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Abstract

I investigate methods for determining black hole accretion rates and star-formation

rates in galaxies hosting active galactic nuclei (AGNs) and use these results to iden-

tify biases in our census of black hole growth, to probe fundamental differences

between obscured and unobscured AGNs, and to explore the connection between

black hole growth and galaxy evolution. I show that the mid-infrared [O iv] emis-

sion line, which probes high-ionization gas and suffers little dust attenuation, is a

useful diagnostic of AGN luminosity. Using [O iv] measurements for a complete

sample of Seyfert galaxies, I show that the intrinsic luminosities of obscured and

unobscured AGNs are quite similar. This is in contrast to the [O iii] optical emis-

sion line and hard X-ray continuum luminosities, which are systematically smaller

for obscured Seyferts, revealing strong biases in existing AGN surveys. I also explore

the effect of AGNs on the mid-infrared aromatic features, which are useful probes of

star-formation activity. I find that the 6.2, 7.7, and 8.6 µm features are suppressed

relative to the 11.3 µm feature in Seyfert galaxies, and show that this behavior is

correlated with the strength of the rotational H2 emission, which traces shocked

gas. This suggests that shocks associated with the AGN modify the structure of

aromatic molecules, but I show that the 11.3 µm aromatic feature is robust to the

effects of such shock processing, and use it to estimate nuclear star-formation rates

for AGN host galaxies. I find an approximately linear relationship between black

hole accretion rate and nuclear star-formation rate, and show that high-luminosity

AGNs reside in galaxies with more centrally concentrated star formation. This sug-

gests that the strength of AGN activity is driven by the amount of gas in the central

few hundred parsecs, and is consistent with models where AGN activity is linked

with elevated nuclear star formation.
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Chapter 1

Introduction

Since the revelation in the 1990s that essentially all massive galaxies host supermas-

sive black holes (SMBHs) at their centers (e.g., Kormendy & Richstone, 1995), and

the subsequent realization in the early 2000s that the properties of those SMBHs

(i.e., their mass) scale with the properties of the galaxies they reside in (e.g., Fer-

rarese & Merritt, 2000; Gebhardt et al., 2000), the study of galaxy evolution and the

study of SMBH growth have become intertwined. In this thesis, I have approached

this connection though study of a sample of galaxies whose SMBHs have ongoing

accretion activty and are shining as active galactic nuclei (AGNs). This work is mo-

tivated by several relevant questions regarding the growth of SMBHs and their host

galaxies. How complete is our census of SMBH growth in the universe? What are

the fundamental differences between obscured and unobscured AGNs? Which fuel-

ing processes can explain the black hole accretion rates (BHARs) and star-formation

rates (SFRs) in AGNs and their host galaxies?

The sample I use to address these questions is unique in its sensitivity to low-

luminosity and highly obscured AGNs. It is drawn from the revised Shapley–Ames

catalog (RSA; Shapley & Ames, 1932; Sandage & Tammann, 1987) and includes

every galaxy in the sky brighter than BT = 13 that is known to host Seyfert activity

(Maiolino & Rieke, 1995; Ho et al., 1997). It includes many famous galaxies that

have been studied extensively by previous authors (e.g., the two brightest galaxies

in the sample, Messier 81 and Centaurus A, each have > 1300 references in the

NASA/IPAC Extragalactic Database1), but such studies have been primarily at op-

tical wavelengths, where the emission from a galaxy and its accreting SMBH can be

1http://nedwww.ipac.caltech.edu/
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severely affected by dust obscuration. Utilizing the capabilities of the Spitzer Space

Telescope (Werner et al., 2004), I focus on observations at mid-infrared (mid-IR)

wavelengths, where a number of important spectroscopic features that are insensi-

tive to the effects of dust obscuration can be used to diagnose the current SMBH

growth and star formation activity of a galaxy.

The existing census of SMBH growth in the nearby universe (z ∼ 0.1) comes

largely from [O iii] λ5007 Å estimates of AGN luminosity from optical surveys (e.g.,

Heckman et al., 2004), while most of our knowledge at higher redshift comes from 2–

10 keV estimates of AGN luminosity from X-ray surveys (e.g., Brandt & Hasinger,

2005), as well as the spectrum of the cosmic X-ray background (e.g., Gilli et al.,

2007). This has led to a picture where the SMBH growth in the local universe tends

to be concentrated in lower-mass systems (MBH < 108 M⊙), whereas the activity at

higher redshift is more common at higher masses, reflecting the “downsizing” trend

observed for star-forming galaxies (e.g., Marconi et al., 2004). The shape of the

X-ray background implies that a significant fraction of SMBH growth occurs in ob-

scured phases, but the precise fraction of the most highly obscured, Compton-thick

AGNs (X-ray column densities NH > 1024 cm−2) is uncertain due to degeneracies

with other parameters in X-ray background models (e.g., Treister et al., 2009). Re-

sults for individual sources in X-ray surveys suggest that obscured AGNs (those

with X-ray column densities NH > 1022 cm−2) become less common at high lumi-

nosities (e.g., Ueda et al., 2003). However, both [O iii] and 2–10 keV X-rays can be

significantly attenuated for AGNs that are enshrouded by dust and gas, and stan-

dard methods for correcting for this extinction (e.g., Balmer decrement for [O iii],

NH estimate from X-ray spectral analysis) may break down. Without independent

knowledge of the intrinsic AGN luminosity for such highly obscured sources, it is

difficult to test how robust these standard AGN diagnostics are to extinction, and
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to assess the incompleteness of the existing census of SMBH growth.

Furthermore, accurate estimates of intrinsic AGN luminosities for highly ob-

scured sources are crucial for probing the fundamental differences between obscured

and unobscured AGNs. In unified schemes (e.g., Antonucci, 1993; Urry & Padovani,

1995), differences among AGNs are explained in terms of the line of sight to the

SMBH, such that an object will be classified as unobscured (type 1) if the central

continuum source and broad-line region are directly visible, or as obscured (type 2) if

large amounts of gas and dust block the central region. These schemes have invoked

obscuring material in a torus geometry, such that the observed spectral energy dis-

tribution depends solely on viewing angle and the covering fraction of the torus sets

the ratio of obscured to unobscured objects. If the unified model is correct, the in-

trinsic AGN properties of obscured and unobscured sources should be the same, but

this paradigm has been challenged by suggestions that the obscured-to-unobscured

ratio varies as a function of luminosity (e.g., Ueda et al., 2003; Steffen et al., 2003;

La Franca et al., 2005) and that some low-luminosity AGNs may not have broad-line

regions at all (e.g., Tran, 2003; Brightman & Nandra, 2008; Shi et al., 2010). We

address the issue of estimating intrinsic AGN luminosities and its relevance for the

census of SMBH growth and the physical differences between obscured and unob-

scured AGNs in Chapter 2 (based on Diamond-Stanic, Rieke, & Rigby 2009) and

Chapter 3 (based on Rigby, Diamond-Stanic, & Aniano 2009).

The connection between AGN activity and host galaxy star formation is chal-

lenging to probe from an observational perspective because standard SFR indicators

(e.g., ultraviolet continuum, optical emission lines, IR continuum) are often domi-

nated by the AGN itself, particularly for unobscured (i.e., type 1) sources. To alle-

viate this problem, several authors have used measurements of the mid-IR aromatic

features to estimate SFRs around AGNs (e.g., Imanishi & Wada, 2004; Schweitzer et
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al., 2006; Shi et al., 2007). These aromatic (also know as PAH) features are a univer-

sal product of star formation in moderate-to-high–metallicity galaxies (e.g., Roche

et al., 1991; Lu et al., 2003; Smith et al., 2007a). Their molecular carriers radiate

through IR fluorescence following vibrational excitation by a single ultraviolet (UV)

photon (Tielens, 2005). Therefore, they provide an indirect measurement of the UV

radiation field strength, and thus the SFR, that is largely extinction independent

(e.g., Peeters et al., 2004; Calzetti et al., 2007; Rieke et al., 2009). However, concerns

remain about whether high-energy photons or shocks associated with the AGN may

destroy or modify their molecular carriers (e.g., Voit, 1992; Genzel et al., 1998). The

relative strengths of the features are expected to vary as a function of charge state

(e.g., Bakes et al., 2001), molecular size (e.g., Draine & Li, 2001), and molecular

structure (e.g., Vermeij et al., 2002). In fact, several authors have found evidence

for suppression of shorter-wavelength aromatic features around AGNs (e.g., Smith

et al., 2007a; O’Dowd et al., 2009). We undertake a systematic study of the effects

of AGNs on the aromatic features and their efficacy for determining SFRs for AGN

host galaxies in Chapter 4 (based on Diamond-Stanic & Rieke 2010). Understanding

the behavior of these features as a function of environment is also relevant for the

study of high-redshift (z ∼ 2) galaxies identified in deep IR surveys with Spitzer,

where the aromatic features can dominate the observed 24 µm band (e.g., Smith et

al., 2007a; Rieke et al., 2009).

Measurements of the relationship between host galaxy SFR and BHAR provide

important constraints on both the SMBH–galaxy bulge connection and on proposals

for feeding AGNs. Some models have attempted to explain the connection via galaxy

mergers (e.g., Kauffmann & Haehnelt, 2000; Di Matteo et al., 2005; Peng, 2007),

which are known to supply large amounts of gas to nuclear regions (e.g., Sanders et

al., 1988; Barnes & Hernquist, 1991; Mihos & Hernquist, 1996). However, the RSA
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Seyferts show little evidence for merger activity, and so they must have another

fuel supply and a mechanism to transport gas from R ∼ 100 pc down to sub-

pc scales (e.g., Shlosman et al., 1990; Wada, 2004; Hopkins & Quataert, 2010).

One mechanism that could play a crucial role in feeding the SMBH is nuclear star

formation (e.g., Norman & Scoville, 1988; Thompson et al., 2005; Kawakatu & Wada,

2008). Previous authors have found correlations between SFR and BHAR for several

AGN samples, but the form of the relationship varies between studies, ranging

from an approximately linear relationship (e.g., Satyapal et al., 2005; Netzer, 2009;

Shi et al., 2009) to a much shallower relationship where increases in SFR do not

keep pace with increases in BHAR (e.g., Hao et al., 2005; Silverman et al., 2009).

Models for the behavior of the SFR and the BHAR during the AGN phase differ

primarily in their predictions for the nuclear SFR/BHAR ratio, ranging from ∼ 1

(e.g., Kawakatu & Wada, 2008) to ∼ 103 (e.g., Thompson et al., 2005) for AGNs

with ṀBH ∼ 0.1 M⊙ yr−1, characteristic of the more luminous sources in the RSA

sample. There also have been suggestions from theoretical (e.g., Wada & Norman,

2002; Balmaverde & Capetti, 2006) and observational work (e.g., Maiolino et al.,

1995; Mouri & Taniguchi, 2002; Buchanan et al., 2006) that SF is enhanced in

obscured (i.e., type 2) AGNs. This would be inconsistent with the standard unified

model (e.g., Antonucci, 1993; Urry & Padovani, 1995) where differences between

obscured and unobscured AGNs are attributed to our viewing angle towards a central

obscuring torus, which should be independent of SF activity in the host galaxy. Such

a result would suggest that the obscuring material in type 2 AGNs is related to SF

activity in the host galaxy. In Chapter 5 (based on Diamond-Stanic et al. 2010, in

preparation), we study the relationship between black hole accretion rate (BHAR)

and star-formation rate (SFR) for the RSA Seyfert sample.

Chapter 6 briefly summarizes this thesis and indicates some future prospects for
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building on the results reported in it.
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Chapter 2

Isotropic Luminosity Indicators in a Complete AGN Sample

The [O iv] λ25.89 µm line has been shown to be an accurate indicator of active

galactic nucleus (AGN) intrinsic luminosity in that it correlates well with hard (10–

200 keV) X-ray emission. We present measurements of [O iv] for 89 Seyfert galaxies

from the unbiased revised Shapley–Ames (RSA) sample. The [O iv] luminosity

distributions of obscured and unobscured Seyferts are indistinguishable, indicating

that their intrinsic AGN luminosities are quite similar and that the RSA sample is

well suited for tests of the unified model. In addition, we analyze several commonly

used proxies for AGN luminosity, including [O iii] λ5007 Å, 6 cm radio, and 2–10 keV

X-ray emission. We find that the radio luminosity distributions of obscured and

unobscured AGNs show no significant difference, indicating that radio luminosity is

a useful isotropic luminosity indicator. However, the observed [O iii] and 2–10 keV

luminosities are systematically smaller for obscured Seyferts, indicating that they

are not emitted isotropically.

2.1 Chapter Introduction

Many differences among active galactic nuclei (AGNs) are explained in terms of the

line of sight to the supermassive black hole, such that an object will be classified

as unobscured (type 1) if the central continuum source and broad-line region are

directly visible, or as obscured (type 2) if large amounts of gas and dust block the

central region. Unification schemes (e.g., Antonucci, 1993) often invoke obscuring

material in a torus geometry, such that the observed spectral energy distribution

depends solely on viewing angle and the covering fraction of the torus sets the ratio of

obscured to unobscured objects. This paradigm has been challenged by suggestions
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that the obscured-to-unobscured ratio varies as a function of luminosity (e.g., Ueda

et al., 2003; Steffen et al., 2003; La Franca et al., 2005) and that some low-luminosity

AGNs may not have broad-line regions at all (e.g., Tran, 2003; Bianchi et al., 2008;

Brightman & Nandra, 2008; Shi et al., 2010).

To test models for the geometry of the obscuring material and the fundamental

differences between type 1 and type 2 AGNs, one needs an unbiased, well-understood

sample of objects that includes both low-luminosity and highly obscured sources.

The spectroscopically selected, galaxy-magnitude-limited sample drawn from the

revised Shapley–Ames catalog (RSA; Shapley & Ames, 1932; Sandage & Tammann,

1987) meets these criteria (Maiolino & Rieke, 1995; Ho et al., 1997), and is well

suited to probe basic predictions of AGN behavior. For example, if the sample is

truly unbiased and the unified model is correct, the intrinsic AGN properties of the

obscured and unobscured members should be the same.

In this paper, we consider 89 Seyferts from Maiolino & Rieke (1995) and Ho et

al. (1997) drawn from the parent sample of galaxies with BT ≤ 13.1 This sample

(see Table 2.1) includes 18 Seyfert 1s (type 1.0–1.5, hereafter Sy1s) and 71 Seyfert

2s (type 1.8–2, hereafter Sy2s). We use it to probe whether there is a systematic

luminosity difference between obscured and unobscured AGNs. Such a difference

would be expected if AGN obscuration were luminosity dependent (e.g., Lawrence,

1991) or if there existed a significant population of low-luminosity AGNs that lack a

broad-line region (e.g., Laor, 2003; Nicastro et al., 2003) in the sense that Sy2s would

be disproportionately represented at faint luminosities. We determine the AGN

luminosity through measurements of the [O iv] emission line at 25.89 µm (ionization

potential 54.9 eV, critical density 104 cm−3), which has been established as an

1We do not include two galaxies classified as Seyferts by Ho et al. (1997), NGC185 and NGC676.
The former is a dwarf spheroidal galaxy without a well-defined nucleus (Ho et al., 1995; Ho &
Ulvestad, 2001), and the latter is contaminated by a bright star 5′′ from its nucleus.
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accurate luminosity indicator by Meléndez et al. (2008a) and Rigby et al. (2009)

by comparison to hard (E > 10 keV) X-rays. We also compile measurements from

the literature of quantities that are thought to be luminosity indicators, including

[O iii] λ5007 Å, 2–10 keV X-ray, and 6 cm radio emission, to determine which are

in fact isotropically emitted.

2.2 Data

We gather data from the Spitzer Space Telescope (Werner et al., 2004) archive taken

with the Infrared Spectrograph (IRS; Houck et al., 2004) in the first order of the

Long-Low module (LL1; λ = 19.5–38.0 µm). The slit size for this order is 10.7′′×168′′

and the resolution is R = 64–128. For data taken in staring mode, we begin our

analysis on the post–basic calibrated data produced by the Spitzer Science Center

pipeline and compute a weighted average of the one-dimensional spectra extracted

at each of the nod positions. For data taken in mapping mode, we begin our analysis

with the basic calibrated data and use the CUBISM software (Smith et al., 2007)

to combine two-dimensional images and extract one-dimensional spectra. To obtain

flux calibration appropriate for point sources, we disable the FLUXCON and SLCF

options within CUBISM, and use 10.7 × 35.2′′ apertures centered on the nucleus of

the galaxy; this aperture corresponds to the LL1 slit size (10.7′′) and the default

point-source extraction aperture size at 26 µm (35.2′′).

For each spectrum, we fit a power law to the continuum using the rest-frame

wavelength regions 24.75–25.5 µm and 26.5–27 µm. We then fit a Gaussian to the

[O iv] line and calculate the error on the flux measurement using the uncertainty in

the five pixels closest to λrest = 25.89 µm and the rms of the continuum fit in the

wavelength regions mentioned above. For cases where this method yields a < 5σ

line detection, we inspect the spectrum visually to determine whether the line is
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confidently detected. If there is not a clear detection, we calculate a conservative

upper limit by adding 3σ to the best-fit flux. The IRS LL1 data for NGC1068,

CIRCINUS, and NGC4945 are saturated, so we take fluxes from ISO-SWS spectra

published by Sturm et al. (2002) and Spoon et al. (2000).

A source of uncertainty for [O iv] fluxes measured from low-resolution IRS spec-

tra is contamination by [Fe ii] λ25.99 µm (ionization potential 7.9 eV) emission asso-

ciated with star formation. Spectra from the IRS Long-High module (LH, R ∼ 600)

are available for 68/70 of the Seyferts with an LL1 line detection, so we are able to

measure the amount of [Fe ii] contamination. We analyze the post–basic calibrated

data from LH order 15 (λ = 25.0 − 27.4 µm) and fit a Gaussian to each of the two

lines. For sources with LL1 equivalent widths (EWs) greater than 0.10 µm, the me-

dian value for the sample, we find that the [Fe ii] contribution is small (< 15% in all

cases). Among the sources with lower EWs, most still have < 25% [Fe ii] contribu-

tions, but a few are actually dominated by [Fe ii] (NGC3079, NGC4579, NGC4594,

NGC5005). We apply a correction to the LL1 [O iv] measurements for all sources

that have an LH [Fe ii] detection. The [O iv] fluxes and uncertainties are listed in

Table 2.1.
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Table 2.1. Table of Measurements

Seyfert

NAME D Type [O iv] σ [O iii] Ref 6 cm Ref 2 − 10 keV NH Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC777 66.5 2 <4.35e-14 1.45e-14 <2.4e-15 1 1.4e-26 11 2.4e-13 · · · 29

NGC788 54.1 2 1.80e-13 0.08e-13 3.6e-14 2 1.2e-26 12 4.6e-12 3.0e+23 30

NGC1068 14.4 1.8 1.90e-11d 0.19e-11 3.6e-12 2 5.2e-24 11 3.8e-12 >1.0e+25 31,32

NGC1058 9.2a 2 <2.66e-14 0.69e-14 1.4e-15 1 <1.2e-27 11 <4.0e-14 · · · 33

NGC1097 16.5 1.0 <3.74e-13 0.57e-13 1.5e-14 3 3.8e-26 13 1.7e-12 2.3e+20 34

NGC1241 53.8 2 <1.40e-13 0.16e-13 1.6e-15 4 1.0e-25 14 · · · · · ·

NGC1275 70.1 1.5 <1.85e-13 0.40e-13 6.9e-13 1 2.1e-22 11 1.4e-11 <1.5e+21 35,36

NGC1365 21.5 1.8 1.58e-12 0.12e-12 6.2e-14 3 9.0e-27 15 5.9e-12 4.0e+23 37

NGC1358 53.6 2 7.61e-14 1.43e-14 2.0e-13 1 1.2e-26 11 3.4e-13 · · · 30

NGC1386 10.6 2 8.70e-13 0.27e-13 2.7e-13 3 1.3e-25 16 2.1e-13 >1.0e+24 38

NGC1433 13.3 2 6.07e-14 1.12e-14 2.1e-14 3 <3.0e-26 16 · · · · · ·

NGC1566 19.4 1.5 8.88e-14 0.46e-14 1.7e-13 3 <6.0e-26 16 6.7e-12 · · · 39

NGC1667 61.2 2 9.28e-14 1.48e-14 9.1e-15 2 1.2e-26 11 2.6e-14 · · · 40

NGC2273 28.4 2 1.47e-13 0.20e-13 2.8e-13 1 1.4e-25 11 6.9e-13 >1.8e+24 41

NGC2639 42.6 1.9 3.27e-14 0.38e-14 1.9e-14 1 1.7e-24 11 8.5e-14 · · · 30

NGC2685 16.2 2 1.15e-14 0.35e-14 8.1e-15 1 <1.3e-27 11 2.7e-13 · · · 33

NGC2655 24.4 2 6.25e-14 1.41e-14 3.9e-14 1 3.4e-25 11 1.0e-12 4.5e+23 42

NGC2992 34.1 1.9 1.08e-12 0.03e-12 5.2e-14 2 7.0e-26 16 6.3e-12 1.4e+22 43

NGC3031 3.6a 1.5 4.99e-14 0.94e-14 2.2e-13 1 8.4e-25 11 1.2e-11 1.0e+21 33

NGC3081 34.2 2 9.89e-13 0.20e-13 2.1e-13 2 9.0e-27 12 1.3e-12 6.4e+23 44
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Table 2.1—Continued

Seyfert

NAME D Type [O iv] σ [O iii] Ref 6 cm Ref 2 − 10 keV NH Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC3079 20.4 2 1.53e-13 0.38e-13 1.8e-15 1 9.2e-25 11 3.7e-13 >1.0e+25 45

IC2560 40.7 2 5.43e-13 0.17e-13 1.3e-13 2 9.5e-26 13 3.6e-13 >1.0e+24 46,41

NGC3147 40.9 2 <6.50e-14 1.35e-14 1.7e-14 1 1.0e-25 11 1.5e-12 <1.7e+22 47,48

NGC3185 21.3 2 4.70e-14 1.62e-14 5.0e-14 1 1.9e-27 11 2.0e-14 >1.0e+24 33

NGC3227 20.6 1.5 5.71e-13 0.45e-13 9.4e-13 1 2.0e-25 11 2.3e-11 1.9e+22 49,50

NGC3254 23.6 2 <1.47e-14 0.45e-14 6.0e-15 1 <1.2e-27 11 <1.2e-14 · · · 29

NGC3281 44.7 2 1.39e-12 0.04e-12 1.3e-14 2 2.7e-25 12 2.9e-12 1.5e+24 51

NGC3486 7.4 2 3.30e-14 1.16e-14 1.3e-14 1 <1.2e-27 11 5.0e-14 · · · 52

NGC3516 38.9 1.2 5.60e-13 0.23e-13 3.5e-13 1 3.2e-26 11 1.4e-11 7.9e+21 53

IRAS11215-2806 62.4 2 9.97e-14 0.64e-14 5.1e-14 5 1.8e-25 17 · · · · · ·

NGC3735 41.0 2 4.84e-13 0.18e-13 3.7e-14 1 8.1e-27 11 <9.2e-14 · · · 29

NGC3783 36.1 1.2 2.80e-13 0.25e-13 8.3e-13 6 1.3e-25 16 7.0e-11 8.7e+21 30,54

NGC3941 18.9 2 9.35e-15 4.59e-15 7.7e-15 1 2.3e-27 11 4.0e-14 · · · 33

NGC3976 37.7 2 <1.01e-13 0.20e-13 7.7e-15 1 4.5e-27 11 8.5e-14 · · · 29

NGC3982 17.0 1.9 <1.18e-13 0.16e-13 2.0e-13 1 1.8e-26 11 <5.0e-14 >1.6e+24 55

NGC4051 17.0 1.2 2.64e-13 0.25e-13 4.4e-13 1 2.1e-26 11 2.3e-11 <2.8e+21 30,47

NGC4138 17.0 1.9 4.27e-14 0.32e-14 1.6e-14 1 7.8e-27 11 5.5e-12 8.0e+22 33

NGC4151 20.3 1.5 2.08e-12 0.08e-12 1.1e-11 1 8.1e-25 11 4.8e-11 3.1e+22 56

NGC4168 16.8 1.9 1.39e-14 0.44e-14 2.4e-15 1 5.0e-26 11 <3.6e-14 · · · 57

NGC4235 35.1 1.2 4.33e-14 0.78e-14 2.0e-14 1 5.1e-26 11 1.0e-11 3.0e+21 30
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Table 2.1—Continued

