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Abstract

We present Spitzer low-resolution Infrared Spectrograph (IRS) spectra (5 μm  l 40 μm) of a sample of 41
Type 1 and Type 2 active galactic nuclei (AGNs) with estimated black hole masses of MBH 106

M , in order to
probe the validity of unification models in this mass regime. We find that the Type 2 objects tend to have redder
continuum shapes than Type 1 objects and slightly stronger polycyclic aromatic hydrocarbon (PAH) emission, and
attribute these differences to a larger contribution from the host galaxies in the spectra of the Type 2 objects.
Examination of emission-line ratios, such as [Ne III]/[Ne V], [O IV]/[Ne V], and [Ne V] at 14 μm/24 μm, for a
combination of our sample and higher MBH comparison samples, shows no evidence for structural changes over the
range of black hole masses examined. Analysis of the IR to X-ray spectral energy distributions provides further
evidence that low-mass AGNs are scaled down versions of more massive AGNs, with no evidence of significant
differences in broadband spectral properties. We estimate the star formation rates of the host galaxies with detected
PAH features from the PAH luminosities, finding average star formation rates of 0.13 M yr -1 for Type 1 objects
and 0.20 M yr -1 for Type 2 objects. No silicate features, either in absorption or emission, were detected in any
objects. Finally, we confirm that both the [O IV] and [Ne V] luminosities are better indicators than [ ]L O III of an
object’s bolometric luminosity, regardless of MBH.
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1. Introduction

Large-area surveys conducted in recent years have led to
substantial progress in the search for low-mass AGNs
with estimated black hole masses MBH 106

M . By searching
for objects with low stellar velocity dispersions or weak broad-
line emission in the Sloan Digital Sky Survey (SDSS), large
samples of Type 1 (Greene & Ho 2004, 2007b; Xiao
et al. 2011; Dong et al. 2012b; Reines et al. 2013) and Type
2 AGNs (Barth et al. 2008; Moran et al. 2014) with low
estimated black hole masses have been identified. Multi-
wavelength studies (Gallo et al. 2008; Satyapal et al. 2008)
have also begun to identify low-mass and low-luminosity
AGNs that optical surveys have previously missed. IR
observations of low-mass black holes are of key importance
to investigating the obscuration properties of Type 1 and Type
2 objects.

Spectroscopic classification of active galactic nuclei (AGNs)
is based in large part on the presence or lack of broad,
permitted emission lines, such that objects showing broad
emission lines are denoted as Type 1 AGNs and those objects
without are Type 2 AGNs. The classical unified model states
that this distinction is not due to structural differences, but by a
difference in orientation, where the line of sight (LOS) to the
broad-line region (BLR) is blocked by a toroidal obscuration
region in Type 2 objects and is free of obstruction in the Type 1
objects (Antonucci & Miller 1985; Antonucci 1993). While
successful at explaining basic differences between Type 1 and
Type 2 objects, such as X-ray absorption and broad and narrow
emission lines, there is evidence that some aspects of AGN
phenomenology cannot be accommodated within this orienta-
tion-based unification picture. Type 1 AGNs have been found
with significant X-ray absorption (Mateos et al. 2005; Cappi

et al. 2006) and Type 2 AGNs have been found with very little
(Pappa et al. 2001; Wolter et al. 2005; Gliozzi et al. 2007;
Bianchi et al. 2008). This may be a result of non-simulataneous
observations in the X-ray and optical, as work by Risaliti et al.
(2009a, 2009b) has shown the variability of X-ray absorbing
clouds may be as short as days or even hours. Observations of
objects with strong continuum emission and variability in the
optical band are interpreted as emission from the accretion
disk that is visible through holes in the toroidal obscuration
region. A handful of these objects have no evidence of broad
emission lines in their spectra, even in polarized light,
suggesting that they are lacking the BLR (Shi et al. 2010;
Tran et al. 2011; Trump et al. 2011). In some cases, optical
observations of these narrow-lined objects have been coupled
with simultaneous X-ray observations, which further show the
objects lacking any evidence of absorption along the LOS
(Bianchi et al. 2008, 2012; Panessa et al. 2009).
It should be noted that while the unified model attempts to

describe the observed differences between AGNs with or
without broad lines in their spectra, it does not, in itself, explain
the physical origin of the BLR, the obscuring region, and other
components. It has been suggested that a wind blowing off of
the accretion disk creates the BLR and the obscuration region
(Emmering et al. 1992; Murray et al. 1995; Różańska &
Czerny 2000; Everett 2005). At low bolometric luminosities,
one or both of the regions might cease to exist resulting in a
object that optically resembles a Type 2 object, but shows no
signs of polarized broad emission lines or evidence of
obscuration (Nicastro 2000; Laor 2003; Elitzur & Shlosman
2006; Elitzur & Ho 2009). This might explain examples of
optically identified Type 2 objects showing no evidence of
absorption in the X-ray, if the accretion rate was below the
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threshold needed to create the BLR. Additionally, a comparison
of X-ray and infrared (IR) luminosities should indicate those
objects in which the obscuring region has disappeared due to
low accretion rates, as the X-ray luminosity is often used as a
proxy for the bolometric luminosity and the majority of the
AGN IR luminosity comes from the obscuring region.
Therefore, studying comparable samples of Type 1 and Type
2 objects with similar black hole masses and accretion rates at
or below this predicted threshold could potentially give new
insight as to how the BLR is created.

IR observations can also help identify differences in the
structure surrounding the central engine, as the emission comes
predominantly from the obscuration region. The shape of the
continuum is related to the temperature distribution of the dust in
the obscuration region, because it is mostly thermal emission.

High-luminosity AGNs typically have bluer continuum shapes,
whereas low-luminosity AGNs and starburst galaxies have
redder continuum shapes, due to the colder dust surrounding the
AGN and in the host galaxy (Deo et al. 2007, 2009; Spoon et al.
2007). Evidence of polycyclic aromatic hydrocarbon (PAH)
emission is also a sign of cold dust and star formation. The PAH
features come from complex molecules that break apart when
subjected to moderate temperatures or UV and X-ray photons,
such that they only exist in regions with cool temperatures
(Smith et al. 2007; O’Dowd et al. 2009). Therefore, the strengths
of PAH features can help trace not only the temperature of the
dust, but also the amount of star formation in a galaxy
(Schweitzer et al. 2006; Shi et al. 2007; Lutz et al. 2008).
Previous work by Buchanan et al. (2006) and Hill et al. (2014)
have shown that Type 2 Seyferts tend to have more PAH

Table 1
Observation Details

Galaxy AGN Type Redshift Exp. Time Exp. Time
SL (s) LL (s)

NGC4395 1 0.0011 2×60 2×120
POX52 1 0.0218 2×60 2×120
SDSS J010712.03+140844.9 1 0.0768 6/7×14a 2×120
SDSS J024912.86−081525.6 1 0.0295 2×60 2×120
SDSS J032515.59+003408.4 1 0.102 2×60 2×120
SDSS J082912.67+500652.3b 1 0.0434 4×14 4×30
SDSS J094310.12+604559.1b 1 0.0742 4×14 4×30
SDSS J101108.40+002908.7 1 0.100 6/7×14a 2×120
SDSS J101627.32−000714.5 1 0.0943 6/7×14a 2×120
SDSS J114008.71+030711.4 1 0.0811 6/7×14a 2×120
SDSS J115138.24+004946.4 1 0.194 6/7×14a 2×120
SDSS J124035.81−002919.4b 1 0.0809 4×14 4×30
SDSS J125055.28−015556.6 1 0.0814 6/7×14a 2×120
SDSS J135724.52+652505.8 1 0.106 2×60 2×120
SDSS J141234.67−003500.0 1 0.126 6/7×14a 2×120
SDSS J143450.62+033842.5 1 0.0281 2×60 2×120
SDSS J144507.30+593649.9 1 0.127 2×60 2×120
SDSS J170246.09+602818.9 1 0.0690 2×60 2×120
SDSS J172759.15+542147.0 1 0.0994 2×60 2×120
SDSS J232159.06+000738.8 1 0.183 6/7×14a 2×120
SDSS J233837.10−002810.3 1 0.0355 6/7×14a 2×120
SDSS J010053.57+152728.1 2 0.0405 6/7×14a 2×120
SDSS J011059.31+002601.1 2 0.0187 6/7×14a 2×120
SDSS J011905.14+003745.0 2 0.0327 6/7×14a 2×120
SDSS J021405.91−001637.0 2 0.0374 6/7×14a 2×120
SDSS J091414.34+023801.8 2 0.0735 6/7×14a 2×120
SDSS J091608.50+502126.9 2 0.0495 2×60 2×120
SDSS J094716.13+534944.9 2 0.0382 2×60 2×120
SDSS J100654.83+445642.8 2 0.0419 2×60 2×120
SDSS J102332.00+645240.2 2 0.0405 2×60 2×120
SDSS J103234.85+650227.9 1 0.0056 2×60 2×120
SDSS J110912.40+612346.7 2 0.0067 2×60 2×120
SDSS J111255.26+552928.8 2 0.0498 2×60 2×120
SDSS J120815.94+512325.7 2 0.0331 2×60 2×120
SDSS J142151.63+033121.2 2 0.0553 2×60 2×120
SDSS J144012.70+024743.5b 2 0.0298 4×14 4×30
SDSS J151135.60+023807.0 2 0.0388 2×60 2×120
SDSS J160428.50−010435.7 2 0.0295 2×60 2×120
SDSS J161038.31+522334.2 2 0.0618 2×60 2×120
SDSS J162917.44+425439.8 2 0.0354 2×60 2×120
SDSS J172344.17+583032.2 2 0.0780 2×60 2×120

Notes.
a Observed for six cycles in SL1 and 7 cycles in SL2.
b Observed as part of Spitzer program number 20741.
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emission than Type 1 Seyferts, suggesting either a structural
difference between the two AGN types or, alternatively, that
some objects identified as Type 2 are obscured not entirely by
the compact dusty torus, but also by dust on larger scales in the
host galaxy.

Emission lines in the IR have been used to determine the
contribution of host galaxy star-forming regions to the observed
IR flux. Low-ionization lines, such as [Ne II] and [Ne III] can be
excited by the AGN continuum, as well as by hot stars in the host
galaxy. High-ionization lines, such as [Ne V] and [O IV], have
been shown to be accurate indictors of an AGN’s bolometric
luminosity (Meléndez et al. 2008; Diamond-Stanic et al. 2009).

