
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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Co-evolution; AGN and SF relatoin
- Understanding of the co-evolution b/w 

SMBHs and galaxies.  
→ Relation b/w AGN and SF activities. 

- Outflows by AGN. 
- X-ray irradiation by AGN.  
→ This is an un-avoidable 
     AGN effect on the host galaxy.
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Figure 8. (a)hLIR,SFi as a function of AGN bolometric luminosity (LAGN,bol). The coloured filled symbols show the results for the full
QSO sample in z–LAGN,bol bins. (b)hLIR,SFi as a function of the mean BH mass (hMBHi) of each z–LAGN,bol bin. Also provided are the
corresponding SFR values estimated using the Kennicutt (1998) relation corrected to a Chabrier IMF (Chabrier 2003). A slight trend of
increasing hLIR,SFi with LAGN,bol is seen for the QSO sample, this positive trend is also seen between the hLIR,SFi and MBH. We argue
that the positive trend of hLIR,SFi with LAGN,bol observed in this sample is mainly driven by mass dependencies (see section 5.2.1).

Figure 9. hLIR,SFi as a function of AGN bolometric luminosity
(LAGN,bol) for the combination of the X-ray AGN sample from
Stanley et al. (2015) and the current sample of optical QSOs.
The redshift ranges of the X-ray AGN sample are the same as
those of our sample and have been colour–coded to match. Also
provided are the corresponding SFR values estimated using the
Kennicutt (1998) relation corrected to a Chabrier IMF (Chabrier
2003). The two samples are complementary to each other, and
together cover 3–4 orders of magnitude in LAGN,bol. We indicate
the 0.5 dex systematic uncertainty between the LAGN,bol values
of the two samples as a range over the x-axis , stemming from
the fact that the X-ray AGN sample has LAGN,bol values derived
from X-ray photometry, while for the QSO sample it has been
derived from optical photometry (see footnote 3).

5.1 Verification of our methods

5.1.1 SED broadening

In our SED fitting approach we assume that the observed-
frame wavelengths correspond to the rest-frame wavelength
of the mean redshift of a given z–LAGN,bol bin, for all of
the sources within the bin. That is, we do not take into
account modest k-corrections due to the di↵erent redshifts

Figure 10. hLIR,SFi in bins of redshift and radio luminosity
(L1.4GHz), as a function of hL1.4GHzi. Also provided are the cor-
responding SFR values estimated using the Kennicutt (1998) rela-
tion corrected to a Chabrier IMF (Chabrier 2003). With dashed
lines we indicate the IR-radio relation of star-forming galaxies
from Magnelli et al. (2014) increased by factors of 50–5000, to
demonstrate that the radio luminosities of our sources cannot be
attributed to their star formation. There is no strong evidence
for a positive or negative relation between hLIR,SFi and L1.4GHz,
with the general trend being flat. However, for the higher L1.4GHz

bins of each redshift range the hLIR,SFi could be highly contam-
inated by synchrotron emission, and therefore these results are
uncertain.

of the sources within the stack. This may result in some
broadening of the average SED that we did not take into
account. However, as our z–LAGN,bol bins have fairly narrow
redshift ranges (see Tables 1 & 2) and there is a fairly even
scatter around the mean redshift of the bins, we expect that
overall there should not be significant broadening e↵ects.
To test this, we shift each of our AGN and star-forming
templates to the redshift of each source in our z–LAGN,bol

c� 0000 RAS, MNRAS 000, 000–000

(Stanley+17)
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Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul

while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

(Marconi+03)
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Fig. 7. Schematic view of the main structures revealed by MUSE in the
central region of NGC 5643, drawn over the three-color image from
Fig. 1, panel c). The ionization cone borders are highlighted with red
lines, the dust lane and nuclear dust structure location in brown. The
two star-forming clumps A and B are marked with blue circles, and the
dashed blue ellipse, corresponding to a circle with the same inclination
of the galaxy, shows the inner radius of the star-forming ring around the
nuclear region of the galaxy.

in the bar. Bars are in fact preceded by dust lanes in their mo-
tion, which have been recognized as related to shocks in the gas
flow, and correspond to the regions of highest gas density (e.g.,
Athanassoula 1992). Despite the high density, the gas flow is
accompanied by a very strong shear that inhibits star formation.
These shocks are usually found in the leading edge of the bar,
roughly parallel to its major axis. Instead, H II regions and star
formation are preferentially o↵set from the dust lane, toward the
leading side, as well as at the end of the bar major axis, where
secondary gas density enhancements are seen both in simula-
tions and observationally (e.g., Sheth et al. 2002). As clumps A
and B are located on the trailing edge of the dust lane, they are
not at the expected position for H II regions surrounding a bar,
reinforcing the hypothesis of a mutual connection with the nu-
clear outflow. In this scenario, the outflow has been compressing
the gas in the dust lane at the intersection point, triggering star
formation (“positive feedback”).