Seyfert

NAME D Type [O iv] σ [O iii] Ref 6 cm Ref 2 − 10 keV NH Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC4258 8.0a 1.9 7.49e-14 1.23e-14 1.0e-13 1 1.8e-26 11 7.1e-12 8.2e+22 58

NGC4378 35.1 2 <1.83e-14 0.61e-14 5.0e-15 1 3.0e-27 11 1.5e-13 · · · 29

NGC4388 16.8 1.9 2.59e-12 0.03e-12 1.6e-13 2 5.4e-26 11 3.7e-12 3.5e+23 59

NGC4395 4.6b 1.8 4.23e-14 0.31e-14 1.4e-13 1 6.8e-27 11 3.7e-12 1.2e+22 60

NGC4472 16.8 2 <6.64e-14 1.89e-14 1.9e-15 1 1.9e-25 11 <3.8e-13 · · · 33

NGC4477 16.8 2 1.69e-14 0.56e-14 1.9e-14 1 1.7e-27 11 1.2e-13 · · · 33

NGC4501 16.8 2 3.98e-14 0.34e-14 3.7e-14 1 1.1e-26 11 5.0e-14 >1.0e+24 61

NGC4507 59.6 2 3.31e-13 0.22e-13 4.5e-13 2 1.1e-25 18 1.8e-11 5.9e+23 62

NGC4565 9.7 1.9 2.09e-14 1.52e-14 1.5e-14 1 2.6e-26 11 2.1e-13 2.5e+21 63

NGC4579 16.8 1.9 2.83e-14 0.62e-14 7.8e-14 1 3.8e-25 11 5.5e-12 3.3e+21 48

NGC4593 41.3 1.0 1.32e-13 0.27e-13 1.3e-13 5 1.6e-26 19 3.0e-11 1.6e+21 64

NGC4594 20.0 1.9 2.62e-14 0.43e-14 4.7e-14 1 1.2e-24 16 1.6e-12 1.7e+21 65

IC3639 35.3 2 <3.55e-13 0.73e-13 4.1e-13 4 2.0e-25 16 8.0e-14 >1.6e+24 54

NGC4639 16.8 1.0 1.54e-14 0.43e-14 7.5e-15 1 2.2e-27 11 5.0e-13 7.3e+20 66

NGC4698 16.8 2 2.03e-14 0.37e-14 1.9e-14 1 2.6e-27 11 4.0e-14 · · · 33

NGC4725 12.4 2 1.24e-14 0.31e-14 2.0e-14 1 <1.7e-27 11 4.0e-14 · · · 33

NGC4941 16.8 2 1.50e-13 0.18e-13 1.4e-13 2 4.3e-26 12 8.5e-13 6.9e+23 67

NGC4939 46.6 2 4.30e-13 0.08e-13 1.6e-13 2 7.0e-27 20 1.4e-12 >1.0e+25 44

NGC4945 4.3 2 3.00e-13e 0.60e-13 · · · 2.9e-25 21 4.0e-12 5.0e+24 30,68

NGC5005 21.3 2 1.99e-14 1.44e-14 4.7e-14 1 2.7e-26 20 5.1e-13 3.0e+22 41
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Table 2.1—Continued

Seyfert

NAME D Type [O iv] σ [O iii] Ref 6 cm Ref 2 − 10 keV NH Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC5033 18.7 1.5 1.59e-13 0.07e-13 5.3e-14 1 3.0e-26 11 2.9e-12 <8.7e+20 33,69

NGC5128 4.3 2 9.89e-13 0.79e-13 1.2e-14 3 7.0e-23 22 3.8e-10 1.0e+23 70

NGC5135 57.7 2 5.83e-13 0.34e-13 3.6e-14 2 5.9e-25 12 2.2e-13 >1.0e+24 71

NGC5194 8.4c 2 2.46e-13 0.10e-13 1.1e-13 1 9.8e-27 11 4.8e-13 5.6e+24 33,72

NGC5273 21.3 1.5 3.72e-14 1.42e-14 1.2e-13 1 1.0e-26 11 6.7e-12 9.0e+21 33

NGC5395 46.7 2 <9.29e-14 1.77e-14 1.8e-15 1 1.9e-27 11 · · · · · ·

NGC5427 40.4 2 2.68e-14 0.58e-14 5.5e-14 2 2.5e-26 13 <1.1e-13 · · · 54

CIRCINUS 2.9 2 6.79e-12d 1.36e-12 8.3e-14 7 3.4e-25 23 1.4e-11 4.0e+24 73

NGC5506 30.0 1.9 2.22e-12 0.07e-12 1.6e-13 2 1.6e-24 16 6.9e-11 3.2e+22 74

NGC5631 32.7 2 1.46e-14 0.39e-14 4.5e-15 1 3.7e-27 11 · · · · · ·

NGC5643 14.4 2 8.16e-13 0.41e-13 2.4e-13 2 1.6e-26 24 6.3e-13 >1.0e+24 75

NGC5728 41.1 2 1.29e-12 0.02e-12 1.2e-13 2 5.2e-26 25 1.8e-12 8.2e+23 76

NGC5899 42.8 2 2.63e-13 0.15e-13 6.9e-14 8 4.0e-26 26 · · · · · ·

NGC6221 19.3 2 <4.62e-13 0.90e-13 2.5e-14 2 <1.0e-26 16 1.4e-11 1.0e+22 77

NGC6300 14.0 2 2.98e-13 0.47e-13 2.3e-14 2 4.2e-26 13 1.3e-11 2.1e+23 78

NGC6814 25.6 1.5 2.13e-13 0.21e-13 7.0e-14 6 2.0e-26 16 1.1e-12 <5.8e+20 79

NGC6951 24.1 2 8.37e-14 2.01e-14 7.0e-15 1 1.0e-26 11 <5.7e-14 · · · 29

MRK509 143.8 1.2 2.85e-13 0.11e-13 8.6e-13 9 1.8e-26 27 4.5e-11 2.1e+21 80

NGC7130 68.7 2 1.67e-13 0.34e-13 1.1e-13 2 3.8e-25 16 1.6e-13 >1.0e+24 81

NGC7172 37.6 2 4.86e-13 0.15e-13 1.3e-14 2 1.2e-25 13 1.1e-11 1.1e+23 48
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Table 2.1—Continued

Seyfert

NAME D Type [O iv] σ [O iii] Ref 6 cm Ref 2 − 10 keV NH Ref

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

NGC7213 24.9 1.5 2.11e-14 1.21e-14 3.4e-13 6 2.1e-24 18 3.3e-11 <4.2e+21 48

NGC7314 20.8 1.9 4.91e-13 0.12e-13 2.2e-14 2 2.7e-26 13 2.4e-11 9.3e+21 48

NGC7410 24.8 2 4.63e-14 1.12e-14 1.9e-14 4 1.4e-26 28 · · · · · ·

NGC7469 67.0 1.2 3.67e-13 0.86e-13 5.9e-13 10 2.1e-25 16 3.1e-11 1.3e+20 30

NGC7479 32.4 1.9 <2.67e-13 0.62e-13 1.1e-14 1 2.7e-26 11 1.5e-13 >1.0e+24 29

NGC7496 23.1 2 <1.87e-13 0.48e-13 9.6e-15 2 5.8e-26 14 · · · · · ·

NGC7582 22.0 2 2.22e-12 0.16e-12 5.7e-14 2 6.9e-25 16 7.6e-12 2.3e+23 82

NGC7590 22.0 2 6.88e-14 1.22e-14 1.1e-14 2 <3.0e-27 14 7.7e-14 · · · 29

NGC7743 24.4 2 3.30e-14 1.79e-14 7.9e-15 2 2.8e-26 11 <3.5e-14 · · · 29

Note. — Col. (1): Galaxy name. Col. (2): Distance [Mpc]. Col. (3): Optical classification from Maiolino & Rieke (1995) or

Ho et al. (1997). Col. (4): Observed [O iv] λ25.89 µm flux [erg cm−2 s−1]. Col. (5): [O iv] uncertainty [erg cm−2 s−1]. Col.

(6): Observed [O iii] λ5007 flux [erg cm−2 s−1]. No extinction corrections have been applied. Col. (7): Reference for [O iii] flux.

Col. (8): Observed 6 cm radio flux density [erg cm−2 s−1 Hz−1]. Col. (9): Reference for 6 cm flux density. Col. (10): Observed

2–10 keV X-ray flux [erg cm−2 s−1]. No extinction corrections have been applied. Col. (11): Hydrogen column density measured

from X-ray observations [cm−2]. Col. (12): Reference(s) for X-ray flux and column density.

Note. — References: (1) Ho et al. (1997). (2) Gu et al. (2006). (3) Veron-Cetty & Veron (1986). (4) Vaceli et al. (1997). (5)

de Grijp et al. (1992). (6) Winkler (1992). (7) Oliva et al. (1994). (8) Stauffer (1982). (9) Cruz-Gonzalez et al. (1994). (10)

Fricke & Kollatschny (1989). (11) Ho & Ulvestad (2001). (12) Ulvestad & Wilson (1989). (13) Morganti et al. (1999). (14)

Thean et al. (2000). (15) Sandqvist et al. (1995). (16) Sadler et al. (1995). (17) Schmitt et al. (2001). (18) Bransford et al.

(1998). (19) Ulvestad & Wilson (1984). (20) Vila et al. (1990). (21) Jones et al. (1994). (22) Slee et al. (1994). (23) Davies et

al. (1998). (24) Kewley et al. (2000). (25) Schommer et al. (1988). (26) White et al. (1997). (27) Neff & Hutchings (1992). (28)

Condon et al. (1998). (29) This work. (30) Turner et al. (2001). (31) Young et al. (2001). (32) Matt et al. (2000). (33) Cappi et

al. (2006). (34) Nemmen et al. (2006). (35) Evans et al. (2006). (36) Balmaverde et al. (2006). (37) Risaliti et al. (2005). (38)

Levenson et al. (2006). (39) Saxton et al. (2008). (40) Turner et al. (1997). (41) Guainazzi et al. (2005b). (42) Terashima et al.
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For the purpose of determining whether sources with large [Fe ii] contributions

can be identified without high-resolution data, we consider the [Ne ii] λ12.81 µm

(ionization potential 21.6 eV) emission, which is also associated with star for-

mation. Inspection of IRS data from the first order of the Short-Low module

(λ = 7.4 − 14.5 µm) indicates that sources with > 15% [Fe ii] contributions also

have strong [Ne ii] lines; the ratio of [Ne ii] to [O iv]+[Fe ii] for these sources is

always unity or greater. Indeed, all 19 sources with > 15% [Fe ii] contributions can

be identified as having both [O iv] EW ≤ 0.1 µm and [Ne ii]/[O iv] ≥ 1. There are,

however, an additional eight sources that meet these criteria, but only have ∼ 10%

[Fe ii] contributions.

Utilizing the NED2 and HEASARC3 databases, we searched the literature to

gather [O iii] λ5007 Å emission-line fluxes, 2–10 keV X-ray fluxes, and 6 cm radio flux

densities. These values and the corresponding references are included in Table 2.1.

When multiple values were available, we gave preference to measurements with

smaller beam sizes that isolate the nuclear emission from that of the host galaxy.

All values are observed quantities that have not been corrected for extinction. For

the galaxies with extinction-corrected [O iii] fluxes published by Vaceli et al. (1997)

and Winkler (1992), we calculated observed [O iii] fluxes based on the assumed dust

reddening. All sources have published 6 cm flux densities or upper limits, and all

except NGC4945 have published [O iii] fluxes. The X-ray coverage of the sample is

less complete, but 72/89 galaxies have published 2–10 keV fluxes, and an additional

nine sources have unpublished XMM-Newton archival data. For these nine sources,

we use European Photon Imaging Camera count rates and flux measurements in the

2.0–4.5 keV and 4.5–12.0 keV bands from the XMM-Newton Serendipitous Source

Catalogue (Watson et al., 2009) along with the power-law photon index Γ inferred

2http://nedwww.ipac.caltech.edu/.
3http://heasarc.gsfc.nasa.gov/.
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using PIMMS v3.9i4 to estimate 2–10 keV fluxes. More complete X-ray spectral

analysis for these sources is deferred to future work.5

For galaxies studied by Ho et al. (1997), we use distances from their Table

10 with exceptions for NGC1058, NGC3031, NGC4258, NGC4395, and NGC5194

(see Table 2.1). For the remaining galaxies we use distances from NED that are

calculated assuming H0 = 73 km−1 s−1 Mpc−1 and velocity-field corrected using the

Mould et al. (2000) model, which includes the influence of the Virgo cluster, the

Great Attractor, and the Shapley supercluster.

2.3 Comparison of Isotropic AGN Indicators

Commonly proposed isotropic indicators of AGN luminosity include [O iii] λ5007 Å,

radio, and hard X-ray emission. Our [O iv] λ25.89 µm measurements and the data

we have gathered from the literature let us compare these indicators in obscured

and unobscured members of the RSA Seyfert sample.

We present the distribution of [O iv] luminosities in Figure 2.1; the distributions

for Sy2s and Sy1s are quite similar. We utilize two-sample statistical tests that take

upper limits into account (Feigelson & Nelson, 1985), and find that the two samples

are consistent with being drawn from the same parent distribution (see Table 2.2).

When the Sy2s are grouped by X-ray column density, we find that both Compton-

thin (NH < 1024 cm−2) and Compton-thick (NH > 1024 cm−2) Sy2s are statistically

indistinguishable from Sy1s. The only statistically significant difference is found

when comparing the Sy1s to the Sy2s without published column densities. This

latter group is biased towards X-ray-faint sources that do not have enough counts

for a column density measurement and probably tend to have lower intrinsic lumi-

4http://heasarc.nasa.gov/Tools/w3pimms.html.
5However, inspection of pipeline products from XMM-Newton Science Archive Version 5.0

(http://xmm.esac.esa.int/xsa/) reveals a strong (EW > 1 keV) Fe Kα emission line in the spectrum
of NGC7479, indicative of a Compton-thick source.
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Figure 2.1 The distribution of [O iv] λ25.89 µm luminosities for Seyfert galaxies

in the RSA sample. The top panel shows histograms for Sy2 detections and upper

limits (dashed blue line), Sy2 detections (dashed blue line marked by blue circles),

Sy1 detections and upper limits (solid red line), and Sy1 detections (solid red line

marked by red stars). The bottom panel shows the empirical distribution functions

for Sy2s and Sy1s. The distributions are not statistically distinguishable.
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nosities. In Figure 2.1, the largest deviation between the Sy1 and Sy2 distributions

occurs in the L[O iv] = 1038.5–1040 erg s−1 range, where these “NH unknown” Sy2s

are concentrated. We emphasize that this deviation does not produce a statistically

significant effect in the overall Sy2 sample, and is less pronounced than the appar-

ent excess of low-luminosity (L[O iv] < 1040.5 erg s−1) Sy2s relative to Sy1s seen in a

hybrid sample of local Seyfert galaxies by Meléndez et al. (2008b).

The [O iii] luminosities are presented in Figure 2.2 and the results of statisti-

cal tests are presented in Table 2.3. We find a statistically significant difference

between the [O iii] luminosity distributions of Sy1s and Sy2s; the probability that

the two samples are drawn from the same parent distribution is p < 0.005. While

Sy1s tend to have observed [O iv]/[O iii] ratios of order unity, a sizable fraction of

the Sy2s have significantly larger ratios (e.g., all 21 objects with both lines detected

and [O iv]/[O iii] > 5 are Sy2s; see the upper-left side of Figure 2.2). We interpret

this behavior as being due to larger host galaxy obscuration towards the narrow-line

region in Sy2s. Similarly, Haas et al. (2005) invoke optical extinction to explain the

higher [O iv]/[O iii] ratios in FR2 radio galaxies relative to quasars. The fluxes in

Table 2.1 are not corrected for extinction, and in some cases the [O iii] extinction

corrections implied by optical diagnostics such as the Balmer decrement are substan-

tial (e.g., Bassani et al., 1999). However, applying such a correction does not always

yield a satisfactory result — two of the galaxies with the largest [O iv]/[O iii] ra-

tios, NGC3281 and NGC5128, only exhibit moderate Balmer reddening Hα/Hβ ≃ 6.

This corresponds to extinction by a factor of ≃ 10 at 5007 Å, not sufficient to ex-

plain the extreme values [O iv]/[O iii] ≃ 100. This discrepancy can be explained if

[O iv] is detected from heavily extincted regions that are optically thick (τ >> 1)

at visible wavelengths, while the [O iii], Hα, and Hβ lines are detected exclusively

from less-extincted regions, resulting in a shallower observed Balmer decrement that
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Figure 2.2 Top panel: The relationship between [O iv] λ25.89 µm and [O iii] λ5007 Å

luminosities. No extinction corrections have been applied. Sy1s are indicated by red

stars, Compton-thin (NH < 1024 cm−2) Sy2s are indicated blue circles, Compton-

thick (NH > 1024 cm−2) Sy2s are indicated by green squares, and Sy2s with unknown

column densities are indicated by orange triangles. While most Sy1s have order

unity [O iv]/[O iii] luminosity ratios, a number of Sy2s are significantly brighter

in [O iv] by up to a factor of ∼ 100. We interpret this as being due to large host

galaxy obscuration in some Sy2s. The arrows indicate the effects of extinction on the

observed [O iii] luminosity for AV = 1 and AV = 5. Bottom panel: the distribution

of [O iii] luminosities, with histogram colors and symbols as in Figure 2.1. The

distributions for Sy1s and Sy2s are statistically different with p < 0.005.
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underestimates the true extinction. Interestingly, there is no statistically significant

difference between the [O iii] distribution of Sy1s and Compton-thick Sy2s, but this

is because the known Compton-thick sources are biased towards high luminosities;

lower-luminosity sources with NH > 1024 cm−2 likely exist in the “NH unknown”

category, but have not yet been individually identified as Compton thick. We con-

clude that [O iii] λ5007 Å is a significantly less reliable quantitative indicator of

AGN activity than is [O iv] λ25.89 µm.

We show in Figure 2.3 and Table 2.4 that the distributions of radio luminos-

ity density for Sy1s and Sy2s are indistinguishable. This result is not surprising

given that radio emission is unaffected by dust. The Sy2s without column density

measurements are shown, once again, to be intrinsically weaker on average than

the rest of the sample. The only source in the sample that exceeds the canoni-

cal radio luminosity threshold for radio-loud AGNs (Lν > 1032 erg s−1 Hz−1; e.g.,

Miller et al., 1990) is NGC1275, but a handful of objects in Figure 2.3 have large

6 cm/[O iv] flux ratios that are suggestive of a radio-intermediate classification. Be-

sides NGC1275, which falls beyond the range plotted in Figure 2.3, the 10 objects

with the largest ratios are NGC7213, NGC5128, NGC2639, NGC4594, NGC3031,

NGC4579, NGC3079, NGC2655, NGC4168, and NGC4472. With these sources ex-

cluded, the scatter in Figure 2.3 reduces from 0.93 dex to 0.57 dex. While this

scatter is large, and radio selection is biased towards sources that emit a larger frac-

tion of their bolometric luminosity in the radio, we conclude that radio luminosity

is an isotropic AGN indicator.

The observed 2–10 keV X-ray luminosities of Sy2s are biased compared to those

of Sy1s, and with high statistical significance, p < 1 × 10−5. This behavior can

be seen in Figure 2.4 and Table 2.5, and is not surprising given that one expects

typical Sy2 gas column densities of 1022–1025 cm−2 to absorb 10%–100% of the flux
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Figure 2.3 Top panel: The relationship between [O iv] λ25.89 µm and 6 cm radio

luminosities. The symbols are as in Figure 2.2. There is large scatter in this re-

lationship, but also significant overlap between the various Seyfert types. Bottom

panel: The distribution of 6 cm luminosities, with histogram colors and symbols as

in Figure 2.1. The distributions for Sy1s and Sy2s are not statistically distinguish-

able.
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Figure 2.4 Top panel: The relationship between observed [O iv] λ25.89 µm and

2–10 keV X-ray luminosities. No extinction corrections have been applied. The

symbols are as in Figure 2.2. A clear sequence can be seen between the location of

Sy1s, Compton-thin Sy2s, and Compton-thick Sy2s that reflects increasing amounts

of X-ray obscuration. The observed 2–10 keV X-ray emission is not a reliable indi-

cator of AGN power for sources with significant obscuration. The arrows indicate

the effect of column density NH = 1023 cm−2 and NH = 1024 cm−2 on the observed

X-ray luminosity. Bottom panel: The distribution of 2–10 keV luminosities, with

histogram colors and symbols as in Figure 2.1. The distributions for Sy1s and Sy2s

are statistically different with p < 1 × 10−5. This figure illustrates the strong bias

against Sy2 galaxies, and particularly against Compton-thick Sy2s in X-ray-selected

AGN samples.
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in the 2–10 keV energy range. Only much higher X-ray energies promise to be

accurate measures of AGN activity levels, although the most obscured sources will

still be affected even at > 20 keV energies (e.g., Meléndez et al., 2008a; Rigby et al.,

2009). There is a clear offset in Figure 2.4 between the points corresponding to Sy1s,

Compton-thin Sy2s, and Compton-thick Sy2s as one moves towards smaller observed

X-ray luminosities. The objects with unknown column densities fall in between and

overlap with the Compton-thin and Compton-thick Sy2s, suggesting that many are

highly absorbed and that a significant fraction is likely to be Compton-thick. We

note that 8/29 objects in this NH unknown category have no data in the 2–10 keV

range, and thus do not appear in Figure 2.4, nor are they included in the statistical

tests.

2.4 Discussion

We have found that the Sy1s and Sy2s in the RSA sample have quite similar

[O iv] λ25.89 µm luminosity distributions. In a companion paper, Rigby et al.

(2009) compare [O iv] luminosity to hard (14–195 keV) X-ray luminosity for the

RSA Sy1s, and establish [O iv] to be a measure of intrinsic AGN luminosity. Thus

our result indicates that the Sy1s and Sy2s in the RSA sample are consistent with

being drawn from the same parent distribution of intrinsic luminosity. It also con-

firms that the RSA sample is one of the least-biased AGN samples known, and is

well suited for tests of the unification paradigm and the nature of the obscuring

material around AGNs. Furthermore, we find that the observed [O iii] λ5007 Å

and 2–10 keV X-ray luminosities are biased indicators of AGN intrinsic luminosity,

confirming the results of Meléndez et al. (2008a).
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Table 2.2. [O iv] Statistical Tests

Sy1 v. Sy2 Sy2, Compton-thin Sy2, Compton-thick Sy2, NH unknown

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

Gehan, permutationa 0.322 0.979 0.680 0.010

Gehan, hypergeometricb 0.309 0.979 0.682 0.007

logrankc 0.464 0.960 0.570 0.040

Peto-Petod 0.289 0.963 0.693 0.010

Peto-Prenticee 0.298 0.966 0.696 0.009

Note. — Col. (1): Seyfert types 1.0–1.5. 18 objects, 2 upper limits. Col. (2): Seyfert types 1.8–2.

