
The Astrophysical Journal Supplement Series, 187:172�211, 2010 March doi:10.1088/0067-0049/187/1/172
C� 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

INFRARED SPECTRAL ENERGY DISTRIBUTIONS OF SEYFERT GALAXIES: SPITZER SPACE TELESCOPE
OBSERVATIONS OF THE 12 µm SAMPLE OF ACTIVE GALAXIES

J. F. Gallimore
1,11

, A. Yzaguirre
1,2

, J. Jakoboski
1,3

, M. J. Stevenosky
1,4

, D. J. Axon
5,6

, S. A. Baum
7
, C. L. Buchanan

8
,

M. Elitzur
9
, M. Elvis

10
, C. P. O’Dea

5
, and A. Robinson

5
1 Department of Physics and Astronomy, Bucknell University, Lewisburg, PA 17837, USA

2 Department of Physics, California State University, Fullerton, P.O. Box 6866, Fullerton, CA 92834-6866, USA
3 Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena, CA 91190, USA

4 Franklin Pierce Law Center, Two White Street, Concord, NH 03301, USA
5 Department of Physics, Rochester Institute of Technology, 84 Lomb Memorial Drive, Rochester, NY 14623, USA

6 School of Mathematical and Physical Sciences, University of Sussex, Falmer, Brighton, BN1 9QH, UK
7 Chester F. Carlson Center for Imaging Science, Rochester Institute of Technology, 54 Lomb Memorial Drive, Rochester, NY 14623, USA

8 School of Physics, University of Melbourne, Parkville, Victoria 3010, Australia
9 Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506, USA

10 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
Received 2009 September 22; accepted 2010 January 27; published 2010 March 1

ABSTRACT
The mid-infrared spectral energy distributions (SEDs) of 83 active galaxies, mostly Seyfert galaxies, selected from
the extended 12 µm sample are presented. The data were collected using all three instruments, Infrared Array
Camera (IRAC), Infrared Spectrograph (IRS), and Multiband Imaging Photometer for Spitzer (MIPS), aboard the
Spitzer Space Telescope. The IRS data were obtained in spectral mapping mode, and the photometric data from IRAC

HBLR Seyfert 2s show silicate absorption. The infrared SEDs of other classes within the 12 µm sample, including
Seyfert 1.8-1.9, non-HBLR Seyfert 2 (not yet shown to hide a type 1 nucleus), LINER, and H ii galaxies, appear
to be dominated by star formation, as evidenced by blue IRAC colors, strong polycyclic aromatic hydrocarbon
emission, and strong far-infrared continuum emission, measured relative to mid-infrared continuum emission.
Key words: galaxies: active � galaxies: Seyfert � galaxies: spiral � infrared: galaxies
Online-only material: color �gures

1. INTRODUCTION

Three components dominate the mid-infrared spectrum of an
active galaxy (Genzel & Cesarsky 2000): (1) thermal radiation
from a dusty, compact medium that surrounds the active nucleus
(active galactic nucleus (AGN)) and can obscure direct sight-
lines to it; (2) polycyclic aromatic hydrocarbon (PAH) features
and thermal dust continuum associated with star formation or
perhaps a powerful starburst; and (3) line features arising from
molecular, atomic, and ionic species.

The dusty medium surrounding the AGN is commonly
referred to as �the dusty torus.� Its presence is inferred for many
AGNs based, for example, on spectropolarimetry (Antonucci &
Miller 1985; Antonucci 1993; Urry & Padovani 1995; Smith
et al. 2004), X-ray spectroscopy (Risaliti et al. 2007, 2002), and
infrared aperture synthesis measurements (Jaffe et al. 2004;
Tristram et al. 2007). Observations further indicate that the
dusty medium must be axisymmetric, permitting low-extinction
sight-lines to type 1 AGNs, where the broad-line region (BLR)
is apparent in total intensity (Stokes I) spectra (the �pole-on�
view), but high-extinction sight-lines to type 2 AGNs, which

11 Currently on leave at NRAO, 520 Edgemont Rd., Charlottesville, VA 22903,
USA.

show suppressed broad line emission and AGN continuum (the
�edge-on� view).

Since the dusty torus re-radiates incident AGN continuum in
the mid-infrared, its spectral energy distribution (SED) provides
an indirect measure of the AGN luminosity (Nenkova et al.
2008b), important especially for heavily obscured AGNs where
other indirect diagnostics may not be available. Mid-infrared
�ne-structure lines can also constrain the intrinsic shape of the
AGN SED, because particular line ratios are sensitive to the
shape of the SED but less sensitive to extinction compared to
optical/ UV lines of species with similar ionization energies
(Alexander et al. 2000).