5. Conclusions

We have presented MUSE integral field data of NGC 5643, a lo-
cal barred Seyfert 2 galaxy at a distance of ⇠17.3 Mpc. The large
wavelength coverage allows us to study the main optical emis-
sion lines in the spectra and map the ionization and dynamics of
the gas.

We detected a double-sided ionization cone due to AGN ra-
diation, almost parallel to the galaxy bar. The cone may be col-
limated by a dusty structure of 580⇥ 125 pc around the nucleus,
connected with the dust lane in the bar and dominated by shock
ionization. At the center of the cone an outflow is revealed by
the high velocity, [OIII] emitting gas, as well as in radio and

X-ray data. The ionized gas is moving away from the nucleus at
projected velocities up to v10 = �432 km s�1.

Two H↵ bright, star formation dominated clumps, located
at the receding edge of the dust lane in the bar, where the gas
density is highest, are located at the location where the fast out-
flowing gas from the central AGN encounter the dense material
on the bar, strongly suggesting a relation between the two phe-
nomena. The clumps are the youngest in the MUSE field of view,
as estimated from their H↵(EW), and are the only star formation
dominated regions closer to the nucleus (⇠1.2 kpc) than the star-
forming ring located at the edge of the field of view (⇠2.3 kpc,
see Fig. 7). We propose that the star formation in the clumps
(SFR = 0.03 M�/yr for clump A) is due to positive feedback of
the AGN outflow, which is compressing the gas at the dust lane
edge inducing star formation (see Fig. 7).

The presented data suggest that positive feedback may also
be present at low AGN luminosity and energetic outflow. The
upcoming observations in the framework of the MAGNUM
survey will allow us to assess if positive feedback represents
an important ingredient in the complex black hole-host galaxy
coevolution also in the local Universe.

Acknowledgements. MUSE data were obtained from observations made with
the ESO Telescopes at the Paranal Observatories. We are grateful to the ESO
sta↵ for their work and support. We are grateful to C. Leipski for providing us
the VLA radio data of NGC 5643. G.C., A.M., and S.Z. acknowledge support
from grant PRIN-INAF 2011 “Black hole growth and AGN feedback through
the cosmic time” and from grant PRIN-MIUR 2010-2011 “The dark Universe
and the cosmic evolution of baryons: from current surveys to Euclid”. S.Z. and
A.G. have been supported by the EU Marie Curie Integration Grant “SteMaGE”
No. PCIG12-GA-2012-326466 (Call Identifier: FP7-PEOPLE-2012 CIG). A.G.
acknowledges support from the European Union FP7/2007-2013 under grant
agreement No. 267251 (AstroFIt). M.B. acknowledges support from the FP7
Career Integration Grant “eEASy” (CIG 321913).

References

Athanassoula, E. 1992, MNRAS, 259, 345
Axon, D. J., Marconi, A., Capetti, A., et al. 1998, ApJ, 496, L75
Bacon, R., Accardo, M., Adjali, L., et al. 2010, Proc. SPIE, 7735, 773508
Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5
Balmaverde, B., Capetti, A., Grandi, P., et al. 2012, A&A, 545, A143
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Brusa, M., Bongiorno, A., Cresci, G., et al. 2015, MNRAS, 446, 2394
Bianchi, S., Guainazzi, M., & Chiaberge, M. 2006, A&A, 448, 499
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682
Capetti, A., Axon, D. J., Macchetto, F. D., Marconi, A., & Winge, C. 1999, ApJ,

516, 187
Cappellari, M., & Emsellem, E. 2004, PASP, 116, 138
Cresci, G., Mainieri, V., Brusa, M., et al. 2015, ApJ, 799, 82
Crockett, R. M., Shabala, S. S., Kaviraj, S., et al. 2012, MNRAS, 421, 1603
Croft, S., van Breugel, W., de Vries, W., et al. 2006, ApJ, 647, 1040
de Vaucouleurs, G., de Vaucouleurs, A., & Corwin, J. R. 1976, Second reference

catalogue of bright galaxies (Austin: University of Texas Press)
Durisen, R. H., Tohline, J. E., Burns, J. A., & Dobrovolskis, A. R. 1983, ApJ,

