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- Tight correlation between  
 the massive black hole (MBH) and host gal. properties. 
 → the co-evolution
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

stellar dispersion in the bulge

Bl
ac

k 
ho

le
 m

as
s

(Gultekin+09)



/16

AGN and the connection to the host gal.

3

- Tight correlation between  
 the massive black hole (MBH) and host gal. properties. 
 → the co-evolution

- AGN may be a key object. 
✓ SMBH growth  
✓ High energy output 
  (i.e., AGN feedback)

AGN unified model 
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- AGN influence can be  
seen as ionized  
gas emission (e.g., [OIII])

AGN
- AGN may be a key object. 
✓ SMBH growth  
✓ High energy output 
  (i.e., AGN feedback)

~ 1 kpc

star formation
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(Ferruit+99)

AGN

Do all AGNs influence the host galaxy in the same efficiency? 

- AGN influence can be  
seen as ionized  
gas emission (e.g., [OIII])

- AGN may be a key object. 
✓ SMBH growth  
✓ High energy output 
  (i.e., AGN feedback)

star formation
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Likely, No
- Even the simplified torus can obscure the AGN emission.
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Likely, No
- Even the simplified torus can obscure the AGN emission.

Geometrically-thin Geometrically-thick

- Hard X-ray surveys (> 10 keV) have  
                                                  discovered buried AGNs.  
                                   (e.g., Ueda+07, Winter+09,  Ricci+17)
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circumnuclear ~ 1–10 kpc

nuclear ~ 10 pc

~ 10–100 kpc

Torus thickness  
w/ X-ray spectroscopy

Ionized gas ([OIV])  
w/ Spitzer

Relation between the geometrical thickness of the torus  
                               and strength of ionized gas emission
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- A powerful tool to unveil the nuclear (< 10 pc) scale structure

	(Brooks/Cole	Thomson	Learning)

Inverse Compton (plus absorption)  
                                         (<~ 10 rg; e.g., Morgan+08,12) 

Reflection (~ 0.1-1 pc; e.g., Shemmer+10,11; Gandhi+15)

Soft scattered emission (> 1 pc; e.g., Bianchi+10, Go ́mez-Guijarro+17)

Flux

Energy [keV]
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scattered frac.  
               = fscat
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256 V. Charmandaris et al.

the aperture from which we extracted the spectra. PAH emission, which is a good tracer
of star formation activity (Förster Schreiber et al. 2004), can be detected in the average
spectra of both Seyfert types, while it is most prominent in the average starburst spec-
trum. PAH emission originates from a photo-dissociation region (PDR) and can easily
be destroyed by the UV/X-ray photons in a strong radiation field produced near massive
stars and/or an accretion disk surrounding a SMBH.

Figure 1. Left: A comparison among the average mid-IR spectrum of Sy 1s (solid line) and Sy 2s
(dotted line) of the 12 µm sample, as well as the starbursts (dashed line) of Brandl et al. (2006).
All spectra have been normalized at 22 µm. Note that the high-ionization fine-structure lines of
[O iv] λ25.89 µm are present in all three spectra, while [Ne v] λλ14.3, 24.3 µm are only present in
the average spectra of the two Seyfert types. Right: A comparison between the average mid-IR
spectrum of “20 µm peakers” (dash-dotted line) and Sy 1s (solid line) of our sample. All spectra
have been normalized to the flux at 22 µm.