The torus SED depends on the geometry and clumpiness of
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that a centrally heated dust shell can have (Sirocky et al.2008;
Nenkova et al.2008a; Levenson et al.2007).

The mid-infrared SED is also an important diagnostic of star
formation. Young star clusters embedded in giant molecular
clouds (GMCs) are predicted to produce weaker PAH equivalent
width (EQW) in comparison to older clusters, owing to photode-
struction and continuum dilution by hot dust grains (Efstathiou
et al. 2000). In global models, PAH features are sensitive to
the fractional luminosity of OB associations and the gas density
of their surrounding interstellar medium (ISM; Siebenmorgen
& Kr ügel 2007). Since the dusty medium re-radiates incident
stellar radiation, the mid–far-infrared luminosity constrains the
luminous contribution of star formation.

The mid-infrared SED of active galaxies therefore contains
diagnostics of the AGN, its surrounding dusty torus, and
any surrounding star formation. The described tracers can, in
principle, be disentangled by spectral decomposition of the
global SED (Farrah et al.2003; Marshall et al.2007). At the
present, available infrared instruments, at least in their default
mode of use, suffer from mismatched apertures leading to
discontinuities in the observed SEDs or mismatched coverage
of spectral lines that bias line ratios.

To remedy this problem of aperture matching, we have
used theSpitzer Space Telescopeto observe a sample of ac-
tive galaxies, mostly Seyferts, in synthetically matched, 20��

diameter apertures spanning� 3.6–36µm and a larger aper-
ture, � 20�� × 30��, covering � 55–90 µm. These moderate to
low-resolution SEDs are well-suited for spectral decomposi-
tion, studies of the PAH and Sil features, as well as global
constraints on the AGN and star formation contributions to the
luminosity.

The observations and data obtained for this survey are
presented in this work. Section2 describes the sample selection.
Section3 provides a detailed account of the observations and
data reduction, with attention to artifact correction, synthetic
aperture matching, and corrections for extended emission.
Section4 summarizes the extraction of spectral features using
a modi�ed version of the PAHFIT tool (Smith et al.2007b) and
measurements based on the line-subtracted SEDs. We conclude
in Section5 with a summary of the properties of the sample and
avenues for future analysis.

2. SAMPLE SELECTION

The sample, listed in Table1, comprises a subset of the ex-
tended 12µm sample of AGNs (Rush et al.1993). This parent
sample was de�ned by anIRASdetection at 12µm,F12(IRAS) >
0.22 Jy, and color selectionF60(IRAS) > 0.5F12(IRAS) or
F100(IRAS) > F 12(IRAS) to remove stars but few galaxies.
AGNs were identi�ed based on prior (usually optical) classi�ca-
tion. We restricted the sample to include (1) only those objects
categorized by Rush et al. (1993) as Seyferts or LINERs, and
(2) only those sources withcz < 10,000 km sŠ1. Three sources
were removed subsequent to observations owing either to point-
ing errors or saturation in the Spitzer observations: NGC 1068,
M-3-34-64, and NGC 4922. Our sample ultimately includes 83
Seyfert and LINER nuclei.

The main advantage of this sample over other AGN catalogs
is its large collection of published and archival multiwavelength
observations (Rush et al.1996; Hunt & Malkan1999; Hunt et al.
1999; Thean et al.2001, 2000; Gallimore et al.2006; Spinoglio
et al.2002). In addition, there are comparable numbers of Seyfert
1 (S1) and Seyfert 2 (S2) nuclei, and their redshift distributions
are statistically indistinguishable (Thean et al.2001, 2000).

Figure 1. Comparison of AGN classi�cations from Rush et al. (1993) and
our revised classi�cations collected from the literature, Table1. The top panel
illustrates the re-classi�cation of Rush et al. Type 1 AGNs, and the bottom
panel similarly shows the re-classi�cation of Type 2 AGNs. Seyfert 2s are split
into two groups: (1) HBLR S2s, which are known to harbor an HBLR, and (2)
non-HBLR S2s, in which no HBLR has yet been detected.

The original survey paper of Rush et al. (1993) broadly
assigned optical classi�cations of type 1 (broad-line AGN) and
type 2 (narrow-line AGN), but Tran (2003) pointed out that, even
given such coarse binning of activity type, there were many
misclassi�cations. To aid in a more sophisticated comparison
of infrared properties to optical classi�cations, we endeavored
to collect updated and more precise classi�cations from the
literature. The revised classi�cations are included in Table1and
illustrated in Figure1. We �nd that 20% (7/ 35) of the Rush et al.
Type 1s are re-classi�ed as hidden broad line region (HBLR)
Seyfert 2s (S1h or S1i), LINER, or Hii (star-forming galaxy),
and 28% (13/ 46) of the Rush et al. Type 2s are re-classi�ed as
S1.n, LINER, or Hii . Note that HBLRs have been sought in all
but 3 of the 20 S2s in our survey: NGC 1125, E33-G2, and NGC
4968 (Tran2003).