71 objects, 14 upper limits. Col. (3): Seyfert types 1.8–2, NH < 1 × 10−24 cm−2. 24 objects, 2 upper

limits. Col. (4): Seyfert types 1.8–2, NH > 1 × 10−24 cm−2. 18 objects, 3 upper limits. Col. (5):

Seyfert types 1.8–2, NH unknown. 29 objects, 9 upper limits. The values in Columns 2–5 correspond to

probabilities that the two samples are drawn from the same distribution.

aGehan’s generalized Wilcoxon test, permutation variance (Feigelson & Nelson, 1985; Lavalley et al.,

1992).

bGehan’s generalized Wilcoxon test, hypergeometric variance (Feigelson & Nelson, 1985; Lavalley et

al., 1992).

clogrank test (Feigelson & Nelson, 1985; Lavalley et al., 1992).

dPeto & Peto generalized Wilcoxon test (Feigelson & Nelson, 1985; Lavalley et al., 1992).

ePeto & Prentice generalized Wilcoxon test (Feigelson & Nelson, 1985; Lavalley et al., 1992).
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Table 2.3. [O iii] Statistical Tests

Sy1 v. Sy2 Sy2, Compton-thin Sy2, Compton-thick Sy2, NH unknown

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

Gehan, permutation 0.002 0.015 0.166 3 × 10−4

Gehan, hypergeometric 2 × 10−4 0.015 0.164 6 × 10−5

logrank 0.004 0.003 0.054 6 × 10−4

Peto-Peto 0.002 0.003 0.054 3 × 10−4

Peto-Prentice 6 × 10−4 · · · · · · 2 × 10−4

Note. — Col. (1): Seyfert types 1.0–1.5. 18 objects, 0 upper limits. Col. (2): Seyfert types 1.8–

2. 71 objects. 1 upper limit. 1 object with no data (NGC4945). Col. (3): Seyfert types 1.8–2, NH <

1 × 10−24 cm−2. 24 objects, 0 upper limits. Col. (4): Seyfert types 1.8–2, NH > 1 × 10−24 cm−2. 18

objects, 0 upper limits, 1 object with no data (NGC4945). Col. (5): Seyfert types 1.8–2, NH unknown.

29 objects, 1 upper limit. The values in Columns 2–5 correspond to probabilities that the two samples are

drawn from the same distribution. The Peto & Prentice Wilcoxon test reduces to Gehan’s Wilcoxon test

when there are no upper limits.

Table 2.4. 6 cm Statistical Tests

Sy1 v. Sy2 Sy2, Compton-thin Sy2, Compton-thick Sy2, NH unknown

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

Gehan, permutation 0.191 0.682 0.786 0.023

Gehan, hypergeometric 0.172 0.682 0.787 0.017

logrank 0.078 0.517 0.677 0.006

Peto-Peto 0.188 0.682 0.774 0.021

Peto-Prentice 0.197 0.685 0.775 0.021

Note. — Col. (1): Seyfert types 1.0–1.5. 18 objects, 1 upper limit. (2): Seyfert types 1.8–2. 71

objects, 8 upper limits. Col. (3): Seyfert types 1.8–2, NH < 1× 10−24 cm−2. 24 objects, 1 upper limit.

Col. (4): Seyfert types 1.8–2, NH > 1× 10−24 cm−2. 18 objects, 0 upper limits. Col. (5): Seyfert types

1.8–2, NH unknown. 29 objects, 7 upper limits. The values in Columns 2–5 correspond to probabilities

that the two samples are drawn from the same distribution.
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Table 2.5. 2–10 keV Statistical Tests

Sy1 v. Sy2 Sy2, Compton-thin Sy2, Compton-thick Sy2, NH unknown

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

Gehan, permutation 1 × 10−5 0.057 3 × 10−5 < 1 × 10−7

Gehan, hypergeometric < 1 × 10−7 0.058 9 × 10−6 < 1 × 10−7

logrank < 1 × 10−7 0.015 3 × 10−6 < 1 × 10−7

Peto-Peto 1 × 10−5 0.015 3 × 10−5 < 1 × 10−7

Peto-Prentice 3 × 10−6 · · · 1 × 10−5 < 1 × 10−7

Note. — Col. (1): Seyfert types 1.0–1.5. 18 objects, 0 upper limits. Col. (2): Seyfert types 1.8–2. 71

objects, 9 upper limits. 8 objects with no data. Col. (3): Seyfert types 1.8–2, NH < 1 × 10−24 cm−2. 24

objects, 0 upper limits. Col. (4): Seyfert types 1.8–2, NH > 1 × 10−24 cm−2. 18 objects, 1 upper limit.

Col. (5): Seyfert types 1.8–2, NH unknown. 29 objects, 8 upper limits, 8 objects with no data. The values

in Columns 2–5 correspond to probabilities that the two samples are drawn from the same distribution. The

Peto & Prentice Wilcoxon test reduces to Gehan’s Wilcoxon test when there are no upper limits.

2.4.1 Implications for X-ray-selected AGN samples

It has been argued from deep X-ray surveys with Chandra (e.g., Ueda et al., 2003;

Steffen et al., 2003) and XMM-Newton (e.g., La Franca et al., 2005) that the obscured

AGN fraction decreases with increasing luminosity. Such a trend with observed 2–

10 keV X-ray luminosity is also seen in Figure 2.4. However, we have shown that

the [O iv] luminosity distributions of obscured and unobscured AGNs in the RSA

sample are quite similar. Thus, the trend in Figure 2.4 is most easily explained

as a selection effect due to obscuration of Sy2s in the 2–10 keV band. This effect

is quite strong in the RSA sample; while Sy1s constitute only 20% of the whole

sample, 9/14 of the sources with observed 2–10 keV luminosities > 1042 erg s−1 and

all three of the sources with observed LX > 1043 erg s−1 are Sy1s. The RSA does not

include sources at the bright end of the X-ray luminosity function (∼ 1045 erg s−1)

and thus is not able to probe the luminosity dependence of the obscured AGN
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fraction to the highest luminosities, but the large selection effects at lower luminosity

are striking. As suggested by our results for local AGNs, Dwelly & Page (2006)

find that the absorption of X-ray sources in the Chandra Deep Field South is best

described by models where the obscured fraction is constant with luminosity, and

Treister et al. (2005) also argue that the observed decrease with luminosity can be

explained as a selection effect. Interestingly, a lower incidence of obscured sources

at higher luminosities is found by Sazonov et al. (2007) in an all-sky X-ray survey

with INTEGRAL in the 17-60 keV band, which covers ∼ 75% of the sky down to

a relatively shallow flux level f = 7 × 10−11 erg cm−2 s−1. This result may indicate

that even very hard X-rays are biased tracers of obscured AGNs, as suggested by

Rigby et al. (2009). If so, then deep surveys with Chandra and XMM-Newton will

remain biased up to redshifts of z ∼ 3 or more, despite their sampling of rest-frame

X-ray energies ≥ 20 keV at these redshifts.

2.4.2 Possible Missing AGNs

What sources could the RSA sample be missing? The most obvious group of AGNs

would be those that lack signs of accretion activity in optical spectra (e.g., Rigby

et al., 2006; Ghosh et al., 2008). It is clear from Figure 2.2 that there are some

objects in the RSA with extreme [O iv]/[O iii] ratios, but these objects are all at

the bright end of the [O iv] flux distribution with f > 3 × 10−13 erg cm−2 s−1 and

corresponding [O iii] fluxes ∼ 10−14 erg cm−2 s−1. It is reasonable to expect that

sources with such highly extincted [O iii] would also exist at fainter flux levels, but

may be missed by optical emission-line selection. Such selection would also miss

any AGN so deeply embedded that the continuum source is not able to photoionize

the narrow-line region. This implies that the 4:1 ratio of obscured to unobscured

Seyferts in the RSA sample is a lower limit.

We have made a preliminary evaluation of the incidence of “missing” obscured
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Seyferts from the Spitzer spectra of star-forming galaxies in the SINGS sample

(Kennicutt et al., 2003) published by Dale et al. (2009). Among the BT ≤ 13 RSA

galaxies in Dale et al. (2009), 28/51 have > 2σ [O iv] detections, but many of these

lines are quite weak, especially when compared to [Ne ii] λ12.81 µm. Except for

NGC1705, every galaxy with [O iv]/[Ne ii] > 0.05 (corresponding to > 2% AGN

contribution; Sturm et al., 2002; Armus et al., 2007) is optically classified as an

AGN (LINER or Seyfert) by J. Moustakas et al. (2009, in preparation). The re-

maining candidate, NGC1705, is a dwarf starburst galaxy with an [O iv] luminosity

< 1038 erg s−1, smaller than any of the RSA Seyferts. Ultraviolet spectra of this

galaxy show evidence for Wolf-Rayet stars (Meurer et al., 1992) that could explain

its observed [O iv]/[Ne ii] ratio (e.g., Schaerer & Stasińska, 1999). It is also anoma-

lously weak in the radio, even for a star-forming galaxy (Cannon et al., 2006), so

we conclude that it is not likely that NGC1705 contains a genuine active nucleus.

Thus the incidence of AGNs that are missed by optical emission-line selection does

not appear to be large (but see also Satyapal et al., 2008).

2.5 Chapter Summary and Conclusions

We have presented measurements of [O iv] λ25.89 µm luminosity for 89 Seyfert

galaxies from the RSA sample and compared the distributions of [O iv], [O iii] λ5007 Å,

2–10 keV X-ray, and 6 cm radio luminosities among Sy1s and Sy2s. We find that

the distribution of [O iv] luminosities for Sy2s is indistinguishable from that for

Sy1s, while their [O iii] luminosity distributions are statistically different. Under

the assumption that [O iv] is an accurate tracer of intrinsic AGN luminosity, this

indicates that the obscured and unobscured RSA Seyferts are consistent with be-

ing drawn from the same parent luminosity distribution, and argues against models

where the ratio of obscured to unobscured AGNs depends on luminosity. It also in-
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dicates that there is significant extinction towards or within the narrow-line region

in a subset of Sy2s. Additionally, we find that obscured and unobscured AGNs have

similar distributions of radio luminosities, while their observed X-ray luminosities

are quite different, which provides insight into the nature of the sources missed by

X-ray surveys.
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Chapter 3

Calibration of [O iv] 26 µm as a Measure of Intrinsic AGN

Luminosity

We compare [O iv] 25.89 µm emission line luminosities with very hard (10–200 keV)

X-rays from Swift, Integral, and BeppoSAX for a complete sample of 89 Seyferts

from the Revised Shapley–Ames sample. Using Seyfert 1s, we calibrate [O iv] as

a measure of AGN intrinsic luminosity, for particular use in high-obscuration en-

vironments. With this calibration, we measure the average decrement in 14–195

keV X-ray to [O iv] luminosity ratio for Seyfert 2s compared to type 1s. We find

a decrement of 3.1 ± 0.8 for Seyfert 2s, and a decrement of 5.0 ± 2.7 for known

Compton-thick Seyfert 2s. These decrements imply column densities of approxi-

mately log NH = 24.6 cm−2 and 24.7 cm−2, respectively. Thus, we infer that the

average Seyfert 2 is more highly obscured and intrinsically more luminous than would

be inferred even from the very hard X-rays. We demonstrate two applications of the

hard X-ray to [O iv] ratio. We measure a column density for the extremely obscured

NGC 1068 of log NH = 25.3–25.4 cm−2. Finally, by comparing [O iv] luminosities

to total infrared luminosities for twelve bright ultraluminous infrared galaxies, we

find that four have substantial AGN contributions.

3.1 Chapter Introduction

The optical line [O iii] 5007 Å is widely used to measure the intrinsic luminosity

of active galactic nuclei (AGNs) (Heckman et al., 2005). However, there are cases,

such as Seyfert 2s, ultra-luminous infrared galaxies (ULIRGs), and Compton–thick

AGNs, where the extinction along our line of sight to the narrow-line regions may

be high, and a more extinction-robust diagnostic may be needed. Meléndez et al.
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(2008a) recently demonstrated a correlation in AGNs between the [O iv] 25.89 µm

emission line luminosity and the very hard X-ray luminosity (14–195 keV) as mea-

sured by the BAT instrument on Swift. The sample of 40 AGNs in Meléndez et

al. (2008a), selected by hard X-ray–flux, was sufficient to demonstrate a correla-

tion, but insufficient to calibrate the relationship. In a companion paper to this

one (Diamond-Stanic et al., 2009), we find that Seyfert 1s and Seyfert 2s from a

complete sample have statistically indistinguishable [O iv] luminosity distributions,

which further supports [O iv] as an AGN luminosity diagnostic. Here we compare

the [O iv] and hard (E > 10 keV) X-ray luminosities of a complete sample of 89

Seyferts, bolometrically correct the hard X-rays to infer intrinsic AGN luminosities,

and calibrate [O iv] as a measure of intrinsic AGN luminosity.

One potential problem with [O iv] is that its critical density of log ncrit =

4.06 cm−2 is lower than, for example, that of [Ne v] 14.32 µm (log ncrit = 4.70 cm−2),

[Ne v] 24.31 µm (log ncrit = 4.44 cm−2), or [O iii] 5007 Å (log ncrit = 5.8 cm−2)1.

Aniano et al. (2010, in preparation) find, using the same Seyfert sample as this paper,

that the [Ne v] 14.32 / [Ne v] 24.31 µm line ratio is almost always <2.0, which for

temperatures of ≤ 3× 104 K implies densities below 104 cm−3. Thus, [Ne v]/[Ne v]

indicates that the densities are below the [O iv] critical density, though this mea-

surement applies only to the [Ne v]–emitting portion of the narrow-line region.

Another potential problem, which affects any intrinsic luminosity diagnostic

based on emission lines from the narrow–line region (NLR), is that one must as-

sume that the NLR enjoys an unobscured line of sight down to the central engine.

If this assumption is violated, then the NLR will be ionized by less than the true

continuum strength, and consequently NLR diagnostics will under-estimate the in-

1[O iv] and [Ne v] critical densities were calculated at T = 104 K by Cloudy, v08.00, last
described by Ferland et al. (1998). The [O iii] critical density at T = 104 K is from Osterbrock
(1989).
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trinsic AGN luminosity.

For now, we develop [O iv] as a luminosity indicator, with the caveats that it may

cease to work when densities exceed critical, and that like [O iii] 5007Å it assumes

the narrow line region has not been shielded from the full intensity of the central

engine. In Section 3.7, we examine [O iv] luminosities in ULIRGs, which as deeply-

obscured galaxies may be worst-case environments to test the [O iv] diagnostic.

3.2 Sample and Data

Calibration of [O iv] against hard X-ray luminosity is best done within a complete

sample to avoid flux biases. By contrast, the members of the Meléndez et al. (2008a)

sample used to establish the correlation between [O iv] and hard X-ray were selected

as bright Swift detections, and therefore may well be biased toward X-ray brightness.

Our sample, which is limited by host galaxy magnitude, is the set of 89 Seyferts from

Maiolino & Rieke (1995) and Ho et al. (1997) with BT ≤ 13. This Revised Shapley–

Ames (RSA, Sandage & Tammann 1987; Shapley & Ames 1932) Seyfert sample is

described in more detail by Diamond-Stanic et al. (2009). We take distances and

classifications from Diamond-Stanic et al. (2009); the median distance is 22 Mpc.

Optical spectral classifications of Seyfert 1–1.5 we group as “Seyfert 1”, and we

group Seyfert 1.8–2 classifications as “Seyfert 2”. From column densities reported

in the literature from X-ray measurements, we classify the AGNs into reported

Compton-thin, reported Compton-thick, and Seyferts whose column densities are

not reported in the literature.

Spectra were obtained by the Infrared Spectrograph (IRS) onboard Spitzer. We

use [O iv] fluxes from the LL1 order, as measured and tabulated by Diamond-

Stanic et al. (2009). These fluxes have been corrected for contamination from the

[Fe ii] 25.99 µm emission line, as described by Diamond-Stanic et al. (2009). For the
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few AGNs with undetected [O iv], we use the 3σ upper limit. For the very bright

sources NGC 1068 and Circinus, we take ISO/SWS fluxes from Sturm et al. (2002),

and for NGC 4945 from Spoon et al. (2000).

We take hard X-ray fluxes from published catalogs:

• Swift BAT (14–195 keV) fluxes from the 22-month survey (Tueller et al., 2010);

• BeppoSAX PDS (20–100 keV) fluxes from Dadina (2007); and

• Integral IBIS (17–60 keV) fluxes from Krivonos et al. (2007).

By using all three hard X-ray satellites, we obtain meaningful upper limits (since

the Swift survey was all sky), probe to fluxes fainter than the Swift all-sky detection

limit, and gauge the importance of X-ray variability. Since Integral and BeppoSAX

observations were targeted, the depth of coverage is highly non-uniform across the

sky, so we do not estimate upper limits on non-detections. Since the Swift/BAT

survey by design has fairly uniform all-sky coverage, for non-detections we plot

upper limits of 3.1×10−11 erg s−1 cm−2, which is the 4.8σ depth the 22-month Swift

survey reached for 90% of the sky (Tueller et al., 2010).

We scale BeppoSAX fluxes to equivalent Swift fluxes using the bolometric cor-

rections calculated in Section 3.3 for the Marconi et al. (2004) template; for AGNs

detected by both instruments the scaled fluxes agree within errors. We scale Inte-

gral fluxes by an empirical factor of ×1.61, rather than the factor of ×1.99 derived

from the Marconi template. This empirical factor is the best-fit linear relation for

RSA Seyferts detected by both Integral and Swift.2 The offset from the predicted

relation is not surprising, since the Integral fluxes assume the spectral shape of the

Crab nebula, which is softer than AGNs over this spectral range (the Crab nebula

has Γ = 2.14 over the 1–700 keV range according to Kuiper et al. 2001.)

2After dropping the two weakest detections.
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3.3 The Bolometric Correction

One wants to consider the total amount of “direct” or “intrinsic” AGN emission,

which is radiated primarily in the X-ray, UV, and optical. This is the luminos-

ity inferred to have been emitted into 4π steradians before any obscuration. One

should separately consider emission that has been absorbed and re-radiated into the

infrared, since this will depend on the geometry of the absorbing material.

A so-called bolometric correction, based on model spectral energy distributions,

is used to translate a luminosity measured at a particular band (for example, hard

X-rays) into the intrinsic luminosity of the AGN. (This is termed a “bolometric

correction” in the literature, even when, as in this case, the reprocessed infrared

emission is deliberately ignored.) Marconi et al. (2004) constructed a template

spectrum using broken power laws in the optical–UV, a Rayleigh–Jeans blackbody

tail in the near-IR, and a power-law spectrum with Γ = 1.9 plus a reflection com-

ponent in the X-ray. The X-ray luminosity was scaled to match the luminosity

dependence of αOX measured by Vignali et al. (2003). The resulting templates have

lower X-ray–to–intrinsic luminosity ratios than indicated by Elvis et al. (1994), as

expected since the Elvis et al. (1994) sample was chosen to be X-ray bright. In cor-

recting for that bias, Elvis et al. (2002) shifted the X-ray portion of their template

down 0.135 dex; this accounts for all but 0.05 dex of the offset between the Elvis et

al. (1994) and Marconi et al. (2004) templates.

From these templates, Marconi et al. calculate the conversion from L(2–10 keV)

to L(intrinsic) as a function of L(intrinsic), and plot the relation in their figure 3b.

We simply scale this conversion to higher X-ray energies. Fitting a fifth-order poly-

nomial to the Marconi et al. template and integrating over the relevant X-ray bands,

the scaling relations are:

f(14 − 195 keV )/f(2 − 10 keV ) = 2.67 (3.1)
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f(20 − 100 keV )/f(2 − 10 keV ) = 1.74 (3.2)

f(17 − 60 keV )/f(2 − 10 keV ) = 1.34 (3.3)

for the Swift BAT, BeppoSAX PDS, and Integral IBIS bands, respectively. We then

fit the dependence of intrinsic luminosity LI on 2–10 keV luminosity L2−10 in the

Marconi models as:

log(LI/L⊙) = 0.0378 [log(L2−10/L⊙)]2 + (3.4)

0.5340 log(L2−10/L⊙) + 2.2276

This equation, along with the scaling relations in equations 3.1–3.3, can be used to

infer an intrinsic AGN luminosity from a measured high-energy X-ray luminosity.

The Marconi et al. (2004) template is well suited to this application because

it accounts for the known luminosity dependence of αOX (Vignali et al., 2003),

and because it extends in energy up to 1 MeV, unlike for example the Elvis et al.

(1994) template which stops at 40 keV. We have already shown that the Marconi

et al. (2004) template agrees well with the revised Elvis et al. (2002) template, and

will thus generate similar bolometric corrections. We now check the bolometric

correction against Vasudevan & Fabian (2007). We consider the 54 AGNs from

Vasudevan & Fabian (2007) that have intrinsic AGN luminosities estimated from

FUSE. Sixteen are detected in the Tueller et al. (2010) Swift catalog. In Figure 3.1

we plot the AGN luminosity from Vasudevan & Fabian (2007) against the Swift

BAT luminosity. We plot a simple linear fit considering only detections, as well as

a non-linear fit that includes BAT upper limits using the Buckley-James regression

method (Isobe et al., 1986). Figure 3.1 shows that the non-linear fit agrees extremely

well with the Marconi relation.
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Figure 3.1 Comparison of bolometric luminosity (inferred from FUSE far-UV)

and Swift BAT hard X-ray luminosity for the 16 AGNs in Vasudevan & Fabian

(2007) detected by BAT. Two fits are plotted: a proportional fit to the detec-

tions (dashed line) of LI/L⊙= 4.42 LBAT ; and a non-linear fit that includes the

BAT upper limits using the Buckley-James regression method (grey solid line) of

log(LI/L⊙) = 1.345 log(LBAT /L⊙) − 2.60. The non-linear fit agrees extremely well

with the relation from Marconi et al. (2004) (black solid line), where a bolometric

correction has been applied between BAT and 2–10 keV.
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3.4 Comparing [O iv] and hard X-ray luminosities

Figure 3.2 plots Swift-equivalent luminosity against [O iv] luminosity. Each detec-

tion is plotted separately, with symbols to indicate the satellite (squares for Swift,

circles for BeppoSAX, triangles for Integral). For example, an AGN detected by all

three satellites is represented by a cluster of three points at the same L[O iv] value.

The AGNs are split into four panels using classifications described in Section 3.2:

Seyfert 1; Compton-thin Seyfert 2; Seyfert 2 with unknown column density; and

Compton–thick Seyfert 2.

Next, we use the bolometric corrections of Marconi et al. (2004) to convert the

Swift-equivalent X-ray luminosities into intrinsic AGN luminosity, and plot against

L[O iv] in Figure 3.3. Symbols indicate column density and spectral classification.

We confirm the result of Meléndez et al. (2008a) that Seyfert 2s have systematically

lower X-ray/[O iv] luminosity ratios than Seyfert 1s. In addition, with our larger

sample of 18 Compton-thick AGNs (compared to 4 in Meléndez et al. (2008a)), of

which 15 were detected in [O iv], and 6 were detected in hard X-ray, we show that

Compton-thick AGNs have still lower ratios.

For each AGN class, we fit the ratio of intrinsic AGN luminosity inferred from the

hard X-rays to [O iv] luminosity using the Kaplan-Meier estimator of the survival

function (Feigelson & Nelson, 1985), as implemented in the ASURV package (Laval-

ley et al., 1992). This estimator incorporates both detections and upper limits to

provide a maximum likelihood reconstruction of the true distribution function, even

in cases where there are more upper limits than detections (as for the Compton-

thick AGNs.) For AGNs detected by multiple X-ray instruments, we use the average

scaled X-ray flux.

For Seyfert 1s, the best-fit ratio is 2550 ± 740 (with a scatter of 0.4 dex); for

Seyfert 2s it is 810 ± 170; for known Compton-thin Seyfert 2s it is 1320 ± 300; and
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Figure 3.2 Hard X-ray luminosities as a function of [O iv] luminosity. Seyfert 1 AGN

are plotted in the top-left panel; known Compton-thin Seyfert 2 in the top-right

panel; Seyfert 2 of unknown column density in the bottom-left panel; and Compton-

thick Seyfert 2 in the bottom-right panel. Swift BAT detections are squares (upper

limits are black partially filled arrows); BeppoSAX PDS detections are circles (upper

limits are black filled arrows); and Integral detections are triangles (upper limits are

grey arrows.) BeppoSAX and Integral fluxes have been scaled to equivalent fluxes

in the Swift BAT bandpass.
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Figure 3.3 Intrinsic AGN luminosity, as inferred from the hard X-rays, versus [O iv]

luminosity. Seyfert 1–1.5 AGN are plotted in black as squares (detections) and

arrows (non-detections); Compton-thin Seyfert 1.8–2 AGN 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 AGN are plotted as light grey 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 3.4.
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for known Compton-thick Seyfert 2s it is 510± 270.3 If we exclude the anomalously

X-ray–bright NGC 4945 from the fit, the best-fit ratio for the Compton-thick Seyfert

2s falls to 240 ± 70.4

Thus, Seyfert 2s have an average hard X-ray to [O IV] ratio that is 3.1 ± 0.8

times lower than Seyfert 1s. Known Compton-thin Seyfert 2s show a decrement

of 1.9 ± 0.5, and known Compton-thick Seyfert 2s show a decrement of 5.0 ± 2.7

(excluding NGC 1068.)