In the 12µm Seyfert sample, we detect PAH emission in 37 Sy 1s and 53 Sy 2s, 78% and
93% for each type, respectively. This is expected since the apertures we used to extract
the mid-IR spectra for the 12µm sample correspond in most cases to areas of more
than 1 kpc in linear dimensions. As a result, emission from the PDRs associated with
the extended circumnuclear region and the disk of the host galaxy is also encompassed
within the observed spectrum. High ionization fine-structure lines, such as [Nev] λλ14.32,
24.32 µm, are clearly detected even in the low-resolution average Sy 1 spectrum. Since
[Nev] has an ionization potential of 97 eV, it thus serves as an unambiguous indicator of
an AGN. This signature is also visible, though rather weak, in the average spectrum of
Sy 2, while it is absent in the average starburst template. Even though the low-resolution
mode of IRS was not designed for studying fine-structure lines, we are still able to detect
[Nev] emission in 29 Sy 1s and 32 Sy 2s, roughly 60% for both types. Another high
ionization line, [O iv] λ25.89µm, with ionization potential of 54 eV, also appears in both
Seyfert types (42 Sy 1s and 41 Sy 2s), and is stronger in the average spectrum of Sy 1. The
[O iv] emission line can be powered by shocks in intense star-forming regions or AGNs
(see Bernard-Salas et al. 2009; Hao et al. 2009, and references therein). In our sample it
is probably powered by both, given the large aperture we adopted for spectral extraction.
More details and a complete analysis of mid-IR fine-structure lines for 29 galaxies from
the 12 µm Seyfert sample are presented by Tommasin et al. (2008), while the work for
the entire sample is in progress (Tommasin et al. 2009).

A thorough examination of the spectra reveals that 15 Sy 1s and 4 Sy 2s have F20/F30 !
0.95. We call these objects “20 µm peakers” and we display their average spectrum in
Figure 1b. In addition to their characteristic continuum shape, a number of other differ-
ences between the “20 µm peakers” and Sy 1s are also evident. PAH emission, which is
clearly detected in the average Sy 1 spectrum, appears to be rather weak in the average
“20 µm peaker” spectrum. The high-ionization lines of [Nev] and [O iv] are seen in both

(Charmandaris+10)

  - High Ionization potential energy = 54.9 eV 
      → less contamination from starburst  
  - low dust extinction 

[OIV]

- [OIV]λ 25.89 um 
 A proxy of the AGN power ? (e.g., Rigby+09, Melendez+09)
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Figure 3. Intrinsic AGN luminosity, as inferred from the hard X-rays, vs. [O iv]
luminosity. Seyfert 1–1.5 AGNs are plotted in black as squares (detections) and
arrows (nondetections); Compton-thin Seyfert 1.8–2 AGNs are plotted as red
open circles and arrows; Seyfert 1.8–2 of unknown column are plotted as blue
arrows or squares; and Compton-thick AGNs are plotted as light gray open
squares and arrows. The best-fit X-ray-inferred intrinsic-to-[O iv] luminosity
ratio is plotted for each AGN class, in the same color scheme; the fits are given
in Section 4.

The two-sample ASURV statistical tests find a < 0.06%
probability that the X/[O iv] ratios for Seyfert 1s and Seyfert 2s
are drawn from the same population. It is similarly improbable
(< 0.09%) that Seyfert 1s and Compton-thick Seyfert 2s are
drawn from the same population. However, the offset between
Seyfert 1s and Compton-thin Seyfert 2s is of lower statistical
significance (9% probability of being drawn from the same
population).

5. ESTIMATING COLUMN DENSITIES

We now interpret the difference in the hard X-ray/[O iv] ratio
between type 1 and type 2 Seyferts. One explanation would be
that the [O iv] luminosities for the type 1 Seyferts are biased
high. In a companion paper (Diamond-Stanic et al. 2009), we
find no significant differences between the [O iv] luminosity
distributions of type 1 and type 2 Seyferts; the same conclusion
can be reached by inspecting Figures 2 and 3. Thus, there is no
evidence for a bias toward high [O iv] luminosities.