264, 392
Elbaz, D., Jahnke, K., Pantin, E., Le Borgne, D., & Letawe, G. 2009, A&A, 507,

1359
Fabian, A. C. 2012, ARA&A, 50, 455
Faucher-Giguère, C.-A., & Quataert, E. 2012, MNRAS, 425, 605
Feain, I. J., Papadopoulos, P. P., Ekers, R. D., & Middelberg, E. 2007, ApJ, 662,

872
Fischer, T. C., Crenshaw, D. M., Kraemer, S. B., & Schmitt, H. R. 2013, ApJS,

209, 1
Fruscione, A., McDowell, J. C., Allen, G. E., et al. 2006, Proc. SPIE, 6270,

62701V
Garmire, G. P., Bautz, M. W., Ford, P. G., Nousek, J. A., & Ricker, G. R., Jr.

2003, Proc. SPIE, 4851, 28
Harrison, C. M., Thomson, A. P., Alexander, D. M., et al. 2015, ApJ, 800, 45
Hinshaw, G., Larson, D., Komatsu, E., et al. 2013, ApJS, 208, 19
Ho, L. C., Li, Z.-Y., Barth, A. J., Seigar, M. S., & Peng, C. Y. 2011, ApJS, 197,

21

A63, page 8 of 9

(Cresci+15)
Outflow



Extended X-ray emission

Figure 4. Top: 3–6 keV 1/8 pixel, deconvolved and adaptively smoothed image (see the text). The point-like source to the SE is not connected with the extended
component. The box is ∼1.7 kpc side. Bottom left: zoom-in on the central higher intensity region, with Hα (+continuum) contours (see the text). Bottom right: same
as bottom left, but with radio 6 cm contours (Ulvestad & Wilson 1989). The linear scale is 112 pc arcsec−1.
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The Astrophysical Journal Letters, 842:L4 (6pp), 2017 June 10 Fabbiano et al.

- Growing number of reports of extended X-ray emission

5” = 560 pc

(Fabbiano+17)

The Astrophysical Journal, 756:180 (7pp), 2012 September 10 Wang et al.
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Figure 1. (a) HRC image of the 7 arcsec across (500 pc) nuclear region of NGC 1068. (b) EMC2 deconvolved HRC image. (c) The ACIS 0.3–2 keV image (0.1 s
frame time) of the same region, displayed at the native pixel (0.′′492). (d) The subpixel repositioned, rebinned ACIS image of the same region displayed at one-fourth
of the native pixel (0.′′123). A 1′′ scale bar is shown in all panels, corresponding to 72 pc at the distance of NGC 1068.
(A color version of this figure is available in the online journal.)

A single ionization (log U = −1.7, log NH = 21.7) component
is not adequate to obtain a reasonable fit to the spectrum
(reduced χ2 = 2.2). The addition of an optically thin thermal
plasma component (APEC) with the best-fit temperature of
kT = 1.08+0.21

−0.12 keV significantly improves the fit (χ2
ν = 1.1,

∆χ2 = 22; F-statistic = 9.94 or probability of improvement
99.8%). There is a residual line feature at ∼0.65 keV (see
Figure 3) that is probably due to O viii Lyα, and can be fit
with an additional high-ionization component (log U = 0.9,
χ2

ν = 0.8). The probability of improvement over the current

model is 90%. However, this has little effect on the thermal
component. The flux contributed by the thermal component
is F0.5–2 keV = (1.8 ± 0.6) × 10−13 erg s−1 cm−2 (L0.5–2 keV =
4.5 × 1039 erg s−1), which is approximately 30% of the total
X-ray emission from cloud G.

4. DISCUSSION

The unprecedented high spatial resolution HRC image of
NGC 1068 has enabled us to compare the subarcsecond

3

1” = 72 pc

NGC 1068  
(Wang+12)

ESO 428-G014

(e.g., Wang+09; Marinucci+13,17; Feruglio+19)

- Chandra has revealed detailed spatial structures.
(e.g., Tsunemi+01; Mori+01; Li+03,04)



X-ray Irradiation of the ISM 
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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).
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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.



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

↔ 1 arcsec

- The iron-Kα line probes X-ray irradiation regions.
- 6.2-6.5 keV/3.0-6.0 keV ratios 
→ an proxy of the EW (Fe-Kα)
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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

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



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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EW = 4.8+19.6-3.3 keV



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.