The two-sample ASURV statistical tests find a < 0.06% probability that the X-

ray/[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).

3.5 Estimating column densities

We now interpret the difference in 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 3.2

and 3.3. 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 inter-

pret the offset in hard X-ray/[O iv] ratios as being caused by substantial absorption

in the E>10 keV spectra of Seyfert 2s, as suggested by Meléndez et al. (2008a). At

3We exclude NGC 1068 from the fit because its ratio is so low, and consider it separately in
Section 3.6.

4Excluding NGC 1068 as well.
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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 traverses a sufficient

path that it is absorbed photoelectrically. This makes the problem relativistic, op-

tically thick, and geometry dependent, and as such, Monte Carlo simulations are

required to interpret the flux decrement. Fortunately, Matt et al. (1999) simulated

exactly this situation. We numerically integrate their spectra over the Swift/BAT,

BeppoSAX/PDS, and Integral/IBIS energy bands and compare to the injected spec-

trum; the resulting flux decrements are listed in Table 3.1.

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 2s5) 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. (2008a)

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 sug-

gests 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

5Excluding NGC 1068.
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Table 3.1. 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
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Section 3.4, the offset in 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 3.1 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 accurate measurement of the column density.

Figure 3.3 does show that a substantial minority of the Compton-thin Seyfert

2s have X-ray/[O iv] ratios as low as known Compton-thick AGNs. In order of

increasing X-ray/[O iv] ratio, these are NGC 1365, NGC 7582, NGC 2992, NGC

7314, NGC 3081, and NGC 5728.6 There are several possible explanations for these

low ratios: they may have nearly Compton-thick or Compton-thick columns, have

column densities that vary dramatically with time, or have dramatic variations in

hard X-ray flux. The literature reveals that all three explanations appear to be at

work:

• NGC 1365 varies between Compton-thin and Compton-thick in a matter of

days (Risaliti et al., 2007);

• NGC 7582 has experienced dramatic changes in its 2-10 keV flux consistent

with a variable Compton-thick absorber (Piconcelli et al., 2007);

• NGC 2992 was measured to have a column of only 7 × 1021cm−2 (Colbert et

al., 2005), but its 2-10 keV flux has varied by a factor of 20 over twenty years

(Gilli et al., 2000), and its BAT flux has varied by a factor of 6 (Beckmann et

al., 2007);

• NGC 7314 was measured to have a low column density (Risaliti, 2002);

6The 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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• NGC 3081 was measured to have a column density of 6× 1023 cm−2 (Maiolino

et al., 1998), and varies in the BAT band by a factor of 7 (Beckmann et al.,

2007);

• NGC 5728 is borderline Compton thick with a column of 8×1023 cm−2 (Zhang

et al., 2006).

Thus, five of these six AGNs have a plausible explanation for their low X-ray/[O iv]

ratios; in four cases the explanation appears to be that the column is almost

Compton-thick, or transitions between Compton thick and thin. This compari-

son also suggests that an inherent drawback of calibrating [O iv] against the hard

X-rays is that the hard X-ray flux may vary with time. Still, the systematically

low X-ray/[O iv] ratios observed for all Seyfert 2s in this sample strongly suggest

that the typical Seyfert 2 has a significantly attenuated hard X-ray flux, and is

considerably more powerful than would be inferred from the hard X-rays.

3.6 Application: NGC 1068

The famous Compton-thick AGN NGC 1068 is the most highly obscured AGN in

our sample, based on its hard X-ray to [O iv] luminosity ratio. Its [O iv] luminosity7

of 1.2 × 108 L⊙ predicts an intrinsic AGN luminosity of (3.1 ± 0.9) ×1011 L⊙ using

the Seyfert 1 calibration. The [O iv] flux is taken from high resolution ISO spectra

(Sturm et al., 2002), so [Fe ii] contamination is not an issue; in any case the [Fe ii]

line strength is only 4% that of [O iv]. The hard X-ray to [O iv] ratio is 490×

lower than the Seyfert 1 best fit, implying a column density of log NH = 25.3 to

25.4 cm−2 in the Matt et al. (1999) models. (The column should be still higher if

scattered light contributes substantially to the observed X-ray flux.) This inferred

column is consistent with the lower limits inferred through a similar comparison to

7Assuming a distance of 14.4 Mpc.
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[O iii] 5007Å (Matt et al., 1997, 2000). In a future paper, we plan to compare this

inferred intrinsic luminosity in detail with the reprocessed mid-infrared SED.

3.7 Application: ULIRGs

As an application of the [O iv] calibration, we consider the [O iv] luminosities for 12

nearby ULIRGs, using the samples of Armus et al. (2004) and Armus et al. (2007),

which comprises the 10 brightest ULIRGs plus two others. Only five ULIRGs have

detected [O iv]: IRAS 05189-2524, IRAS 13428+5608 (Mrk 273), IRAS 09320+6134

(UGC 5101), Mrk 1014, and Mrk 463e. Using the relation established above for

Seyfert 1s, we infer intrinsic AGN luminosities from L[O IV] and compare to the

total infrared (8–1000 µm) luminosities. The inferred L(AGN)/L(IR) percentages

are 49%, 97%, 22%, 170%, and 520%, respectively. For ULIRGs with undetected

[O IV] we infer percentages below 8%.

Based on excitation diagrams using [Ne v]/[Ne ii], [O iv]/[Ne ii], and the equiv-

alent width of the 6.2µm PAH feature, Armus et al. (2007) picked out three of these

(Mrk 463e, Mrk 1014, and IRAS 05189-2524) as being likely AGN-dominated. In

addition, they estimate Mrk 273 has an AGN contribution of 50%–70%. UGC 5101,

which [O iv] indicates has a modest AGN contribution, does not stand out as AGN-

dominated in the Armus et al. (2007) excitation diagrams; however, it does have

detected Fe K α with an equivalent width of 400 eV (Imanishi et al., 2003), which

signals that an obscured AGN is present and may possibly be bolometrically im-

portant. Thus, the L[O iv]/L(IR) ratio gives results consistent with the excitation

diagrams as to which ULIRGs are AGN dominated.

Does the normalization of L[O iv] to L(AGN), calibrated from Seyfert 1s, appear

roughly correct for ULIRGs? The preliminary answer appears to be yes, since the

inferred AGN fractions are of order unity for four of the five the [O iv]–detected



60

ULIRGs, consistent with the results of the excitation diagrams. Armus et al. (2007)

did note that the AGN fractions implied by [Ne v]/[Ne ii] or [O iv]/[Ne ii] line ratios

were significantly lower than implied by the mid-IR slope or the 6.2 µm PAH feature

equivalent width; we do not see this effect for L[O iv]/L(IR). The one clear outlier in

L[O iv]/L(IR) is Mrk 463e, for which we infer an L(AGN)/L(IR) ratio significantly

above unity. Such a result is physically plausible if most of the AGN energy is not

reprocessed into the infrared, but escapes via the X-ray/UV/optical. Indeed, the

infrared luminosity for Mrk 463e is only 5×1011 L⊙, below the ULIRG cutoff, but its

total luminosity is considerably higher, well above the ULIRG threshold (Armus et

al., 2004). In addition, Mrk 463e has remarkably weak PAH features, which argues

that the starburst contribution is small. Thus, given that Mrk 463e is apparently

an AGN-dominated ULIRG with a low ratio of reprocessed to intrinsic light, the

high measured ratio of L[O iv]/L(IR) seems reasonable and physical.

It remains unclear how to interpret the [O iv] non-detected ULIRGs, especially

those like Mrk 231, which is a broad-line AGN. One explanation is that these galax-

ies are indeed dominated bolometrically by star formation, not AGNs. An alternate

explanation would be that they have bolometrically important AGNs, but that the

[O iv] diagnostic has failed, perhaps because densities exceed the [O iv] critical

density, or because the narrow line regions have been shielded from the central en-

gine. Thus, while the [O iv] diagnostic appears to work well for Seyferts in the RSA

sample, and identifies what are thought to be the most AGN-dominated of bright

ULIRGs, more work is still required to understand its strengths and limitations as

a diagnostic in extremely obscured environments.
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3.8 Chapter Conclusions

We present the first calibration of [O iv] 25.89 µm as a measure of intrinsic AGN

luminosity. The [O iv] line is bright, is detected in hundreds of AGNs in the Spitzer

archive, and will be detectable to Herschel and JWST.

We find that Seyfert 2s show systematically lower (E > 10 keV) ratios of X-ray

to [O iv] luminosity than Seyfert 1s, by a factor of 3.1 ± 0.8. For AGNs previously

identified as Compton-thick, the observed decrement is 5.0± 2.7. We interpret this

as caused by absorption that affects even the very hard X-rays. Monte Carlo simu-

lations (Matt et al., 1999) associate these X-ray/[O iv] flux decrements with average

column densities of log N(H) = 24.6+0.1
−0.2 cm−2 and 24.7+0.2

−0.3 cm−2, respectively. Thus,

we find substantial obscuration in most Seyfert 2s.

We briefly explore use of [O iv] to estimate AGN power even in very obscured

systems such as Compton-thick AGNs and ULIRGs. For Compton-thick AGNs we

infer sensible average column densities, and are able to infer a column density even

for the extremely obscured NGC 1068. Application to ULIRGs is less straightfoward,

since only five of the twelve bright ULIRGs we examine have detected [O iv]. For

[O iv]–detected ULIRGs, the L[O iv]/L(IR) ratios imply significant AGN contribu-

tion. The question remains whether the non-detections have lower AGN fractions

than the detections; it is possible that the [O iv] diagnostic breaks down in the

extreme environments of some ULIRGs.

We conclude by noting the recent interest in using very hard X-rays to find

obscured AGNs, due to their penetrating power. Several sensitive, high-resolution

E > 10 keV wide-field or pencil-beam X-ray satellites are now in preparation or plan-

ning, with scientific goals of finding even the most obscured AGNs in the nearby

universe, and identifying the population of Compton-thick AGNs presumed to con-

tribute to the hardness of the X-ray background. Our results suggest that even the
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20–200 keV band suffers considerable flux attenuation in typical Seyfert 2s, espe-

cially those that are Compton-thick. Thus, our results predict that X-ray surveys

will probe considerably smaller volumes for obscured AGNs than for unobscured

AGNs, even when very hard energy bands are used. The [O iv] line may play a

critical role in measuring this absorption, and determining the true luminosities of

highly obscured AGNs.
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Chapter 4

The Effect of Active Galactic Nuclei on the Mid-Infrared

Aromatic Features

We present Spitzer measurements of the aromatic (also known as PAH) features for

35 Seyfert galaxies from the revised Shapley–Ames sample and find that the relative

strengths of the features differ significantly from those observed in star-forming

galaxies. Specifically, the features at 6.2, 7.7, and 8.6 µm are suppressed relative to

the 11.3 µm feature in Seyferts. Furthermore, we find an anti-correlation between the

L(7.7 µm)/L(11.3 µm) ratio and the strength of the rotational H2 emission, which

traces shocked gas. This suggests that shocks suppress the short-wavelength features

by modifying the structure of the aromatic molecules or destroying the smallest

grains. Most Seyfert nuclei fall on the relationship between aromatic emission and

[Ne ii] emission for star-forming galaxies, indicating that aromatic-based estimates

of the star-formation rate in AGN host galaxies are generally reasonable. For the

outliers from this relationship, which have small L(7.7 µm)/L(11.3 µm) ratios and

strong H2 emission, the 11.3 µm feature still provides a valid measure of the star-

formation rate.

4.1 Chapter Introduction

The mid-infrared (mid-IR) aromatic emission features are a universal product of

star formation in moderate-to-high–metallicity galaxies (e.g., Roche et al., 1991;

Lu et al., 2003; Smith et al., 2007a). Their molecular carriers, often assumed to

be polycyclic aromatic hydrocarbons (PAHs, Leger & Puget, 1984; Allamandola

et al., 1985; Tielens, 2008), radiate through IR fluorescence following vibrational

excitation by a single ultraviolet (UV) photon (Tielens, 2005) and provide an indirect
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measurement of the UV radiation field strength, and therefore the star-formation

rate (SFR), that is largely extinction independent (e.g., Peeters et al., 2004; Calzetti

et al., 2007; Rieke et al., 2009). This emission is thought to originate in photo-

dissociation regions where aromatic molecules are shielded from the harsh radiation

field near hot stars (e.g., Povich et al., 2007). These molecules can also be destroyed

by the harder radiation field associated with an active galactic nucleus (AGN, Voit,

1992; Genzel et al., 1998). Nonetheless, aromatic features are readily detected in

many AGNs above IR continua boosted by hot dust, and they have been used to

probe the SFR in AGN host galaxies (e.g., Schweitzer et al., 2006; Shi et al., 2007,

2009; Lutz et al., 2008). Understanding what environments destroy or modify these

features is important for constraining systematic uncertainties in aromatic-based

estimates of the SFR, and is a key way to probe the nature of their molecular

carriers, an open issue in our understanding of the interstellar medium.

Duley & Williams (1981) first suggested that vibrational modes of aromatic hy-

drocarbons could produce the observed features, which were subsequently identified

with specific C–H and C–C bending and stretching modes (Allamandola et al., 1989).

Specifically, the 6.2 and 7.7 µm features are produced by C–C stretching modes, the

8.6 µm feature by C–H in-plane bending modes, and the 11.3 and 12.7 µm features

by C–H out-of-plane bending modes. While these features are commonly attributed

to PAHs, we use the simpler, more general term “aromatic” to avoid making as-

sumptions about the detailed structure of the molecules. It is worth noting, for

example, that PAH spectra from laboratory measurements and quantum chemical

calculations are unable to match the range of astronomical spectra without artifi-

cial enhancements of the 6.2, 7.7, and 8.6 µm feature strengths (e.g., Li & Draine,

2001). Regardless of this uncertainty associated with uniquely matching observed

spectra with expectations for specific molecules, one can probe the properties of
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the aromatic carriers by measuring the relative strengths of the emission features,

which are expected to vary as a function of charge state (e.g., Bakes et al., 2001),

molecular size (e.g., Draine & Li, 2001), and molecular structure (e.g., Vermeij et

al., 2002).

Efforts to study variations in aromatic feature strengths outside the Milky Way

have focused on star-forming galaxies (e.g., Smith et al., 2007a; Galliano et al., 2008;

Roseboom et al., 2009; O’Dowd et al., 2009), but the AGNs included in these studies

have shown evidence for suppression of shorter wavelength features (e.g., those at

6.2, 7.7, and 8.6 µm) relative to those at longer wavelengths. For example, Smith

et al. (2007a) studied a sample of 59 galaxies from the Spitzer Infrared Nearby

Galaxy Survey (SINGS, Kennicutt et al., 2003), of which 12 have Seyfert nuclei and

20 have low-ionization nuclear emission-line regions (LINERs), and they found a

tendency for the systems with reduced 6–8 µm features to be associated with low-

luminosity AGNs. They speculated on possible causes for this behavior, including

whether the AGN can modify the aromatic grain size distribution or serve as the

excitation source for aromatic emission. Similarly, O’Dowd et al. (2009) studied

a sample of 92 galaxies at z ∼ 0.1 from the Spitzer SDSS GALEX Spectroscopic

Survey, including eight AGN-dominated and 20 composite systems, and found that

the AGNs exhibited lower 7.7/11.3 µm ratios. They interpreted this behavior as

being consistent with destruction of small aromatic molecules by shocks or X-rays

associated with the AGNs, but they were unable to distinguish any differences be-

tween the AGN-dominated and composite objects, nor any strong correlation with

AGN power. The physical slit size at their median redshift is 6 kpc, so there is little

spatial information.

In this paper we analyze the aromatic features drawing from the sample of 89

local Seyfert galaxies studied by Diamond-Stanic et al. (2009). This sample is from
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the revised Shapley–Ames catalog (RSA, Sandage & Tammann, 1987), and includes

every galaxy brighter than BT = 13 that is known to host Seyfert activity (Maiolino

& Rieke, 1995; Ho et al., 1997). The median distance of the sample is 22 Mpc, so

the 3.7′′ slit width of the Short-Low (SL) module of the Infrared Spectrograph (IRS,

Houck et al., 2004) on the Spitzer Space Telescope (Werner et al., 2004) provides

spatial information on scales of a few hundred parsecs, allowing us to isolate nuclear

regions distinct from the rest of the galaxy. As a result, we are able to probe the

effect of AGNs on the aromatic features more systematically than has previously

been done.

4.2 Data

We gathered data from the Spitzer archive taken with the IRS SL module (λ = 5.2–

14.5 µm, R = 64–128) from a variety of programs (24, 86, 159, 668, 3247, 3269,

3374, 30471, 30572, 30577, 30745, 40018, and 50702), as well as dedicated data

taken for this study (program 40936, PI: G. H. Rieke). We use CUBISM (Smith et

al., 2007) to extract one-dimensional spectra from the basic calibrated data using

3.6′′×7.2′′ apertures oriented along the slit direction. This aperture size was chosen

to isolate the nuclear component of the aromatic emission while still including a

substantial fraction of the diffraction-limited beam. We use the calibration for

extended sources based on the assumption that the regions producing aromatic

emission are spatially extended, so the extracted spectra are in units of surface

brightness. We use overlapping data in the 7.59–8.42 µm region to scale the SL2/SL3

orders to the SL1 order when offsets are apparent; these offsets are < 10% in all

cases.

We then use a modified version of PAHFIT (Smith et al., 2007a) to determine the

strength of the various aromatic features. This spectral fitting package includes aro-
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Figure 4.1 Example PAHFIT spectral decompositions for three RSA Seyfert nuclei.

The observed spectra are shown in black. The blue lines above the continuum

correspond to the aromatic features, while red lines correspond to unresolved atomic

and molecular emission lines. The total fit is shown in green, and the dotted line

indicates the extinction profile.
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matic features represented by Drude profiles, dust continuum emission represented

by modified blackbodies at fixed temperatures, fine-structure lines and H2 rotational

lines represented by Gaussian profiles, starlight represented by T = 5000 K black-

body emission, and dust extinction represented by a power-law and silicate features.

Because Seyfert galaxies exhibit higher-ionization emission lines, silicate dust emis-

sion, and hot-dust continuum emission, we additionally include a [Ne vi] λ7.652 µm

emission line and a silicate emission component, both represented by Gaussian pro-

files, and we use temperatures of 1000, 750, 500, 350, 225, 150, and 100 K for

the dust continuum emission. We show example PAHFIT decompositions for three

sources exhibiting a range in continuum shape and silicate extinction in Figure 4.1.

4.3 Results

The data exhibit a range of signal-to-noise ratios (S/N), so we visually inspected

all of the nuclear spectra to identify those that have clear detections of the rele-

vant aromatic features and whose spectra are adequately described by the PAHFIT

model. The spectra for these 35 sources are shown in Figures 4.2–4.4. Since many

of the observations were executed with the mapping mode of IRS, it is also possible

to extract spectra for off-nuclear regions in some galaxies, allowing for comparison

between spectra dominated by the active nucleus and spectra dominated by H ii

regions within the same galaxy. We identified off-nuclear regions that were covered

by the IRS slit and had sufficient S/N to detect the relevant aromatic features in

21/35 galaxies. We show a comparison between the nuclear and off-nuclear extrac-

tions for these galaxies in Figures 4.5–4.7, and we compile relevant measurements

in Tables 4.1 and 4.2.
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Figure 4.2 Low-resolution 5.2–14.2 µm Spitzer/IRS nuclear spectra for the 35 RSA

Seyfert galaxies considered in this study.
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Figure 4.3 Continuation of Figure 4.2.
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Figure 4.4 Continuation of Figure 4.2.
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Figure 4.5 Nuclear and off-nuclear spectra for the 21/35 Seyfert galaxies where

off-nuclear regions were covered by the IRS slit and had sufficient S/N to detect

the relevant aromatic features. The panel to the right of each spectrum shows the

corresponding 3.6′′×7.2′′ extraction region overlaid on the central 1′×1′ of an IRAC

8.0 µm image.
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Figure 4.6 Continuation of Figure 4.5.
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Figure 4.7 Continuation of Figure 4.5.
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Table 4.1. Nuclear Measurements

NAME 6.2 µm 7.7 µma 8.6 µm 11.3 µmb 12.7 µmc [Ne ii] H2 S(3)

IC3639 1.15±0.05e-06 5.19±0.79e-06 3.41±0.54e-07 1.38±0.05e-06 4.94±0.54e-07 3.11±0.05e-07 4.45±0.79e-08

NGC1058 1.47±0.10e-07 4.81±0.64e-07 9.52±0.69e-08 1.91±0.06e-07 9.12±0.88e-08 9.00±1.09e-09 5.22±1.28e-09

NGC1097 9.24±0.31e-07 3.69±0.19e-06 6.90±0.22e-07 1.48±0.03e-06 8.07±0.21e-07 1.54±0.02e-07 8.36±0.68e-08

NGC1241 5.38±0.83e-07 1.95±0.44e-06 3.50±0.44e-07 5.86±0.71e-07 2.67±0.35e-07 7.89±0.48e-08 3.65±1.61e-08

NGC1365 4.77±0.07e-06 1.98±0.05e-05 3.10±0.05e-06 3.85±0.04e-06 3.00±0.06e-06 5.12±0.05e-07 1.11±0.07e-07

NGC1433 3.58±0.25e-07 8.93±1.79e-07 2.50±0.18e-07 6.08±0.15e-07 2.66±0.23e-07 4.96±0.21e-08 3.34±0.62e-08

NGC1566 8.12±0.25e-07 3.16±0.14e-06 5.14±0.20e-07 1.06±0.01e-06 4.87±0.18e-07 7.46±0.20e-08 5.01±0.32e-08

NGC2273 2.54±0.03e-06 9.23±0.14e-06 1.45±0.02e-06 2.69±0.03e-06 1.08±0.02e-06 3.20±0.03e-07 1.04±0.04e-07

NGC2639 9.29±0.97e-08 2.13±0.61e-07 4.19±0.66e-08 1.34±0.05e-07 8.02±0.71e-08 7.55±0.09e-08 1.47±0.13e-08

NGC2992 1.55±0.05e-06 6.82±0.35e-06 8.24±0.36e-07 1.56±0.03e-06 7.80±0.43e-07 3.49±0.04e-07 5.99±0.52e-08

NGC3079 1.82±0.03e-05 7.32±0.08e-05 1.19±0.03e-05 1.15±0.03e-05 6.68±0.07e-06 9.66±0.10e-07 5.04±0.26e-07

NGC3185 1.11±0.05e-06 3.51±0.26e-06 6.99±0.40e-07 1.00±0.04e-06 4.57±0.34e-07 7.56±0.36e-08 4.19±0.98e-08

NGC3227 2.91±0.03e-06 9.99±0.15e-06 1.24±0.01e-06 3.24±0.03e-06 1.35±0.01e-06 5.17±0.05e-07 2.03±0.03e-07

NGC3735 5.92±0.42e-07 3.39±0.34e-06 5.61±0.28e-07 7.59±0.30e-07 4.47±0.38e-07 5.84±0.37e-08 2.44±0.69e-08

NGC4051 8.84±0.54e-07 4.42±0.31e-06 3.96±0.32e-07 1.12±0.03e-06 5.67±0.52e-07 1.04±0.06e-07 8.09±0.77e-08

NGC4258 3.40±0.07e-07 1.45±0.07e-06 1.36±0.04e-07 3.38±0.03e-07 1.60±0.06e-07 7.43±0.07e-08 6.58±0.14e-08

NGC4501 1.09±0.05e-07 3.51±0.35e-07 8.02±0.37e-08 3.05±0.04e-07 1.50±0.03e-07 4.15±0.04e-08 6.37±0.25e-08

NGC4639 9.15±0.56e-08 2.33±0.30e-07 3.47±0.35e-08 1.67±0.03e-07 6.65±0.52e-08 9.47±0.57e-09 9.22±0.69e-09

NGC4945 7.99±0.08e-05 3.80±0.04e-04 3.91±0.04e-05 2.51±0.03e-05 2.81±0.03e-05 5.59±0.06e-06 3.24±0.71e-08

NGC5005 1.40±0.06e-06 5.39±0.31e-06 1.20±0.04e-06 3.38±0.05e-06 1.26±0.03e-06 3.27±0.04e-07 4.13±0.22e-07