Therefore, we use L[O iv] as a measure of intrinsic AGN
luminosity, and interpret the offset in hard X-ray/[O iv] ratios
as caused by substantial absorption in the E>10 keV spectra
of Seyfert 2s, as suggested by Meléndez et al. (2008). At such
high energies, the cross section for Compton scattering is larger
than that of photoelectric absorption. Consequently, one expects
a typical high-energy photon to experience multiple Compton
scatterings, losing energy each time to electron recoil, until
the photon either escapes, or loses sufficient energy and tra-
verses a sufficient path that it is absorbed photoelectrically. This
makes the problem relativistic, optically thick, and geometry de-
pendent, and as such, Monte Carlo simulations are required to
interpret the flux decrement. Fortunately, Matt et al. (1999) sim-
ulated this situation. We numerically integrate their transmitted

Table 1
Ratio of Emergent-to-Input Hard X-ray Flux, from Matt et al. (1999) Models

log NH (cm−2) Swift/BAT SAX/PDS INTEGRAL/IBIS

23.0 0.96 0.96 0.96
23.5 0.88 0.89 0.87
23.8 0.78 0.80 0.77
24.0 0.69 0.71 0.68
24.1 0.64 0.66 0.63
24.2 0.58 0.61 0.57
24.3 0.51 0.54 0.50
24.4 0.44 0.48 0.44
24.5 0.37 0.41 0.38
24.6 0.30 0.34 0.31
24.7 0.23 0.27 0.25
24.8 0.17 0.20 0.19
24.9 0.11 0.13 0.13
25.0 0.063 0.077 0.074
25.1 0.048 0.058 0.056
25.2 0.028 0.034 0.033
25.3 0.0032 0.0039 0.0039
25.4 0.0016 0.0020 0.0020
25.5 0.00010 0.00013 0.00013

spectra over the Swift/BAT, BeppoSAX/PDS, and INTEGRAL/
IBIS energy bands and compare to the injected spectrum; the
resulting flux decrements are listed in Table 1.

In the Matt et al. (1999) model, suppressing a BAT flux by a
factor of 3.1 ± 0.8 (as observed for all Seyfert 2s in our sample)
requires a column density of log N (H ) = 24.6 +0.1

−0.2 cm−2.
Suppression by a factor of 5.0 ± 2.7 (as observed for known
Compton-thick Seyfert 2s9) requires log N (H ) = 24.7 +0.2

−0.3
cm−2. These results are consistent with the column density of
log N (H ) = 24.5 ± 0.1 inferred by Meléndez et al. (2008) for
their sample of 17 Seyfert 2s. Thus, the [O iv] to hard X-ray
ratio confirms that, on average, Seyfert 2s are more obscured
in the hard X-rays than Seyfert 1s, and predicts the obscuring
column densities expected for Compton-thick AGNs.

Surprisingly, the average ratio for the known Compton-
thin Seyfert 2s also suggests high columns. Suppression by a
factor of 1.9 ± 0.5 can be explained by log N (H ) = 24.3 +0.1

−0.3
cm−2. By contrast, the median column density reported in the
literature for these AGNs, based on 2–10 keV measurements,
is log N (H ) = 23.0 cm−2 (Diamond-Stanic et al. 2009).
As such, the hard X-ray/[O iv] ratios imply higher columns
(Compton-thick or nearly so) than inferred from the 2–10 keV
spectra. However, this is not the only plausible interpretation.
As discussed in Section 4, the offset in the hard X-ray/[O iv]
ratio between Compton-thin Seyfert 2s and Seyfert 1s is of low
statistical significance in our sample. As such, we cannot rule
out Compton-thin Seyfert 2s having, on average, low columns.
Table 1 shows that column densities below log N (H ) ∼ 24 cm−2

should produce only a small flux decrement. Accordingly, for
such low columns, soft X-ray spectra should return a more
precise measurement of the column density.