3. OBSERVATIONS AND DATA REDUCTION

The sample galaxies were observed using all of the instru-
ments of theSpitzer Space Telescope(Program ID 3269, Gal-
limore, P.I.): the four broadband channels (3.6µm, 4.5 µm,
5.8 µm, and 8.0µm) of the Infrared Array Camera (IRAC;
Fazio et al.2004); the low-resolution gratings of the Infrared
Spectrograph (IRS; Houck et al.2004), operating in spectral
mapping mode; and the Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al.2004), operating in SED mode.
The resulting SEDs are provided in Figure2.

Several sample galaxies were observed as part of otherSpitzer
programs that made use of different observing strategies; for
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Table 1
(Continued)

Source ID Class Ref. R.A. (J2000) Decl. (J2000) cz D PID
(h:m:s) (◦:�:��) (km s−1) (Mpc)

F15480-0344 S1h 8, 38 15:50:41.48 −03:53:18.1 9084 129.8 3269
NGC6810 H ii 25 19:43:34.42 −58:39:20.3 2031 ∗29.0 3269
NGC6860 S1.5 23 20:08:46.90 −61:05:59.6 4462 63.7 3269
NGC6890 S2 5, 51 20:18:18.02 −44:48:24.7 2419 ∗31.8 3269
IC5063 S1h 52 20:52:02.29 −57:04:07.5 3402 48.6 86, 3269
UGC11680 S2 49 21:07:41.35 03:52:17.9 7791 111.3 3269
NGC7130 S2 53, 54, 55, 56 21:48:19.52 −34:57:04.8 4842 69.2 3269, 3672
NGC7172 S2 41, 57 22:02:01.90 −31:52:10.4 2603 ∗33.9 86, 3269
NGC7213 S1 58 22:09:16.21 −47:09:59.7 1750 ∗22.0 3269
NGC7314 S1i 59 22:35:46.21 −26:03:01.5 1428 ∗19.0 86, 3269
M-3-58-7 S1h 8 22:49:37.17 −19:16:26.2 9432 134.7 3269
NGC7469 S1.5 44 23:03:15.61 08:52:26.3 4892 69.9 32, 3269
NGC7496 S2 38, 49, 60 23:09:47.29 −43:25:40.2 1649 ∗20.1 3269
NGC7582 S1i 61 23:18:23.63 −42:22:13.1 1575 ∗18.8 3269
NGC7590 S2 60 23:18:54.81 −42:14:20.0 1575 ∗23.7 3269
NGC7603 S1.5 44 23:18:56.67 00:14:38.1 8851 126.4 3269
NGC7674 S1h 4, 9 23:27:56.72 08:46:44.4 8671 123.9 3269, 3672
CGCG381-051 H ii 8 23:48:41.74 02:14:23.5 9194 131.3 3269