NGC5033 6.04±0.40e-07 2.25±0.25e-06 4.07±0.21e-07 1.10±0.03e-06 5.77±0.19e-07 1.23±0.03e-07 4.00±0.57e-08

NGC5135 5.65±0.06e-06 2.07±0.02e-05 3.62±0.04e-06 4.76±0.05e-06 2.58±0.03e-06 8.04±0.08e-07 1.22±0.04e-07
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Table 4.1—Continued

NAME 6.2 µm 7.7 µma 8.6 µm 11.3 µmb 12.7 µmc [Ne ii] H2 S(3)

NGC5194 2.57±0.32e-07 6.23±1.25e-07 1.12±0.19e-07 6.82±0.16e-07 2.85±0.17e-07 1.68±0.02e-07 1.32±0.09e-07

NGC5395 6.69±0.43e-08 2.45±0.34e-07 4.14±0.38e-08 1.22±0.05e-07 5.88±0.45e-08 4.44±0.50e-09 6.12±1.16e-09

NGC5427 2.23±0.06e-07 1.12±0.06e-06 1.49±0.05e-07 2.68±0.04e-07 1.43±0.08e-07 4.03±0.06e-08 1.32±0.11e-08

NGC5643 1.10±0.09e-06 4.32±0.87e-06 4.27±1.17e-07 1.93±0.09e-06 9.62±1.02e-07 1.66±0.10e-07 7.28±2.05e-08

NGC5728 9.91±0.23e-07 5.03±0.17e-06 7.19±0.17e-07 2.10±0.02e-06 8.19±0.17e-07 2.18±0.07e-07 1.55±0.07e-07

NGC6221 9.07±0.09e-06 3.02±0.03e-05 4.92±0.05e-06 6.50±0.07e-06 3.88±0.05e-06 1.77±0.02e-06 1.62±0.09e-07

NGC6951 1.87±0.05e-06 6.39±0.26e-06 1.30±0.04e-06 2.04±0.06e-06 9.54±0.29e-07 2.44±0.04e-07 8.03±1.14e-08

NGC7130 2.71±0.05e-06 1.08±0.03e-05 1.71±0.05e-06 2.48±0.06e-06 1.37±0.06e-06 5.21±0.07e-07 6.38±1.11e-08

NGC7314 1.71±0.23e-07 1.20±0.17e-06 1.09±0.17e-07 2.57±0.11e-07 1.33±0.14e-07 6.41±0.15e-08 2.50±0.36e-08

NGC7469 8.23±0.08e-06 2.93±0.06e-05 4.28±0.04e-06 5.41±0.05e-06 3.29±0.07e-06 1.16±0.01e-06 1.32±0.05e-07

NGC7496 2.18±0.05e-06 6.48±0.25e-06 1.15±0.03e-06 1.42±0.03e-06 7.30±0.32e-07 2.77±0.04e-07 6.14±0.93e-08

NGC7582 2.26±0.05e-06 8.55±0.26e-06 2.58±0.04e-06 4.10±0.04e-06 1.55±0.03e-06 3.60±0.04e-07 1.37±0.10e-07

NGC7590 3.01±0.57e-07 1.19±0.31e-06 2.72±0.36e-07 4.49±0.48e-07 1.95±0.29e-07 2.72±0.30e-08 2.18±1.10e-08

Note. — Measurements are in units of W m−2 sr−1.

aConsists of sub-features at 7.42, 7.60, and 7.85 µm.

bConsists of sub-features at 11.23 and 11.33 µm.

cConsists of sub-features at 12.62 and 12.69 µm.
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Table 4.2. Off-Nuclear Measurements

NAME RA Dec 6.2 µm 7.7 µma 8.6 µm 11.3 µmb 12.7 µmc

IC3639 12:40:53.13 −36:45:10.3 4.24±0.32e-07 1.63±0.22e-06 1.94±0.28e-07 2.84±0.20e-07 1.63±0.32e-07

NGC1097 02:46:19.06 −30:16:20.0 4.26±0.07e-06 1.39±0.04e-05 2.63±0.05e-06 2.86±0.05e-06 1.62±0.03e-06

NGC1365 03:33:36.71 −36:08:18.0 8.53±0.09e-06 3.37±0.04e-05 6.68±0.08e-06 6.24±0.07e-06 4.15±0.05e-06

NGC1566 04:20:02.13 −54:56:37.1 2.69±0.18e-07 8.33±1.14e-07 1.16±0.13e-07 1.33±0.10e-07 7.92±1.39e-08

NGC2992 09:45:42.07 −14:19:29.4 1.05±0.10e-06 3.59±0.75e-06 6.48±0.84e-07 9.31±1.03e-07 6.07±0.47e-07

NGC3079 10:01:57.49 +55:40:58.5 2.61±0.10e-06 9.02±0.30e-06 1.58±0.09e-06 1.80±0.08e-06 9.90±0.27e-07

NGC3227 10:23:30.87 +19:51:43.1 1.04±0.08e-07 4.36±0.43e-07 7.23±0.46e-08 1.51±0.07e-07 7.30±0.49e-08

NGC4258 12:18:59.31 +47:18:24.8 4.44±0.05e-07 1.44±0.02e-06 2.60±0.03e-07 2.87±0.03e-07 1.51±0.04e-07

NGC4501 12:32:00.42 +14:25:25.2 2.97±0.08e-07 1.09±0.03e-06 1.92±0.05e-07 2.43±0.06e-07 1.33±0.04e-07

NGC4945 13:05:28.26 −49:27:39.6 2.24±0.06e-06 7.69±0.11e-06 1.61±0.07e-06 1.72±0.06e-06 9.13±0.19e-07

NGC5005 13:10:56.89 +37:03:24.8 4.87±0.65e-07 1.98±0.50e-06 3.28±0.32e-07 4.59±0.25e-07 2.71±0.34e-07

NGC5033 13:13:27.87 +36:35:25.6 9.14±0.28e-07 3.47±0.15e-06 6.73±0.34e-07 7.55±0.23e-07 4.72±0.21e-07

NGC5135 13:25:44.60 −29:50:08.6 1.90±0.13e-07 8.02±0.97e-07 1.31±0.09e-07 2.24±0.07e-07 1.27±0.25e-07

NGC5194 13:29:50.36 +47:11:36.0 7.64±0.25e-07 2.82±0.11e-06 4.08±0.24e-07 5.82±0.19e-07 3.60±0.20e-07

NGC5395 13:58:38.82 +37:25:38.2 2.49±0.04e-07 8.21±0.31e-07 1.47±0.04e-07 1.61±0.03e-07 8.41±0.56e-08

NGC5427 14:03:26.11 −06:01:43.2 2.64±0.07e-07 1.02±0.05e-06 1.87±0.05e-07 2.24±0.04e-07 1.24±0.07e-07

NGC6221 16:52:46.03 −59:13:08.8 1.05±0.04e-06 3.04±0.19e-06 6.22±0.25e-07 1.21±0.04e-06 6.46±0.31e-07

NGC7130 21:48:19.38 −34:56:56.1 1.31±0.03e-06 4.35±0.13e-06 8.07±0.25e-07 1.03±0.03e-06 5.14±0.14e-07

NGC7314 22:35:46.89 −26:03:13.7 1.11±0.13e-07 4.55±1.01e-07 8.01±1.30e-08 1.00±0.10e-07 5.26±1.40e-08

NGC7582 23:18:22.64 −42:21:57.7 4.14±0.29e-07 1.82±0.19e-06 2.29±0.24e-07 3.36±0.18e-07 1.76±0.31e-07

NGC7590 23:18:55.05 −42:14:28.0 5.19±0.53e-07 1.78±0.37e-06 2.81±0.29e-07 3.58±0.22e-07 1.79±0.29e-07

Note. — Measurements are in units of W m−2 sr−1.

aConsists of sub-features at 7.42, 7.60, and 7.85 µm.

bConsists of sub-features at 11.23 and 11.33 µm.

cConsists of sub-features at 12.62 and 12.69 µm.
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Table 4.3. Statistical Tests

ratio Seyferts v. SINGS Seyferts v. off nuclear SINGS v. off nuclear

6/11 5 × 10
−4

5 × 10
−5 0.682

7/11 0.003 0.001 0.074

8/11 9 × 10
−4

2 × 10
−4 0.063

6/7 0.230 0.447 0.888

6/8 0.489 0.347 0.689

7/8 0.108 0.303 0.374

Note. — Values correspond to probabilities from two-sample K-S tests.

4.3.1 Aromatic Feature Ratio Distributions

In Figure 4.8, we show the distribution of aromatic feature ratios for the 35 RSA

Seyfert nuclei and 21 off-nuclear regions, as well as for 27/59 SINGS galaxies from

Smith et al. (2007a) that have H ii nuclear classifications (i.e., those that are not

Seyferts or LINERs). We find that the L(6.2 µm)/L(11.3 µm), L(7.7 µm)/L(11.3 µm),

and L(8.6 µm)/L(11.3 µm) ratios are systematically lower for the Seyfert nuclei than

for the off-nuclear regions or the SINGS H ii galaxies. These differences are all sta-

tistically significant with p ≤ 0.003 based on the two-sample Kolmogorov–Smirnov

(K-S) test (see Table 4.3), a non-parametric test that considers the maximum de-

viation between two cumulative distribution functions (Press et al., 1992; Wall &

Jenkins, 2003). On the other hand, there are no significant differences between these

feature ratios for the off-nuclear regions and the SINGS H ii galaxies, so the feature



79

Figure 4.8 The cumulative distribution of aromatic feature ratios for 35 RSA Seyfert

nuclei, 21 off-nuclear regions, and 27 SINGS H ii galaxies. The first three panels

show that the 6.2, 7.7, and 8.6 µm features are systematically weaker relative to the

11.3 µm feature for the Seyfert nuclei than for the off-nuclear regions or the SINGS

H ii galaxies. Panel (c), for example, shows that half of the RSA Seyfert nuclei have

L(8.6 µm)/L(11.3 µm) ratios < 0.5, whereas for the H ii galaxies, half have ratios

< 0.75. The remaining three panels show that the ratios among the 6.2, 7.7, and

8.6 µm features show no significant differences between any of the samples.
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Figure 4.9 The cumulative distribution of the ratio of 6.2, 7.7, and 8.6 µm features

to the 11.3 µm feature for SINGS galaxies with Seyfert, LINER, and H ii optical

classifications. This illustrates the result found by Smith et al. (2007a) that the

Seyferts and LINERs have ratios that are significantly lower than the H ii galaxies.

The apparent difference between SINGS Seyferts and LINERs is not statistically

significant.
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strengths in regions of star formation are consistent with being drawn from the same

parent distribution. Furthermore, the ratios among the 6.2, 7.7, and 8.6 µm features

show no significant differences between any of the samples.

Smith et al. (2007a) noted that the LINERs and Seyferts in the SINGS sam-

ple were offset towards lower L(7.7 µm)/L(11.3 µm) ratios when compared to the

H ii galaxies. We illustrate this result graphically in Figure 4.9, which shows the

distribution functions of the ratio of 6.2, 7.7, and 8.6 µm features to the 11.3 µm

feature for galaxies with Seyfert, LINER, and H ii optical classifications. Both

Seyferts (p = 2 × 10−3) and LINERs (p = 0.04) have ratios that are significantly

lower than the H ii galaxies. While the SINGS Seyferts have somewhat lower ratios

than the LINERs, this difference is not statistically significant, and neither sample

is statistically distinguishable from the RSA Seyferts.

4.3.2 Trends with H2 emission

Inspection of Figures 4.2–4.4 reveals that several Seyferts with small L(7.7 µm)/L(11.3 µm)

aromatic feature ratios also exhibit a strong H2 S(3) rotational line at 9.67 µm (e.g.,

NGC4501, NGC5194.) To investigate this behavior, we plot the strength of the H2

S(3) line, normalized to the strength of the aromatic features, as a function of the

L(7.7 µm)/L(11.3 µm) ratio in Figure 4.10. We find a strong anti-correlation in

this plot such that sources with the smallest L(7.7 µm)/L(11.3 µm) ratios also have

the strongest H2 emission. The Spearman’s ρ rank correlation coefficient is −0.78

with a probability p = 3 × 10−8 of no correlation, while Kendall’s τ is −0.62 with

p = 1×10−7; these non-parametric tests consider the agreement between the ranks of

quantities in pairs of measurements (Press et al., 1992; Wall & Jenkins, 2003), with

coefficient values ranging from -1 (perfect disagreement) to 1 (perfect agreement).

Roussel et al. (2007) found that H2 rotational lines scale tightly with the aromatic

features for SINGS H ii galaxies, but that Seyferts and LINERs often exhibit excess
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Figure 4.10 The relationship between the strength of the H2 S(3) rotational line, nor-

malized to the strength of the aromatic features, and the L(7.7 µm)/L(11.3 µm) ratio

for RSA Seyfert nuclei. The sources with small L(7.7 µm)/L(11.3 µm) ratios also ex-

hibit strong H2 emission. The most extreme sources with L(7.7 µm)/L(11.3 µm) <

1.6 are highlighted with filled circles.
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H2 emission, which they attribute to shocks. We explore the hypothesis that shocks

cause both the excess H2 emission and the anomalous aromatic ratios for AGNs in

Section 4.4.4.

Among the sources excluded from the above analysis due to a lack of 6.2, 7.7,

or 8.6 µm aromatic feature detections, there are a significant number with clearly

detected 11.3 µm features and H2 S(3) lines. In Figure 4.11, we show the nuclear

spectra for a dozen of these sources, sorted by the equivalent width of the 11.3 µm

feature. These spectra exhibit the small L(7.7 µm)/L(11.3 µm) ratios and strong H2

S(3) lines characteristic of sources in the top-left of Figure 4.10. Due to uncertainties

associated with estimating the strength of weak, broad features and determining

robust upper limits (e.g., proper continuum placement), we do not include any of

these sources in our subsequent analysis. However, their behavior is consistent with

that in Figure 4.10 and supports the reality of the trend between aromatic feature

characteristics and H2 line strength.

4.3.3 Evidence for extinction of aromatic features

The sources with the largest L(7.7 µm)/L(11.3 µm) ratios, NGC4945 and NGC3079,

also have the strongest silicate absorption features. This suggests that the 11.3 µm

feature is being significantly attenuated, consistent with previous results for star-

burst and luminous infrared galaxies (e.g., Brandl et al., 2006; Pereira-Santaella et

al., 2010), and implies that a significant fraction of the silicate-absorbing material

is extended relative to the regions that produce the aromatic features. Although

the aromatic feature measurements in PAHFIT are corrected for extinction, in cases

as extreme as these two galaxies the resulting feature strengths are highly uncer-

tain. For all other galaxies in our sample, the inferred extinctions are < 50% for all

features.
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Figure 4.11 Nuclear spectra for 12 additional RSA Seyfert nuclei that exhibit small

L(7.7 µm)/L(11.3 µm) ratios and strong H2 S(3) lines, but were excluded from the

sample due to a lack of 6.2, 7.7, or 8.6 µm aromatic feature detections. The spectra

are sorted from top to bottom by the equivalent width of the 11.3 µm aromatic

feature. The wavelengths of the 9.67 µm H2 S(3) line and the 11.3 µm aromatic

feature are marked by dotted lines.
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4.4 Discussion

The result that Seyfert galaxies exhibit weak 6.2, 7.7, and 8.6 µm aromatic features

relative to the 11.3 µm feature could be explained by radiative or mechanical pro-

cessing of the molecular carriers by the active nucleus. Here we explore the relevant

physical and chemical effects that could modify the observed feature strengths.

4.4.1 Ionization Balance

Previous experimental (e.g., Szczepanski & Vala, 1993; Hudgins & Allamandola,

1995) and theoretical (e.g., DeFrees et al., 1993; Langhoff, 1996) work on PAHs has

shown that the C–C stretching modes that produce the 6.2 and 7.7 µm features, as

well as the C–H in-plane bending modes that produce the 8.6 µm feature, are more

efficiently excited in ionized molecules. The ratios of these features to the 11.3 µm

feature, which is produced by C–H out-of-plane bending modes, are lower for neutral

molecules (see Figure 1 of Allamandola et al., 1999). The fraction of ionized aromatic

molecules is set by the balance between ionization and recombination, which depends

on the UV radiation field density (G0), the gas temperature (T ), and the electron

density (ne) according to G0 T 1/2/ne (Bakes & Tielens, 1994).

Galliano et al. (2008) argued that the variations in aromatic feature ratios for

a heterogeneous sample of 50 objects (including Galactic regions, Magellanic H ii

regions, and galaxies, as well as spatially resolved regions within seven of those

objects) are controlled by this ionization balance. Similar to our results, they found

that the relative strengths of 6.2, 7.7, and 8.6 µm features showed little variation,

while the ratios between these features and the 11.3 µm feature varied by an order of

magnitude. This hypothesis is also supported by observations of Galactic reflection

nebulae by Joblin et al. (1996) and Bregman & Temi (2005), who found decreasing

L(8.6 µm)/L(11.3 µm) and L(7.7 µm)/L(11.3 µm) ratios as a function of distance

from the ionizing source, consistent with an increasing neutral fraction.
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To compare with model expectations for ionized and neutral aromatic molecules,

we plot L(11.3 µm)/L(7.7 µm) v. L(6.2 µm)/L(7.7 µm) for the Seyfert nuclei, off-

nuclear sources, and SINGS H ii galaxies in Figure 4.12. This can be compared with

Figure 16 of Draine & Li (2001) and Figure 5 of O’Dowd et al. (2009), although

we use a condensed plot range. We find that a number of Seyferts lie beyond the

range of model predictions, even for completely neutral aromatic molecules; these

are the 6/35 Seyferts with L(11.3 µm)/L(7.7 µm) > 0.6: NGC5194, NGC4501,

NGC4639, NGC1433, NGC2639, and NGC5005. While such L(11.3 µm)/L(7.7 µm)

ratios could be produced by large (> 200 C atoms) neutral molecules, they would be

expected to have L(6.2 µm)/L(7.7 µm) < 0.25, which is inconsistent with the data.

Similar extreme aromatic band strengths were observed by Reach et al. (2000) for

the quiescent molecular cloud SMC B1 No. 1, and Li & Draine (2002) were unable

to reproduce the observed band ratios even with completely neutral grains.

The above comparison is for a single Milky Way–based model, and laboratory

studies have found larger L(11.3 µm)/L(7.7 µm) ratios for neutral PAHs, but it does

illustrate the difficulty in explaining our results for Seyfert galaxies in terms of a

low ionized fraction. Furthermore, under the assumption that aromatic features are

produced by star formation (see Section 4.4.5), the temperatures and densities of

the aromatic-emitting regions should be typical of PDRs, whereas the UV radiation

field would likely be enhanced by the AGN. This implies that the ionized fraction

would be higher, not lower. Thus, ionization balance arguments appear unable to

explain the behavior of the aromatic features around AGNs.

4.4.2 Grain Size

Smaller aromatic molecules contribute preferentially to the shorter-wavelength fea-

tures (e.g., Schutte et al., 1993), but they are subject to photodestruction by the UV

radiation field and collisional destruction by shocks. Based on laboratory studies,
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Figure 4.12 The relative strengths of the 6.2, 7.7, and 11.3 µm features for RSA

Seyfert nuclei, off-nuclear regions, and SINGS H ii galaxies compared with model

predictions from Draine & Li (2001) for neutral and ionized PAHs. The dashed lines

correspond to predictions for completely neutral and completely ionized molecules;

the permitted region of the diagram is bounded by these two lines. The arrows

illustrate the effects of increasing grain size and increasing ionization on the aromatic

feature ratios. The Seyferts highlighted as filled circles in Figure 4.10 all lie beyond

the range of model predictions, even for completely neutral molecules.
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Jochims et al. (1994) found a critical size of 30–40 C atoms, below which PAHs

would mainly be photodissociated, while Allain et al. (1996) suggested a larger crit-

ical value of 50 C atoms based on their models. Le Page et al. (2003) agreed that

small PAHs with 15–20 C atoms or fewer would be destroyed in most environments,

but their models indicated that PAHs in the 20–30 C atom range may survive, al-

beit with most of their peripheral H atoms stripped away, while larger PAHs would

survive with their H atoms intact. Micelotta et al. (2010a) found that PAHs with

50 C atoms would not survive in shocks with velocities greater than 100 km s−1,

while PAHs with 200 C atoms would be destroyed by shocks with velocities above

125 km s−1.

Destruction of the smallest molecules is expected to result in the 6.2 and 7.7 µm

features being suppressed relative to the 11.3 µm feature, as well as the 6.2 µm

feature being suppressed relative to the 7.7 µm feature (e.g., Draine & Li, 2001;

Galliano et al., 2008). The former effect is clearly seen in Figure 4.8, but the latter

is not. Thus, the hypothesis that small-grain destruction can explain the observed

ratios is only tenable if the molecules that produce the 6.2, 7.7, and 8.6 µm features

are destroyed with similar efficiency, which is inconsistent with existing models.

4.4.3 Hydrogenation and Molecular Structure

The level of hydrogenation of the aromatic molecules will affect the number of C–H

bonds and therefore the relative strength of the C–H and C–C vibrational modes.

An increase in the C–H/C–C ratio was proposed by Reach et al. (2000) to explain

the large L(11.3 µm)/L(7.7 µm) ratio observed in SMC B1 No. 1, although Draine

& Li (2001) and Li & Draine (2002) point out that PAHs with > 30 C atoms are

already expected to be fully hydrogenated. Some range in C–H/C–C ratios, even

for fully hydrogenated molecules, is facilitated by the structure of the C skeleton,

which can be compact with more C–C bonds or open with more C–H bonds (e.g.,
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pericondensed PAHs v. catacondensed PAHs, Tielens, 2005). The structure also

affects the number of adjacent C–H groups per aromatic ring, and therefore the

relative strengths of the 11.3 µm feature, which is produced by solo C–H bonds, and

the 12.7 µm feature, which is produced by C–H multiplets (e.g., Hony et al., 2001).

For example, based on the large L(12.7 µm)/L(11.3 µm) ratio for SMC B1 No. 1,

Vermeij et al. (2002) argued for a compact structure with a higher incidence of C–H

multiplets.

To investigate such behavior, we plot the L(12.7 µm)/L(11.3 µm) ratios for

Seyfert nuclei, off-nuclear regions, and SINGS H ii galaxies in Figure 4.13. The

Seyfert nuclei exhibit significantly smaller ratios (p ≤ 0.001), while the ratios for

off-nuclear regions and SINGS H ii galaxies are not distinguishable. This implies

that the aromatic molecules in Seyfert nuclei may have fewer C–H multiplets. Thus

a scenario where AGN processing or environment results in open, uneven molecu-

lar structures with higher C–H/C–C ratios and fewer adjacent C–H groups could

qualitatively explain the observed 6–13 µm aromatic spectra.

4.4.4 The role of AGN-driven shocks

As presented in Section 4.3.2 and Figure 4.10, the Seyfert galaxies with the small-

est L(7.7 µm)/L(11.3 µm) aromatic feature ratios also exhibit the strongest H2

S(3) emission, which probes hot molecular gas (upper level temperature 2500 K).

The incidence of this excess H2 emission does not scale with AGN luminosity, in-

dicating that shock excitation is more important than X-ray heating (e.g., Rous-

sel et al., 2007). A connection between shock-heated, H2-emitting gas and small

L(7.7 µm)/L(11.3 µm) ratios was found by Ogle et al. (2007) for the radio galaxy

3C 326 and by Guillard et al. (2010) for Stephan’s Quintet, a compact group of in-

teracting galaxies exhibiting a large-scale shock (e.g., Appleton et al., 2006; Cluver

et al., 2010). Similarly, Kaneda et al. (2008) found strong H2 emission and small
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Figure 4.13 The cumulative distribution of L(12.7 µm)/L(11.3 µm) ratios for RSA

Seyfert nuclei, off-nuclear regions, and SINGS H ii galaxies. The result that Seyfert

nuclei exhibit significantly smaller ratios suggests aromatic molecules that have fewer

adjacent C–H groups.
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L(7.7 µm)/L(11.3 µm) ratios in a sample of local elliptical galaxies, many of which

host low-luminosity AGNs. More recently, Vega et al. (2010) affirmed this result

for a sample of four early-type galaxies classified as LINERs, and they argued that

shock processing of aromatic molecules may be responsible for the observed behav-

ior. As discussed above, the Seyferts and LINERs in the SINGS sample also exhibit

smaller L(7.7 µm)/L(11.3 µm) ratios (Smith et al., 2007a) and stronger H2 emission

(Roussel et al., 2007) than do the H ii galaxies.

