential to study the extended X-
ray emission.  
→ This result would lead to the future high spatial-
resolution projects (e.g., AXIS, Lynx). 

Summary