Notes. The source ID is based on the primary source identi�cation of Rush et al. (1993). AGN classi�cations are from (1) V·eron-Cetty et al.
(2001), (2) Mulchaey et al. (1996), (3) Clavel & Joly (1984), (4) Miller & Goodrich (1990), (5) Moran et al. (2000), (6) Nagar et al. (1999),
(7) Tran (1995), (8) Tran (2003), (9) Veilleux (1988), (10) Veilleux et al. (1995), (11) Keel (1983), (12) Phillips et al. (1984), (13) Winkler
(1988), (14) Heisler et al. (1989), (15) de Grijp et al. (1992), (16) Hao et al. (2005b), (17) Vaceli et al. (1997), (18) De Robertis & Osterbrock
(1986), (19) Alloin et al. (1981), (20) Reunanen et al. (2002), (21) Giannuzzo & Stirpe (1996), (22) Alloin et al. (1985), (23) Winkler (1992),
(24) Ag¤uero et al. (2004), (25) Kirhakos & Steiner (1990), (26) Osterbrock & Koski (1976), (27) Feldmeier et al. (1999), (28) Osterbrock
(1977), (29) Alonso-Herrero et al. (2000), (30) Mazzarella & Balzano (1986), (31) Goodrich et al. (1994), (32) Osterbrock & Pogge (1985),
(33) Heckman (1980), (34) Ho et al. (1997), (35) Kollatschny et al. (1983), (36) Peterson et al. (2000), (37) Goodrich (1989), (38) Young
et al. (1996), (39) Filippenko & Sargent (1985), (40) Kollatschny & Fricke (1985), (41) Heisler et al. (1997), (42) Kay (1994), (43) Gonz·alez
Delgado & Perez (1996), (44) Dahari & De Robertis (1988), (45) Whittle et al. (1988), (46) Taylor et al. (1989), (47) Rafanelli et al. (1990),
(48) Tran (2001), (49) Kewley et al. (2001), (50) Lumsden et al. (2001), (51) M·arquez et al. (2004), (52) Inglis et al. (1993), (53) Shields &
Filippenko (1990), (54) Kim et al. (1995), (55) Gonz·alez Delgado et al. (1998), (56) Moustakas & Kennicutt (2006), (57) Coziol et al. (1998),
(58) Filippenko & Halpern (1984), (59) Dewangan & Grif�ths (2005), (60) Storchi-Bergmann et al. (1995), and (61) Aretxaga et al. (1999).
The classi�cation naming convention broadly follows V·eron-Cetty & V·eron (2006): S1.n refers to Seyfert types 1.n (1.2, 1.5, 1.8, or 1.9); S1h
refers to hidden Seyfert 1 revealed by spectropolarimetry; S1i refers to hidden Seyfert 1 revealed by broad Paschen or Brackett lines or via
another, non-polarimetric technique; S1n refers to narrow-line Seyfert 1; S2 refers to Seyfert 2; H ii refers to star-forming or starburst galaxy.
For NGC 1194 and NGC 5033, the classi�cations were based on inspection of the spectra presented in the cited references and differ from the
classi�cation assigned in those references. M-2-40-4 presents a S1.9 spectrum, although spectropolarimetry reveals broader Balmer lines; we
retain the S1.9 classi�cation. To the best of our knowledge, HBLRs have been searched in all but three of the 20 S2s in this list: NGC 1125,
E33-G2, and NGC 4968 (Tran 2003). Source coordinates are based on the astrometry of the IRAC 8.0 µm image. Recessional velocities are from
NED. The adopted distances either were calculated using the Hubble Law assuming H0 = 70 km s−1 Mpc−1 or, where data were available in
NED, taken from an average of redshift-independent distance indicators. Redshift-independent distances, compiled by Madore & Steer (2008),
which, for this sample, commonly derive solely from Tully & Fisher (1988), are marked by (*). PID lists the Spitzer program codes that were
used to construct the present data set. Spitzer PID 3269 indicates data from our original Cycle 1 proposal. The SINGS key project is PID 159.

example, in some cases only single-pointing (�Staring Mode�)
IRS spectra are available. We summarize the observations and
data reduction techniques both for our observing program and
archival Spitzer data.

3.1. Spitzer IRAC Observations

IRAC observations were centered on the NED coordinates of
the sample galaxies based on catalog names listed in Rush et al.
(1993). A beam splitter and supporting optics centers the target
on two detectors simultaneously (Fazio et al. 2004), either at
3.6 and 5.8 µm or 4.5 and 8.0 µm, and so each observation
consisted of two pointings at a common orientation of the focal
plane relative to sky. These observations were taken as snapshots
with no attempt to mosaic or dither. To guard against saturation,
we used the high-dynamic range (HDR) mode which provides
0.6 s and 12 s integrations at each pointing.

The data were initially processed and calibrated by the
IRAC basic calibration data (BCD) pipeline, version S14.0. The

pipeline performs basic processing tasks, including bias and
dark current subtraction; response linearization for pixels near
saturation; �at-�elding based on observations of high-zodiacal
background regions; saturation and cosmic ray �agging, the
latter indicated by signal detections more compact than the
point-spread function (PSF); and �nally �ux calibration based
on observations of standard stars.12 The nominal photometric
stability for compact sources is better than 3% in all detectors
(Reach et al. 2005). Corrections for extended sources13 are
accurate to ∼10%, but the contribution of extended emission and
the resulting correction is small for most of the sample galaxies.
Color corrections are typically much greater, especially in the
8.0 µm channel where in-band PAH emission can result in
factors of 2 or greater corrections.

12 Details are provided in the IRAC Data Handbook, available at
http://ssc.spitzer.caltech.edu/irac/dh/.
13 http://ssc.spitzer.caltech.edu/irac/iracinstrumenthandbook/.

http://ssc.spitzer.caltech.edu/irac/iracinstrumenthandbook/
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Figure 2. (Continued)
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Figure 2. (Continued)
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Table 2
IRAC Photometry of the 12 µm AGN Sample