Comparison of fluxes between high- and low-ionization lines,
such as [Ne V]/[Ne II] and [O IV]/[Ne II] (Sturm et al. 2002;
Pereira-Santaella et al. 2010), have been used to determine the
dominance of the AGN in the spectrum. Additionally, Dudik
et al. (2007) argued that the ratio of the two [Ne V] lines
(14 μm 24 μm) is a diagnostic of differential extinction in the
[Ne V] emitting region of the torus, and therefore the ratio could
be used as an indicator of inclination.
We examine the IR properties of a sample of 41 Type 1 and

Type 2 AGNs selected to have low-mass black holes in order to
identify possible differences in the structure surrounding the
central engine. Our main goals are to examine the shape of the
continuum emission, estimate star formation rates and host
galaxy contamination based on the strength of PAH features,
identify any evidence of silicate emission or absorption, and
investigate the structure of the narrow-line region (NLR) and
effectiveness of IR bolometric indicators using high-ionization
line luminosities. The most basic unified model suggests that
there could be differences in the continuum shape due to
orientation angles, such as a larger range in dust temperatures
and slightly elevated continuum luminosities for Type 1 objects
as compared to Type 2 objects as a result of the line-of-sight
toward the hotter dust in the inner portions of the toroidal
obscuration region (Pier & Krolik 1992). Elitzur (2012) goes a
step further, suggesting that orientation alone cannot fully
explain the observed differences between Type 1 and Type 2
AGNs and that the two AGN types have different distributions
of covering factor, or the fraction of thecentral engine covered
by the obscuring torus or wind. Therefore,when all orienta-
tions are consisdered, an object with a low covering factor is
more likely to been identified as a Type 1, just as an object with
a high covering factor is more likely to be identified as a Type 2
AGN. Since IR emission is related to the total luminosity
reprocessed by the toroidal obscuration region and therefore the
covering factor, it must be well understood in order to properly
examine the intrinsic similarities and differences between AGN
types. This is the first study of a substantial sample of mid-IR
spectra of AGNs selected to have low masses, and probes a
new regime for tests of unified models.

2. Sample Selection

Greene & Ho (2004, hereafter GH04) searched through the
first data release of the SDSS looking for broad-line AGNs
with estimated viral black hole masses 106

M based on
single-epoch spectra. This produced a sample of 19 new Type
1 objects estimated to have black hole masses similar to the
prototypical low-mass AGNs, the late-type galaxy NGC4395
(Filippenko & Sargent 1989; Filippenko & Ho 2003) and the
dwarf elliptical galaxy POX52 (Barth et al. 2004). Barth et al.
(2008, hereafter BGH08) conducted a search of Data Release
2 of the SDSS for nearby low-mass active galaxies fainter
than = -M 20g mag and emission-line ratios consistent with
a Seyfert 2 classification (Ho et al. 1997; Kauffmann et al.
2003; Kewley et al. 2006). After obtaining stellar velocity
dispersions from high-resolution Keck spectra, they found

*s< <39 95 -km s 1 for a sample of 29 galaxies. These Type
2 galaxies have a similar range of [O III] line luminosities
(  [ ]L10 1038

O
43

III , GH04; BGH08) and stellar velocity
dispersions ( * s 80 -km s 1, Barth et al. 2005; BGH08) as the
Type 1 objects from GH04, and are plausibly Type 2
counterparts of the GH04 objects, though the samples were
selected via very different criteria. In addition to learning

Table 2
Wavelength Resolution

Galaxy Binned lD Binned lD Binned lD Binned lD
SL2 μm SL1 μm LL2 μm LL1 μm

NGC4395 0.06 0.06 0.08 0.17
POX52 0.06 0.06 0.08 0.17
SDSS J0107 0.34 0.34 0.08 0.16
SDSS J0249 0.44 0.24 0.33 0.33
SDSS J0325 max max max max
SDSS J0829 0.72 0.23 0.32 0.49
SDSS J0943 2.1 0.84 0.95 0.95
SDSS J1011 max max max max
SDSS J1016 1.6 1.0 0.15 0.31
SDSS J1140 0.94 0.67 0.47 0.31
SDSS J1151 1.4 0.61 0.28 0.28
SDSS J1240 0.30 0.17 0.24 0.16
SDSS J1250 1.6 0.89 0.31 0.31
SDSS J1357 0.22 0.22 0.15 0.30
SDSS J1412 2.5 1.3 0.30 0.30
SDSS J1434 0.09 0.06 0.08 0.16
SDSS J1445 max max max max
SDSS J1702 0.17 0.17 0.16 0.16
SDSS J1727 0.55 0.22 0.15 0.15
SDSS J2321 max max max max
SDSS J2338 0.73 0.47 0.16 0.16
SDSS J0100 max max max max
SDSS J0110 0.89 0.47 0.17 0.17
SDSS J0119 max max max max
SDSS J0214 0.47 0.47 0.08 0.16
SDSS J0914 0.94 0.45 0.16 0.32
SDSS J0916 0.23 0.17 0.24 0.32
SDSS J0947 0.29 0.17 0.24 0.33
SDSS J1006 0.15 0.29 0.24 0.49
SDSS J1023 0.29 0.29 0.24 0.33
SDSS J1032 0.09 0.12 0.08 0.17
SDSS J1109 0.60 0.24 0.17 0.34
SDSS J1112 0.29 0.29 0.16 0.32
SDSS J1208 0.44 0.47 0.25 0.16
SDSS J1421 max max max max
SDSS J1440 0.18 0.06 0.08 0.16
SDSS J1511 0.23 0.12 0.16 0.16
SDSS J1604 0.24 0.23 0.33 0.33
SDSS J1610 0.57 0.34 0.24 0.48
SDSS J1629 0.18 0.12 0.08 0.16
SDSS J1723 0.28 0.11 0.08 0.16

Note. The rest wavelength range of each of the slits isSL2 5.13–7.60 μm, SL1
7.46–14.29 μm, LL2 13.90–21.27 μm, and LL1 19.91–39.90 μm. At wave-
lengths in which the spectra overlap twoslits, the resolution of the wavelength
bins may be slightly smaller or larger than shown above. In cases where the S/
N was so poor the entire slit was combined into one data point, lD is listed
as “max.”
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more about the IR characteristics of low-mass AGNs, we are
interested in comparing the similarities and differences of
Type 1 and 2 objects in this mass range, in order to look for
any structural differences. Therefore, we obtained Spitzer
observations of the two prototypical AGNs, NGC4395 and

POX52, as well as the 19 objects from GH04 and 20 objects
with the smallest stellar velocity dispersions ( *s < 70 -km s 1)
from BGH08 (including one Type 1 AGN), for a total of 22
Type 1 and 19 Type 2 low-mass AGNs. Since the completion
of the Spitzer program, significant work has been done by

Table 3
Common Emission-line Fluxes

Galaxy [S IV] [Ne II] [Ne V] [Ne III] [S III] [Ne V] [O IV] [S III] [Si II]
λμm 10.51 12.81 14.32 15.56 18.71 24.32 25.89 33.48 34.82

NGC4395 1.55±0.18 2.89±0.15 1.32±0.23 5.04±0.20 3.55±0.21 0.17±0.15 4.18±0.17 3.34±0.23 3.46±0.30
POX52 1.85±0.22 1.20±0.18 0.61±0.27 3.44±0.25 1.19±0.27 0.78±0.20 4.46±0.34 1.89±0.32 1.17±0.38
SDSS J0107 <15.7 <11.1 <2.66 <9.79 <7.14 <9.13 <7.77 <22.8 <4.63
SDSS J0249 <2.40 <1.70 <1.99 <1.50 <1.09 <1.40 <1.19 0.27±0.24 <0.711
SDSS J0325 <2.41 <1.70 <2.65 <1.50 <1.10 <1.40 <1.19 <3.50 <0.711
SDSS J0829 <11.9 <8.41 <5.95 <7.42 <5.41 <6.91 0.98±0.31 <17.3 <3.51
SDSS J0943 <13.3 <9.44 <5.22 <8.33 <6.07 <7.76 <6.61 <19.4 <3.94
SDSS J1011 <16.9 <11.9 <2.09 <10.5 <7.68 <9.82 <8.36 <24.5 <4.98
SDSS J1016 <17.7 <12.6 <2.15 <11.1 <8.07 <10.3 <8.79 <25.8 <5.24
SDSS J1140 <16.6 <11.8 <2.01 <10.4 <7.57 <9.68 <8.24 <24.2 <4.91
SDSS J1151 <16.5 <11.7 <2.18 <10.3 <7.53 <9.63 <8.20 <24.0 <4.89
SDSS J1240 <12.8 <9.06 <10.1 <7.99 <5.82 <7.45 1.23±0.73 <18.6 <3.78
SDSS J1250 <18.8 <13.3 <3.39 <11.8 <8.58 <11.0 0.49±0.23 <27.4 <5.57
SDSS J1357 <2.41 0.83±0.34 <1.27 0.31±0.25 0.18±0.12 <1.40 0.20±0.12 <3.50 <0.712
SDSS J1412 <17.6 <12.5 <2.59 <11.0 <8.02 <10.3 <8.73 <25.6 <5.20
SDSS J1434 <2.30 0.26±0.20 <1.95 0.34±0.19 0.42±0.21 <1.34 0.31±0.15 0.75±0.28 2.16±0.55
SDSS J1445 <2.36 <1.67 <0.992 <14.7 <1.07 <1.37 <1.17 <3.43 <0.696
SDSS J1702 <2.40 <1.70 <0.863 0.11±0.07 <1.09 <1.40 <1.19 0.19±0.25 <0.708
SDSS J1727 <2.45 0.37±0.09 0.15±0.08 <1.53 <1.11 <1.42 0.22±0.07 <3.56 <0.723
SDSS J2321 <17.0 <12.0 <2.38 <10.6 <7.73 <9.88 <8.41 <24.7 <5.01
SDSS J2338 <17.6 <12.5 0.31±0.22 0.83±0.45 0.41±0.35 0.42±0.20 0.68±0.25 0.31±0.29 <5.22
SDSS J0100 <18.7 <13.2 <2.62 <11.7 <8.51 <10.9 <9.27 <27.2 <5.53
SDSS J0110 <15.1 <10.7 <3.28 0.46±0.39 <6.90 <8.82 <7.51 0.83±0.38 1.03±0.40
SDSS J0119 <17.5 <12.4 <2.66 <10.9 <7.96 <10.2 <8.67 <25.4 <5.17
SDSS J0214 <18.9 <13.4 <2.56 <11.8 0.34±0.20 0.26±0.24 0.49±0.20 0.81±0.32 0.73±0.47
SDSS J0914 <15.2 29.4±0.04 <2.43 <9.52 <6.94 <8.88 0.57±0.15 <22.2 <4.50
SDSS J0916 <2.28 <1.62 <1.87 <1.43 <1.04 <1.33 <1.13 0.51±0.29 0.37±0.32
SDSS J0947 <2.45 0.26±0.20 <1.64 <1.53 0.60±0.47 <1.43 0.44±0.16 0.25±0.20 1.07±0.45
SDSS J1006 <2.52 <1.79 <1.75 2.91±2.45 <1.15 <1.47 0.14±0.10 <3.67 1.94±1.06
SDSS J1023 <2.68 1.05±0.97 <1.44 0.21±0.14 <1.22 <1.56 0.19±0.10 <3.89 0.57±0.36
SDSS J1032 <2.43 0.43±0.16 0.88±0.65 0.88±0.11 1.69±0.16 <1.42 1.30±0.13 3.43±0.20 5.46±0.29
SDSS J1109 <2.52 <1.78 <1.32 0.19±0.11 0.30±0.18 <1.47 0.12±0.09 0.23±0.17 0.35±0.21
SDSS J1112 <2.03 <1.43 <1.33 0.34±0.29 <0.922 <1.18 <1.00 <2.95 <0.599
SDSS J1208 <2.46 <1.74 <1.40 0.19±0.15 <1.12 <1.43 0.28±0.10 0.21±0.16 <0.727
SDSS J1421 <2.29 <1.62 <2.29 <1.43 <1.04 <1.34 <1.14 <3.34 <0.678
SDSS J1440 1.38±0.92 3.64±0.70 1.14±0.90 3.10±0.75 3.56±0.83 <7.35 2.77±0.65 2.77±1.16 <3.73
SDSS J1511 <2.25 0.33±0.19 <1.81 0.21±0.17 <1.02 <1.31 <1.11 <3.26 <0.664
SDSS J1604 <2.37 <1.68 <2.64 3.07±0.005 <1.08 <1.38 <1.18 0.48±0.32 <0.701
SDSS J1610 <2.41 0.32±0.28 <0.952 <1.51 <1.10 <1.41 <1.20 <3.51 <0.714
SDSS J1629 0.30±0.28 0.57±0.26 0.28±0.12 0.63±0.16 0.33±0.09 0.32±0.10 0.84±0.14 0.48±0.15 0.74±0.31
SDSS J1723 <2.33 0.54±0.48 <0.926 0.28±0.10 0.35±0.15 <1.36 0.19±0.10 0.77±0.31 <0.689