Shocks are expected to have profound impacts on interstellar dust via shattering

in grain-grain collisions and sputtering in ion-grain collisions (e.g., Jones et al., 1994,

1996). Aromatic features are nonetheless observed in the shocked environments

of supernova remnants (e.g., Tappe et al., 2006; Reach et al., 2006) and galactic

winds (e.g., Tacconi-Garman et al., 2005; Engelbracht et al., 2006). The observed

emission may come from entrained clumps that are not fully exposed to the shock

or the hot, post-shock gas (Micelotta et al., 2010a,b). Micelotta et al. (2010a)

study the processing of small carbon grains (NC ≤ 200, corresponding to aromatic

molecules) by interstellar shocks and find that their molecular structure is severely

denatured for shock velocities of 75–100 km s−1 and they are completely destroyed

when v ≥ 125 km s−1. The effect of this shock processing on the observed aromatic

feature ratios is not known. A possibility that could explain the association of

modified aromatic feature ratios with strong H2 emission is that shocks may leave

open, uneven structures in the surviving aromatic molecules. We note that AGN-

driven shocks, if responsible for the observed behavior, do not strongly suppress the

11.3 µm feature (see Section 4.4.6).

4.4.5 Could the aromatic features be excited by the AGN?

Smith et al. (2007a) speculated that the AGNs could directly excite aromatic emis-

sion. If this were the case, SFRs estimated from aromatic features would be overes-
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timated due to this AGN contribution. To investigate the relationship between star

formation rate, AGN luminosity, and aromatic feature strength, we plot the fluxes

of the [Ne ii] and [O iv] emission lines versus those of the 7.7 µm and 11.3 µm aro-

matic features in Figure 4.14. The [Ne ii] line has an ionization potential of 21 eV

and is a reasonable tracer of the SFR (e.g., Ho & Keto, 2007), while the [O iv]

line has an ionization potential of 55 eV and traces the AGN intrinsic luminosity

(e.g., Meléndez et al., 2008a; Diamond-Stanic et al., 2009; Rigby et al., 2009). Fig-

ure 4.14 shows the strong correlation between [Ne ii] and aromatic feature strength

for RSA Seyferts (Spearman’s ρ = 0.93), which matches the relationship for SINGS

H ii galaxies, and it shows the weak correspondence between [O iv] and aromatic

feature strength (Spearman’s ρ = 0.39). This confirms that the aromatic features

are primarily tracing star-formation activity.

The Seyferts that are outliers in the [Ne ii]–aromatic feature relationship have

weak aromatic features, and we show in Figure 4.15 that these correspond to the

sources with the smallest L(7.7 µm)/L(11.3 µm) ratios. There are no examples with

stronger aromatic features as might be expected if the AGN were exciting additional

emission. The three obvious outliers, NGC2639, NGC4501, and NGC5194, all have

[O iv]/[Ne ii] < 0.25, implying that the AGN contribution to [Ne ii] is < 10%

(e.g., Sturm et al., 2002). We note that the incidence of modified aromatic spectra

does not show a dependence on AGN luminosity, confirming the results of Baum et

al. (2010), who found no correlation between the L(6.2 µm)/L(11.3 µm) ratio and

[Ne v] luminosity.

4.4.6 Use of Aromatic Features to Determine SFRs

Several studies (e.g., Schweitzer et al., 2006; Lutz et al., 2008; Shi et al., 2009)

have used the 6.2 and 7.7 µm aromatic features to measure the SFRs in AGN host

galaxies. The result that some AGNs exhibit suppressed short-wavelength aromatic
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Figure 4.14 The relationship between the aromatic features and the [Ne ii] and

[O iv] emission lines. The filled circles correspond to the RSA Seyferts defined

in Figure 4.10 that have the smallest L(7.7 µm)/L(11.3 µm) ratios. The strong

correlation with [Ne ii], which traces star formation, and the weak correlation with

[O iv], which traces AGN activity, implies that the aromatic features are primarily

associated with star formation. Most of the Seyfert nuclei lie on the relationship

between aromatic feature and [Ne ii] emission for H ii galaxies; the only outliers

are among the sources highlighted with filled circles, which have extreme aromatic

feature ratios (see Figures 4.10 and 4.12). The aromatic feature and [Ne ii] emission

values are in surface brightness units (W m−2 sr−1), while the [O iv] values, taken

from Diamond-Stanic et al. (2009), are in flux units (W m−2).

.
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Figure 4.15 The relationship between aromatic feature and [Ne ii] emission as a

function of the L(7.7 µm)/L(11.3 µm) ratio. The filled circles correspond to the

RSA Seyferts defined in Figure 4.10 that have the smallest L(7.7 µm)/L(11.3 µm)

ratios. This confirms that the sources with suppressed aromatic features, relative

to [Ne ii], have the smallest L(7.7 µm)/L(11.3 µm) ratios.
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Figure 4.16 The relationship between [Ne ii] emission and the 7.7 and 11.3 µm

aromatic features. The filled circles correspond to the RSA Seyferts defined in

Figure 4.10 that have the smallest L(7.7 µm)/L(11.3 µm) ratios. While the 7.7 µm

feature can be strongly suppressed, the 11.3 µm feature is still a robust tracer

of the SFR. The solid line in the bottom panel corresponds to the median ratio

L[Ne ii]/L11.3 = 0.12, and the dotted lines correspond to factors of two above and

below this median value. Scatter in this ratio is expected because [Ne ii] traces

somewhat younger stellar populations than do the aromatic features. All values are

in surface brightness units (W m−2 sr−1).
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features (e.g., the outliers in Figure 4.15) suggests that such SFR measurements

may be underestimated. To determine whether the 11.3 µm feature is robust to such

effects, we plot separately the relationships between [Ne ii] and the 7.7 and 11.3 µm

features in Figure 4.16. We find that almost all of the RSA Seyferts, including those

with anomalously high L[Ne ii]/L7.7 values, are within a factor of two of the median

value L[Ne ii]/L11.3 = 0.12. Scatter in this ratio is expected as a function of the age

of the stellar population because 21 eV photons from young stars (< 10 Myr) are

required to produce [Ne ii], while somewhat older stars can produce 6–13.6 eV UV

photons that excite aromatic emission (e.g., Peeters et al., 2004; Dı́az-Santos et al.,

2010; Pereira-Santaella et al., 2010). Silicate absorption will tend to increase the

observed ratio, but this is only a significant effect for sources like NGC4945 and

NGC3079 (see Section 4.3.3). While SFR estimates based on the 11.3 µm feature

are still subject to the uncertainties that apply to H ii galaxies (e.g., Smith et al.,

2007a), such measurements for AGN hosts appear to be robust to the effects of

AGN- and shock-processing of aromatic molecules.

4.5 Chapter Conclusions

We have shown that the relative strengths of the mid-IR aromatic features for Seyfert

galaxies differ significantly from those for star-forming galaxies, with the 6.2, 7.7,

and 8.6 µm features being suppressed relative to the 11.3 µm feature in Seyferts.

The sources with the smallest L(7.7 µm)/L(11.3 µm) aromatic feature ratios also

exhibit the strongest H2 S(3) rotational lines, which likely trace shocked gas (see

Figure 4.10). We explore the relevant physical and chemical effects that could

produce the observed aromatic spectra. An enhanced fraction of neutral aromatic

molecules could produce qualitatively similar behavior, but the observed ratios lie

beyond model predictions for completely neutral molecules and the presence of an
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AGN would be expected to increase the level of ionization rather than reduce it.

Destruction of the smallest aromatic molecules could explain the suppression of

shorter wavelength features, but the expected variations in the relative strengths

of the 6.2, 7.7, and 8.6 µm features are not seen. A modification of the molecular

structure that enhances the C–H/C–C ratio could reproduce the observed behavior,

and an open C skeleton with fewer adjacent C–H groups would furthermore explain

the reduced strength of the 12.7 µm feature. Given the connection between strong

H2 emission and modified aromatic ratios, we speculate that shock processing could

produce such structures. Finally, we show that the aromatic features correlate

well with [Ne ii] (i.e., star formation) but not with [O iv] (i.e., AGN luminosity),

indicating that AGN excitation of aromatic emission is not significant and that

aromatic-based estimates of the SFR are generally reasonable. There are a few

outliers with strong H2 emission, small L(7.7 µm)/L(11.3 µm) ratios, and small

aromatic/[Ne ii] ratios, but for these sources the 11.3 µm feature is still a reasonably

robust tracer of the SFR.
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Chapter 5

The Relationship Between Black Hole Accretion Rate and Star

Formation Rate in Seyfert Galaxies

We present estimates of black hole accretion rate (BHAR), nuclear star-formation

rate (SFR), and extended SFR for a complete sample of Seyfert galaxies. We find

that the BHAR is strongly correlated with the nuclear SFR, measured on scales

of a few hundred parsecs, but only weakly correlated with the extended SFR. The

Seyferts with larger accretion rates also tend to have larger nuclear / extended SFR

ratios. This suggests that the primary difference between low-luminosity and high-

luminosity AGNs is the amount of gas present in the central few hundred parsecs

and supports suggestions of a link between AGN activity and elevated nuclear star

formation.

5.1 Chapter Introduction

The discovery of correlations between the masses of supermassive black holes (SMBHs)

and the properties of galaxy bulges such as mass, (Kormendy & Richstone, 1995;

Magorrian et al., 1998), velocity dispersion (Ferrarese & Merritt, 2000; Gebhardt

et al., 2000), and binding energy (Aller & Richstone, 2007) suggests a connection

between the processes that regulate the growth of the central SMBH and the galaxy

bulge. Some models have attempted to explain this connection via galaxy mergers

(e.g., Kauffmann & Haehnelt, 2000; Di Matteo et al., 2005; Peng, 2007), which are

known to supply large amounts of gas to nuclear regions (e.g., Sanders et al., 1988;

Barnes & Hernquist, 1991; Mihos & Hernquist, 1996), although a mechanism is still

necessary to transport gas from R ∼ 100 pc down to sub-pc scales (e.g., Shlosman et

al., 1990; Wada, 2004; Hopkins & Quataert, 2010). One such mechanism that could
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play a crucial role in feeding the SMBH is nuclear star formation (e.g., Norman &

Scoville, 1988; von Linden et al., 1993; Thompson et al., 2005; Kawakatu & Wada,

2008; Hueyotl-Zahuantitla et al., 2010; Hobbs et al., 2010).

Important constraints on both the SMBH–galaxy bulge connection and on pro-

posals for feeding active galactic nuclei (AGNs) come from measurements of black

hole accretion rates (BHARs) and star-formation rates (SFRs) for active galaxies.

Important insights have been obtained from studies of the host galaxies of obscured

(i.e., type 2) AGNs at optical wavelengths, which have shown that higher luminosity

AGNs tend to be associated with younger stellar populations (e.g., Kauffmann et

al., 2003; Wild et al., 2007). However, SFR diagnostics at these wavelengths are

often contaminated by the AGN itself, particularly for unobscured (i.e., type 1)

sources, making it difficult to quantify ongoing star formation (SF) activity in nu-

clear regions. Several authors have used measurements of the mid-infrared (mid-IR)

aromatic features (e.g., Imanishi & Wada, 2004; Schweitzer et al., 2006; Shi et al.,

2007; Netzer et al., 2007; Lutz et al., 2008; Shi et al., 2009) and the far-IR continuum

luminosity (e.g., Dudik et al., 2005; Satyapal et al., 2005; Hao et al., 2005; Shao et

al., 2010; Lutz et al., 2010; Hatziminaoglou et al., 2010) to assess the level of star

formation in AGN host galaxies, and they find it to be correlated with the BHAR.

In this paper, we extend the study of SFRs in AGN host galaxies to a complete

sample of Seyfert galaxies drawn from the revised Shapley–Ames galaxy catalog

(RSA, Sandage & Tammann, 1987) that includes every galaxy brighter than BT = 13

that is known to host Seyfert activity (Maiolino & Rieke, 1995; Ho et al., 1997). The

3.7′′ slit width of the Short-Low (SL) module of the Infrared Spectrograph (IRS,

Houck et al., 2004) on the Spitzer Space Telescope (Werner et al., 2004) provides

spatial information on scales of a few hundred parsecs (the median distance of the

sample is 22 Mpc), allowing us to isolate nuclear regions distinct from the rest
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of the galaxy. We present measurements of SMBH accretion rates based on the

[O iv] λ25.89 µm emission line (e.g., Diamond-Stanic et al., 2009; Rigby et al.,

2009), nuclear SFRs based on the 11.3 µm aromatic feature (e.g., Diamond-Stanic

et al., 2010), and extended SFRs based on 24 µm flux (e.g., Rieke et al., 2009). We

explore the relationships among these quantities and the constraints they place on

models of SMBH growth and galaxy evolution.

5.2 Data

We measured the strength of the 11.3 µm aromatic feature and the [Ne ii] λ12.81 µm

line using data from the Short-Low (SL) module of the Infrared Spectrograph (IRS,

Houck et al., 2004) on the Spitzer Space Telescope (Werner et al., 2004). Fol-

lowing Diamond-Stanic et al. (2010), one-dimensional spectra were extracted using

CUBISM (Smith et al., 2007a) with small apertures (3.6′′ × 7.2′′) designed to iso-

late nuclear emission and spectral fitting was performed with PAHFIT (Smith et

al., 2007). These measurements are shown in Table 5.1. We exclude two sources

(CIRCINUS, NGC1068) with saturated SL2 data, four with undetected 11.3 µm

aromatic features (NGC777, NGC3783, NGC4168, NGC4472), and three with weak

aromatic features that are complicated by strong silicate absorption (IRAS11215-

2806, NGC3281, NGC7479), leaving a sample of 80 sources. We also use mea-

surements of [Ne ii] λ12.81 µm and [O iv] λ25.89 µm emission-line fluxes from

Pereira-Santaella et al. (2010) based on data from the Short-High and Long-High

IRS modules.
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Table 5.1. Nuclear SFR Measurements

NAME 11.3 µm EW(11.3 µm) SFR11.3 µm [Ne ii] SFR[Ne ii] aperture

(1) (2) (3) (4) (5) (6) (7)

IC2560 5.14±0.20e−07 0.10 3.1e−01 1.58±0.03e−07 5.7e−01 0.71 × 1.42

IC3639 1.39±0.05e−06 0.20 6.2e−01 3.11±0.03e−07 8.4e−01 0.62 × 1.23

MRK509 6.50±0.14e−07 0.10 4.8e+00 1.05±0.02e−07 4.7e+00 2.51 × 5.02

NGC788 1.17±0.15e−07 0.04 1.2e−01 5.16±0.17e−08 3.3e−01 0.94 × 1.89

NGC1058 1.91±0.06e−07 1.68 5.8e−03 8.94±1.10e−09 1.6e−03 0.16 × 0.32

NGC1097 1.50±0.03e−06 1.07 1.5e−01 1.44±0.03e−07 8.5e−02 0.29 × 0.58

NGC1241 5.83±1.01e−07 0.83 6.1e−01 7.88±0.57e−08 4.9e−01 0.94 × 1.88

NGC1275 3.75±0.16e−07 0.03 6.6e−01 3.17±0.03e−07 3.4e+00 1.22 × 2.45

NGC1358 8.07±1.81e−08 0.27 8.4e−02 2.79±0.31e−08 1.7e−01 0.94 × 1.87

NGC1365 4.51±0.05e−06 0.34 7.5e−01 6.07±0.06e−07 6.1e−01 0.38 × 0.75

NGC1386 9.73±0.34e−07 0.13 3.9e−02 1.18±0.04e−07 2.9e−02 0.19 × 0.37

NGC1433 6.08±0.15e−07 1.40 3.9e−02 4.96±0.21e−08 1.9e−02 0.23 × 0.46

NGC1566 1.06±0.01e−06 0.56 1.4e−01 7.46±0.20e−08 6.1e−02 0.34 × 0.68

NGC1667 4.01±0.38e−07 1.16 5.4e−01 4.97±0.28e−08 4.0e−01 1.07 × 2.14

NGC2273 2.69±0.03e−06 0.50 7.8e−01 3.20±0.03e−07 5.6e−01 0.50 × 0.99

NGC2639 1.34±0.05e−07 0.53 8.8e−02 7.55±0.09e−08 3.0e−01 0.74 × 1.49

NGC2655 4.81±0.19e−07 0.47 1.0e−01 7.10±0.35e−08 9.2e−02 0.43 × 0.85

NGC2685 4.68±0.29e−08 0.24 4.4e−03 6.47±0.56e−09 3.7e−03 0.28 × 0.57

NGC2992 1.47±0.02e−06 0.28 6.2e−01 3.26±0.03e−07 8.2e−01 0.60 × 1.19

NGC3031 2.54±0.16e−07 0.06 1.2e−03 1.79±0.03e−07 5.0e−03 0.06 × 0.13

NGC3079 2.12±0.03e−05 9.70 3.2e+00 1.17±0.01e−06 1.1e+00 0.36 × 0.71

NGC3081 3.66±0.12e−07 0.06 1.5e−01 9.60±0.10e−08 2.4e−01 0.60 × 1.19

NGC3147 2.13±0.19e−07 0.24 1.3e−01 3.10±0.30e−08 1.1e−01 0.71 × 1.43

NGC3185 1.00±0.04e−06 1.60 1.6e−01 7.56±0.36e−08 7.4e−02 0.37 × 0.74

NGC3227 3.24±0.03e−06 0.46 5.0e−01 5.15±0.05e−07 4.7e−01 0.36 × 0.72

NGC3254 3.06±0.38e−08 0.46 6.1e−03 2.91±0.60e−09 3.5e−03 0.41 × 0.82

NGC3486 8.82±1.70e−08 1.24 1.7e−03 5.83±3.20e−09 6.9e−04 0.13 × 0.26

NGC3516 2.29±0.26e−07 0.04 1.3e−01 4.54±0.39e−08 1.5e−01 0.68 × 1.36

NGC3735 7.59±0.30e−07 0.31 4.6e−01 5.84±0.37e−08 2.1e−01 0.72 × 1.43

NGC3941 1.29±0.35e−08 0.05 1.7e−03 6.25±0.61e−09 4.8e−03 0.33 × 0.66

NGC3976 1.50±0.25e−07 0.71 7.7e−02 1.34±0.30e−08 4.1e−02 0.66 × 1.32
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Table 5.1—Continued

NAME 11.3 µm EW(11.3 µm) SFR11.3 µm [Ne ii] SFR[Ne ii] aperture

(1) (2) (3) (4) (5) (6) (7)

NGC3982 3.21±0.19e−07 0.67 3.3e−02 5.59±0.27e−08 3.5e−02 0.30 × 0.59

NGC4051 1.12±0.03e−06 0.12 1.2e−01 1.04±0.06e−07 6.5e−02 0.30 × 0.59

NGC4138 1.05±0.03e−07 0.18 1.1e−02 1.71±0.05e−08 1.1e−02 0.30 × 0.59

NGC4151 4.03±1.72e−07 0.00 6.0e−02 2.46±0.07e−07 2.2e−01 0.35 × 0.71

NGC4235 1.24±0.15e−07 0.16 5.5e−02 2.99±0.29e−08 8.0e−02 0.61 × 1.23

NGC4258 3.40±0.03e−07 0.15 7.9e−03 7.47±0.07e−08 1.0e−02 0.14 × 0.28

NGC4378 1.29±0.04e−07 0.62 5.7e−02 5.96±0.73e−09 1.6e−02 0.61 × 1.23

NGC4388 1.58±0.03e−06 0.23 1.6e−01 4.98±0.05e−07 3.0e−01 0.29 × 0.59

NGC4395 2.82±0.31e−08 0.18 2.2e−04 2.64±0.04e−08 1.2e−03 0.08 × 0.16

NGC4477 1.55±0.04e−07 0.62 1.6e−02 1.96±0.07e−08 1.2e−02 0.29 × 0.59

NGC4501 3.06±0.03e−07 0.87 3.1e−02 3.94±0.05e−08 2.4e−02 0.29 × 0.59

NGC4507 7.95±0.18e−07 0.06 1.0e+00 2.81±0.03e−07 2.2e+00 1.04 × 2.08

NGC4565 1.47±0.19e−07 0.37 5.0e−03 1.99±0.29e−08 4.1e−03 0.17 × 0.34

NGC4579 3.13±0.13e−07 0.26 3.2e−02 1.03±0.02e−07 6.3e−02 0.29 × 0.59

NGC4593 2.65±0.29e−07 0.04 1.6e−01 4.02±0.38e−08 1.5e−01 0.72 × 1.44

NGC4594 3.77±1.09e−08 0.06 5.4e−03 6.63±0.07e−08 5.7e−02 0.35 × 0.70

NGC4639 1.67±0.03e−07 0.67 1.7e−02 9.46±0.57e−09 5.8e−03 0.29 × 0.59

NGC4698 9.75±3.34e−09 0.08 9.9e−04 5.85±0.50e−09 3.6e−03 0.29 × 0.59

NGC4725 2.83±1.68e−08 0.06 1.6e−03 6.01±2.35e−09 2.0e−03 0.22 × 0.43

NGC4939 7.78±0.94e−08 0.07 6.1e−02 6.05±0.16e−08 2.8e−01 0.81 × 1.63

NGC4941 1.31±0.09e−07 0.08 1.3e−02 1.09±0.01e−07 6.7e−02 0.29 × 0.59

NGC4945 2.36±0.02e−05 26.11 1.6e−01 5.47±0.05e−06 2.2e−01 0.08 × 0.15

NGC5005 3.37±0.05e−06 2.59 5.5e−01 3.27±0.04e−07 3.2e−01 0.37 × 0.74

NGC5033 1.23±0.02e−06 1.32 1.6e−01 1.27±0.02e−07 9.6e−02 0.33 × 0.65

NGC5128 2.80±0.28e−06 0.06 1.9e−02 2.08±0.02e−06 8.3e−02 0.08 × 0.15

NGC5135 4.93±0.05e−06 1.05 5.9e+00 8.13±0.08e−07 5.9e+00 1.01 × 2.01

NGC5194 6.80±0.15e−07 0.88 1.7e−02 1.68±0.02e−07 2.6e−02 0.15 × 0.29

NGC5273 3.20±0.19e−07 0.63 5.2e−02 2.74±0.30e−08 2.7e−02 0.37 × 0.74

NGC5395 1.22±0.05e−07 1.30 9.6e−02 4.44±0.50e−09 2.1e−02 0.82 × 1.63

NGC5427 2.69±0.04e−07 0.38 1.6e−01 4.03±0.06e−08 1.4e−01 0.71 × 1.41

NGC5506 1.82±0.06e−06 0.10 5.9e−01 5.60±0.06e−07 1.1e+00 0.52 × 1.05
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Table 5.1—Continued

NAME 11.3 µm EW(11.3 µm) SFR11.3 µm [Ne ii] SFR[Ne ii] aperture

(1) (2) (3) (4) (5) (6) (7)

NGC5631 2.61±0.38e−08 0.20 1.0e−02 4.41±0.55e−09 1.0e−02 0.57 × 1.14

NGC5643 1.98±0.09e−06 0.40 1.5e−01 2.29±0.09e−07 1.0e−01 0.25 × 0.50

NGC5728 2.10±0.02e−06 1.44 1.3e+00 2.18±0.02e−07 8.0e−01 0.72 × 1.43

NGC5899 6.42±0.32e−07 0.92 4.2e−01 8.93±0.35e−08 3.5e−01 0.75 × 1.49

NGC6221 6.50±0.07e−06 0.83 8.7e−01 1.77±0.02e−06 1.4e+00 0.34 × 0.67

NGC6300 3.07±0.03e−06 0.34 2.2e−01 1.76±0.02e−07 7.5e−02 0.24 × 0.49

NGC6814 2.33±0.21e−07 0.10 5.5e−02 6.15±0.36e−08 8.7e−02 0.45 × 0.89

NGC6951 2.03±0.06e−06 1.59 4.3e−01 2.44±0.04e−07 3.1e−01 0.42 × 0.84

NGC7130 2.61±0.07e−06 0.62 4.4e+00 5.29±0.08e−07 5.4e+00 1.20 × 2.40

NGC7172 1.46±0.06e−06 1.70 7.4e−01 2.22±0.02e−07 6.8e−01 0.66 × 1.31

NGC7213 2.04±0.03e−07 0.06 4.6e−02 1.34±0.03e−07 1.8e−01 0.43 × 0.87

NGC7314 2.55±0.11e−07 0.12 4.0e−02 6.40±0.14e−08 6.0e−02 0.36 × 0.73

NGC7410 1.74±0.13e−07 1.17 3.9e−02 2.91±0.19e−08 3.9e−02 0.43 × 0.87

NGC7469 5.40±0.05e−06 0.38 8.7e+00 1.17±0.01e−06 1.1e+01 1.17 × 2.34

NGC7496 1.42±0.03e−06 0.49 2.7e−01 2.77±0.04e−07 3.2e−01 0.40 × 0.81

NGC7582 4.10±0.04e−06 1.42 7.2e−01 3.60±0.04e−07 3.8e−01 0.38 × 0.77

NGC7590 4.57±0.81e−07 1.54 8.0e−02 2.73±0.34e−08 2.9e−02 0.38 × 0.77

NGC7743 3.42±0.03e−07 1.23 7.3e−02 4.52±0.28e−08 5.8e−02 0.43 × 0.85

Note. — Col. (1): Galaxy name. Col. (2): 11.3 µm aromatic feature intensity [W m−2 sr−1]. Col. (3):

11.3 µm aromatic feature equivalent width [µm]. Col. (4): SFR based on 11.3 µm aromatic feature [M⊙ yr−1].