Object [3.6] unc [4.5] unc [5.8] unc [8.0] unc
MRK335 8.99 0.07 8.31 0.07 7.67 0.06 6.69 0.05
MRK938 9.55 0.05 9.24 0.04 7.74 0.05 5.09 0.02
E12-G21 9.63 0.09 9.14 0.10 8.31 0.08 6.22 0.07
MRK348 9.27 0.08 8.46 0.08 7.67 0.06 6.38 0.04
NGC424 7.83 0.05 6.94 0.04 6.11 0.03 4.95 0.02
NGC526A 9.00 0.07 8.33 0.07 7.66 0.07 6.67 0.06
NGC5135 8.95 0.10 8.60 0.09 7.35 0.08 4.82 0.07
F01475-0740 10.83 0.16 9.89 0.14 8.59 0.10 7.16 0.06
NGC931 8.38 0.05 7.75 0.05 6.87 0.04 5.78 0.03
NGC1056 9.26 0.11 9.32 0.12 8.23 0.12 5.50 0.10
NGC1097 7.73 0.10 7.75 0.11 6.54 0.10 3.98 0.10
NGC1125 10.05 0.11 9.67 0.11 8.45 0.10 6.51 0.05
NGC1143-4 9.68 0.09 9.44 0.08 8.37 0.09 5.66 0.09
M-2-8-39 10.86 0.14 10.25 0.15 9.27 0.13 7.35 0.07
NGC1194 9.29 0.08 8.38 0.07 7.31 0.05 6.10 0.04
NGC1241 9.87 0.11 9.86 0.12 9.56 0.16 7.11 0.09
NGC1320 9.10 0.08 8.47 0.07 7.48 0.06 5.96 0.04
NGC1365 7.23 0.07 6.85 0.06 5.70 0.08 3.25 0.09
NGC1386 8.64 0.08 8.15 0.07 7.16 0.05 5.56 0.03
F03450+0055 9.11 0.08 8.46 0.07 7.74 0.06 6.61 0.04
NGC1566 8.67 0.09 8.59 0.08 7.94 0.07 6.14 0.05
F04385-0828 9.09 0.08 8.04 0.06 7.04 0.05 5.64 0.03
NGC1667 9.60 0.11 9.65 0.12 8.41 0.14 5.96 0.11
E33-G2 9.40 0.09 8.69 0.08 7.91 0.07 6.65 0.05
M-5-13-17 9.74 0.10 9.38 0.10 8.26 0.09 6.65 0.07
MRK6 8.71 0.06 8.12 0.06 7.60 0.05 6.63 0.05
MRK79 8.73 0.06 8.05 0.06 7.24 0.05 6.05 0.04
NGC2639 9.17 0.11 9.25 0.12 8.67 0.15 7.27 0.12
MRK704 8.84 0.07 8.06 0.06 7.35 0.05 6.08 0.04
NGC2992 8.46 0.06 8.07 0.05 7.25 0.05 5.35 0.05
MRK1239 7.70 0.04 7.03 0.04 6.31 0.03 5.27 0.03
NGC3079 8.12 0.09 8.09 0.09 6.61 0.09 3.78 0.08
NGC3227 8.48 0.06 8.16 0.06 7.18 0.06 5.36 0.04
NGC3511 10.03 0.12 10.13 0.13 9.41 0.21 6.20 0.11
NGC3516 8.42 0.06 7.96 0.06 7.27 0.06 6.16 0.04
M+0-29-23 9.93 0.11 9.65 0.11 8.30 0.09 5.59 0.06
NGC3660 10.68 0.13 10.66 0.16 10.35 0.34 7.65 0.12
NGC3982 9.91 0.11 9.95 0.12 8.81 0.14 6.36 0.10
NGC4051 8.53 0.06 7.94 0.06 7.10 0.04 5.56 0.03
UGC7064 9.98 0.10 9.67 0.11 8.88 0.09 6.62 0.12
NGC4151 7.42 0.05 6.67 0.03 5.86 0.03 4.52 0.02
MRK766 9.06 0.07 8.32 0.07 7.60 0.06 5.99 0.04
NGC4388 8.79 0.07 8.35 0.06 7.11 0.05 5.49 0.08
NGC4501 8.53 0.10 8.61 0.11 8.42 0.14 6.98 0.11
NGC4579 8.25 0.09 8.23 0.09 7.87 0.08 7.12 0.06
NGC4593 8.38 0.07 7.82 0.06 7.12 0.05 5.86 0.03
NGC4594 7.04 0.10 7.16 0.11 6.93 0.10 6.95 0.09
NGC4602 10.23 0.12 10.26 0.13 9.38 0.19 7.37 0.10
TOL1238-364 9.36 0.09 8.88 0.08 7.77 0.07 5.47 0.10
M-2-33-34 10.12 0.11 9.87 0.12 9.06 0.13 7.39 0.08
NGC4941 9.65 0.10 9.58 0.11 9.02 0.28 8.01 0.13
NGC4968 9.66 0.09 9.04 0.09 8.02 0.07 6.20 0.04
NGC5005 7.81 0.10 7.85 0.10 7.35 0.10 5.63 0.09
NGC5033 8.26 0.10 8.30 0.10 7.59 0.10 5.45 0.10
NGC513 9.68 0.10 9.45 0.10 8.72 0.13 6.32 0.09
M-6-30-15 8.55 0.06 7.87 0.06 7.16 0.05 6.07 0.04
NGC5256 10.19 0.12 10.01 0.12 8.56 0.11 5.67 0.06
IC4329A 7.38 0.03 6.68 0.04 5.94 0.03 4.93 0.02
NGC5347 9.87 0.10 9.21 0.10 8.18 0.07 6.56 0.05
NGC5506 7.02 0.03 6.25 0.03 5.49 0.02 4.41 0.02
NGC5548 9.49 0.05 8.85 0.04 7.96 0.03 6.48 0.02
MRK817 9.10 0.07 8.45 0.07 7.61 0.06 6.33 0.04
NGC5929 10.33 0.12 10.36 0.14 9.59 0.20 8.52 0.14
NGC5953 9.13 0.10 9.24 0.10 7.70 0.11 4.85 0.10
M-2-40-4 8.51 0.06 7.86 0.06 7.12 0.04 5.58 0.04
F15480-0344 10.38 0.12 9.66 0.12 8.75 0.10 7.03 0.07
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Figure 7. Frequency distribution of the �ux density ratio F� (IRS)/F � (IRAC) at the overlap wavelengths 5.8 µm (IRAC channel 3 = 5.731 µm) and 8.0 µm (IRAC
channel 4 = 7.872 µm).