Note. All fluxes are in units of 10−15 - -erg cm s2 1. 3σ upper limits are listed for non-detections.

Table 4
Additional Emission-line Fluxes

Galaxy [Ar II] [Ar III] [Ar V] [Ar III] [Fe II]
λμm 6.96 8.99 13.10 21.83 25.99

NGC4395 1.29±0.85 L L 1.50±0.32 L
POX52 L 0.38±0.24 L L 0.89±0.42
SDSS J1032 L L L 0.34±0.19 L
SDSS J1629 L L L 0.34±0.13 0.32±0.14
SDSS J1723 L L 0.27±0.10 L L

Note. All fluxes are in units of 10−15 - -erg cm s2 1.
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Reines et al. (2013) and Moran et al. (2014) in identifying
Type 1 and 2 samples with black hole masses comparable to
and even lower than the range estimated in our sample.

Our sample consists of nearby galaxies, with the closest
object, NGC4395, at a distance of only ∼4.3Mpc (Thim
et al. 2004) and the furthest object at z=0.194. The median
redshift of the Type 1 and Type 2 sub-samples is 0.081 and
0.039, respectively. HST imaging shows that roughly 40% of
the Type 1 objects reside in galaxies with spheroidal
morphologies, and the remainder reside in disk-dominated
galaxies, containing either a bulge or pseudobulge (Greene
et al. 2008). Decomposition of HST images of low-mass black
hole host galaxies shows that the majority of disk-dominated
host galaxies contain a pseudobulge rather than a classical
bulge, suggesting a secular over a hierarchical evolution (Jiang
et al. 2011). Previous observations of the AGNs in our
sample show the Type 1 objects to be radio-quiet with an
observed 5 GHz luminosity -10 W Hz22 1 (Greene et al. 2006;
Thornton et al. 2008). NGC4395 has the lowest detected
luminosity at ´ -1.2 10 W Hz18 1 at 1.4 GHz (Wrobel
et al. 2001). Extensive X-ray observations have shown that
NGC4395 exhibits rapid variability in the X-ray (Iwasawa
et al. 2000; Shih et al. 2003; Moran et al. 2005), including
dramatic changes in spectral slope (G » –0.6 1.7, Moran
et al. 2005) over a few years. POX52 shows similar rapid
variability, along with substantial changes in the absorbing
column density in<1 year (Thornton et al. 2008). Additionally,
XMM-Newton and Chandra have been used to investigate the
X-ray properties of many of the Type 1 objects (Greene &
Ho 2007a; Desroches et al. 2009; Miniutti et al. 2009; Ludlam
et al. 2015) showing that they have similar hardness ratios and
photon indices to their more massive counterparts. X-ray
observations of a subsample of the Type 2 AGNs show
absorption levels consistent with the observational predictions
of the unified model (Thornton et al. 2009).

3. Observations and Data Reduction

The sample (Program ID: 30119) was observed from
2005 July to 2007 September with the Spitzer Infrared
Spectrograph (IRS; Houck et al. 2004). Four objects,
SDSSJ0829, SDSSJ0943, SDSSJ1240, and SDSSJ1440
belonged to our sample, but were observed as part of a
separate program (Program ID: 20741) and were extracted from
the archive and processed along with the rest of the sample.
Spectra were obtained for all objects in the Short-Low (SL1
and SL2) and Long-Low (LL1 and LL2) slit modes, which
correspondto a total wavelength range of 5.2–38 μm. Typical
exposure times were ´2 60 s each in the SL1 and SL2
settings, and ´2 120 s each in the LL1 and LL2 settings.
Exact exposure times for each individual object can be found in
Table 1.
Data were processed prior to download with IRS Pipeline

Processing version 16.1.0. Data were first cleaned of bad pixels
using the IDL routine IRSCLEAN (v. 1.9), and the images
were then coadded following the procedure in the Infrared
Spectrograph Data Handbook (v. 3.1).6 The spectrum from
each slit was extracted and calibrated using SPICE (v.2.1.2).
For each slit, the two nod positions were subtracted from each
other in order to sky subtract the resulting data. Spectra from
each of the four slits were combined and any overlapping data
from adjacent wavebands were averaged together in the final
product. Due to the compact nature of each of the sources, no
normalization between slits was needed.
The majority of the spectra had a low signal-to-noise ratio

(S/N). We found a median S/N per pixel in the extracted
spectra of 1.3 and 0.85 at 12 μm for the Type 1 and Type 2
objects, respectively. Therefore, binning to larger wavelength
bins was necessary in many of the slits. In general, the S/N in
each resolution element was worse at shorter wavelengths and
best at longer wavelengths. When binning was necessary in a

Table 5
Molecular Hydrogen Rotational Emission-line Fluxes

Galaxy ( )H S 02 ( )H S 12 ( )H S 22 ( )H S 32 ( )H S 42
λμm 28.22 17.03 12.28 9.67 7.97

NGC4395 L 1.05±0.28 0.34±0.17 1.15±0.23 L
POX52 L 0.25±0.24 0.23±0.16 L L
SDSS J0249 0.15±0.13 L L L L
SDSS J1357 0.10±0.08 L L L L
SDSS J1434 0.23±0.18 0.21±0.19 L L L
SDSS J1445 L 0.16±0.11 L L L
SDSS J1702 0.10±0.07 L L L L
SDSS J1727 0.23±0.21 L L L L
SDSS J2338 L 0.80±0.51 L L L
SDSS J0214 L 0.49±0.24 L L L
SDSS J0914 L L 20.0±0.12 L L
SDSS J0916 L L L L 0.20±0.13
SDSS J0947 L 0.82±0.54 L L L
SDSS J1032 0.59±0.11 0.82±0.18 L L L
SDSS J1109 L 0.11±0.08 L L L
SDSS J1112 L 0.23±0.14 L L L
SDSS J1511 L 0.77±0.23 L L L
SDSS J1610 L 0.99±0.81 L L L
SDSS J1629 L 0.25±0.13 L L L

Note. All fluxes are in units of 10−15 - -erg cm s2 1.

6 http://ssc.spitzer.caltech.edu/irs/dh
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given spectrum, we attempted to keep the flux uncertainties
roughly constant across the wavelength range from slit to slit
and binned each slit to a large enough wavelength resolution
that the resulting flux value was no longer consistent with zero
flux. In many cases, only the shortest wavelength slit, SL2,
required binning. The resulting wavelength resolution of each
slit for each object can be see in Table 2. However, 20% of the
objects in our sample had such poor S/Ns that the flux
observed in each slit was combined into a single bin at the
median wavelength of the slit, for a total of four data points in
the spectrum. For these objects, a simple blackbody curve was

fit to the four data points to identify the predominant
temperature of the dust in the object. We caution that this is
a very simplistic approach and many different contributions to
the spectrum from the AGN or the host galaxy could influence
the modeled temperature. There were two exceptions to this
S/N cutoff, SDSS0110 and SDSS2338. These two objects
have visible features present in the spectra, and therefore were
not binned to the extent of other objects with such poor S/Ns.
The spectrum of each object was modeled using the IDL

routine PAHFIT (Smith et al. 2007), which was designed to
model and fit starburst spectra, specifically low-resolution

Figure 1. IRS spectra of the sample over-plotted with the best-fitting model. Black data points are binned to improve the signal-to-noise. The amount of binning varies
for each object. The blue line is the overall fit. In the case of objects with only four data points, the blue line represents the best-fit blackbody curve. The red line is the
continuum. The inset in the upper right-hand corner shows a close-up view of the short wavelength spectrum of SDSS J1032.
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Spitzer IRS spectra. PAHFIT models each spectrum with
simultaneous contributions due to starlight, blackbody emis-
sion from dust, extinction, PAH features, and emission lines.
PAHFIT uses Drude profiles to model the complex, blended,
and often weak PAH features and Gaussian profiles for the
emission lines. PAH complexes found at 7.7 μm, 11.3 μm,
12.7 μm, and 17 μm have their relative subfeatures’ positions
and widths fixed within each complex. Each complex is then fit
as a group and other PAH features are fit as a single feature.
Emission-line widths are allowed to vary by 10% and central
wavelengths can shift by 0.05 μm. Each model is fitted by
minimizing the global c2. For more details on the PAHFIT

model and fitting procedure, see Smith et al. (2007).
Contributions from old, cool stars typically dominate wave-
lengths <5 μm and we assume a fixed blackbody temperature
of 5000K for this component for all objects. The dust
continuum is due to blackbody emission with a range of
temperatures. PAHFIT fits the dust continuum with a
modifiable array of fixed temperatures (35, 40, 50, 65, 90,
135, 200, and 300 K). Strong AGNs may require higher
temperatures, but, in our testing, higher temperatures were
unnecessary. Typically, the dust continua for objects in our
sample were best fit with a low temperature (35–50 K) with
smaller contributions (of no more than the few percent level)

Figure 1. (Continued.)
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from higher temperatures (90–300 K). Emission lines and PAH
features were modeled when detected. If PAHFIT reported a
null central intensity or uncertainties large enough to be
consistent with a null intensity, the feature was removed from
the model and subsequently refit. This iterative process was
repeated until the final model included only statistically
detectable features. For those features that were not detected,
upper limits to common emission lines were calculated.
Emission-line fluxes can be seen in Tables 3–5. Certain
emission line and PAH features overlap each other due to their
close proximity, and therefore have additional uncertainty in
their reported fluxes that cannot be well estimated. The most
relevant of these blended features for AGN spectra are the

[O IV] and [Fe II] emission lines, the 12.7 μm PAH complex
and the [Ne II] emission line at 12.8 μm, and the 14.2 μm PAH
feature with the [Ne V] emission line at 14.3 μm. Special care
should be taken when interpreting results related to these
features. Spectral fits can be seen for each individual object in
Figure 1 and in detail for two of the highest S/N objects,
POX52 and NGC4395, in Figure 2.