Col. (5): [Ne ii] intensity [W m−2 sr−1]. Col. (6): SFR based on [Ne ii] [M⊙ yr−1]. Col. (7): Physical size of

3.6′′ × 7.2′′ aperture [kpc].
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5.3 Nuclear Star-Formation Rates

The mid-IR aromatic features (e.g., Peeters et al., 2004; Smith et al., 2007a; Calzetti

et al., 2007), the [Ne ii] line (e.g., Ho & Keto, 2007), and the 24 µm continuum

luminosity (e.g., Calzetti et al., 2007; Rieke et al., 2009) can all be used as tracers

of the SFR for normal star-forming galaxies. However, when a galaxy contains a

central AGN, dust heated by the AGN will likely dominate the 24 µm continuum

(e.g., Brand et al., 2006), ionizing photons from the AGN can contribute significantly

to the [Ne ii] (e.g., Groves et al., 2006; Pereira-Santaella et al., 2010), and high-

energy photons or shocks associated with the AGN may destroy or modify the

molecules that produce the mid-IR aromatic features (e.g., Voit, 1992; O’Dowd et al.,

2009; Diamond-Stanic et al., 2010). Nonetheless, Meléndez et al. (2008b) outlined a

method to determine the SF contribution to [Ne ii] for AGNs, and Diamond-Stanic

et al. (2010) showed that the 11.3 µm aromatic feature is robust to the effects of

AGN- and shock-processing. In this section, we evaluate the merit of both features

for estimating nuclear SFRs.

We used the Rieke et al. (2009) star-forming galaxy templates to convert the

11.3 µm aromatic feature and [Ne ii] emission-line strengths into SFRs. Based on

spectral decompositions with PAHFIT, we determined the strength of these features

for the templates in the LIR = 109.75–1010.75 L⊙ range, which are appropriate for

the nuclear SFRs in the sample (< 10 M⊙ yr−1). For these templates, the 11.3 µm

aromatic feature contributes 1.2% ± 0.1% of the IR luminosity, while [Ne ii] con-

tributes 0.13% ± 0.01% (above LIR = 1011 L⊙ these fractions drop to ∼ 0.5% and

∼ 0.07%, respectively). Using the Rieke et al. (2009) calibration between LIR and

SFR1, we find for this luminosity range:

1The Rieke et al. (2009) calibration yields SFRs that are 0.66 times those from the Kennicutt
(1998a) calibration due to different assumptions about the stellar initial mass function
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SFR(M⊙ yr−1) = 9.6 × 10−9L(11.3 µm,L⊙) (5.1)

SFR(M⊙ yr−1) = 8.9 × 10−8L([Ne ii], L⊙) (5.2)

We note that equation 2 of Ho & Keto (2007) implies that [Ne ii] contributes, on

average, only ∼0.05% of the IR luminosity (albeit with a large scatter of 0.51 dex).

Such a small L[Ne ii]/LIR ratio is more consistent with the Rieke et al. (2009) tem-

plates above LIR = 1011 L⊙. For lower luminosities, Treyer et al. (2010) note that

the sample used by Ho & Keto (2007) includes a number of low-metallicity galaxies

where [Ne iii] is the dominant Ne species (e.g., Wu et al., 2006), resulting in smaller

L[Ne ii]/LIR ratios. Our equation 5.2 is more appropriate for converting [Ne ii] lumi-

nosities into SFRs for the sources considered in this paper.

Aperture corrections are necessary to determine total nuclear fluxes because

the small apertures used for our measurements (3.6′′ × 7.2′′) only cover the central

portion (1.2× 2.3 λ/D) of the point-spread function (PSF) at 12 µm. We apply an

aperture correction of 1.98 to the nuclear 11.3 µm aromatic feature and [Ne ii] fluxes

based on the IRAC channel 4 (8.0 µm) PSF, scaled by a factor of 1.5 to match the

expected beam size at 12 µm.

We compare aromatic and [Ne ii] SFRs as a function of the equivalent width

(EW) of the 11.3 µm aromatic feature in the top panel of Figure 5.1. These mea-

surements are compiled in Table 5.1. For sources with EW(11.3 µm)> 0.3 µm,

the agreement is reasonable: there is a factor of 1.6 scatter around the median

ratio SFR[Ne ii]/SFR11.3 µm = 1.14. The largest outlier, NGC2639, shows evidence

of suppressed aromatic features (Diamond-Stanic et al., 2010). For sources with

EW(11.3 µm)< 0.3 µm, the SFR[Ne ii] estimates are biased towards larger values, as

expected if the AGN is contributing significantly to [Ne ii]. In the bottom panel of
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Figure 5.1 Top panel: The ratio of SFRs derived from the [Ne ii] line to SFRs

derived from the 11.3 µm aromatic feature as a function of EW(11.3 µm). Seyfert

1s (type 1.0–1.9) are marked by red stars while Seyfert 2s are marked by blue circles.

Sources whose [Ne ii] and aromatic SFRs differ by more than a factor of two are

noted by filled symbols. This ratio scatters around unity (dashed line) for sources

with EW(11.3 µm)> 0.3 µm (dotted line). However, sources with smaller EWs

tend to have systematically larger [Ne ii]/aromatic ratios, suggesting a strong AGN

contribution to [Ne ii]. Bottom panel: The [O iv]/[Ne ii] ratio as a function of

EW(11.3 µm). Sources with discrepant [Ne ii] SFRs are most commonly found

in the AGN-dominated region (top-left corner) of this plot, but we find that the

EW(11.3 µm) value is better predictor than the [O iv]/[Ne ii] ratio of when a

source will have an AGN-dominated [Ne ii] line.



107

Figure 5.1, we plot the [O iv]/[Ne ii] ratio as a function of EW(11.3 µm) and find

that sources with SFR[Ne ii]/SFR11.3 µm > 2, which are highlighted by filled symbols,

tend to exhibit the large [O iv]/[Ne ii] ratios and small EW(11.3 µm) values that are

characteristic of AGN-dominated sources (e.g., Genzel et al., 1998). We conclude

that both [Ne ii] and the 11.3 µm aromatic feature provide reasonable estimates

of the SFR for sources with EW(11.3 µm)> 0.3 µm, but that [Ne ii] often suffers

significant AGN contamination for sources with smaller EWs.

Meléndez et al. (2008b) proposed a method for correcting for such AGN contri-

butions to [Ne ii]; they determined a fiducial relationship between [Ne ii] and [O iv]

luminosities for Seyfert galaxies with undetected aromatic features and attributed

excess [Ne ii] emission for sources above this relationship to SF. We compare SFRs

based on this method to aromatic-based SFRs in Figure 5.2. This comparison shows

that, relative to aromatic-based SFRs, the method presented by Meléndez et al.

(2008b) can severely overestimate SFRs (up to an order of magnitude) for sources

with [O iv]/[Ne ii] < 0.3 and severely underestimate SFRs (or assign SFR=0) for

sources with [O iv]/[Ne ii] > 1.0. This suggests that EW(11.3 µm) is a better

diagnostic than [O iv]/[Ne ii] for determining when [Ne ii] is dominated by SF, as

illustrated by the top panel of Figure 5.1; despite the overall anti-correlation between

[O iv]/[Ne ii] and EW(11.3 µm), there are sources with small [O iv]/[Ne ii] ratios

that have small EW(11.3 µm) values, and there are sources with large [O iv]/[Ne ii]

ratios that have large EW(11.3 µm) values.

We conclude that the 11.3 µm aromatic feature is the best tracer of the SFR for

our sample. We adopt an uncertainty of 0.2 dex on conversions between the 11.3 µm

aromatic feature strength and IR luminosity based on the scatter in this ratio for

the SINGS sample (Smith et al., 2007a) and an additional uncertainty of 0.2 dex

for conversions between IR luminosity and SFR (Rieke et al., 2009). Adding these
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Figure 5.2 The ratio of SFRs derived from the [Ne ii] line, using the method of

Meléndez et al. (2008b) to subtract the AGN contribution to [Ne ii], to SFRs derived

from the 11.3 µm aromatic feature as a function of the [O iv]/[Ne ii] ratio. We find

that the Meléndez et al. (2008b) method can severely overestimate SFRs for sources

with [O iv]/[Ne ii] < 0.3 and underestimate SFRs for sources with [O iv]/[Ne ii] > 1.
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in quadrature, the uncertainty on SFRs obtained from equation 5.1 is 0.28 dex.

5.4 AGN Intrinsic Luminosities

The [O iv] line has been shown to be an accurate tracer of AGN intrinsic luminosity

(Meléndez et al., 2008a; Rigby et al., 2009; Diamond-Stanic et al., 2009). The line

is dominated by the AGN unless the infrared (IR) luminosity associated with star

formation (SF) exceeds the AGN intrinsic luminosity by an order of magnitude

(Pereira-Santaella et al., 2010). We focus our analysis on the sources with [O iv]

detections from Pereira-Santaella et al. (2010) that have [O iv]/[Ne ii] > 0.15,

for which the contribution of SF to [O iv] is minimal (< 30%). This excludes 15

sources with [O iv] upper limits and 8 sources with [O iv]/[Ne ii] < 0.15. We use the

calibration of Rigby et al. (2009) to convert between [O iv] luminosity and AGN

intrinsic luminosity, LAGN = L[O iv] × 2550, which has an uncertainty of 0.4 dex.

Assuming a radiative efficiency η = 0.1 (LAGN = ηṀBHc2), this is equivalent to the

following:

ṀBH(M⊙ yr−1) = 1.7 × 10−9L([O iv], L⊙) (5.3)

We gathered estimates of black hole mass from the literature based on high-

resolution gas, stellar, or maser dynamics (5 objects); reverberation mapping (7

objects); and bulge velocity dispersion (34 objects). These values were used to

calculate the ratio of the AGN intrinsic luminosity to the Eddington luminosity,

LEDD = 1.3 × 1046(MBH/108M⊙) erg s−1. The values of AGN intrinsic luminosity,

black hole mass, and Eddington ratio for the sample are shown in Figure 5.3 and

compiled in Table 5.2. Most objects fall in the range LAGN = 1042–1045 erg s−1,

MBH = 106–108 M⊙, and L/LEdd = 10−4–1.
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Figure 5.3 The relationship between AGN luminosity, Eddington ratio, and black

hole mass. The RSA Seyfert sample includes low- to moderate-luminosity AGNs

with masses generally below 108 M⊙. The handful of rapidly accreting sources with

L/LEdd > 0.1 all have MBH < 3 × 107 M⊙.
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Table 5.2. Derived Parameters

NAME SFRNUC SFREXT LAGN ṀBH MBH Method Ref L/LEdd

(1) (2) (3) (4) (5) (6) (7) (8) (9)

IC2560 3.1e−01 9.6e−01 2.8e+44 5.1e−02 · · · · · · · · · · · ·

IC3639 6.2e−01 1.2e+00 6.3e+43 1.1e−02 6.8e+06 dis 1 7.2e−02

MRK509 4.8e+00 · · · 1.8e+45 3.2e−01 1.4e+08 rev 2 9.6e−02

NGC788 1.2e−01 4.8e−01 2.0e+44 3.6e−02 3.2e+07 dis 1 4.8e−02

NGC1241 6.1e−01 2.4e+00 4.3e+43 7.7e−03 2.9e+07 dis 1 1.1e−02

NGC1275 6.6e−01 · · · 1.4e+44 2.6e−02 3.8e+08 dis 3 2.9e−03

NGC1358 8.4e−02 6.1e−01 8.0e+43 1.4e−02 7.6e+07 dis 1 8.1e−03

NGC1365 7.5e−01 8.3e+00 2.1e+44 3.8e−02 · · · · · · · · · · · ·

NGC1386 3.9e−02 · · · 3.3e+43 6.0e−03 1.7e+07 dis 1 1.5e−02

NGC1566 1.4e−01 2.4e+00 9.6e+42 1.7e−03 · · · · · · · · · · · ·

NGC1667 5.4e−01 5.8e+00 7.2e+43 1.3e−02 7.6e+07 dis 1 7.3e−03

NGC2273 7.8e−01 · · · 3.5e+43 6.2e−03 2.0e+07 dis 1 1.3e−02

NGC2639 8.8e−02 7.1e−01 1.0e+43 1.8e−03 8.7e+07 dis 3 8.8e−04

NGC2992 6.2e−01 5.3e−01 4.6e+44 8.4e−02 · · · · · · · · · · · ·

NGC3031 1.2e−03 1.8e−01 1.8e+41 3.2e−05 8.0e+07 gas 4 1.7e−05

NGC3081 1.5e−01 2.7e−01 4.2e+44 7.6e−02 2.3e+07 dis 1 1.4e−01

NGC3185 1.6e−01 1.1e−01 1.1e+43 2.0e−03 3.3e+06 dis 3 2.7e−02

NGC3227 5.0e−01 3.2e−01 9.0e+43 1.6e−02 · · · · · · · · · · · ·

NGC3516 1.3e−01 · · · 2.0e+44 3.7e−02 4.3e+07 rev 2 3.7e−02

NGC3735 4.6e−01 2.6e+00 1.9e+44 3.4e−02 3.3e+07 dis 3 4.5e−02

NGC3976 7.7e−02 1.4e+00 3.2e+42 5.7e−04 1.1e+08 dis 3 2.2e−04

NGC3982 3.3e−02 4.8e−01 4.0e+42 7.3e−04 1.2e+06 dis 1 2.5e−02

NGC4051 1.2e−01 8.7e−01 2.8e+43 5.0e−03 1.7e+06 rev 5 1.2e−01

NGC4151 6.0e−02 · · · 3.1e+44 5.5e−02 4.6e+07 rev 6 5.2e−02

NGC4235 5.5e−02 2.6e−01 1.2e+43 2.2e−03 4.4e+07 dis 3 2.2e−03

NGC4258 7.9e−03 · · · 1.5e+42 2.6e−04 3.8e+07 mas 7 3.0e−04

NGC4388 1.6e−01 3.2e−01 2.7e+44 4.8e−02 1.7e+07 dis 1 1.2e−01

NGC4395 2.2e−04 2.1e−02 4.5e+41 8.1e−05 3.6e+05 rev 2 9.6e−03

NGC4477 1.6e−02 1.0e−01 1.1e+42 2.0e−04 8.2e+07 dis 3 1.0e−04

NGC4501 3.1e−02 1.6e+00 2.2e+42 4.0e−04 7.2e+07 dis 1 2.3e−04

NGC4507 1.0e+00 8.1e−01 3.7e+44 6.7e−02 3.8e+07 dis 1 7.5e−02
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Table 5.2—Continued

NAME SFRNUC SFREXT LAGN ṀBH MBH Method Ref L/LEdd

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC4565 5.0e−03 5.4e−01 1.2e+42 2.1e−04 2.9e+07 dis 3 3.2e−04

NGC4593 1.6e−01 5.1e−01 7.0e+43 1.3e−02 9.8e+06 rev 8 5.5e−02

NGC4594 5.4e−03 6.3e−01 2.9e+42 5.3e−04 5.7e+08 ste 9 4.0e−05

NGC4698 9.9e−04 7.3e−02 1.7e+42 3.1e−04 4.1e+07 dis 3 3.3e−04

NGC4725 1.6e−03 3.3e−01 8.4e+41 1.5e−04 3.2e+07 dis 3 2.0e−04

NGC4939 6.1e−02 2.2e+00 4.3e+44 7.7e−02 · · · · · · · · · · · ·

NGC4941 1.3e−02 1.3e−01 2.3e+43 4.1e−03 3.4e+06 dis 1 5.2e−02

NGC5033 1.6e−01 1.8e+00 9.8e+42 1.8e−03 4.4e+07 dis 3 1.7e−03

NGC5128 1.9e−02 9.9e−01 7.6e+42 1.4e−03 7.0e+07 ste 10 8.4e−04

NGC5135 5.9e+00 1.5e+00 7.4e+44 1.3e−01 2.2e+07 dis 1 2.5e−01

NGC5194 1.7e−02 2.2e+00 4.1e+42 7.4e−04 8.9e+06 dis 1 3.5e−03

NGC5273 5.2e−02 · · · 6.8e+42 1.2e−03 2.1e+06 dis 1 2.5e−02

NGC5427 1.6e−01 2.8e+00 2.1e+43 3.7e−03 · · · · · · · · · · · ·

NGC5506 5.9e−01 · · · 6.6e+44 1.2e−01 4.5e+06 dis 1 1.1e+00

NGC5643 1.5e−01 8.2e−01 7.7e+43 1.4e−02 · · · · · · · · · · · ·

NGC5728 1.3e+00 1.1e+00 6.0e+44 1.1e−01 1.6e+08 dis 1 2.8e−02

NGC5899 4.2e−01 2.2e+00 1.2e+44 2.2e−02 · · · · · · · · · · · ·

NGC6300 2.2e−01 9.2e−01 1.9e+43 3.4e−03 · · · · · · · · · · · ·

NGC6814 5.5e−02 1.3e+00 5.4e+43 9.7e−03 1.8e+07 rev 11 2.2e−02

NGC6951 4.3e−01 1.8e+00 1.5e+43 2.6e−03 2.2e+07 dis 3 5.0e−03

NGC7130 4.4e+00 4.7e+00 2.2e+44 3.9e−02 3.3e+07 dis 1 5.0e−02

NGC7172 7.4e−01 4.5e−01 1.7e+44 3.1e−02 4.7e+07 dis 1 2.8e−02

NGC7314 4.0e−02 6.0e−01 8.8e+43 1.6e−02 · · · · · · · · · · · ·

NGC7582 7.2e−01 1.5e+00 3.2e+44 5.8e−02 5.5e+07 gas 12 4.5e−02

NGC7590 8.0e−02 1.0e+00 4.5e+42 8.1e−04 6.2e+06 dis 1 5.6e−03

NGC7743 7.3e−02 1.1e−01 5.2e+42 9.4e−04 5.3e+06 dis 3 7.6e−03

Note. — Col. (1): Galaxy name. Col. (2): Nuclear SFR [M⊙ yr−1]. Col. (3): Extended SFR

[M⊙ yr−1]. Col. (4): Intrinsic luminosity [erg s−1]. Col. (5): Black hole accretion rate [M⊙ yr−1]. Col.

(6): Black hole mass [M⊙]. Col. (7): Method used to determine black hole mass: maser dynamics (mas),

bulge velocity dispersion (dis), reverberation mapping (rev), gas dynamics (gas), or stellar dynamics (ste).

Col. (8): Reference for black hole mass (see below). Col. (9): Eddington ratio.

Note. — References: (1) Bian & Gu (2007). (2) Peterson et al. (2004). (3) Ho et al. (2009). (4)

Devereux et al. (2003). (5) Denney et al. (2009). (6) Bentz et al. (2006). (7) Herrnstein et al. (2005). (8)

Denney et al. (2006). (9) Kormendy (1988). (10) Cappellari et al. (2009). (11) Bentz et al. (2009). (12)

Wold et al. (2006).
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5.5 Results

5.5.1 Black Hole Accretion v. Nuclear Star Formation

We show the relationship between black hole accretion rate (BHAR), Eddington

ratio, and nuclear SFR in Figure 5.4. A strong correlation is apparent: Seyferts with

larger nuclear SFRs tend to have larger BHARs and larger Eddington ratios. We use

the linear regression method2 outlined by Kelly (2007) to quantify the relationship

between nuclear SFR and BHAR:

SFRNUC(M⊙ yr−1) = 18+11
−7

(

ṀBH

M⊙ yr−1

)0.98±0.09

(5.4)

The best-fit regression line and the 95% confidence interval are shown as solid

and dashed lines in Figure 5.4. The observed scatter around this relationship is

0.57 dex, but the posterior median estimate of the intrinsic scatter (Kelly, 2007) is

0.28± 0.10 dex, suggesting that much of the observed scatter may be driven by the

measurement errors on SFR and BHAR.

To test whether the relationship between SFR and BHAR could be driven by the

distance dependence inherent in luminosity–luminosity plots, in Figure 5.5 we show

the relationship between the observable quantities, [O iv] and 11.3 µm aromatic

feature flux. The correlation in this flux–flux plot is still statistically significant

(Spearman’s ρ=0.61, probability of no correlation p = 4.7 × 10−7), confirming the

reality of this relationship. Assuming that the nuclear SFR traces the amount of

gas on scales of a few hundred parsecs, which is reasonable based on the Schmidt–

Kennicutt relation (Schmidt, 1959; Kennicutt, 1998b), this suggests that the primary

difference between low- and high-luminosity Seyferts is the amount of gas in the

central ∼ 100 pc.

2code available from the IDL Astronomy User’s Library (linmix err.pro),
http://idlastro.gsfc.nasa.gov/
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Figure 5.4 The relationship between BHAR, Eddington ratio, and nuclear SFR.

Seyferts with high accretion rates also tend to have enhanced nuclear SFRs. The

solid line is the best-fit relationship (equation 5.4), and the dotted lines show the

95% confidence interval on the regression line.
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Figure 5.5 The relationship between [O iv] flux and 11.3 µm aromatic feature flux.

The correlation between these two observed quantities is statistically significant (p =

1 × 10−4), illustrating that the connection between the derived physical quantities

(BHAR and nuclear SFR) is real and not just driven by the distance-squared factor

in luminosity–luminosity plots.
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The fact that the slope of the nuclear SFR-BHAR relationship is consistent with

unity suggests that the fraction of nuclear gas that forms stars v. the fraction

that falls onto the central SMBH does not have a strong dependence on luminosity.

We investigate the behavior of the SFR/BHAR ratio as a function of BHAR in

Figure 5.6; the median ratio SFR/BHAR=23 is shown as a dotted line. There does

exist a mild anti-correlation such that sources with large accretion rates tend to

have smaller SFR/BHAR ratios (Spearman’s ρ=-0.38, p = 0.003). That is, there is

a suggestion that the nuclear SFR does not keep pace with the BHAR towards high

AGN luminosities. We find no significant difference in the nuclear SFRs (p = 0.38

from the K-S test) or SFR/BHAR ratios (p = 0.19) between Seyfert 1s and Seyfert

2s.

5.5.2 Black Hole Accretion v. Extended Star Formation

Given the connection described above between black hole accretion and nuclear

SFR, it is worthwhile to consider whether such a relationship also exists between

SMBH activity and extended SF in the host galaxy. In this section, we examine this

relationship using extended SFRs estimated from MIPS 24 µm images.

For each galaxy we attribute all the flux measured in a 7′′ radius (1.13 λ/D)

aperture to a nuclear point source and apply an aperture correction based on the

MIPS 24 µm PSF to infer the total nuclear flux. We then compare this to the total

galaxy flux measured in a large aperture (ranging in radius between 50′′ and 10′,

depending on the size of the galaxy) to determine the extended flux. We convert

from extended 24 µm luminosities to SFRs using the Rieke et al. (2009) calibration.