good and bad pixels were used in the distortion correction for
that pixel.

3.1.4. Photometric Extraction

We extracted �ux density measurements using a synthetic,
20�� diameter circular aperture centered on the brightest infrared
source associated with the active galaxy. The exception is NGC
1097, which has an off-nucleus star-forming region that is
brighter than the central point source; in that case, the aperture
was centered on the central point source. To determine the point-
source contribution to the aperture, each image was convolved
with a two-dimensional, rotationally symmetric Ricker wavelet
(Gonz·alez-Nuevo et al. 2006). The width of the central peak of
the wavelet was tuned to match the width of the nominal IRAC
PRF, effectively subtracting extended emission and enhancing
point sources. We used �eld stars to calibrate the point-
source response of the wavelet-convolved image; this calibration
includes a correction for aperture losses. We next applied
extended source corrections15 to the residual signal (total −
point source).

Finally, the resulting photometry was color corrected follow-
ing the prescription described in the IRAC Data Handbook. The
uncorrected calibration provides a �ux density measurement at a
nominal wavelength assuming a nominal spectral shape �F � =
constant over the broadband response. The color correction ad-
justs the calibration based on the true shape of the spectrum. The
result is the true �ux density at a nominal wavelength rather than
a broadband average; for example, the color-corrected �ux re-
ported for the 8 µm camera will be closer to the peak of the
7.7 µm PAH feature plus any underlying continuum at that
wavelength rather than bandpass-weighted average. For refer-
ence, the nominal wavelengths for the IRAC cameras are 3.550,
4.493, 5.731, and 7.872 µm.

Color correction involves integrating the infrared spectrum
weighted by the IRAC �lter bandpasses. To perform this inte-
gration, we used our IRS spectra (Section 3.3, below) with ex-
trapolation to shorter wavelengths assuming a power-law slope
matching the observed, uncorrected 3.6 µm �ux density. Note

15 http://ssc.spitzer.caltech.edu/irac/iracinstrumenthandbook/.

Figure 8. IRS/ IRAC 8 µm �ux ratio vs. IRAC point-source fraction. The
point-source fraction is the ratio of the point-source �ux determined by wavelet
convolution to the total �ux in the 20�� synthetic aperture. Here, the subscript
�4� refers to IRAC channel 4 = 8 µm.

that this color-correction technique does not force a match be-
tween the IRS and IRAC photometry; the �ux scale of the spec-
trum is normalized so that only the shape of the IRS spectrum
in�uences the color correction. Photometric corrections for ex-
tended sources are not accurately known for the IRS spectra,
and so the accuracy of the IRS spectral extractions precluded
separating the color corrections for extended and point-source
contributions for a given source; rather, the color correction was
determined based on the integrated signal in the aperture.