21

Spatial anti-correlation b/w mol. and iron lines
- HCO+(4-3)  
→ Molecular gas 
→ high critical dens. 
     = dense gas tracer 

- Iron-Kα line  
→  gas irrespective  
of atomic/mol. phases

HCO+(4-3)
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21

atomic-to-mol. gas 
transition boundary

CNR-E Nucleus

CNR-SE

Spatial anti-correlation b/w mol. and iron lines

- Clear atomic-to-mol.  
transition boundaries 

- Mol. dissociation ? 

- Next is quantitative  
discussion w/ XDR model

- HCO+(4-3)  
→ Molecular gas 
→ high critical dens. 
     = dense gas tracer 

- Iron-Kα line  
→  gas irrespective  
of atomic/mol. phases

ξeff = LX/R2nH2N1.1att

HCO+(4-3)



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]

Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0 9

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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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 powerful enough?
ξeff = LX/R2nH2Nαatt 

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

R ~ 60 pc  
   (spatially resolved map) 
nH2 ~ 1e+3.0-5.0 cm-3 

     (mol. line ratios fit by RADEX) 
Natt ~ 1e+23.9 cm-2 

    (τ~1 for the neutral iron)

Nucleus CNR-SE CNR-E

log ξeff < -4.0 -4.6~-2.6 -4.0~-2.5
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Figure 6. Spatial distributions of the [S IV] and [Ne II] emission line and the 11.3-µm band intensities at PAs 10◦ and 100◦. The line intensities plotted are
in 0.267-arcsec bins in the spatial direction, and are extracted by subtracting linear continua extrapolated from the flux on both sides of the line positions.
Indicative error bars are shown, but note that the uncertainties increase rapidly towards the nucleus because of the bright continuum emission. The normalized
12.5-µm continuum profiles are shown as dotted lines.

at PA 100◦ remains asymmetric. However, the inclusion of a warm
emitting silicate component at PA 100◦ increases the optical depth
towards the nucleus, but has little effect at the positions 1.5 arcsec
to the east and west (these positions have lower absorption optical
depths than towards the nucleus, reflecting the smaller contributions
from silicate emission required in the fits). In this case, the nucleus
appears to suffer a greater extinction than the extended emission,
but the difference in optical depth between the positions 1.5 east
and west remains similar to the case with an underlying blackbody
emission component at !τ 9.7 µm ∼ 1.6.

The statistical uncertainties delivered by the fitting routines are
quite small for most spectra (e.g. typically !0.1 for the error in the
optical depth), but these are dwarfed by potential systematic effects.
We emphasize that the conclusions from the fits are not unique; there
could be multiple sources or variations in the emitting material on
the east and west sides which would affect the underlying emission
spectrum and so the depth of the absorption. However, it seems more
natural to interpret the results in terms of variations in the column
of cool material along different lines of sight. We conclude that
the behaviour of the silicate absorption confirms the observations
made at other wavelengths – that the east side of the nucleus suffers
greater extinction than the west side (e.g. Maiolino et al. 2000) –
and although extraction of detailed quantitative data depends on the
emissive properties of the underlying material which are not known,
it does allow us to estimate relative values that allow us to probe

the dust temperature structure and distribution of the circumnuclear
material.

4.2 Line emission

The intensities of the [S IV] and [Ne II] emission lines and the
11.3-µm PAH band have been measured for each spatial position as
described above and plotted together with the 12.5-µm continuum
profiles in Fig. 6. Note that in the core, where the continuum emis-
sion is very high, the extracted line intensities are very uncertain,
and so these quantities are not plotted here, while in the outer regions
the flux is low and the fractional uncertainties are correspondingly
large. Indicative error bars are shown for the points plotted. These
plots demonstrate the asymmetry in [S IV] emission on the east and
west sides of the nucleus, contrasting with the fairly symmetric dis-
tribution of the 11.3-µm PAH band emission.

The [S IV] line emission is very asymmetric, being prominent at
about 1 arcsec west of the nucleus, but undetected at the correspond-
ing position to the east. On the west side, the line flux decreases with
distance from the nucleus, despite decreasing extinction, and is un-
detected at 2 arcsec where the equivalent width of the 11.3-µm band
increases sharply and the spectrum is dominated by PAH emission.
The line is not detected to the north or south. This behaviour mirrors
the [Si VI] and [Si VII] emission structure reported by Maiolino et al.
(2000) and Prieto et al. (2004), respectively, and suggests that the
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- PAH emission study using 
Gemini-S/T-TeCS by Roche+06.

- Less extinct PAH emission in E 
→ SF in the foreground of the  
    dust lanes 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- 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. 

- The high-spatial resolution study is important.  
 → We anticipate the future high spatial-resolution 
projects, such as MIXIM, AXIS, Lynx. 

Summary