In Figure 5.7, we show that only a marginal correlation exists between extended

SFR and BHAR (Spearman’s ρ = 0.26, p = 0.07). Using the Kelly (2007) linear

regression method, we find the following relationship:
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Figure 5.6 The nuclear SFR/BHAR ratio as a function of BHAR. The median ratio

SFR/BHAR=23 is shown as a dotted line. There is mild anti-correlation such that

sources with large accretion rates tend to have smaller SFR/BHAR ratios.
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Figure 5.7 The relationship between extended SFR and BHAR. The solid line is the

best-fit relationship (equation 5.5), and the dotted lines show the 95% confidence

interval on the regression line. Sources with larger BHARs also tend to have larger

host-galaxy SFRs, but the observed scatter is large (0.84 dex).
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SFREXT (M⊙ yr−1) = 3.1+2.2
−1.3

(

ṀBH

M⊙ yr−1

)0.28±0.10

(5.5)

The observed scatter around this relationship is large (0.84 dex), and the cor-

relation between the observable quantities, extended 24 µm flux and [O iv] flux, is

non-existent (ρ = 0.04, p = 0.76, see Figure 5.8), illustrating that the connection

between these two physical quantities is weak.

The shallow slope of equation 5.5 suggests that the extended SFR/BHAR ratio

decreases dramatically towards higher AGN luminosities. We consider the behavior

of this ratio as a function of BHAR in Figure 5.9 and find a strong anti-correlation.

The SFR/BHAR ratio is ∼ 10 for sources with ṀBH ∼ 0.1 M⊙ yr−1, and it exceeds

103 for a number of low-luminosity AGNs with ṀBH < 10−3 M⊙ yr−1. We find

no significant difference between the extended SFR values (p = 0.10) or extended

SFR/BHAR ratios (p = 0.41) for Seyfert 1s and Seyfert 2s.

The result that the BHAR correlates well with the nuclear SFR but only weakly

with the extended SFR suggests that the level of AGN activity is related to the

distribution of SF (and presumably gas) in the host galaxy. In Figure 5.10, we show

that the nuclear / extended SFR ratio is correlated with BHAR, such that high-

luminosity AGNs tend to reside in galaxies where star formation is more centrally

concentrated. Adopting the assumption from the Schmidt–Kennicutt relation that

SF traces the local gas density, this again suggests that the primary difference

between low-luminosity and high-luminosity Seyferts is the amount of gas in the

central few hundred parsecs.
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Figure 5.8 The relationship between extended 24 µm flux and [O iv] flux. No

significant correlation is present, illustrating that the connection between the derived

physical quantities (extended SFR and BHAR) is weak.
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Figure 5.9 The extended SFR/BHAR ratio as a function of BHAR. While the

sources with larger BHARs do tend to have more extended SF activity, the shallow

slope of that relationship (SFR ∝ Ṁ0.28
BH , equation 5.5) implies that the extended

SFR/BHAR ratio varies dramatically with BHAR, as shown here.
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Figure 5.10 The relationship between nuclear and extended SFR as a function of

BHAR. The higher luminosity AGNs tend to reside in galaxies with the SF is more

centrally concentrated, implying that a large amount of gas in the central few hun-

dred parsecs.
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5.6 Discussion

5.6.1 Previous SFR and BHAR Measurements

Several authors have measured SFRs for AGN host galaxies and explored the rela-

tionship with BHAR (e.g., Hao et al., 2005; Satyapal et al., 2005; Netzer et al., 2007;

Silverman et al., 2009; Shi et al., 2009). All have found at least a weak correlation,

but the form of the relationship (SFR ∝ Ṁα
BH) varies between studies. Some find an

approximately linear relationship (α ≥ 0.8, Satyapal et al., 2005; Netzer, 2009; Shi

et al., 2009) consistent with our results for nuclear SFRs (equation 5.4, Figure 5.4),

while others finding a much shallower relationship (α ∼ 0.3, Hao et al., 2005; Sil-

verman et al., 2009) consistent with our results for extended SFRs (equation 5.5,

Figure 5.7).

Hao et al. (2005) compared the optical and IR luminosities of several QSO and

Seyfert samples at z < 0.5 and found that IR-selected QSOs (31 objects) exhibit

excess emission at 60 µm, which they attribute to star formation. They found a

correlation between SFRs estimated from this 60 µm excess and BHARs estimated

from 5100 Å continuum luminosity, with a mean relationship SFR ∝ Ṁ0.29
BH and a

SFR/BHAR ratio ∼ 3000 at ṀBH = 0.1 M⊙ yr−1. This slope is consistent with

the relationship we find for extended SFRs, but the normalization differs by several

orders of magnitude; it is clear that the IR-bright sources selected by Hao et al.

(2005) have extremely enhanced SFRs relative to local Seyfert galaxies with similar

BHARs. Silverman et al. (2009) used the [O ii]λ3727 line to estimate SFRs for a

sample of X-ray-selected AGNs from the COSMOS survey (Scoville et al., 2007) and

found a similar slope (SFR ∝ Ṁ0.28±0.22
BH ) but a smaller SFR/BHAR ratio (∼ 102

at ṀBH = 0.1 M⊙ yr−1), closer to the typical SFR/BHAR ratio in our sample.

Satyapal et al. (2005), building on the work of Dudik et al. (2005), compiled

AGN and far-IR luminosities for a sample including 86 Seyferts and quasars, and
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they found SFR ∝ Ṁ0.89
BH with an SFR/BHAR ratio ∼ 60 at ṀBH = 0.1 M⊙ yr−1.

Netzer (2009) compiled results on aromatic-based SFRs for 28 z ∼ 0.1 QSOs (Netzer

et al., 2007) and 12 z ∼ 2 QSOs (Lutz et al., 2008) to complement their own study

of a large sample of type 2 Seyferts and LINERs from the Sloan Digital Sky Survey

(SDSS); BHARs for the SDSS sources were estimated using the [O iii]λ5007 and

[O i]λ6300 lines, and SFRs were estimated using the method of Brinchmann et al.

(2004). They found a relationship of the form SFR ∝ Ṁ0.8
BH with a SFR/BHAR

ratio ∼ 30 for ṀBH = 0.1 M⊙ yr−1. Shi et al. (2009) considered the relationship

between 5–6 µm continuum luminosity and aromatic-feature luminosity for a sample

of 89 PG quasars at z < 0.5 (Shi et al., 2007) and 57 SDSS quasars at z ∼ 1 and a

found a relationship of the form SFR ∝ Ṁ0.97±0.08
BH with a SFR/BHAR ratio ∼ 10

for sources with ṀBH = 1 M⊙ yr−1. This latter relationship is quite similar to our

equation 5.4.

Taken together, these results are consistent with a picture where the nuclear SFR

and BHAR trace each other and the slope of the SFR–BHAR relationship depends

on the relative amount of nuclear and extended SF in the host galaxy. In this

picture, one expects an approximately linear relationship between SFR and BHAR

for samples where the total SFR of the host galaxy is dominated by the nuclear

component, and a shallower relationship for samples where the the total SFR of the

host galaxy includes a significant extended component.

5.6.2 Model Predictions

A number of authors have made theoretical predictions for the behavior of the SFR

and the BHAR during the AGN phase (e.g., Springel et al., 2005; Thompson et al.,

2005; Escala, 2007; Kawakatu & Wada, 2008; Hopkins & Quataert, 2010). These

models differ primarily in their predictions for the nuclear SFR/BHAR ratio, ranging

from ∼ 1 (e.g., Kawakatu & Wada, 2008) to ∼ 103 (e.g., Thompson et al., 2005) for
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AGNs with ṀBH ∼ 0.1 M⊙ yr−1. Our results correspond to nuclear SFR/BHAR

∼10 for Seyferts in this luminosity range.

In the galaxy merger models of Springel et al. (2005) that produce a final black

hole mass ∼ 3 × 107 M⊙, the SFR/BHAR ratio reaches ∼ 200 at the peak of SF

activity as the galaxies coalesce, approaches unity at the end of the bright AGN

phase (ṀBH ∼ 0.5 M⊙ yr−1), and then settles down to ∼ 50 in the post-merger

phase (ṀBH ∼ 10−4 M⊙ yr−1). Although the RSA Seyferts show little evidence for

merger activity, our results for nuclear SFRs and BHARs are broadly consistent with

these values. Escala (2007) studied the evolution of the central kpc of a massive

nuclear disk with a central SMBH and find that the SFR and BHAR trace each

other during the primary growth phase (SFR ∝ ṀBH) with SFR/BHAR ratios in

the 3–50 range, consistent with our results for nuclear SFRs. Hopkins & Quataert

(2010) go a step further and make predictions for the relationship between SFR and

BHAR as a function of radius. They find SFR/BHAR ratios ranging from ∼ 10 for

R < 100 pc, ∼ 30 for R < 1 kpc, to ∼ 300 for the whole galaxy. They also find that

nuclear star formation is more tightly coupled to AGN activity than the global star

formation rate of a galaxy, which is also consistent with our results.

On the other hand, the starburst disk models of Thompson et al. (2005) that

produce ṀBH ∼ 0.1 M⊙ yr−1 suggest that most of the gas being supplied at an

outer radius Rout = 200 pc will be consumed by a starburst near that outer radius,

resulting in SFR/BHAR ∼ 103. While inconsistent with our measurements for local

Seyfert galaxies, this model is perhaps consistent with the findings of Hao et al.

(2005) for IR-bright QSOs. Kawakatu & Wada (2008) study the evolution of a

100 pc circumnuclear disk and find a correlation between SFR and BHAR only for

high-accretion rates (ṀBH > 0.01 M⊙ yr−1). They also predict that the SFR/BHAR

ratio should increase with BHAR, reaching a maximum ratio ∼ 2. On the contrary,
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we find that the correlation between nuclear SFR and BHAR persists towards lower

luminosities and that the vast majority of our sample has SFR/BHAR ratios > 2.

5.6.3 Behavior as a Function of Seyfert Type

There have been suggestions from theoretical (e.g., Wada & Norman, 2002; Bal-

maverde & Capetti, 2006) and observational work (e.g., Maiolino et al., 1995; Mouri

& Taniguchi, 2002; Buchanan et al., 2006; Deo et al., 2007; Meléndez et al., 2008b)

that SF is enhanced in obscured (i.e., type 2) AGNs. This would be inconsistent

with the standard unified model (e.g., Antonucci, 1993; Urry & Padovani, 1995)

where differences between obscured and unobscured AGNs are attributed to our

viewing angle towards a central obscuring torus, which should be independent of SF

activity in the host galaxy. Such a result would suggest that the obscuring material

in type 2 AGNs is related to SF activity in the host galaxy. On the contrary, we

find that the distributions of nuclear SFR, nuclear SFR/BHAR, extended SFR, and

extended SFR/BHAR for our sample do not exhibit any statistically significant dif-

ferences between type 1 and type 2 Seyferts. While this result does not definitively

rule out any difference between the SF properties of type 1 and type 2, it does imply

that such differences are not dramatic.

We note that results on SF activity as a function of Seyfert type likely depend

on sample selection and the method used to measure the SFR. A comprehensive

analysis of these factors is beyond the scope of this work, but their effect is apparent

in previous published results. For example, Maiolino et al. (1995) studied a sample

including 51 Seyferts from the CfA sample (Huchra & Burg, 1992), 59 from the RSA

sample, and 84 from the 12 µm sample (Rush et al., 1993). By comparing ground-

based 10 µm observations with IRAS 12–100 µm fluxes, they found that the extended

IR emission in type 2 Seyferts tends to have a much redder color than that in type

1s, consistent with enhanced star formation in the type 2 galaxies. Similarly, Mouri
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& Taniguchi (2002) studied a sample of 50 RSA and 37 CfA Seyferts and found that

Seyfert 2s had larger infrared/B-band and larger 100 µm/60 µm flux ratios, implying

that they were more often starburst or host-galaxy dominated. On the other hand,

Imanishi & Wada (2004) studied a sample of 24 CfA and 33 12 µm Seyferts and

found no significant difference in 3.3 µm aromatic feature luminosities between type

1 and type 2 Seyferts. Furthermore, Pereira-Santaella et al. (2010) studied a sample

of 69 RSA and 97 12 µm Seyferts and found no significant difference in the fraction

of type 1 and type 2 sources that exhibit excess [Ne iii] emission associated with

SF.

5.7 Chapter Conclusions

We have measured BHARs, nuclear SFRs, and extended SFRs for a complete sample

of Seyfert galaxies. We find an approximately linear relationship between BHAR and

nuclear SFR with a scatter of 0.57 dex, and a marginal correlation between BHAR

and extended SFR. The highest luminosity Seyferts (ṀBH ∼ 0.1 M⊙ yr−1) tend

to have somewhat smaller nuclear SFR/BHAR ratios, suggesting that they may be

more efficient at transporting gas from ∼ 100 pc scales down to the central SMBH.

The most striking difference between low-luminosity and high-luminosity Seyferts,

however, is their nuclear / extended SFR ratios: the high-luminosity sources have

more centrally concentrated SF activity, suggesting that strength of AGN activity is

driven by the amount of gas in the central few hundred parsecs. We find no difference

in the SF activity or SFR/BHAR ratios between type 1 and type 2 Seyferts. Our

results are consistent with models where AGN activity is linked with elevated nuclear

star formation.
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Chapter 6

Conclusions

In Chapter 1, I outlined several motivating questions regarding the growth of SMBHs

and their host galaxies. How complete is our census of SMBH growth in the universe?

What are the fundamental differences between obscured and unobscured AGNs?

Which fueling processes can explain the BHARs and SFRs in AGNs and their host

galaxies? In the process of answering these questions in Chapters 2–5, I also posed

a number of more specific questions. How do the [O iv] λ25.89 µm luminosity

distributions compare between obscured and unobscured AGNs? How do [O iv]

luminosities compare with other commonly used diagnostics of AGN power? What

is the relationship between [O iv] luminosity and intrinsic AGN luminosity? What

are the effects of AGNs on the mid-IR aromatic features? How useful are these

features for determining SFRs for AGN host galaxies? What is the relationship

between nuclear SFR, extended SFR, and BHAR for Seyfert galaxies? What does

this tell us about the distribution of gas in AGN host galaxies?

In Chapter 2, I showed that the [O iv] luminosity distributions for Seyfert 1s and

Seyfert 2s are not statistically distinguishable. Under the assumption that [O iv]

is an accurate tracer of intrinsic AGN luminosity, which is validated in Chapter 3,

this indicates that the unobscured and obscured RSA Seyferts are consistent with

being drawn from the same parent luminosity distribution, and argues against mod-

els where the ratio of obscured to unobscured AGNs depends on luminosity. In

addition, I showed that obscured and unobscured AGNs have similar distributions

of 6 cm radio luminosities. However, the observed [O iii] λ5007 Å and 2–10 keV

X-ray luminosities are systematically fainter for obscured AGNs, indicating that this

emission is not isotropic. Given the difficulty associated with determining accurate
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extinction corrections, this illustrates the systematic uncertainties associated with

using [O iii] and hard X-ray emission to estimate intrinsic AGN luminosities for

highly obscured sources, which are common in the local universe.

It is worth noting that corrections for [O iii] extinction based on published

measurements of Hα and Hβ and the standard Balmer decrement technique do not

always bring the [O iii] luminosity up to the level that would be expected based

on the [O iv] luminosity. Sources like NGC5128 and NGC7172, both of which have

prominent dust lanes, are still underluminous in [O iii] by more than an order of

magnitude. This could be explained if [O iv] is detected from heavily extincted

regions that are optically thick (τ >> 1) at visible wavelengths, while the [O iii],

Hα, and Hβ lines are detected exclusively from less-extincted regions, resulting in

a shallower observed Balmer decrement that underestimates the true extinction.

Standard techniques for estimating X-ray extinction corrections can be similarly

problematic. For faint sources with only a handful of X-ray counts (e.g., this would

be the case for the luminous, Compton-thick source NGC1068 if it were at z ∼ 0.5),

it becomes impossible to accurately estimate NH values. For somewhat brighter

sources with ∼ 100 counts, an X-ray spectral analysis becomes more feasible, but

our results comparing [O iv] and 2–10 keV luminosities point out remaining problem

in this regime. After the publication of Chapter 2, several RSA Seyferts with large

[O iv]/X-ray ratios (e.g., NGC6951, NGC7743) were included in the work of Akylas

& Georgantopoulos (2009), who showed that their individual X-ray spectra are

consistent with very little absorption (NH ∼ 1021 cm−2). This is in stark contrast to

their large [O iv]/X-ray ratios, which are characteristic of Compton-thick sources.

In Chapter 3, I presented the calibration of [O iv] as a measure of intrinsic

AGN luminosity using data in the 10–200 keV band and the bolometric corrections

of Marconi et al. (2004). While the relationship for Seyfert 1s is described by
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LAGN = L[O iv]×2550 with a scatter of 0.4 dex, the mean ratio of hard X-ray to [O iv]

luminosity is a factor of three lower for Seyfert 2s, implying that the average Seyfert

2 is intrinsically more luminous than would be inferred even from very hard X-rays.

This is in contrast to the widespread assumption in the literature that E > 10 keV

X-rays can penetrate even the largest absorbing columns and provide an unbiased

view of AGN activity. For example, Treister et al. (2009) compiled results for the

number of Compton-thick AGNs detected by the INTEGRAL and Swift all-sky

surveys and inferred a Compton-thick AGN fraction < 10%. Conversely, Malizia et

al. (2009) point out that accounting for more realisitic hard X-ray attenuation results

in a lower limit of 24% for the Compton-thick fraction in the INTEGRAL survey,

in agreement with the fraction in the RSA sample (> 20% and perhaps as high as

50%). While funding for the next generation of hard X-ray all-sky surveys (e.g.,

the Energetic X-ray Imaging Telescope, EXIST1, Grindlay, 2005) is uncertain, the

Nuclear Spectroscopic Telescope Array (NuSTAR2) is currently scheduled for launch

in February 2012, and its observing plan includes several extragalactic surveys in the

5–80 keV band (e.g., the 9 deg2 XBootes field and the 300 arcmin2 GOODS fields).

NuSTAR will provide an important advance in sensitivity (e.g., the anticipated 3σ

threshold for a 1 Ms exposure in the 10–30 keV band is 1 × 10−14 erg s cm−2) and

spatial resolution (43′′ half-power diameter, 7.5′′ FWHM) over previous facilities,

but our results indicate that even its deepest surveys will still be biased against

obscured AGNs.

In Chapter 4, I showed that the relative strengths of the mid-IR aromatic features

for Seyfert galaxies differ significantly from those for star-forming galaxies, with the

6.2, 7.7, and 8.6 µm features being suppressed relative to the 11.3 µm feature in

Seyferts. The sources with the smallest L(7.7 µm)/L(11.3 µm) aromatic feature

1http://exist.gsfc.nasa.gov/
2http://www.nustar.caltech.edu/
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ratios also exhibit the strongest H2 S(3) rotational lines, which likely trace shocked

gas. Given the connection between strong H2 emission and modified aromatic ratios,

I speculated that shock processing could modify molecular structures in ways that

can qualitatively explain the observed behavior (e.g., enhanced C–H/C–C ratios

and open C skeletons with fewer adjacent C–H groups). Further laboratory and

theoretical work is required to test this hypothesis. Finally, I showed that the

aromatic features correlate well with [Ne ii] (i.e., star formation) but not with [O iv]

(i.e., AGN luminosity), indicating that AGN excitation of aromatic emission is not

significant and that aromatic-based estimates of the SFR are generally reasonable.

There are a few outliers with strong H2 emission, small L(7.7 µm)/L(11.3 µm) ratios,

and small aromatic/[Ne ii] ratios, but for these sources the 11.3 µm feature is still

a robust tracer of the SFR.

The result that shock processing of aromatic molecules can suppress the emission

features near rest-frame 8 µm is relevant to a topic of recent interest: the observed

evolution with redshift of aromatic feature strengths (i.e., the aromatic / IR lumi-

nosity ratio) for luminous IR galaxies. Several papers have shown that high-redshift

ULIRGs appear to have stronger aromatic features than their low-redshift counter-

parts (e.g., Sajina et al., 2007; Rigby et al., 2008; Murphy et al., 2009). Given that

local ULIRGs are often major mergers that exhibit shocks (e.g., Zakamska, 2010),

while ULIRGs at high redshift may be gas-rich disks (e.g., Genzel et al., 2008), one

viable explanation is that the evolution in aromatic strengths is a direct result of

shock processing.

In Chapter 5, I used the 11.3 µm aromatic feature to estimate SFRs in the

nuclear regions of AGN host galaxies, and I used non-nuclear 24 µm emission to

estimate extended SFRs. I found a strong correlation between BHAR and nuclear

SFR that is well described by an approximately linear relationship, but only a
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marginal correlation exists between BHAR and extended SFR, and it exhibits a

shallower slope. The highest luminosity Seyferts (ṀBH ∼ 0.1 M⊙ yr−1) tend to

have somewhat smaller nuclear SFR/BHAR ratios, suggesting that they may be

more efficient at transporting gas from ∼ 100 pc scales down to the central SMBH.

The most striking difference between low-luminosity and high-luminosity Seyferts,

however, is their nuclear / extended SFR ratios: the high-luminosity sources have

more centrally concentrated SF activity, suggesting that strength of AGN activity

is driven primarily by the amount of gas in the central few hundred parsecs. These

results are consistent with models where AGN activity is linked with elevated nuclear

star formation.

So where do we stand with respect to the questions posed in Chapter 1? The

work in Chapters 2 and 3 suggests that our census of SMBH growth from X-rays sur-

veys is missing or underestimating the luminosity of ∼ 50% of the relevant sources

due to the bias against highly obscured AGNs. It is worth noting that techniques

that use Spitzer/IRAC photometry to select AGNs (e.g., power-law galaxies, Don-

ley et al., 2008) recover a significant number of sources missed by X-ray surveys.

However, estimates of the X-ray column densities of such IRAC-selected AGNs indi-

cate that they are obscured (NH > 1022 cm−2) but not Compton-thick (e.g., Donley

et al., 2007), suggesting that many highly obscured sources are still unaccounted

for. Regarding fundamental differences between obscured and unobscured AGNs,

our results in Chapters 2 and 5 are consistent with the basic concept of the unified

model. The Seyfert 1s and Seyfert 2s in the RSA sample have similar distributions

of AGN luminosities and star-formation rates, in contrast to suggestions in the liter-

ature that the obscured AGNs are more common at low luminosities and have more

star-formation activity. One limitation of our sample is that it does not include

many sources with LAGN > 1045 erg s−1 or MBH > 108 M⊙. Regarding the fueling
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processes responsible for the BHARs and SFRs in AGNs and their host galaxies, we

have found that the most relevant quantity for determining the AGN luminosity is

the amount of gas (probed by the star-formation rate) on ∼ 100 pc scales. Other

studies have shown that AGN host galaxies appear to be a star-formation-enhanced

subset of the general galaxy population (e.g., Silverman et al., 2009). Of course,

not all galaxies with nuclear star formation have a central AGN, so this is a nec-

essary but not sufficient condition. Further work comparing the nuclear SFRs of

AGN and non-AGN hosts has the potential to further constrain the relevant fueling

mechanisms and the AGN duty cycle.

The next decade will see the launch of the James Webb Space Telescope, whose

Mid-Infrared Instrument (MIRI) will operature in the 5–28 µm range. While the

[O iv] line will only be observable with MIRI for galaxies at z < 0.1, other high-

ionization lines such as [Ne v] λ14.32 µm (out to z ∼ 1) and [Ne vi] λ7.65 µm

(out to z ∼ 2.7) will be used to probe AGN activity for a large number of galaxies.

Furthermore, the 11.3 µm aromatic feature can be used as a diagnostic of the SFR

for AGN host galaxies out to z ∼ 1.5. A full exploitation of [O iv] as probe of the

BHAR for a large sample of galaxies beyond z = 0.1 will await the Space Infrared

Telescope for Cosmology and Astrophysics (SPICA), whose far-infrared instrument

SAFARI is designed to operate in the 30–210 µm range. A comparison of [O iv]

luminosities from SPICA with hard X-ray luminosities from NuSTAR for a large

sample of galaxies will definitively quantify the biases discussed in Chapters 2–3

and provide the most complete census of SMBH growth in the universe.
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