4. Results

Using the best-fit PAHFIT models, we are able to
disentangle the continuum emission from the emission lines
and PAH features. We examine the continuum shape of each

Figure 1. (Continued.)
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object by measuring the continuum flux density at rest
wavelengths of 5 (when available), 12, 15, 20, and 30 μm.
The continuum slope between any of these wavelengths is then
calculated by a n n n n= [ ( ) ( )] [ ]f flog log1 2 1 2 , where n1 is
the frequency of l1, n2 is the frequency of l2 and α is the slope
of the assumed power law ( nµn

af ) between n1 and n2.
Continuum fluxes and the 15–30 μm slope for each object are
listed in Table 6.

Examining the differences in continuum fluxes between
Type 1 and 2 objects we find that Type 2 objects tend to have
redder continuum shapes than Type 1 objects (Figure 3).
Specifically, looking at the distributions of the 15–30 μm slope
in Type 1 and Type 2 AGNs (Figure 4), we conduct a
Kolmogorov-Smirnov test resulting in D=0.478 with a
significance of 0.012, suggesting that these two distributions
do not come from the same parent population. This trend has
previously been detected for higher luminosity Seyferts by Deo
et al. (2009) and is most likely due to contributions from the
cool dust in galaxies that seems to be more prominent in
Seyfert 2 galaxies. This might suggest that some of the Type 2
objects are absorbed not only by the toroidal obscuration
region, but also by the host galaxy itself. This manifests
itself such that the contribution from the host galaxy serves to
flatten out the 15–30 μm slope for Type 1 AGNs, while
steepening the slope for Type 2 AGNs. It is possible that
properly accounting for host galaxy contamination in all of our
objects would result in virtually identical continuum AGN
spectra for both AGN types, as previously found in the higher
luminosity Deo et al. (2009) sample. Further observations at
l > –50 100 μm are needed in order to differentiate the relative
contributions to the continuum due to the orientation of the
torus and from cold dust in the galaxies. Zakamska et al. (2008)
also observes redder IR continua in optically selected Type 2
quasars compared to Type 1. They attribute the difference to
obscuration that continues all the way into mid-infrared
wavelengths, possiblydue to quasar outflows (Liu et al. 2013).

Taking all objects with an S/N > 1 per wavelength bin at
12 μm, we created stacked spectra of Type 1 (11 objects) and
Type 2 (9 objects) objects, in order to look for weaker spectral
features that might not be detectable in individual spectra and
to look for further differences between the mean continuum
shapes of the two AGN types. These spectra can be seen in
Figure 5. The difference in continuum slope at the long
wavelength end is immediately apparent with Type 1 objects
showing a flatter spectrum at l > 12 μm than the Type 2
objects. There also appears to be a slight bump in the slope of
the Type 1 objects between 12 and 22 μm, which was also seen
in the study of Deo et al. (2009). As has been previously
reported (Buchanan et al. 2006), the Type 2 objects show
stronger PAH emission than Type 1 objects, but substantially
less than in the starburst spectrum. The difference in PAH
emission between Type 1 and Type 2 objects may be a
selection effect, because the Seyfert 1 objects,on average, are
twice as distant as the Seyfert 2 objects, making it difficult to
distinguish low-flux and extended features in the more distant
objects. We see no evidence for silicate emission or absorption
in either of the stacked spectra.
We detected PAH features in 30 of the 41 objects, with the

11.3 and 17 μm complexes most commonly detected. Of the 11
objects in which we did not detect PAH features, only 2
objects, SDSSJ0914 and SDSSJ0916, had detected emission
lines. An additional 7 out of the 11 objects were fit with a
simple blackbody model due to the low S/N. The high PAH
detection rate in this sample compared to samples of higher
luminosity AGNs is likely due to the low AGN luminosity
of these Seyfert galaxies, allowing the galactic emission to be
less diluted than typically seen in more luminous AGNs,
particularly in the Type 1 objects. This is consistent with the
findings of Hill et al. (2014). They created luminosity-
dependent spectral templates from composite Spitzer spectra,
and determined that PAH features are more likely to be
detected in low-luminosity AGNs as opposed to high-
luminosity AGNs, unless a significant luminous starburst was

Figure 2. Strong emission lines and PAH features labeled for Spitzer spectra of NGC4395 and POX52.
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involved. The line fluxes and equivalent widths (EW) for the
detected PAH features can be seen in Tables 7 and 8.

Using the prescription of Hernán-Caballero et al. (2009),
we calculate star formation rates (SFRs) from the luminosity
of the 6.2, 7.7, and 11.3 μm features. The average SFR of
Type 2 AGNs is comparable to that of Type 1 AGNs, with
á ñ =  -

( ) MSFR Type 2 0.20 0.04 yr 1 and á ñ=( )SFR Type 1
 -

M0.13 0.04 yr 1. For comparison, Hernán-Caballero
et al. (2009) found SFR= -

– M50 100 yr 1 for their sample
of higher luminosity AGNs of both types. Out of the 21
objects where at least one of the features is detected, we only
find one object, SDSSJ1723, where the average SFR is
greater than 1 M yr -1. In objects where more than one of
these three PAH features was detected, the SFR calculated
from the 11.3 μm complex was typically the smallest value,
often by more than an order of magnitude, while the SFR
calculated from the 7.7 μm complex was typically the largest.
The 11.3 μm complex can be heavily affected by the silicate

absorption feature centered at 9.8 μm. When examining the
strength of different PAH features in starburst galaxies,
Brandl et al. (2006) found that objects with stronger dust
absorption also had weaker 11.3 μm features and that overall,
extinction can affect the relative PAH strengths by up to a
factor of two. Even though we did not statistically detect signs
of silicate absorption in any of our objects, the weak 11.3 μm
fluxes may be evidence of the existence of such absorption in
these objects. SFRs for individual objects can be seen in
Table 9.

5. Discussion

5.1. Emission-line Analysis

We focus our attention on five mid-IR emission lines
commonly detected in Seyfert galaxies. The [Ne V] lines,
located at 14.32 μm and 24.32 μm with an ionization potential
(IP) of 97.1 eV, have been well established as tracers of AGN

Table 6
Continuum Measurements

Galaxy 5 μm 12 μm 15 μm 20 μm 30 μm α15–30

NGC4395 L 0.60±0.07 1.39±0.11 3.45±0.14 6.65±0.15 −2.26±0.03
POX52 L 0.27±0.07 0.24±0.11 0.72±0.14 1.56±0.18 −2.73±0.17
SDSS J0107 L 0.27±0.18 0.31±0.15 0.49±0.20 0.61±0.28 −0.98±0.24
SDSS J0249 L 0.10±0.04 0.14±0.04 0.12±0.07 0.22±0.12 −0.70±0.22
SDSS J0325 L 0.05±0.02 0.06±0.03 0.06±0.03 0.05±0.02 0.25±0.25
SDSS J0829 L 0.59±0.17 0.87±0.13 1.13±0.17 1.30±0.29 −0.58±0.11
SDSS J0943 L 0.30±0.10 0.42±0.08 0.48±0.12 0.74±0.23 −0.83±0.14
SDSS J1011 L 0.05±0.03 0.07±0.04 0.08±0.04 0.07±0.03 0.04±0.25
SDSS J1016 L 0.60±0.10 0.78±0.10 1.34±0.13 1.51±0.22 −0.95±0.08
SDSS J1140 L 0.50±0.14 0.51±0.05 0.97±0.14 2.13±0.26 −2.07±0.07
SDSS J1151 0.11±0.13 0.62±0.03 0.82±0.09 0.90±0.09 1.04±0.35 −0.34±0.13
SDSS J1240 0.38±0.18 1.73±0.22 2.43±0.29 3.80±0.63 4.81±0.72 −0.99±0.08
SDSS J1250 L 0.30±0.12 0.31±0.08 0.40±0.15 1.18±0.22 −1.92±0.13
SDSS J1357 0.08±0.03 0.39±0.04 0.64±0.06 1.23±0.06 2.39±0.10 −1.91±0.05
SDSS J1412 L 0.19±0.09 0.34±0.17 0.52±0.26 0.58±0.29 −0.77±0.25
SDSS J1434 L 0.37±0.09 0.44±0.09 0.69±0.11 1.22±0.23 −1.49±0.11
SDSS J1445 L 0.05±0.02 0.05±0.03 0.05±0.03 0.04±0.02 0.54±0.25
SDSS J1702 0.04±0.05 0.15±0.04 0.17±0.03 0.24±0.05 0.20±0.11 −0.26±0.20
SDSS J1727 L 0.15±0.04 0.16±0.04 0.20±0.07 0.22±0.07 −0.53±0.15
SDSS J2321 L 0.09±0.05 0.12±0.06 0.13±0.06 0.11±0.05 0.15±0.25
SDSS J2338 L 0.13±0.16 0.21±0.07 0.28±0.11 0.46±0.21 −1.12±0.21
SDSS J0100 L 0.04±0.02 0.07±0.04 0.10±0.05 0.11±0.05 −0.57±0.25
SDSS J0110 L 0.23±0.16 0.19±0.09 0.10±0.17 0.59±0.27 −1.64±0.24
SDSS J0119 L 0.05±0.03 0.12±0.06 0.19±0.10 0.24±0.12 −1.02±0.25
SDSS J0214 L 1.27±0.64 1.71±0.12 2.95±0.13 4.37±0.28 −1.36±0.04
SDSS J0914 L 0.48±0.16 0.71±0.09 1.04±0.11 1.55±0.19 −1.13±0.07
SDSS J0916 L 0.08±0.04 0.12±0.06 0.14±0.07 0.13±0.07 −0.22±0.25
SDSS J0947 L 0.17±0.06 0.06±0.04 0.12±0.05 0.25±0.09 −2.11±0.26
SDSS J1006 L 0.05±0.03 0.04±0.06 0.09±0.05 0.13±0.10 −1.70±0.45
SDSS J1023 L 0.04±0.03 0.07±0.03 0.07±0.05 0.19±0.07 −1.40±0.21
SDSS J1032 L 0.32±0.05 0.81±0.06 1.36±0.09 2.93±0.10 −1.86±0.03
SDSS J1109 L 0.04±0.03 0.11±0.04 0.11±0.06 0.27±0.06 −1.27±0.17
SDSS J1112 L 0.02±0.03 0.03±0.04 0.07±0.04 0.07±0.08 −1.10±0.51
SDSS J1208 L 0.07±0.03 0.05±0.03 0.09±0.06 0.44±0.11 −3.06±0.24
SDSS J1421 L 0.05±0.03 0.09±0.04 0.13±0.06 0.13±0.07 −0.51±0.25
SDSS J1440 L 2.88±0.35 4.95±0.36 9.99±0.39 19.91±0.76 −2.01±0.03
SDSS J1511 L 0.22±0.06 0.12±0.07 0.32±0.09 0.75±0.18 −2.66±0.22
SDSS J1604 L 0.09±0.04 0.04±0.05 0.12±0.08 0.51±0.14 −3.64±0.39
SDSS J1610 L 0.03±0.03 0.04±0.03 0.09±0.03 0.11±0.05 −1.36±0.29
SDSS J1629 L 0.39±0.05 0.60±0.04 1.02±0.05 2.25±0.01 −1.91±0.03
SDSS J1723 0.03±0.03 0.20±0.06 0.17±0.05 0.34±0.07 0.76±0.13 −2.18±0.13