3.2. Archival Spitzer IRAC Observations

IRAC observations of 16 sample galaxies were obtained
through public release to the Spitzer archive. Data processing
largely followed the techniques described above for our observa-
tions, except that, where our observations comprise snapshots,
the archival observations all employed dithering or mosaicking
techniques. The archival data were initially mosaicked

http://ssc.spitzer.caltech.edu/irac/iracinstrumenthandbook/
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Table 9
(Continued)

Source ID [Oiv ] [Si ii ] [Ne ii ] [Ne iii ] [Ne v] [S iii ] [S iii ] [S iv ] [Ar ii ]
25.91µm 34.815µm 12.813

µm
15.555µm 14.322µm 18.713µm 33.48µm 10.511µm 6.985µm

F15480-0344 146 (6) < 56 . . . 20 (2) 38 (4) 32 (4) < 8 . . . < 56 . . . 22 (3) < 12 . . .
NGC6810 < 11 . . . 130 (16) 151 (7) < 10 . . . < 5 . . . 39 (2) 65 (15) < 8 . . . 64 (6)
NGC6860 69 (6) 122 (34) 19 (2) 22 (3) 9 (3) 11 (3) < 98 . . . < 5 . . . < 9 . . .
NGC6890 36 (6) 95 (14) 57 (3) 19 (4) 10 (3) 30 (3) 67 (11)< 16 . . . 13 (4)
IC5063 55 (6) < 62 . . . 9 (2) 27 (2) < 4 . . . 7 (2) < 59 . . . 26 (2) 3 (1)
UGC11680 22 (6) < 125 . . . 32 (4) 33 (6) < 12 . . . < 12 . . . < 67 . . . < 23 . . . < 39 . . .
NGC7130 12 (4) 79 (13) 166 (5) 42 (4) 16 (3) 28 (2) 62 (14) 22 (3) 107 (13)
NGC7172 198 (6) 191 (14) 45 (3) 50 (4) 16 (3) 38 (4) 99 (12) 66 (7) 18 (4)
NGC7213 < 16 . . . 173 (26) 49 (3) 29 (2) < 5 . . . 8 (3) < 77 . . . < 6 . . . 17 (3)
NGC7314 357 (14) 90 (20) 33 (4) 110 (7) 47 (4) 48 (5) 75 (15) 108 (6) 35 (3)
M-3-58-7 < 13 . . . < 51 . . . 16 (2) 12 (2) 10 (2) < 6 . . . < 55 . . . 5 (1) 9 (3)
NGC7469 < 7 . . . 66 (14) 109 (3) 11 (3) 9 (2) 25 (2) 64 (15) 9 (2) 51 (4)
NGC7496 < 10 . . . < 62 . . . 110 (8) 7 (2) < 6 . . . 40 (3) 49 (12) 15 (5) 88 (9)
NGC7582 72 (5) 77 (18) 146 (7) 52 (3) 12 (3) 41 (3) 48 (15) 39 (3) 43 (3)
NGC7590 45 (7) 504 (21) 164 (9) 68 (14) < 26 . . . 127 (11) 253 (24) < 46 . . . < 83 . . .
NGC7603 14 (4) 133 (33) 27 (2) 21 (3) < 6 . . . < 8 . . . 64 (16) < 3 . . . < 5 . . .
NGC7674 67 (6) < 53 . . . 28 (2) 37 (2) 17 (2) 18 (2) < 54 . . . 15 (2) 15 (2)
CGCG381-051 < 16 . . . 71 (20) 96 (6) < 12 . . . 8 (2) 37 (4) < 60 . . . < 9 . . . 54 (17)

Note. EQWs are given in units of nm. Uncertainties (1� ) are listed in parentheses. Upper limits are 3� . Uncertainties (1� ) are listed in parentheses. Upper limits
are 3� .

Figure 11. Comparison of Sil 10µm feature strengths based on the PAHFIT
spectrum decomposition analysis (y-axis) and the spline continuum approxima-
tion (y-axis) used by Wu et al. (2009). The solid line indicates loci of equivalent
measurements, and the dashed line illustrates a 0.15 dex enhancement of Sil
strengths measured by PAHFIT compared to the spline technique; this line is
purely for illustration and is not based on a �t to the data.

the relative strength of Sil features. Spoon et al. (2007) de�ned
the Sil strength as the log ratio of the observed �ux density at
the center of the Sil feature, 10µm or 18 µm, and the local
continuum; e.g.,

S10 = ln
�

F10µm[observed]
F10µm[continuum]

�
. (2)

To measure the Sil strength for the 12µm sample, we �rst
subtracted PAH and other emission line features as determined
by PAHFIT to obtainS10µm[observed]. The continuum was
derived from the spectrum decomposition as the sum of the
(optically thick) dust components, stars, and the continuous
part of the warm, thin dust component; the Sil emission features

of the warm, thin dust component were replaced by quadratic
interpolation between bracketing spectral regions. We used
Monte Carlo variation of the PAHFIT model parameters and the
data uncertainties to determine the Sil strength uncertainties.

The measured Sil strengths are provided in Table11.

4.1.2. Continuum Spectral Indices

We further used the PAHFIT spectral decomposition to
produce line-free continuum spectra over� 20–30 µm. The
MIPS SED data are similarly line-free, except for a few possible
detections of Oi (� 63µm); see, e.g., Figure9.