Figure 3 does show that a substantial minority of the
Compton-thin Seyfert 2s have X/[O iv] ratios as low as known
Compton-thick AGNs. In order of increasing X/[O iv] ratio,
these are NGC 1365, NGC 7582, NGC 2992, NGC 7314, NGC
3081, and NGC 5728.10 There are several possible explanations
for these low ratios: they may have nearly Compton-thick or

9 Excluding NGC 1068.
10 The remaining Compton-thin Seyfert 2s have an average hard X-ray to
[O iv] offset from the Seyfert 1s that is of even lower statistical significance.
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Correlation between LX and L[OIV]
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- Hard X-ray (E = 14-200 keV) Swift/BAT 70-m Catalog  
 ・Sample includes AGNs w/ the geometrically-thick torus

- Obscured AGNs obs. by Suzaku X-ray satellite (0.5–40 keV) 
 ・Scattered fraction (or torus thickness) can be estimated
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- Hard X-ray (E = 14-200 keV) Swift/BAT 70-m Catalog  
 ・Sample includes AGNs w/ the geometrically-thick torus

- Obscured AGNs obs. by Suzaku X-ray satellite (0.5–40 keV) 
 ・Scattered fraction (or torus thickness) can be estimated
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anisotropy of the intrinsic X-ray emission. For comparison, we
overplot the relations of Liu et al. (2014) by converting the
14–195 keV luminosity into the 10–50 keV one with a power-
law photon index of 1.7. As shown in Figure 11(a), the ratio
L LO XIV[ ] of our sample is more similar to that of type-1 AGNs
than that of the type-2 AGNs in Liu et al. (2014). As a result,
we do not see a significant difference in the ratio L LO XIV[ ]
between type-1 and Compton-thin type-2 AGNs. This suggests
that anisotropy of X-ray emission is unlikely.

A notable finding is that most AGNs with low scattering
fraction (with best-fit �f 0.5%scat ) show systematically lower
values of the ratio �L LO 10 50 keV

BAT
IV[ ] than the average. Indeed,

we find a significant correlation between the ratio

�L LO 10 50 keV
BAT

IV[ ] and the scattered fraction (see Figure 11(b)).
The regression line is calculated with the OLS bisector method
by ignoring objects without significant detection of the
scattered component. We exclude Mrk 915 because of its
apparently very high scattering fraction (_40%), which is
much higher than typical values in obscured AGNs (_3%;
Bianchi & Guainazzi 2007) and should be attributed to leaky or
ionized absorbers. These results agree well with that by Ueda
et al. (2015) in which AGNs with a low scattering fraction
show low ratios of [O III] to hard X-ray luminosity on average.
This supports the picture that a significant fraction of this
population of AGNs are deeply “buried” in tori of small
opening angle. This also implies that the O IV[ ] luminosity may

Figure 11. (a) Correlation between [O IV] and 10–50 keV luminosities and regression function (dashed line) of � � � �L Llog 7.8 1.13 logO 10 50 keV
BAT

IV[ ] . The dotted
and dotted–dashed lines represent the regression lines obtained from the type-1 and type-2 AGN samples of Liu et al. (2014), respectively. (b) Correlation between the
ratio of [O IV] to 10–50 keV luminosity and scattered fraction and the regression function (dashed line) of � � ��L L flog 2.25 0.98 logO 10 50 keV

BAT
scatIV( )[ ] . The blue,

black, and red circles (only in the left figure) represent the MLAGNs ( -�L 43.310 50 keV
BAT ), HLAGNs ( ��L 43.310 50 keV

BAT ), and AGNs with low scattering fraction
( �f 0.5%scat ), respectively.

Figure 12. The FI-XISs, BI-XIS, HXD/PIN, and Swift/BAT spectra are represented with the black, red, green, and blue crosses in the upper panel, respectively, and
the fit residuals are shown in the lower panel. The solid, dashed, dotted, dotted–dashed, and dotted–dotted–dashed lines correspond to the total, cutoff power-law
component, reflection components (e.g., iron-Kα emission line and reflection continuum), scattered component, and optically thin thermal emission, respectively.

(The complete figure set (45 images) is available.)
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low scat. AGN  
       (fscat < 0.5%)
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Summary

16

ionization

- We studied the connection between the geometrical thickness  
of the torus and ionized gas strength/morphology

- AGN effects on surrounding material could depend on 
the nuclear obscuration. 