Note. All flux densities are in units of 10−25 - - -erg cm s Hz2 1 1.
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activity (Genzel et al. 1998; Tommasin et al. 2010) and more
recently used to identify previously unknown low-luminosity
AGNs (Satyapal et al. 2008). The [Ne III] line (IP =41 eV),
located at 15.56 μm, is often used along with one of the [Ne V]
lines to measure the dominance of the AGN, because it can be
produced both by young, massive stars or an AGN. The [Ne II]
line (IP = 21.6 eV), located at 12.82 μm, is primarily produced
in H II regions by recent star formation, though there is
typically a small contribution to the flux of the line due to the
AGN. Finally, [O IV] (IP = 54.9 eV), located at 25.89 μm, has
also been shown to be an accurate tracer of AGN activity, but

in some cases it has been detected in starburst galaxies, albeit at
much lower luminosities.
The [O IV] line is also located 0.06 μm away from an [Fe II]

(IP = 7.9 eV, rest wavelength of 25.83 μm) line and therefore
in low-resolution spectra these two emission lines are often
blended together creating an artificially inflated flux and
equivalent width for the [O IV] line. In our sample, we were
able to detect [Fe II] in only two of our objects, POX52 and
SDSSJ1629, whereas we detected [O IV] in 20 objects. Out of
those 20 objects, 10 of them were binned such that the
wavelength resolution or errors were too large to statistically
separate the two emission lines from each other. Only three
objects (NGC 4395, SDSS J1032, and SDSS J1440) were
observed with similar S/N as POX52 and SDSSJ1629, but
were best fit without the [Fe II] emission line. In the initial
discovery of the majority of the Type 1 sample, GH04 noted
the wide range of optical Fe II emission-line strengths. All of
those objects in which we had high enough S/Ns to detect
[Fe II] emission in the IR were considered Fe-weak in the
optical. Conversely, those objects which had higher Fe II
strengths in the optical had low S/Ns in our IR spectra
preventing detection and/or deblending from the [O IV] line.
Looking at IR spectra in higher resolutions, Weaver et al.
(2010) and Pereira-Santaella et al. (2010) both observed
NGC4395 in high-resolution mode with Spitzer IRS but
neither published the strength of the [Fe II] emission line, so we
are unable to make any further comparisons. Dale et al. (2009)
showed that AGNsin the SINGS sample typically have >1
[Fe II]/[Ne II] > 0.1. This ratio for our two objects with
detected [Fe II] emission is for 0.74±0.34 and 0.56±0.17
POX52 and SDSSJ1629, respectively. We therefore conclude
that the objects with detected [Fe II] are not Fe-strong objects
and that the lack of detection in other objects is most likely due
to low S/Ns.
We present, in Tables 4 and 5, additional emission lines

detected during the fitting process for a small handful of
objects. Due to the limited nature of these detections, both in

Figure 3. Continuum models for all objects in our sample fit with PAHFIT normalized to 20 μm. Type 1 objects are shown in black, Type 2 objects are shown in red.

Figure 4. Histogram of 15–30μm continuum slope.
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the variety of emission lines detected and the number of spectra
they are detected within, we cannot provide any useful analyses
regarding the nature of these emission lines in this sample of
objects. We present them here only for completeness, because
they were still needed in the best-fit model for those objects.

For many of our emission-line diagnostic diagrams, we use
data from a variety of literature sources as a higher luminosity
comparison sample. Specifically, emission-line fluxes were
taken from Haas et al. (2005), Sturm et al. (2002), Tommasin
et al. (2008), Farrah et al. (2007), Gorjian et al. (2007), Dasyra
et al. (2008), Dudik et al. (2007), Diamond-Stanic et al. (2009),
Woo & Urry (2002), and Meléndez et al. (2008). These
samples contain primarily low-redshift ( z 1.0) targets, with
luminosities ranging from low-luminosity Seyfert and low-
ionization nuclear emission-line region (LINER) galaxies to
high-luminosity quasars and ultra-luminous IR galaxies
(ULIRGs). There is also a small subset of higher redshift
( z 1.5), high-luminosity AGNs in the Haas et al. (2005)
sample.

For each of the panels in Figure 6, we use the IDL routine
LINMIN_ERR (Kelly 2007), which uses a Baysian method to fit
a linear regression model to sample data. Using panel (A) as an
example, we fit a linear model of the form log [ ]][L Ne II
a b= + ´ log m[ ][ ]L Ne 14 mV to both the comparison sample

and the combination of the comparison sample with our
sample, ignoring any non-detections. The individual results for
each panel are described in the following paragraphs. For
panels (C)–(G), we see no significant difference between bcomp

and bfull or between s1 comp and s ‐1 low mass, which suggests no
change in slope between the low- and high-mass ends of the
relations.

We first compare the luminosities of the [Ne II] and [Ne V]
lines in order to investigate the relative contributions from the
AGN and star formation. It has been shown that at high
[Ne V] m14 m luminosity (log m[ ][L 14 mNe V

-erg s 1] > 41.5),
the AGN contribution dominates and, at lower [Ne V] m14 m

luminosities, the scatter in [Ne II] luminosity about fixed

[Ne V] m14 m luminosity increases due to the varied level of star
formation in the galaxies (Pereira-Santaella et al. 2010).
Looking at Figure 6 (panels (A) and (B)), we see our objects
continuing the trend set by the higher luminosity AGNs with
very little scatter, suggesting that our objects either have little
star formation and the majority of the [Ne II] luminosity is
dominated by the AGN, or the fraction of luminosity due to star
formation versus the AGN remains constant throughout both
our low-mass AGN sample and the higher mass comparison
sample. We find the Spearman rank correlation coefficient for
the full sample (comparison sample combined with our sample,
including all upper limits) to be r = 0.6A and r = 0.5B , for
panels (A) and (B), respectively, with both having
< ´ -p 1 10 4. The LINMIN_ERR fits for these two panels are

the most dissimilar in the figure, likely due to the effects of star
formation present in the comparison sample. For panel (A), we
find a = 6.2full , b = 0.86full , a = 3.9comp , and b = 0.92comp .
For panel (B), we find a = 6.6full , b = 0.85full , a = -0.8comp ,
and b = 1.0comp . The s1 scatter around the full sample fit is
0.03 dex and 0.03 for our sample and the comparison sample,
respectively, in panel (A). It is 0.11 dex and 0.04 for our
sample and the comparison sample, respectively, in panel (B).
We find similar results when we replace the [Ne II]

luminosity with the [Ne III] luminosity (Figure 6, panels (C)
and (D)), albeit with slightly less effects due to star formation.
For panel (C), we find r = 0.8C (with < ´ -p 1 10 4),
a = 1.2full , b = 0.98full , a = -0.25comp , and b = 1.0comp ,
with s =1 0.0007comp dex and s =‐1 0.0005low mass dex. For
panel (D), we find r = 0.8D (with < ´ -p 1 10 4), a = 2.7full ,
b = 0.94full , a = 0.83comp , and b = 0.99comp , with
s =1 0.004comp dex and s =‐1 0.01low mass dex.
Looking at the highest ionization lines detected, we find the

scatter in the [NeV] luminosity (14 and 24μm) versus [O IV]
luminosity relations to be low (Figure 6, E and F), with objects
from our sample extending the relation almost fourorders of
magnitude lower than before, despite the previous caveats of using
the [O IV] line due to blending effects and contamination from star

Figure 5. Plot of stacked spectra of both Type 1 and Type 2 objects from our sample with S/N> 1. For comparison, the starburst spectrum is the mean spectrum from
the SINGS sample of galaxies (Smith et al. 2007). All spectra are normalized at 24 μm.
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Table 7
PAH Line Fluxes

Galaxy 6.2 μm 7.7 μm 8.3 μm 8.6 μm 11.3 μm 12.0 μm 12.6 μm 13.6 μm 14.2 μm 16.4 μm 17 μm 17.4 μm
Complex Complex Complex Complex

NGC4395 L 6.22±1.61 L L 3.15±0.48 L L L L L 10.5±1.18 L
POX52 L 4.00±1.66 L L 5.49±0.59 L L L L L 3.92±1.25 L
SDSS J0249 L L L L L L L L L 0.38±0.30 1.11±0.50 L
SDSS J0829 L 14.8±9.94 L L 3.38±2.27 L L L L L 4.99±2.93 L
SDSS J1016 L L L L L L L L L L 3.28±1.37 L
SDSS J1140 L L L L L L L L L L 4.09±1.41 L
SDSS J1151 L L L L L 3.22±1.50 L L L 1.67±0.78 3.67±1.06 0.41±0.33
SDSS J1240 L L L L 3.74±2.39 L L L L L L L
SDSS J1250 L L L L L L L L L L 2.73±1.75 L
SDSS J1357 L L L L 1.68±0.48 L 1.13±0.73 L L 0.45±0.32 1.41±0.81 L
SDSS J1412 L L L L L L L L L 0.71±0.53 2.94±1.46 L
SDSS J1434 1.71±1.22 7.63±1.46 L 2.19±0.76 4.37±0.49 L 1.79±0.66 L 0.84±0.78 0.80±0.40 8.48±1.10 L
SDSS J1702 L L L L 0.86±0.36 L L L L L 5.83±0.28 0.23±0.22
SDSS J1727 L L L L L L L L L L 1.17±0.50 L
SDSS J2338 L L L L L L L L 0.88±0.78 L 3.61±1.71 L
SDSS J0110 L L L L 5.64±5.27 L L L L 0.80±0.50 6.74±1.39 L
SDSS J0214 L 12.6±10.6 L L 5.97±5.80 L L L 1.37±0.78 L 1.47±0.70 0.76±0.45
SDSS J0947 L 3.97±2.90 L 1.67±1.14 4.02±0.74 1.75±0.83 3.87±0.86 L L L L L
SDSS J1006 L L L L L L L L L 0.51±0.39 1.47±6.83 0.96±0.56
SDSS J1023 L L L L 0.69±0.56 L L L L L L L
SDSS J1032 2.46±1.15 15.5±3.22 1.22±1.00 2.79±0.91 4.96±0.50 L L L 4.67±0.52 2.69±0.34 26.3±0.90 1.71±0.30
SDSS J1109 L L L L 0.43±0.34 L L L L 0.33±0.26 0.73±0.41 L
SDSS J1112 L L L L 1.06±0.97 L L L L L L L
SDSS J1208 L 1.25±1.05 L 0.93±0.84 1.28±0.76 L L L L L L L
SDSS J1440 L 11.5±8.17 L L 7.00±2.41 L L L L L 9.91±4.12 L
SDSS J1511 3.22±1.78 11.1±2.90 L 2.39±0.72 4.56±0.50 1.50±0.65 2.08±0.66 0.96±0.61 L 0.40±0.32 0.81±0.45 0.41±0.33
SDSS J1604 3.19±1.66 7.00±3.88 L 1.20±0.85 2.46±0.68 L 1.18±0.75 L L L L L
SDSS J1610 L 3.05±2.68 1.54±1.00 L 1.10±0.81 L L L 0.30±0.25 L L L
SDSS J1629 L 13.4±3.80 L 2.41±0.86 3.41±0.55 L 2.07±0.66 L L L 1.91±0.69 L
SDSS J1723 3.56±2.29 8.25±1.41 L 2.11±0.90 3.97±0.63 L 2.32±0.76 L L 0.42±0.20 3.31±0.57 L