The data show a range of continuum slopes, and we character-
ized the spectral shape by �tting a power-law model,F� � � �

where � is the spectral index, to the rest wavelength ranges
20–30µm and 55–90µm. The results are listed in Table12.
Note that in this convention for� , the Rayleigh–Jeans tail of the
Planck spectrum would give� = Š 4.

4.1.3. Comparison with Measurements Employing Spline
Approximations for the IR Continuum

Wu et al. (2009) adopt a different but conventional approach
to the measurement of the PAH 6.2µm and 11.2µm features
and the 10µm Sil strength, and we next consider systematic
differences with our measurements. Rather than decompose the
spectrum with a dust and lines model as PAHFIT does, their
approach was to de�ne a local continuum level based on a spline
�t to wavelength ranges narrowly bracketing PAH features. To
measure Sil strengths, they adopted the technique of Spoon et al.
(2007), which requires the identi�cation of apparently feature-
free continuum points to anchor a broader spline interpolation
across the Sil features.

Smith et al. (2007b) demonstrated that, for the nearly normal
galaxies in the SINGS sample, the PAH line strengths measured
by PAHFIT are systematically greater, by factors of 2–3, than
line strengths that are based on a spline �t to the neighbor-
ing pseudo-continuum. The reason is qualitatively illustrated in
the PAHFIT decomposition of NGC 7213 (Figure9). Both the
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Figure 12.SEDs averaged by optical classi�cation. All SEDs were normalized toF(5–35µm) prior to averaging. The gray �lled regions indicate the median absolute
deviation among objects within that classi�cation bin. PAH, H2, and �ne-structure lines included in the PAHFIT spectral decomposition are annotated.

6.2 µm and 11.3µm features blend with weaker, overlapping
PAH features. By de�ning the continuum level based on neigh-
boring spectral points without accounting for PAH blending,

the continuum level is overestimated, and the line strength and
EQW are underestimated. It is further evident from this decom-
position that Sil strengths will be systematically affected if the
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5. DISCUSSION

We have presented the data reduction and decomposition of
Spitzer Space Telescope 3.6�90 µm spectrophotometry of active
galaxies from the extended 12 µm survey. Careful attention was
provided to matching 20��, circular diameter apertures across
the IRAC and IRS bands (3.6�36 µm) with appropriate color
and extended source corrections where possible or with an
evaluation of the systematic error where such corrections were
not available.

We further present SEDs averaged within groups de�ned by
optical AGN classi�cation. We demonstrate that, within this
sample, Seyfert 1s show Sil emission on average, known HBLR
Seyfert 2s show Sil absorption. This result is broadly compatible
with the obscuring torus interpretation, in which case Seyfert 1s
are viewed more nearly pole-on, affording a more direct view
of hot, Sil emitting dust. HBLR S2s are viewed more nearly
edge-on, preferentially through colder, Sil absorbing dust. That
the Sil features are, on average, weak is further compatible with
the clumpy torus model (Nenkova et al. 2008a, 2008b; Sirocky
et al. 2008; Levenson et al. 2007).

The other classes, Seyfert 1.8-1.9, non-HBLR S2, LINER,
and H ii galaxies, produce very weak or absent Sil features.
They further show stronger PAH features, bluer IRAC colors,
and stronger far-infrared emission (relative to F[5�35 µm]).
Such SEDs appear to be more commonly dominated by stellar
photospheres and star-forming processes. Based on the present
analysis, however, we are unable to conclude whether Seyfert
1.8-1.9 and non-HBLR S2 galaxies are in fact more commonly
dominated by star formation or whether this result is peculiar
to the 12 µm sample owing to selection effects; for example,
they may harbor less luminous AGNs, or more heavily absorbed
AGNs, but the contribution from star formation enhanced the
12 µm �ux density suf�ciently to be included in the 12 µm
sample. On the other hand, our results are consistent with the
interpretation that the host galaxy dominates the emission of
non-HBLR S2s, diminishing our ability to detect the HBLR
(Alexander 2001).

In companion work, we present a statistical analysis of
the present measurements with attention to differences and
similarities between sources grouped by optical classi�cation
(Baum et al. 2010). We are also investigating a decomposition
of the SEDs using gridded radiative transfer models with the
goal of measuring bolometric contributions of the AGN versus
star formation as well as constraints on clumpy torus parameters
(J. F. Gallimore et al. 2010, in preparation).

The authors gratefully acknowledge the anonymous referee
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with NASA. Support for this work at Bucknell University,
the University of Rochester, and the Rochester Institute of
Technology was provided by NASA through an award issued by
JPL/ Caltech. A. Yzaguirre received support from the National
Science Foundation REU Program, grant 0097424. J. Jakoboski
received support as a Bucknell Presidential Fellow.
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