Note. All fluxes are in units of 10−15 - -erg cm s2 1.
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Table 8
PAH Equivalent Widths

Galaxy 6.2 μm 7.7 μm 8.3 μm 8.6 μm 11.3 μm 12.0 μm 12.6 μm 13.6 μm 14.2 μm 16.4 μm 17 μm 17.4 μm
Complex Complex Complex Complex

NGC4395 L 0.267 L L 0.185 L L L L L 0.352 L
POX52 L 0.283 L L 0.736 L L L L L 0.615 L
SDSS J0249 L L L L L L L L L 0.165 0.516 L
SDSS J0829 L 0.748 L L 0.209 L L L L L 0.322 L
SDSS J1016 L L L L L L L L L L 0.237 L
SDSS J1140 L L L L L L L L L L 0.406 L
SDSS J1151 L L L L L 0.208 L L L 0.125 0.287 0.076
SDSS J1240 L L L L 0.072 L L L L L L L
SDSS J1250 L L L L L L L L L L 0.467 L
SDSS J1357 L L L L 0.155 L 0.010 L L 0.034 0.104 L
SDSS J1412 L L L L L L L L L 0.131 0.543 L
SDSS J1434 0.159 0.814 L 0.256 0.603 L 0.249 L 0.115 0.108 1.13 L
SDSS J1702 L L L L 0.163 L L L L L 0.190 0.074
SDSS J1727 L L L L L L L L L L 0.450 L
SDSS J2338 L L L L L L L L 0.215 L 0.954 L
SDSS J0110 L L L L 1.09 L L L L 0.224 1.92 L
SDSS J0214 L 0.388 L L 0.186 L L L 0.039 L 0.042 0.022
SDSS J0947 L 2.01 L 0.925 3.05 1.41 3.27 L L L L L
SDSS J1006 L L L L L L L L L 0.425 1.26 0.838
SDSS J1023 L L L L 0.812 L L L L L L L
SDSS J1032 0.217 1.99 0.178 0.416 0.615 L L L 0.404 0.194 1.84 0.118
SDSS J1109 L L L L 0.281 L L L L 0.214 0.481 L
SDSS J1112 L L L L 0.922 L L L L L L L
SDSS J1208 L 0.786 L 0.753 1.47 L L L L L L L
SDSS J1440 L 0.194 L L 0.088 L L L L L 0.091 L
SDSS J1511 0.618 2.37 L 0.597 1.74 0.602 0.846 0.383 L 0.124 0.241 0.117
SDSS J1604 1.12 2.61 L 0.489 1.27 L 0.640 L L L L L
SDSS J1610 L 8.04 3.96 L 2.23 L L L 0.475 L L L
SDSS J1629 L 1.57 L 0.309 0.367 L 0.185 L L L 0.164 L
SDSS J1723 0.722 1.56 L 0.560 1.12 L 0.627 L L 0.127 1.00 L

Note. All EWs are in units of microns.

Table 9
Star Formation Rates

Galaxy mSFR6.2 m mSFR7.7 m mSFR11.3 m Average

NGC4395 L (1.8±0.5)×10−4 (0.31±0.05)×10−4 (1.1±0.24)×10−4

POX52 L 0.049±0.020 0.022±0.002 0.036±0.010
SDSS J0829 L 0.74±0.50 0.057±0.038 0.40±0.25
SDSS J1240 L L 0.23±0.15 0.23±0.15
SDSS J1357 L L 0.18±0.05 0.18±0.05
SDSS J1434 0.11±0.077 0.16±0.03 0.030±0.003 0.098±0.028
SDSS J1702 L L 0.038±0.016 0.038±0.016
SDSS J0110 L L 0.017±0.016 0.017±0.016
SDSS J0214 L 0.46±0.39 0.074±0.072 0.27±0.20
SDSS J0947 L 0.15±0.11 0.052±0.010 0.10±0.056
SDSS J1023 L L 0.010±0.008 0.010±0.008
SDSS J1032 0.0060±0.0028 0.012±0.003 0.0013±0.0011 0.0065±0.0013
SDSS J1109 L L (1.6±1.3)×10−4 (1.6±1.3)×10−4

SDSS J1112 L L 0.024±0.022 0.024±0.022
SDSS J1208 L 0.036±0.030 0.012±0.007 0.024±0.016
SDSS J1440 L 0.27±0.19 0.054±0.019 0.16±0.10
SDSS J1511 0.39±0.22 0.44±0.12 0.061±0.007 0.30±0.08
SDSS J1604 0.22±0.12 0.16±0.09 0.019±0.005 0.13±0.05
SDSS J1610 L 0.32±0.28 0.039±0.028 0.18±0.14
SDSS J1629 L 0.44±0.13 0.038±0.006 0.24±0.06
SDSS J1723 1.9±1.2 1.4±0.2 0.23±0.04 1.2±0.4

Note. SFR is in units of M yr-1.
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formation. Since this shows that at least for low-luminosity objects
in our sample, [O IV] is comparable to both [NeV] lines as an
accurate tracer of AGN power, we will use [O IV] as our preferred
indicator of AGN activity, because it was detected in 19 out of 41
objects compared to 7 and 5 objects for the 14μm and 24μm
[NeV] lines, respectively. For panel (E), we find r = 0.9E

( < ´ -p 1 10 4), a = -0.26full , b = 1.0full , a = 2.7comp , and
b = 0.95comp , with s =1 0.0003comp dex and s =‐1 low mass

0.0003 dex. For panel (F), we find r = 0.9F ( < ´ -p 1 10 4),
a = 3.3full , b = 0.94full , a = 3.4comp , and b = 0.93comp , with
s =1 0.006comp dex and s =‐1 0.01low mass dex.

Comparing the two [Ne V] lines to each other (Figure 6, panel
(G)), we find a tight correlation from high-luminosity objects
down through our sample, with one exception. While the other
objects in both the comparison sample and our sample follow a
1:1 correlation, NGC4395 is ∼5 times brighter in the 14 μm
[Ne V] line than in the 24 μm line. Previous studies have found
that the majority of AGNs have [Ne V] line ratios suggesting that
the [Ne V] emitting gas is near the low-density limit (Dudik et al.
2007; Tommasin et al. 2008, 2010; Baum et al. 2010; Pereira-
Santaella et al. 2010). Dudik et al. also found a few objects below
the low-density limit and used it as evidence for differential IR

Figure 6. Emission-line ratio plots of [Ne V] luminosity at 14 μm and 24 μm vs. [Ne II], [Ne III], and [O IV] luminosities. Data points for our sample are shown in red,
with upper limits in dark red arrows. Black data points are from our comparison sample of higher MBH AGNs. Type 1 objects are shown as diamonds, Type 2 objects
are shown as crosses. In all cases, our lower MBH objects extend the existing correlations found to exist in the higher mass black holes.
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extinction due to dust in the torus, though later studies (Baum
et al. 2010; Pereira-Santaella et al. 2010) have not been able to
confirm this claim. The high [Ne V] ratio seen in NGC4395
compared to the rest of our sample should not be considered an
outlier, because it is consistent with the scatter seen in the 12 μm
sample (Tommasin et al. 2010). For panel (G), we find r = 0.9G

( < ´ -p 1 10 4), a = -0.05full , b = 1.0full , a = 0.76comp , and
b = 0.98comp , with s = ´ -1 1 10comp

5 dex and s =‐1 low mass

´ -1 10 5 dex.

When we examine these same emission lines as line ratios
versus both the 14 and 24 μm [Ne V] luminosities, we see that
our sample is generally consistent with the comparison sample
for all of the emission-line ratios presented (Figure 7). The
exception to this is NGC4395, which seems to be slightly
[Ne V] m24 m-weak compared to both our sample and the
comparison sample (Figure 7, panels (B), (D), (F), and (G)).
If there is a physical cause for the weakened 24 μm [Ne V]
emission, it must be transient because the [Ne V] 14 μm/24 μm
and [Ne V] m24 m/[O IV] ratios were measured to be 0.99±0.62

Figure 7. Emission-line ratio vs. [Ne V] luminosity plots featuring [Ne V] luminosity at 14 μm and 24 μm, [Ne II], [Ne III], and [O IV] luminosities. Symbols are the
same as in Figure 6. In each panel, our lower MBH objects fall within the same scatter in the emission-line ratio as the comparison sample. In both panels (E) and (G),
one object with large uncertainties and a high emission-line ratio has been excluded from the plot in order to better display the scatter in thebulk of the sample.
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and 0.18±0.8, respectively, in the high-resolution spectra
taken one year later (Weaver et al. 2010).

Many groups have used the IR high-to-low-ionization line
ratios as a discriminator between AGN, starburst, and

composite galaxies with most setting the approximately
dividing line between AGN-dominated galaxies and composite
galaxies at L(high-ionization)/L(low-ionization) ∼1.0 (Hao
et al. 2009; Weaver et al. 2010; LaMassa et al. 2012; Meléndez
et al. 2014). Given the emission-line detections in our sample
for the Ne and O lines, we chose to examine the relationship
between [Ne III]/[Ne II] and [O IV]/[Ne III] in Figure 8. We
have a total of seven objects where all four of these lines were
detected and an additional four where three of these lines were
detected, for a total of roughly 25% of our sample. We compare
these to a local hard X-ray selected sample of higher mass
AGNs from Weaver et al. (2010) finding no appreciable
differences between our sample and the comparison sample,
nor differences between Type 1 and Type 2 objects. Out of the
seven objects, five of them have [Ne III]/[Ne II]> 1.0 and four
objects have [O IV]/[Ne III] > 1.0. The error bars of all seven
objects either fall entirely or partially within the AGN-
dominated region defined by either ratio, indicating their
AGN nature.
The optical [O III] l5007 emission line is one of the most

commonly used measures of an AGN’s bolometric luminosity,
despite concerns of the effects of reddening in highly obscured
objects. Heckman et al. (2004) found Lbol/ [ ]L O III = 3500 across
a large sample of nearby high-luminosity AGNs by measuring
L5000, the ratio of the monochromatic continuum luminosity at
5000 Å rest frame, and [ ]L O III to be »[ ]L L 3205000 O III and
combining it with the =L L 10.9bol 5000 relationship from
Marconi et al. (2004). Since then, Stern & Laor (2012) have
examined a sample of low-luminosity Type 1 AGNs and shown
that Lbol/ [ ]L O III = 3000 for objects with Lbol= 1046 -erg s 1,
but drops to Lbol/ [ ]L O III = 300 for objects with Lbol= 1042.5

-erg s 1. They suggest that this factor of 10 difference in
Lbol/ [ ]L O III is primarily due to contributions from the host
galaxy continuum artificially increasing the [ ]L L5000 O III ratio
by a factor of ∼10 higher than its intrinsic value for low Lbol
sources. In the IR, Meléndez et al. (2008) showed that not only
is [O IV] a better indicator of Lbol because its longer wavelength
does not subject it to the effects of reddening, but it can also be
used in comparison with [ ]L O III to quantify the amount of
reddening in the narrow-line region (see also Jackson &
Browne 1991; Keel et al. 1994; Mulchaey et al. 1994; Rhee &
Larkin 2005; Netzer et al. 2006). Typically, Seyfert 2 galaxies
have lower [ ]L O III when compared to [ ]L O IV , but if the effects of
reddening are corrected there is no difference observed in the

[ ]L O III - [ ]L O IV relation based on AGN type. Figure 9 shows
[ ]L O IV versus [ ]L O III for our sample and a higher luminosity

comparison sample. No objects in either sample have had any
reddening or absorption corrections applied and the scatter in

[ ]L O III for fixed [ ]L O IV is apparent in the comparison sample at
all luminosities. However, our detected objects show very little
scatter, suggesting reddening or absorption toward the NLR
must be minimal for objects with detected [O IV] lines in our
sample.

5.2. Spectral Energy Distributions

We combine our IR data with non-simultaneous X-ray
observations from Chandra and XMM(Greene & Ho 2007a;
Thornton et al. 2008, 2009; Desroches et al. 2009; Miniutti et al.
2009), HST I-band images (Filippenko & Ho 2003; Greene
et al. 2008; Thornton et al. 2008; Jiang et al. 2011) and B-band
images (Greene et al. 2008; Thornton et al. 2008), GALEX, and
2MASS data to examine the spectral energy distributions (SEDs)

Figure 8. Emission-line ratio plot of [Ne III]/[Ne II] vs. [O IV]/[Ne III]. Data
points for our sample are shown in red, with upper limits in dark red arrows.
Black data points are from Weaver et al. (2010) and are used as comparison
samples of higher MBH AGNs. Type1 objects are shown as diamonds, Type2
objects are shown as crosses. The shaded regions mark where AGNs dominate
the emission and the effects of star formation are minimal. Specifically, the blue
shaded regions correspond to where either [Ne III]/[Ne II] or [O IV]/[Ne III] are
greater than 1, while the green shaded region corresponds to where both ratios
are greater than 1.

Figure 9. Relationship between [O III] and [O IV] luminosities. Data points for
our sample are shown in red, with upper limits in dark red. Black data points
are from our comparison samples of more luminous AGNs. Type 1 objects are
shown as diamonds, Type 2 objects are shown as crosses.
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of these low-mass Seyfert galaxies. Ludlam et al. (2015)
observed SDSSJ1032 and SDSSJ1434 with XMM in 2011 and
found results consistent with Thornton et al. (2009). Therefore,
we continue to use the results from Thornton et al. (2009) in this
work. All HST images were modeled with the 2D decomposition
software GALFIT (Peng et al. 2002) to separate the host galaxy
contribution from the AGN point-source. X-ray spectral models
were not corrected for effects of absorption due to low S/N in
the majority of objects. GALEX fluxes were taken directly from
the GALEX Mission Archive and might contain host galaxy
contributions. Although we only examine the continuum IR data
from our own Spitzer IRS observations, it is highly likely that
these fluxes contain contributions from the host galaxy in some
objects, as well. Figure 10 shows the SEDs for all of our Type 1

objects and the three Type 2 objects that have been previously
observed in the X-ray. Over-plotted with each SED is the radio-
quiet AGN template from Elvis et al. (1994) normalized to the B-
band data point, or if that data point is unavailable, either the I-
band data point or the GALEX NUV data point.
Previous analysis of the SED of POX52 (Thornton

et al. 2008) found that the SED shape is very similar to that
of high-luminosity AGNs (using the template of Elvis et al. as a
proxy for high-luminosity AGNs). We find that in all but a
handful of cases (NGC 4395, SDSS J1109, and SDSS J1440)
the SED shape in the X-ray matches that of the normalized
Elvis et al. template. NGC4395 has proven to be a special case
with strong variations in X-ray flux (afactor of two over five
months, O’Neill et al. 2006) and spectral slope (G » –0.6 1.7

Figure 10. Spectral energy distributions for a subsample of our objects. Spitzer continua are shown in red, I-band in dark red, B-band in blue, GALEX NUV and FUV
are shown in light blue,and X-ray data are shown in magenta. Data points are shown instead of continua for Spitzer objects with the lowest S/Ns. Over-plotted as a
black line is the radio-quiet AGN template from Elvis et al. (1994) normalized to the B-band point if avaliable, otherwise the I-band or NUV data point. For POX52,
2MASS data are also shown in orange.
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over two years, Moran et al. 2005). This likely explains the
X-ray bright nature of NGC4395 as shown in our non-
simultaneous SED. For SDSSJ1440 and many of those objects
with only upper limits in the X-ray regime, we suspect some
amount of intrinsic absorption is responsible for the faint X-ray
fluxes with respect to the AGN template. This is consistent with
the previous conclusion of Thornton et al. (2009), based on
theanalysis of the best-fit spectral models and the low X-ray
luminosity compared to the measured [ ]L O III . However, work

by Dong et al. (2012a) using Chandra observations of 49
Greene & Ho (2007b) objects makes the suggestion that
absorption alone may not explain the X-ray-weak (relative to
UV) nature of some of these low black hole mass objects.
Deeper X-ray observations coupled with simultaneous UV
imaging is needed to further investigate this claim.
Under the assumption that most deviations from the Elvis

et al. template are due to X-ray absorption or host galaxy
contamination, we integrate the entire AGN template, as

Figure 10. (Continued.)
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normalized for each object, in order to obtain an estimate of the
bolometric luminosity. Given the lack of multi-wavelength data
of SDSSJ1109, we are uncertain as to the intrinsic bolometric
luminosity. We calculate two different Lbol, one with the AGN
template normalized to the lower limit in the I-band, but since
there could be significant obscuration of the AGNs at these
wavelengths, we also calculate an estimate of Lbol based on the
X-ray luminosity. Thornton et al. (2009) previously observed
SDSSJ1109 and estimated that up to half of the X-ray flux
detected could be due to X-ray binaries in the host galaxy.
Therefore, we conservatively normalize our second estimate of
Lbol to half the flux of the X-ray observation, in the event that
the upper limit to optical luminosity is heavily impacted by

obscuration. Both of these Lbol values for SDSSJ1109 and all
other objects shown in Figure 10 are presented in Table 10.

5.3. Bolometric Luminosity Estimators

Our sample contains a range of Eddington ratios, from
Lbol/LEdd∼10−3 for NGC4395 (Moran et al. 2005) to
Lbol/LEdd ∼ 0.5 for POX52 (Thornton et al. 2008). In Figure 11,
we compare Lbol and MBH for each of the objects in our sample.
For the Type 1 AGNs, MBH was estimated based on single-
epoch viral relations, except in the case of NGC4395. For
NGC4395, we use both the black hole mass measurement,
MBH=  ´( )3.6 1.1 105

M , based on reverberation mapping
of the C IV UV emission line (Peterson et al. 2005) and

Table 10
Sample Properties

Galaxy [ ]L O III -L2 10 keV MBH Lbol
( -erg s 1) ( -erg s 1) ( M ) -erg s 1

NGC4395 ´5.4 1038 ´6.5 1039 ´4.0 105 ´4.0 1040

POX52 ´6.3 1040 ´6.0 1041 ´3.2 105 ´7.5 1042

SDSS J0107 ´5.1 1040  ´( )6.5 1.1 1042 ´1.6 106 ´2.9 1043

SDSS J0249 ´1.0 1040  ´( )3.0 1.7 1041 ´4.0 105 ´2.8 1042

SDSS J0325 ´5.0 1040 ´1.7 1041 ´1.6 106 ´1.9 1043

SDSS J0829 ´8.1 1040  ´( )2.6 0.5 1042 ´7.9 105 ´9.8 1042

SDSS J0943 ´2.8 1040 < ´5.6 1040 ´1.0 106 ´5.7 1043

SDSS J1011 ´2.6 1040  ´( )1.6 0.6 1042 ´1.6 106 ´2.2 1043

SDSS J1016 ´9.9 1040  ´( )1.6 5.6 1042 ´7.9 105 ´3.4 1043

SDSS J1140 ´3.8 1040  ´( )2.6 0.8 1042 ´1.3 106 ´9.0 1043

SDSS J1151 ´1.1 1042 < ´2.6 1042 ´1.6 106 ´7.6 1043

SDSS J1240 ´3.4 1041  ´( )0.2 55 1043 ´2.0 106 ´6.8 1043

SDSS J1250 ´1.8 1041  ´( )0.3 22 1042 ´1.0 106 ´5.2 1042

SDSS J1357 ´1.3 1041  ´( )8.9 1.3 1042 ´1.6 106 ´1.1 1044

SDSS J1412 ´5.1 1040 L ´1.6 106 ´1.3 1044

SDSS J1434 ´9.5 1039  ´( )3.5 2.6 1041 ´6.3 105 ´9.4 1041

SDSS J1445 ´3.5 1040 < ´1.4 1042 ´1.3 106 ´5.3 1043

SDSS J1702 ´2.9 1040 < ´3.0 1041 ´1.0 106 ´2.3 1043

SDSS J1727 ´9.4 1040  ´( )3.6 0.9 1042 ´1.0 106 ´5.5 1043

SDSS J2321 ´4.6 1040  ´( )1.8 3.0 1042 ´1.0 106 ´7.3 1043

SDSS J2338 ´7.2 1040 < ´1.3 1040 ´2.5 105 ´1.3 1042

SDSS J0100 ´2.6 1039 L ´3.2 105 L
SDSS J0110 ´6.6 1039 L ´7.9 105 L
SDSS J0119 ´1.7 1040 < ´1.3 1040 ´1.0 105 ´1.3 1043

SDSS J0214 ´9.1 1040 L ´6.3 105 L
SDSS J0914 ´1.4 1041 L ´7.9 105 L
SDSS J0916 ´9.6 1039 L ´2.5 105 L
SDSS J0947 ´2.4 1040 L ´4.0 105 L
SDSS J1006 ´3.8 1040 L ´7.9 105 L
SDSS J1023 ´5.8 1039 L ´5.0 105 L
SDSS J1032 ´2.8 1038  ´( )2.5 0.06 1039 ´1.6 105 ´1.2 1041

SDSS J1109a ´3.4 1038  ´( )4.6 0.1 1038 ´3.2 104 ´5.7 1038

SDSS J1112 ´1.3 1040 L ´1.0 106 L
SDSS J1208 ´1.4 1040 L ´2.5 105 L
SDSS J1421 ´1.8 1040 L ´3.2 105 L
SDSS J1440 ´1.0 1041  ´( )3.4 0.08 1040 ´2.0 105 ´9.7 1042

SDSS J1511 ´3.0 1040 L ´7.9 105 L
SDSS J1604 ´1.1 1040 L ´5.0 105 L
SDSS J1610 ´1.3 1040 L ´6.3 105 L
SDSS J1629 ´1.1 1041 L ´6.3 105 L
SDSS J1723 ´1.6 1041 L ´1.0 106 L

Note. [ ]L O III and MBH values are taken from Greene & Ho (2007b) and BGH08. X-ray luminosities are taken from Greene & Ho (2007a), Thornton et al. (2008, 2009),
Desroches et al. (2009), and Miniutti et al. (2009).
a If normalized to the X-ray data, = ´L 1.1 10bol

40 -erg s 1.
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MBH=  ´( )4.9 2.6 104
M , based on photometric reverbera-

tion mapping of the aH emission line (Edri et al. 2012). Black
hole mass estimates for the Type 2 AGNs are based on the stellar
velocity dispersion of the host galaxy and the MBH- *s relation
(Tremaine et al. 2002) and are very uncertain compared with the
estimates for the Type 1 objects. We caution that the MBH

estimate for SDSSJ1109 is especially uncertain becauseBarth
et al. (2008) were unable to measure *s and therefore estimated it
based on the width of the [O III]l5007 line. Reanalysis of SDSS
spectroscopy of SDSSJ1109 by Moran et al. (2014) results in a
similar [O III] l5007 line width. They also note the close
similarity between the optical spectrum of SDSSJ1109 and that
of NGC4395, but without any trace of broad emission lines,
suggesting the possibility that the MBH of SDSSJ1109 might be
closer to that of NGC4395. We find that our Type 1 objects
have a large scatter in Eddington ratio, ranging from
Lbol/LEdd∼1 to Lbol/LEdd ~ -10 3. Our Type 2 AGNs typically
have much higher Eddington ratios (Lbol/LEdd∼1), with the
already discussed exception of SDSSJ1109.

Work by Kauffmann & Heckman (2009) examined the
fraction of black holes as a function of Eddington ratio and
black hole mass. They found thata higher percentage of low-
mass black holes had high Eddington ratios compared to high-
mass black holes. Although, their sample did notextend to
black hole masses in our mass range, they did estimate ~15%
of black holes with masses in the – M10 107 7.25 range had
Eddington ratios10%. Based on their work, we would expect
an even larger percentage of black holes with masses in our
mass range to be emitting near the Eddington limit. We caution
that there is not only a likely selection effect in our sample
toward more luminous and therefore higher Eddington ratio

objects in our sample, in addition to the uncertainties in the
black hole masses described above. Without a complete sample
at low-redshift and lower black hole mass, we are unable to
examine the Eddington ratio distribution, and therefore
comment on the dominate mode of accretion in this black
hole mass range.
With our estimates of Lbol, we now can examine the

effectiveness of various bolometric luminosity estimators,
including [O III], [O IV], and [Ne V] (at 14 μm) luminosities,
on objects with low black hole mass. Data were fit using the
IDL routine fitexy and the scatter was determined around this
line. These can be seen in Figure 12. Starting with [O III], the
most commonly used indicator of Lbol, we find a large scatter,
not only for objects in our sample, but in the comparison
sample as well (Figure 12, left panel). The best-fit line to the
combination of our data sample and the comparison sample is
log Lbol=log ´  - ( ) ( )[ ]L 1.17 0.01 4.01 0.43O III , with a
1σ scatter of 0.46 dex around the relation at fixed Lbol. This
large scatter has previously been seen by Meléndez et al.
(2008) and is thought to be due to extinction in obscured
objects. In the same figure, we also show the Lbol/ [ ]L O III

relation from the Stern & Laor (2012) sample of low-
luminosity AGNs, which results in a similar 1σ scatter of
0.42 dex around the relation at fixed Lbol. Our results are
therefore consistent with their conclusions that at lower Lbol
(~1043

L ) contributions from the host galaxy to the
continuum artificially dilute the EW measurement of [O III]
enough to cause the measured value to be lower than a factor of
~10 than the intrinsic value. The discrepancy between the
measured and instrinsic EW of [O III] disappears for objects
with Lbol  L1045.5 . Replacing [O III] with our prefered
measure of AGN power, [O IV], we find a much smaller 1σ
scatter of 0.33 dex around our fit to the data, log Lbol=log

´  ( )–( )[ ]L 1.33 0.01 9.90 0.01O IV (Figure 12, center
panel). Our sample extends this correlation roughly three
orders of magnitude lower than previous data with no apparent
change in slope.
Satyapal et al. (2007) fit a relation between Lbol and the [Ne V]

14μm luminosity to infer the lower black hole mass limit of
newly discovered AGNs. We present their relation in Figure 12
(right panel) along with a new fit including our data set, as well as
a number of additional comparison objects from Dasyra et al.
(2008); Tommasin et al. (2008), and Woo & Urry (2002), finding
log Lbol=log ´  m ( )–( )[ ]L 1.27 0.01 7.11 0.56Ne 14 mV .
Overall, the change is minor with the slope becoming steeper in
our relation by a factor of 1.35 due to the addition of our
data points extending the relation 2.5 orders of magnitude lower
than before. The overall scatter in this relation is ∼0.34 dex,
making the Lbol– [ ]L O IV relation comparable to that of the
Lbol– m[ ]L Ne 14 mV relation, as long as the contribution due to star
formation is low.

6. Summary and Conclusions

We present low-resolution Spitzer IRS spectroscopic data for
22 Type 1 and 19 Type 2 nearby, low-mass AGNs. We find
that the Type 2 objects tend to have steeper 15–30 μm slopes,
corresponding to higher continuum fluxes at longer wave-
lengths, and slightly stronger PAH emission than the Type 1
objects. This is attributed to a combination of obscuration of
the central engine, as suggested by the AGN unification model,
and contamination due to cool dust in the host galaxy.

Figure 11. MBH distribution of our sample compared with the SED-calculated
Lbol. Type 1 objects are shown as blue diamonds, Type 2 objects are shown as
red crosses. SDSSJ1109 is shown as the two Lbol values connected by a red,
dashed line. NGC4395 is shown as the two MBH values connected by a blue,
dashed line. The higher MBH value is from Peterson et al. (2005) and the lower
MBH value is from Edri et al. (2012). Typical error bars are shown in the upper
left-hand corner. Constant Lbol/LEdd are shown as black, diagonal lines.
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We examined numerous emission-line diagnostic diagrams
looking for qualitative differences between Type 1 and Type 2
objects of low MBH and differences between low and high MBH
objects. Although our sample has a typical = –M 10 10BH

5 6
M

and are found in low-mass galaxies, we see no evidence for
differences in AGN spectral properties between our sample and
the higher MBH comparison samples. Including our objects
demonstrates a continuation of existing emission-line relations
extending over multiple orders of magnitude, strengthening the
case for the unification model down to objects with <M 10BH

6

M and possibly even lower with the recent discovery of a
black hole with ~ ´M 5 10BH

4
M and Lbol/LEdd∼0.1 in

RGG118 by Baldassare et al. (2015). This suggests that we
have not yet found objects below the MBH limit in which
structural changes begin to occur, such as the disappearance of
the BLR or dusty torus.

Finally, we find that even at low MBH, the [O III] luminosity
is not the best estimator of Lbol, due to contributions from the
host galaxy that, as Stern & Laor (2012) suggest increase as
Lbol decreases. We find that both the [O IV] and [Ne V] m14 m line
luminosities are better indicators of an object’s Lbol, regardless
of MBH, and in the case of our sample, contamination due to the
blending of the [O IV] and [Fe II] lines is negligible. Examining
the SEDs of our objects from the mid-IR to the X-ray, we
found that in the majority of cases, the higher MBH AGN
template was a good fit to our data, further strengthening the
case that our low MBH objects are simply scaled down versions
of their higher MBH counterparts.

Looking ahead, the James Webb Space Telescope (JWST)
will provide much better spectral and angular resolution than
Spitzer was able to achieve. The NirSPEC and MIRI
instruments on JWST will cover a similar wavelength range
of 0.6–28.5 μm, with spectral resolution of = –R 1000 3000
and an angular resolution of 0 1 at 2 μm. This represents a ´50
increase in sensitivity and a ´7 increase in angular resolution
over Spitzer.7 While the shortened spectral range on MIRI will

not allow for detection of the [S III] or [Si II] lines, and will only
detect the [O IV] line in objects with z 0.08, JWST will allow
us to better investigate the absorption properties of low-mass
AGNs of both types through detailed examination of the PAH
features, silicate absorption/emission, and emission-line fluxes
(e.g., molecular hydrogen rotational lines, [Ne IV] lines). The
Satyapal et al. (2007) [Ne V] m14 m–Lbol relation can be used to
examine how Lbol and/or accretion rate may modify properties
in low-mass AGNs, possibly allowing us to confirm predictions
of the disappearance of the BLR at low Lbol or Lbol/LEdd.

This work is based on observations made with the Spitzer
Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract
with NASA. Support for this work was provided by NASA
through an award issued by JPL/Caltech. This work was also
supported by the National Science Foundation under grants
AST-0548198, AST-1412693, and AST-1108835. L.C.H.
acknowledges support by the Chinese Academy of Science
through grant No. XDB09030102 (Emergence of Cosmologi-
cal Structures) from the Strategic Priority Research Program
and by the National Natural Science Foundation of China
through grant No. 11473002.
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